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Abstract

We present some speculations concerning quantum systems in which there is a discretiza-
tion in the values of fields and the spacetime due to the presence of a cutoff in the target
space. This can be viewed as specifying a quantum theory in which the reduced Planck con-
stant h satisfies the relation 27hA = N with N a positive integer greater than one. Number
theoretic structures such as finite fields and schemes in characteristic p enter in a structural
way, and can be packaged in the language of arithmetic geometry.

The main idea in the proposal is to view the path integral of quantum field theory as
specifying a sum over rational morphisms between varieties. Introducing an action con-
structed from kinetic and potential energy terms then provides an algorithmic procedure for
reading off correlation functions in this setting. The broad contours of this proposal appear
to be in line with Swampland considerations since the evaluation of any characteristic p map
automatically truncates to a finite set.

When there is an additional fibration structure with a distinguished “time coordinate” we
show that the path integral formulation also comes equipped with various approximations to
the standard Hilbert space of states. One approximation reduces to what might be referred
to as the usual approximation in lattice quantum field theory, but including all of the data of
morphisms leads to additional maps and an enlarged Hilbert space of states. The associated
geometries can be interpreted as building up a physical system from quantum error correcting
codes. The partial ordering of morphisms according to the degree of local maps implements
a notion of UV versus IR modes, and a corresponding notion of entanglement across different
scales.

The underlying structure in the étale topology also leads to a notion of momentum and
winding modes for field theories in characteristic p varieties, which in some cases can be
interchanged, much as in standard T-duality. We also show how some of the structure of
scattering amplitudes based on rational functions defined on twistor space carries over to
the characteristic p setting. Some aspects of topological field theories also carry over as well.
Notions such as supersymmetry also have characteristic p analogs.

This also leads us to some physically motivated conjectures connected with this con-
struction. Using the developed formalism, we take some first steps in analyzing the geome-
try associated with quantized Fayet-Iliopolous parameters. We propose a relation between
supersymmetric indices and the Hasse-Weil Zeta function of schemes in characteristic p as
well as a characteristic p analog of geometric engineering, including a conjectural correspon-
dence between m-folds of ADE singularities with total space a Calabi-Yau variety, and gauge
theories of ADE type.



We also show how to lift these structures to the geometry of p-adic varieties, which
we use to make contact with earlier proposals for formulating physical systems over p-adic
spaces in the special case where N = p® with a taken very large. In the limit where we
demand convergence of the action in the p-adic topology, the target space is also of mixed
characteristic. If we instead demand convergence in the sum over phase factors appearing in
the path integral, convergence is enforced in the real topology, allowing us to make contact
with more “standard” notions of p-adic physics where the source of the field theory is of
mixed characteristic, but the target space is defined over the real numbers.

As potential physical applications, we point out that theories with eight real supercharges
such as those captured by Seiberg-Witten theory have an intrinsically arithmetic structure
which is closely connected with the counting of points in the corresponding arithmetic geom-
etry. We also use this framework to revisit various proposals for constructing p-adic avatars
of holography and especially the AdS/CFT correspondence. This also leads us to a notion
of quantum entanglement amongst states labelled by p-adic numbers.

The appearance of limits of operator algebras provides a physically motivated extension
of these considerations to the formulation of physical theories on p-adic analytic spaces. We
use this to provide a new perspective on the construction of open and closed p-adic string
theory over Berkovich spaces. In particular, the analytic structure allows us to retain much
of the geometric flavor present in the Archimedean string setting. In a suitable large N limit
consisting of multiple prime factors, we also observe the emergence of more fine-grained
topological features.

We also study the formulation of physical field theories over more general structures, i.e.,
field theories over SpecZ, presenting both free field theories, as well as Chern-Simons-like
theories. This provides a potential way to give a physical notion of knot / linking invariants
in this setting. Along the way, we give a proposed formulation of a theory of differentiation
over Spec Z which is “three-dimensional” in spirit.

A number of Appendices serve to supplement the main elements of this proposal, which

range from review of some of the relevant mathematical background to additional computa-
tions which provide support for some of the proposed speculations.
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Part 1

Introduction and Motivation



1 Introduction

There is a seductive appeal to discretizing the laws of Nature. That being said, our best
understanding of fundamental physics continues to make heavy use of continuum concepts.

In this note we argue that in some quantum systems with a cutoff, there is a natural for-
mulation in terms of structures which appear in number theory and in particular arithmetic
geometry. This algebro-geometric language provides a way to transport many features of
smooth geometry to a discretized setting. Our discussion will necessarily be on the rather
speculative side, but hopefully this will not distract too much from the main contours of the
proposal.

To keep our analysis well-defined, we shall mainly focus on situations in which the space-
time as well as the target space for our fields are discretized in some way. This sort of
situation arises in many physical situations. For example, an experimentalist may only be
able to probe a system at a minimal time interval ¢,,;,, and moreover, the values that are
recorded by their measuring device may also be limited to some finite discretized level of
approximation. At a more ambitious level, one might consider formulations of quantum
gravity in which there is a minimal Planck time and Planck length for measurements.

Of course, some immediate issues with studying these sorts of systems is that lattice
formulations of quantum theories tend to break most spacetime symmetries (such as Lorentz
symmetry), and extreme fine-tuning is often required to recover these structures at long
distances.! Similar issues are often present in non-commutative deformations of spacetime
as well as matrix model approaches to quantum gravity. In the arithmetic context, however,
there are analogs of the Lorentz group which can be maintained even in the discretized
setting.

Our operating assumption will be that once we discretize the target space and spacetime,
there is a natural sense in which the number of quanta which can be packed into any region
of the target space is discretized. For example, in the case of a bosonic scalar field theory, we
can interpret this in terms of the standard prescription for computing operator correlation
functions via the path integral through expressions such as:

i Sldg] exp (iS[6]/h) Oy..Op

AL @
(O1-Om) = SEECTI.

(1.1)

but in which the fields ¢ range over a discrete set such as the integers, and the parameter A

satisfies the condition: N

:%7

with N > 1 a positive integer. In this setting, evaluating the action on any field configuration

h (1.2)

Tt is also unclear how lattice formulations can be recoupled to quantum gravity, where the spacetime
itself is expected to fluctuate.



results in S[¢] an integer, but in which only its value modulo N actually matters. One of
our aims will be to show how to extend this sort of observation to the standard set of fields
encountered in quantum field theory, including fermions, gauge fields, and even gravitons.
We will also argue that supersymmetry still makes sense.

As one might expect, additional features become manifest if we restrict to the special case
where 27h = p a prime number. When we do so, we can borrow much of the apparatus of
algebraic geometry in characteristic p to formulate and study the resulting physical systems.?
Again by way of example, we will show that bosonic scalars of the discretized field theory

can be viewed as specifying a map between schemes defined in characteristic p:

¢ : Xspacetime — tharget- (13)

Of course, the sense in which the “spacetime” of the field theory makes sense in characteristic
p is that it is a suitably discretized space, and we can equip it with a topology, and non-trivial
sheaves and maps to other spaces. See figure 1 for a depiction.

We use this perspective to propose how various field theories can be defined in the char-
acteristic p setting. It is also clear that some cherished physical structures such as a notion
of distance as defined by a metric will necessarily fall by the wayside in the characteristic p
setting. There are, however, close analogs which retain much of the physical flavor present
in Riemannian geometry in characteristic zero. For example, we can consider the space of
symmetric bilinear forms specifying maps 7*X ® T*X — [F,. This is the characteristic p
analog of the graviton. Indeed, our formulation will be flexible enough to demand that we
only work with structures invariant under suitable coordinate redefinitions, as captured by
morphisms between schemes.

Another aim of our analysis will be to study the impact on effective field theories gen-
erated in this way. We find that the the information contained in the spectrum of higher
dimension operators truncates, at least when evaluating the effective action on specific field
configurations. This in some sense follows from the fact that in modular arithmetic, we have
Fermat’s little theorem, which tell us that for integers m € Z, reduction modulo p a prime
always satisfies m? = mmod p. Applied to a power series expansion in a physical field, this
automatically leads to a truncated effective action. This is in line with some Swampland
considerations such as [1-3] which suggest the appearance of correlated Wilson coefficients
in any quantum field theory coupled to higher dimension operators. That being said, our
proposal will involve working with the space of all possible rational morphisms between va-
rieties, and as a consequence, there will still be a formally infinite number of independent
Wilson coefficients, even though the effective potential can only ever attain a finite number
of possibilities. The formalism also seems to be flexible enough to accommodate much of the
mathematical structure in the study of scattering amplitudes, especially in terms of potential
formulations in twistor space.

2We review some aspects of arithmetic in characteristic p later on.



More conceptually, we can use this path integral formalism to specify an implicit notion
of physical states. Even though we are working mod p so that no total ordering is available,
there is a notion of past and future with respect to a local time coordinate. We can achieve
this because our morphisms are locally presented as Laurent series of finite degree, and
negative degree terms are associated with modes in the past, and positive degree terms
are associated with modes in the future. Provided the spacetime X admits a fibration of
the form X, — X — X, over a dimension one variety X; which we refer to as the “time
direction”, then rational morphisms involving just the spatial support serve to construct
states |® : X, --» Y) in a “Big Hilbert space” Hpi,. Including additional polar terms
associated with a local coordinate in X; enlarges this space further to a “HUGE Hilbert
space” which we refer to as Hyyge. Of course, one can also consider the explicit evaluation
maps for these morphisms, and this leads to a “small Hilbert space” Hqman.

The appearance of rational morphisms between varieties provides a natural starting point
for constructing both classical and quantum error correcting codes. In this interpretation,
the path integral sums over possible codes, and introduces a preferential complex phase, as
dictated by the choice of action. In this sense, the entire edifice of “physics in characteristic
p > 07 can be recast in information-theoretic terms. The use of quantum error correcting
codes in quantum gravity has been a topic of some interest in the holographic quantum
gravity literature (see e.g., [4-7]), and it would of course be natural to make closer contact
with these considerations.

In line with these considerations, we also argue that even in characteristic p we can or-
ganize the physical degrees of freedom according to a hierarchy of scales, and that “coarse
graining” naturally leads to a notion of entanglement across scales. Locally, we can treat
morphisms X --+ Y as polynomials, and higher degree modes can be interpreted as spec-
ifying “UV data” while lower degree terms specify “IR data”. This leads to tree-like struc-
tures which are reminiscent of related constructs which have appeared in the study of holo-
graphic tensor network models (see e.g., [8-10]) as well as the p-adic AdS/CFT correspon-
dence [11-13].

At a more practical level, the fact that we can approximate morphisms in terms of local
coordinate expansions means that we still have a mode expansion available which allows
us to carry out explicit evaluations of correlation functions. To illustrate we consider some
toy models and explicitly work out the corresponding path integral manipulations. An
interesting feature of this setup is that some loop corrections automatically vanish in this
setting, leading to suppressed contributions to various bubble diagrams. That being said,
loop corrections are in general present, leading to a non-trivial structure for such systems.

Other celebrated notions from the study of field theory, including symmetries and cur-
rents, as well as topological actions appear to have characteristic p versions. In the case of
our topological actions, this requires some further speculations for how cobordism theory
might operator in finite as well as mixed characteristic.

We envision applying these sorts of considerations to the study of quantum gravitational

10



Xspacetime }/target

Figure 1: Depiction of a map between two varieties in characteristic p. Each dot indicates a
point of the corresponding discretized geometry. These maps can be viewed as field config-
urations in a sigma model, with Xgpacetime the spacetime and Yi,..er the target space.

systems, including (as already mentioned) in the study of quantum error correction. As
another example, we consider the analog of supersymmetric field theory with a quantized
Fayet-Iliopoulos (FI) parameter. There are hints from supergravity (see e.g., [14-17]) which
indicate that FI parameters in 4D systems may exist, provided they are quantized in units
of 2M?2 with M2 = (87G)~" the reduced Planck mass squared, with G the 4D Newton’s
constant. Assuming this is possible, we study the characteristic p analog of supersymmetric
vacua in the presence of an FI parameter. We also find that some notions of the resulting
symplectic geometry carry over, giving us a notion of toric varieties in characteristic p. That
being said, the fact that there is no notion of “big or small” in characteristic p means that
there is little sense in which we can reach a semi-classical geometry in this case. We do,
however, find that there is a suitable notion of quasi-locality, as specified by the Grothendieck
topology. We note that the introduction of physical topoi has been discussed for example in
references [18-23] but we leave to future work any attempt to align with the considerations
found therein.

We believe that the present formulation also sheds light on some structures which appear
in number theory, although we leave a study of this for future work. For example, a well
known quantity is the Hasse-Weil Zeta function [24,25] for a variety V' defined over a finite
field I, in characteristic p. A classic question in this subject is to compute the number of
points as defined over a finite field F,». This is all packaged in terms of the Hasse-Weil Zeta

11



function:

ZTL
Zyq(z) = exp (Z #V(Fqn)g> ) (1.4)
n>1
Given the setup just explained, it is tempting to view this data as being specified by a

supersymmetric index for a physical system [26], but now in characteristic p:

D T, ((—1)F2") = logZy,(2). (1.5)

n>1

The appearance of an algebraic formulation for our physical system also enables us to
analyze systems of direct relevance in string compactification. Typically, the string com-
pactification geometry is treated as some large volume approximation to a more accurate
quantum corrected system. Since, however, our entire formulation is algebraic, classic con-
structions such as geometric engineering [27-30] have characteristic p analogs, and allow us
to formulate a conjectural correspondence between m-folds of ADE singularities with total
space a Calabi-Yau variety, and gauge theories of ADE type.

We also consider the mixed characteristic case, i.e., where we work over a p-adic space.
The appearance of p-adic numbers occurs in two natural ways in this setting. First of all,
we can consider N = p* a prime power, and in the limit a — oco, our path integral formalism
is well-approximated by a field theory defined by morphisms between varieties over the
p-adic numbers. A related comment is that there is a formal lifting procedure to go from
characteristic p geometries to p-adic geometries which provides a systematic lift of our setup.
We comment that in our case, the emphasis (at least for characteristic p spaces) is really
on rational morphisms ¢ : X --+ Y between p-adic schemes rather than the more typical
situation encountered in the p-adic physics literature which involves maps to geometries
defined over the real numbers. We can, however, pass to this special case by composing
these morphisms with character maps, and in this case we observe a fit with “standard”
notions from p-adic physics.

The treatment of the path integral in the p-adic setting provides us with our first en-
counter with a p-adic differential equation. In particular, this also provides us with a way
to make sense of period integrals such as those which appear in the study of Seiberg-Witten
theory and the B-model of topological string theory. Here, the operating theme is that so
long as a formal power series expansion is available (with a suitable radius of convergence),
then there is a notion of solving these differential equations.

Even more tantalizing is that there is a notion of “monodromy” in the p-adic setting,
and this tracks well with the corresponding notions present in the complex analytic setting.
This in particular means that some of the crucial properties of monodromy present in the
analysis of massless states which appear in Seiberg-Witten theory translate over to the
arithmetic setting as well. In fact, these considerations provide a direct connection between
the arithmetic properties of the central charge of the corresponding massless state and the

12



arithmetic of the Seiberg-Witten curve, in particular its Zeta function.

Taking the large N limit also provides a route to recovering continuum notions such as
more refined topological spaces. Taking this limit at the level of the action and fields actually
produces, for N = p® with p a prime, a completion inside the p-adic numbers. If we instead
take a limit as obtained on the “phase factors” of the path integral valued in S* C C*, we
instead see a completion available in the real numbers. This provides a general route for
recovering a continuum limit from our general discretized considerations.

Indeed, we also consider the resulting structure of operator algebras in this context, and
this motivates us to take seriously various limits of operator algebras in the large N = p®
limit. Such limits provide a physical motivation for “filling” in the p-adic topology with
additional points, and naturally motivates the appearance of additional topological structure.
The first step in this direction leads us to the appearance of Tate’s rigid analytic spaces [31],
though we find that further physical demands such as analyticity of operator correlation
functions require refining this to a path connected space, as is obtained in the p-adic analytic
spaces of Berkovich [32], and generalizations thereof. In fact, from this starting point we can
give a proposal for an analytification of the p-adic string which we refer to as the “Berkovich
string,” presenting both closed and open string variations. An important feature of working
with p-adic analytic worldsheets is that much of the flavor of holomorphic geometry used
in the Archimedean string admits an analogous treatment in the non-Archimedean p-adic
analytic setting.

In the more general case where N = pi'...p%" is a product of primes, the arithmetic
perspective also provides helpful hints for how to proceed. In this case, it is fruitful to view
our geometry as fibered over the “affine line” SpecZ. By performing a path integral over
this bigger geometry, we can uniformly treat all primes at once. Viewed in this way, fixing a
particular value of N amounts to a semi-classical approximation. Localization near a given
prime divisor p of N then leads to a similar arithmetic interpretation for a general integer
N.

Inspired by these considerations, we also seek out more general physical field theories
defined over SpecZ, including the case of free field theories as well as Chern-Simons-like
theories. The latter is of course motivated by the proposal that SpecZ behaves as a “three-
manifold,” with each prime specifying a knot.

Lastly, let us mention that the notion of looking for connections between number theory
and physics is certainly not new to us. Indeed, many intriguing connections between p-
adic numbers and strings have been appreciated for some time in both early work such
as references [33-41] as well as in more recent work such as [11-13,42-64]. The subject
of p-adic strings also shows up in some approaches to studying tachyon condensation [65].
Connections with certain arithmetic structures which appear in string theory have also been
noted (see e.g., [66] for an example of this sort). Relations between modular forms as they
appear in string theory and arithmetic questions have been considered in [67-79]. It has also
been appreciated that the calculation of period integrals for some Calabi-Yau threefolds is

13



amenable to techniques from number theory [80-87]. Some proposals for quantum mechanics
with different algebras include [88,89]. We were also inspired by the arithmetic path integrals
for certain topological field theories appearing in reference [90-93]. Perhaps closest in spirit
to the present considerations is the work of reference [94] which sets up much of the necessary
mathematical formalism in a setting close to the physical considerations explored here.

That being said, we have not tried to fully reconcile our present perspective with these
considerations (with the notable exception of reference [94]) but it would be interesting to try.
Indeed, our underlying motivation is somewhat different. First and foremost, our interest in
the appearance of these structures is motivated by its potential use in studying physical, in
principle experimentally accessible systems. But of course, we hope that this will lead to a
two-way development, with physical notions helping to inform some questions in arithmetic
geometry, and conversely, that such number theoretic analogs of geometry can help in the
search for a fundamental formulation of physics.

The rest of this note is organized as follows. The general themes are organized according
to several parts. In part I (which includes the Introduction) we give our general motivation
and underlying philosophy. We begin in section 3 by discussing the sense in which discretized
systems allow for different choices of h.

In part II we turn to the formal development of physical systems in characteristic p > 0.
In section 4 we begin with our first example, studying a discretized bosonic field. We gener-
alize this construction in several ways, eventually arriving at a more geometric formulation
amenable to study via methods in arithmetic geometry. Some aspects of the Hilbert space
associated to these systems are discussed in section 5. We next show in section 6 that these
structures can be interpreted as specifying a class of quantum error correcting codes. Sec-
tion 7 shows that there is a natural “scale entanglement” present in the Hilbert space of
state built from spatial morphisms. There is a resulting tree-like structure which is reminis-
cent of observations made in the context of recent holographic studies, including the p-adic
AdS/CFT correspondence, a feature we return to later on. We study mode expansions in
bosonic field theories in section 8, as well as some “classical” aspects of Green’s functions
in characteristic p in section 9. Section 10 studies symmetries and currents, and in section
11 we give a proposal for how to build topological actions. In section 12 we study physical
twistors in characteristic p. Section 13 discusses the generalization to fermionic degrees of
freedom, including a sketch of supersymmetric quantum mechanics in characteristic p. We
also speculate on a physical interpretation of the Hasse-Weil Zeta function. Section 14 an-
alyzes some aspects of discretized FI parameters. In section 15 we present a proposal for
geometric engineering in characteristic p.

In part III we turn to the case of more general ground fields and ground rings. This
includes working over fields in mixed characteristic, the main example being various p-
adic spaces, as well as further fibration over SpecZ. Section 16 discusses the extension of
this analysis to p-adic numbers, where we also make contact with the appearance of p-adic
differential equations, both in the classical and quantum setting. Section 17 considers a

14



specific application of these considerations, drawing out the arithmetic structure of Seiberg-
Witten theory and its connection to the Zeta function of an arithmetic curve. In section 18
we discuss some holographic structures which are present in physics over the p-adics, and in
section 19 we make contact with more “standard treatments” in the literature. Motivated by
the need to obtain suitable limits of operator algebras, in section 20 we consider the further
generalization to p-adic analytic spaces. In section 21 we consider more general arithmetic
systems.

In part IV we discuss some speculations centered on formulating physical field theories
directly on Spec Z. The considerations here center on first defining a suitable notion of taking
a derivative with respect to a prime, and we use this in section 22 to build up a first example
of an arithmetic path integral. There are some limitations to the sorts of field theories we
can build in this way, and in section 23 we discuss some generalizations which allow us to
make sharper contact with the geometry of three-manifolds, and its proposed analogy with
SpecZ. In section 24 we consider some more general notions of differentiation and use this
to propose a Chern-Simons-like action. We give a preliminary study of some aspects of the
resulting physical field theory.

In part V we wrap up the main body of the text. We present our conclusions in section
25. Acknowledgements are contained in section 26. Some comments on the version history
of this document are included in section 27.

In part VI we provide a number of Appendices. We have ordered them according to
where they roughly appear in the ordering presented in the main body of the text. The
Appendices include some additional developments which range from original statements to
review of various topics which may be unfamiliar to the “typical” reader. In Appendix A we
analyze some 1D quantum systems in characteristic p. In Appendix B we explain how to pass
from finite differences of the sort which appear in lattice systems to the Hasse derivatives
which figure prominently in characteristic p geometries. Appendix C reviews some aspects
of finite fields, and in Appendix D discusses some aspects of geometry in characteristic
p. In Appendix E we present a brief review of Grothendieck topologies. Some aspects of
classical and quantum error correcting codes obtained via geometry in characteristic p are
discussed in Appendix F. Appendix G treats the evaluation of the partition function for a
free field. Appendix H presents an alternative way to define an action principle in finite
characteristic which directly references a preferred mode expansion basis. It also explains
some of the difficulties in extending this to more general geometries. A brief discussion of
the étale fundamental group is given in Appendix J. We discuss some aspects of real and
complex twistors in Appendix L. In Appendix M we present an “alternative” supersymmetric
quantum mechanics system in which we impose a different rule for Frobenius conjugation
on Grassmann fields. In Appendix K we list a few examples of Zeta functions. Appendix
N presents some evidence that FI parameters can be quantized in string constructions. In
Appendix I we review the construction of inverse limits and in Appendix P we review some
aspects of Witt vectors. Appendix O provides a brief introduction to the p-adic numbers.
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We review the convergence properties of the p-adic exponential function in Appendix Q.
In Appendix R we review some aspects of the p-adic logarithm and its generalizations.
Appendix S discusses some aspects of ramification theory for algebraic and local fields,
and in Appendix T we discuss an explicit example of monodromy in the context of f-adic
cohomology of an elliptic curve of the sort which appears in Seiberg-Witten theory. In
Appendix U we review some aspects of Berkovich spaces, and in Appendix V we briefly
discuss tropicalization maps. Appendix W includes some analysis of p-adic integrals which
appear in the computation of various p-adic string amplitudes. In Appendix X we discuss a
saddle point approximation of Wilson loop-like correlators in the Chern-Simons-like action
over Spec Z introduced in section 24. Appendix Y discusses zero flux configurations of our
field theory over SpecZ, and in Appendix Z we give a sketch of how to fully evaluate the
arithmetic path integral encountered in section 24.
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2 Disclaimers

As a general disclaimer, the nature of this work is, as already mentioned, quite speculative.
It is speculative in terms of both the physics and mathematics which is presented, and
especially on the potential connections between these themes. With that stated, we have
attempted to tie together various threads to produce a coherent picture.

Additionally, some of the material presented (especially some of the Appendices) is also
rather standard, and there are many well-known accounts. In such cases, we have attempted
to closely follow treatments which we personally found helpful and pedagogical. Neverthe-
less, we have attempted to synthesize the various treatments to suit our particular needs.
We would greatly appreciate comments and feedback on particularly glaring omissions /
misunderstandings on basic points.

Some readers may find this combination of speculations interspersed with well-known
facts repellant. We hope, however, that some will find parts of it helpful in their own
investigations.

With these disclaimers stated, we now proceed.
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3 Discretized Target Spaces

In this section we explore some of the consequences of discretizing a target space. In subse-
quent sections we shall refine this analysis, showing how additional structure can be main-
tained by working with geometry in characteristic p.

Our eventual proposal will be to construct a path integral by working with rational
morphisms between characteristic p varieties ¢ : X --+ Y of the form:

’ 2mi
4] exp(iS[g]/h) = exp (25101 (3.1)
P(ty)=2y
o(ti)=2;

where X refers to the “spacetime” and Y to the target space. Locally, each such morphism
can be presented as a polynomial which includes possible finite degree meromorphic terms.
In this sense, the sum over paths is just a discrete sum over the space of possible morphisms,
and is thus “better behaved” than the generic situation one typically encounters in the
standard path integral.

This is to be contrasted with the first attempt one might make in specifying such a path
integral as obtained by discretizing the target space, as well as the source. Indeed, if one
considers geometries with a finite number of points, the space of all point set mappings
between such geometries is necessarily finite (one simply has to specify possible values for
each point set). This is essentially a lattice approximation, and with it one encounters the
usual pathologies in discretizing continuum physics. Another general worry is that if one
ever wishes to couple a quantum field theory to gravity, using a fixed lattice becomes quite
awkward because one expects spacetime to fluctuate anyway. We will ultimately need to
abandon this way of thinking about physics in discretized target spaces but it is nevertheless
instructive as a “cautionary morality tale”.

So, in order to motivate the form of our path integral, we shall first proceed in the most
straightforward way and ask about the consequences of discretizing the target space (and
source) of a quantum field theory. To rectify these issues we will indeed need to pass over
to a formulation of physics in characteristic p specified in terms of structures which appear
in arithmetic geometry.

To get there, we shall first proceed by motivating the reasons for entertaining discretiza-
tion at all. We emphasize that some of the first attempts mentioned in this section will need
to be revisited in subsequent sections. The core idea which we will hold on to is that we
can conveniently summarize discretization on a target space as setting a convention in which
fields take values on the integers and the reduced Planck constant is set to:

N

A (3.2)
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We first motivate this discretization by way of a few examples. First, we consider a point
particle, then a field on a 2D spacetime. We then make some brief philosophical comments.
The aim of section 4 will be to formalize some of these features. Some additional details on the
lattice approximation for 1D point particles in characteristic p are presented in Appendix A.
For additional details on mode expansions for quantum fields in characteristic p, see section
8.

3.1 Point Particle

As a first example, suppose we have a particle moving in one spatial dimension. Classically,
we can visualize this by introducing a function of time Y (7"), indicating the position of our
particle. A common situation is an action of the form:

S[®] = /LdT: /dT (am (0r®)* — V() (3.3)

where « is an integer and m is proportional to the mass of the particle. Note that we have not
canonically normalized the fields. This will be important when we turn to the discretization
of our system. Here, V(®) denotes a potential energy and in what follows we shall assume
that this is always taken to be a polynomial in the field ®. In practice, one often expands
a potential energy density about some background value of ®, say ®,, and then analyzes
the leading order terms of such an expansion. In this sense, we expect to get a “good
approximation” by just dealing with polynomials of possibly very high degree. Indeed, one
expects that in a theory of quantum gravity some higher order terms may actually capture
strictly redundant information [3].

Quantum mechanically, we can use this as a starting point for the path integral. For
example, we are instructed to sum over possible choices of functions ®(7"), each weighted by
a factor exp(iS[®]/f). Correlation functions involving operators @ built from the ®’s are
obtained in the usual way by the formal relation (we leave time-ordering implicit):

[1d®] exp(iS[@]/h) O(T,)...O(T)
<<I>f ‘@(Tm)...@(TI) <I>Z-> = (3.4)
q{_ [d®] exp(iS[®]/h)

For brevity, in what follows, we shall leave the initial and final values of the field configura-
tions implicit.

It is natural consider possible discretizations of the above system. For example, if we
consider a particle which can only occupy points on a spatial lattice, there is a minimal
spacing for values of the field. Doing so, however, introduces fresh complications. For
example, if we simply posit ®(T') takes values over the integers, then our notion of a time
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derivative ceases to make sense. There is a workaround which is available in systems where
we are also only able to make measurements at discretized time steps. For example, an
observer may be limited in how frequently they can actually measure the response of the
system. In a Hamiltonian evolution of a given state such as:

(7)) = exp(—iHT/h) [9(0)), (3:5)

it may be that there is a minimal time resolution, so we can only ever access discretized time
steps.

Discretization in the target space and the time direction suggests a way to proceed. First,
we introduce a minimal step size for the field. Additionally, we introduce a minimal time
step by which a particle can actually change. Changes in the energy are then also discretized.
Making these changes amounts to the lattice approximation:

T — Tiimel
O(T) — Lrargetd(t)
G

Or®(T) — (3.8)

/ dT ) Tiime, (3.9)
mg%arget

V() — TQ.—V(QS) (3.10)

where we now assume ¢, ¢(t), ¢(y) € Z. Returning to the form of our action, we now have:

mi?

Sle] =Y —=E= (a((t+1) — 6(t)" = V(9)) . (3.11)

7‘ .
t time

Evaluating correlation fuctions now proceeds just as in the ordinary path integral. For
example, the integration over all paths is now replaced by discretized sums:

J1a0] 33 s(6(t) = ot = ) (.12
5, olt) o(t)

where here, we have specified an initial and final field configuration. We have also dropped
dimensionful factors associated with the path integral measure, since we have already now
passed to the discretized setting.

The main thing we wish to explore is what happens when the dimensionless ratio involving
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these length scales and the Planck constant is held fixed:

1 me%arget 27‘-
Z_tamget _ 7T 3.13
h Ttime N7 ( )

with N an integer. We could, of course, have jumped straight to this form of the phase
factor in the path integral by working in natural units with all lengths and time steps set to

one. In that case, we could assert:
N

It is customary to work in natural units where A = ¢ = 1, but a priori we can consider

n (3.14)

more general choices, and they have no impact on the physics. Indeed, the classical limit
is typically associated with the limit A — 0. Here, we are considering the opposite regime
where all behavior is highly quantum, and so we have chosen to emphasize this by absorbing
all these changes into the choice of the reduced Planck constant. In any event, the path
integral is now weighted by factors of the form:

exp(iS[¢] /) = exp (%Z (a (6t + 1) — 6(1))* v<¢>)) . (3.15)

t

This is where we encounter our first surprise. In these units, we observe that if all
quantities in our system are discretized integers, then the only contributions we actually
care about are obtained modulo N. Indeed, this is just because exp(27i) = 1.

One might also ask about observables in this sort of system. One class of operators which
respect the observed mod N structure is given by “vertex operators” of the form:

U(t) = exp(2mio(t)/N). (3.16)

Compared with our discussion of path integrals given above, the only difference is that now,
we need not integrate over all paths, just their mod /N residues. In the original continuum
theory, these operators are mildly non-local, arising from expressions such as:

t+e

exp 2/ dt’” o(t) , (3.17)

Tmin gmin

t—e

for € a small number. This amounts to a small amount of “smearing” in the original contin-
uum theory.

Another comment has to do with the domain of the time coordinate. Assuming that the
Hamiltonian has integer eigenvalues, we observe that the time evolution operator:

- 0i
exp (—%Ht) = exp (—%Ht) (3.18)
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repeats after at most NV time steps.

3.2 2D Example

In the previous subsection we introduced a first example of a discretized system, observing
the appearance of a natural mod N structure in the resulting path integral. We now present
a generalization of this to the case of a 2D field theory. We focus on the case of a 2D non-
linear sigma model of the sort one encounters in the study of string theory. In this case, the
spacetime of the field theory consists of the worldsheet of the string. We focus on a lattice
approximation to flat space R%! and consider the Polyakov action:

S[®]

= / d*0 G 45(P)h?0, 00,5, (3.19)
Here, o' has dimensions of length squared. This, of course, is the starting point for under-
standing perturbative strings moving in a target space with metric G 45(®). It has been
appreciated for some time that the minimal length scale in string theory is not set by va/,
but can be far smaller, and involves the string coupling gsing as well [95,96]. With this in
mind, we explore the consequences of assuming that there is a minimal length scale which
can be probed by our string. Much as in our discussion of the point particle, we first consider
a rescaled version of the fields, writing:

¢ — gtargetgbv (320)

so that the ¢’s are valued in the integers. By the same token, we also replace all derivatives
by lattice derivatives, with the worldsheet specified by points on the two-dimensional lattice
Z x 7. In this case, observe that since we are in two dimensions, the rescaling of the measure
factor from the worldsheet integral cancels the rescaling of the lattice derivatives.

We would like to understand what happens when the dimensionless ratio involving the
target space length scale and the string scale and the Planck constant is taken to be fixed

as: 9
1€target _ 2w

hdra’ N’
with N an integer. Much as in the case of the point particle example, we could have jumped

(3.21)

straight to this form of the phase factor by working in natural units with all lengths and
time steps fixed to one and setting:

_N
o

In the context of string theory, taking the large N limit means the string tension passes to

n (3.22)

zero. This is clearly far away from the realm of classical geometry.

Pressing on, most of our discussion of this 2D example proceeds as in the 1D case. We

22



can again also speak of vertex operators such as:
U(c®) = exp(2mika¢®(c®)/N). (3.23)

Again, in the continuum theory this sort of expression comes about from a mildly non-local
operator with some small amount of smearing, as per our discussion below equation (3.17).
One can also entertain integer valued operators as well, and the prescription for calculating
correlation functions is essentially the standard one for the path integral, just with a new
domain of summation / integration.

3.3 Philosophical Comments

By now, the general procedure should be clear, at least for field theories specified by scalars.
We discretize the target space, and also the spacetime of the field theory.®> The case of
two dimensions is a bit special in this regard, because the actual lattice spacing of the
spacetime drops out from our expression for A. In more general systems with non-trivial
operator scaling dimensions, similar considerations would likely also apply. This motivates
us to study systems in which the values of fields are restricted to integers, with the reduced

Planck constant set to the value: N

n (3.24)

At a conceptual level, introducing this sort of discretization is appealing for a number
of reasons. As we have already mentioned, there is a sense in which any measurement by
an observer already comes in “quantized units.” Indeed, there is a strict difference between
the real numbers and those which are actually computable (see e.g., [97]). An additional
comment is that fundamental physics makes reference to quantities such as a Planck time
and Planck length. All of these signal some (perhaps ineffable) basic intuition that there is
a minimal unit of measurement. Note also that the class of operators which naturally enter
in this setting include some mild amount of non-locality, such as:

[dPx ()
AU vy

min

(3.25)

€D

where /,,;, refers to a minimal length scale, and A is a mass scale, and A is the engineering
dimension for a field ®. Here, the integral takes place over a small region ¢p, indicating a
mild amount of smearing / averaging. This is also in line with the expectation that there
are limits to statistical inference in quantum gravity [98].

Discretizing parameters is also natural, especially in systems where moduli are stabilized.
Arithmetic properties of stabilized moduli have been discussed in [66, 72,74, 76-78,87,79],

3Note that one can also consider various hybrid setups, where the onset of discretization appears first in
some extra dimensions, and only eventually in the actual spacetime for macroscopic observers.
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and so one can view our attempts to discretize the target space as very much in line with
Planck scale moduli stabilization.

We also remark that in some cases, this intuition has recently been sharpened in the
context of the Swampland conjectures (see e.g., [1,2,99,100] and references [101-104] for
reviews). One of the recurring themes in this line of research is to explore the impact of the
Planck scale on long distance physics, particularly low energy effective field theories. Naive
extrapolation of an effective field theory is expected to produce various pathologies, and one
potential way around this is to discretize various physical structures (see e.g., [105]).

On the other hand, there are also well-known drawbacks to discretization. For one,
introducing an explicit lattice cutoff immediately destroys Lorentz invariance of the system.
In lattice field theory, it is common to fine-tune all parameters so that Lorentz invariance
is recovered at long distances. Such an option may not be available here since we are also
discretizing the parameters of the system. Another difficulty is that the proper treatment
of fermions, let alone supersymmetry is rife with technical (though not insurmountable)
difficulties. See for example, [106] for some recent discussion on these points. Along these
lines, any notion of quantum gravity on a lattice is again potentially quite problematic since
the lattice itself would need to fluctuate. An additional concern is that one of the powerful
probes of quantum locality comes from analyticity of the S-matrix. Much of the power of
results in scattering amplitudes comes from the fact that the S-matrix can be analytically
continued to “unobservable” large and complex values of momenta. Sacrificing this in the
name of discretization would be a pity.

We propose to balance these competing considerations using the geometry of numbers.*

“In the poetic sense, not the strict sense of Minkowski.
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Part 11

Physics in Characteristic p > (
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4 Discretization in Characteristic p > 0

In the previous section we presented an intriguing observation that some discretized systems
have close contact with some crude features of arithmetic modulo N. We also saw, however,
that a direct lattice approximation produces some potentially unpleasant features, partic-
ularly if we wish to maintain contact with analytic structures which appear so central to
many aspects of fundamental physics. The main idea we develop here will be to consider
an alternative interpretation of such discretized systems in which we leverage the “analytic
structure” present in arithmetic geometry, namely algebraic geometry in characteristic p > 0.

With this in mind, in this section we confine our attention to the special case where N = p
is an odd prime number. Much of what we develop also works (with suitable amendments)
in characteristic 2, but we do not discuss this special case in what follows. The main issue
we need to develop is a suitable notion of a path integral, as defined by an action principle.
This will require us to provide a notion of:

¢:X--3Y
P(tyr)=2y
O(t:)=2;

¢f[d¢] expSlel /= S explslg])., (4.1)
b, p

as well as insertions of operators, as in our discussion around equation (3.4):

o, Y exp (%S[d)}) 0,..0,,

¢:X--»Y

~ B(t;)=
(01...0,,) = =2 ) (4.2)

(I)z' €x mS
ME;Y p ( . [¢]>
b(tf)=2f

where the operators O; built out of the fields are viewed as taking values in the character
group of a finite field.

We interpret this in the following subsections in increasing levels of abstraction, but the
main idea will be to view it as a sum over all possible morphisms ¢ : X --» Y.> The use
of the dashed arrow is to remind us that we allow poles along marked subspaces in X. We

5Here, our main requirement is that we can present our map in terms of a polynomial in local coordinates.
For affine varieties X and Y given respectively by closed (in the Zariski topology) subsets of affine spaces A™
and A™, a morphism ¢ : X — Y is given by the restriction of the appropriate polynomial maps A" — A™.
Morphisms ¢ : X — Y are in one to one correspondence with algebra homomorphisms on the respective
coordinate rings (loosely speaking, the “pullback map”) ¢# : K[Y] — K[X], where we work over some
ground field K. For further discussion, see e.g., [107]. In “practice”, it will be enough for our purposes to
specify such a morphism by indicating how the m-tuple of polynomials ¢ = (¢!,...,¢™) restricts onto Y,
where the generalization to a rational morphism ¢ : X --» Y just involves taking ratios of polynomials. For
the most part we will often discuss the “simplest” yet still non-trivial case of rational morphisms between
affine spaces.
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will also need a notion of a Lagrangian density L£[¢], which, for a fixed ¢, is locally just a
polynomial over a finite field. The action are given by evaluating L[¢] at all the points of
X and summing up. Or alternatively, we can just evaluate S at all the points and take the

I exp (?Sm) . (4.3)

We will impose a notion of “unitarity” by which we mean that the complex phases all have

product:

norm one. We enforce this through the condition that the evaluation of the action in this
way produces a quantity valued in F,,. Finally, the “limits of integration” ®; and ® indicate
fixed values of our morphism at marked locations on X specified by the divisors t; = 0 and
t; = 0 We return to the quantum interpretation in section 5.

The rest of this section is organized as follows. We begin by developing a notion of
physics over the finite field F,. We follow this with a discussion of finite field extensions such
as [F,, and finally the algebraic closure Fp. We then extend this to varieties over finite fields
in characteristic p.

4.1 Physics on F,

We begin by revisiting our discretized bosonic system, but now with an eye towards main-
taining additional analytic structure. We do this so that we can keep additional symmetries
manifest, and also so that we can eventually generalize to systems with other sorts of degrees
of freedom (such as fermions, vector bosons and gravitons). We discuss an alternative way
to build finite characteristic actions in Appendix H, as well as some of the difficulties in
generalizing it to more general geometries.

Let us return, then, to nearly the beginning. We now posit that we are working with a
quantum system with integer values for our fields and in which the reduced Planck constant
is discretized in units of p:

h=2 (4.4)

27
We also assume that all observables of interest are really specified modulo p. For example,
we assume the kinetic and potential energies of the action take values in the integers, and
that the physical operators of interest are all specified by fields modulo p. Some important
examples to keep in mind include exponentiated fields which take values in the character
group for (F,, +), viewed as an additive group.

Working over the integers modulo p, we arrive at a finite field, F,.5 We review some
properties of finite fields in Appendix C, and we refer the interested reader there for a brief
discussion of this rich subject. Compared with more familiar fields such as the rational
numbers, real numbers or complex numbers (or even the p-adics), adding up any element

6Unfortunately, the terminology “field” will be used for different sorts of objects. Hopefully the context
will be clear.
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¢ € F), by a multiple of p results in zero, namely p¢ = 0. A field which satisfies this property
is said to be in characteristic p > 0. If this property does not hold, we say that the field is
in characteristic zero.

One consequence of this is that there is no natural notion of a metric we can provide,
though as we explain, there is a close characteristic p analog which retains some of the
structure one would want of a physical metric. That being said, many analytic structures of
geometry do remain intact provided we are flexible in our notion of what counts as a physical
morphism.

Having specified that our physical fields actually take values in a finite field, we could in
principle just repeat our lattice construction now, by specifying for each point € Xqpacetime
on the spacetime lattice a value ¢(z) € F,. So, we can view Xgpacotime = Z” as a D-
dimensional lattice with one direction singled out for time. We will shortly generalize this
to move away from this limited choice.

As we have already mentioned, the notion of a finite derivative is a bit awkward, especially
when there is no natural notion of “metric.” To develop a suitable replacement, we will first
consider a natural class of objects given by polynomials in some number of variables, written
as Fp[ui, ..., up]. Our physical field ¢ can now be viewed as a polynomial in these variables:

d(uq, ..., up Z Giy.ip(u1)™ ... (up)™® (4.5)

Ulye-siD

where each of the ¢;,...;,, is an element of [F,,. Taking a derivative proceeds just as in ordinary
calculus. Note that when the exponent is a multiple of p, this derivative is automatically
zero, a consequence of working in characteristic p. In principle, one can just continue to
take ordinary derivatives, but a slightly more sophisticated option is to consider a Hasse
derivative.” With all of these considerations in mind, we see that rather than dealing with
a finite difference, it is in some sense simpler to work with derivatives of polynomials. Of
course, once we evaluate the derivative we just compute the polynomial at the prescribed
(integral) spacetime point, reduced modulo p. As an additional comment, we note that
the space of polynomials is of course infinite. To generate concrete approximations we can
always truncate to a fixed degree. This can then be used to match up with the lattice
approximation.

Defining actions of relevance for physical systems is now straightforward. We illustrate
by way of example. Given a polynomial ¢ € Fyluy, ..., up], we introduce a Lagrangian density
L[¢] as a functional on a given choice of ¢. By composition of maps, this can also specifies

In a variable u, the rth Hasse derivative is defined via its action on a monomial u": D u" = #'T),u -

when 0 < r < n, and otherwise vanishes. The advantage of using this derivative is that it allows more terms

to remain non-zero. Another helpful feature is that an analog of Taylor’s theorem holds in terms of a local
parameter u: f =S D) (f)-u"
T
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an element of Fyluy,...,up|. As a specific example, we take:

L[] = a ((019)* — (020)* — ... — (0p9)?) — V(9), (4.6)

where a € F, and V' € F,[¢]. To extract a number, we now sum over the points in the
spacetime using the evaluation map:

S[¢] = Z E(Ul = T1,...,Up = I’D), (47)

(331 7"‘7ID)€Xspacctimc

where now we simply treat £ as a polynomial in the formal parameters of IF,[uy, ..., up], and
then evaluate. In this case, the phase factor of the path integral defines a character map on
the additive group of the finite field:

exp: (F,,+) = U(1) (4.8)

S +— exp (%S) . (4.9)

As it stands, we are summing over a lattice with an infinite point set. This means in
particular that S evaluated on this physical field configuration may not be well-behaved. On
the other hand, since ¢ = ¢ in F,, we are typically summing over “multiple copies” of the
same spacetime point when we evaluate over all the integers.

One possibility is to just reduce the lattice Z” modulo p, so that we instead deal with
D-dimensional affine space in characteristic p:3

Xepacetime = A (F,) x ... x AY(F,) = AP(F,). (4.10)

7

TV
D times

In the spirit of algebraic geometry, we can also consider more general algebraic varieties in
characteristic p. These more general choices can have more or less points depending on the
choices of hypersurface equations. See also Appendix D.

With this in mind, we can already anticipate that it will be fruitful to expand our horizons,
allowing X to be specified as the zero set of more general polynomials in characteristic p. By
a similar token, we can also enlarge the target space Y in a similar way. In all these cases,
there is a suitable generalization of a polynomial to maps of the form:

¢ : Xspacetime — tharget; (411)

where so far, we have restricted to affine spaces. The main idea is to view these ¢’s as locally
specified by polynomials, and to then construct a Lagrangian from these fields.

A surprising feature of our Lagrangian is that the kinetic term of our scalar field theory

8Recall that AP (F,) = Spec (Fp[u1, ..., up]), and that as a point set, the affine line A'(F,) is just F,.
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seems to make reference to a Lorentzian signature metric. Of course, this is an illusion; in
characteristic p we also have:

(010)% — (020)° — ... — (Op9)* = (010)” + (p — 1)((020)* + ... + (Op9)?), (4.12)

so if we naively lift back to characteristic zero, we could view our Lorentzian signature
“metric” as actually specifying a Euclidean signature metric, but with different weighting
for the spatial and Euclidean time directions. That being said, the conjugacy class of the
different quadratic forms are indeed different, even in characteristic p, so there is still a
meaningful distinction captured by the signature of a quadratic form.

4.2 Physics on F,

Our discussion thus far has focused on varieties defined over IF,, the integers modulo p. We
now extend these considerations to other finite fields such as [F,. Recall from Appendix C
that every finite field in characteristic p has ¢ = p" elements for some n > 1. The field F,
can be constructed as the splitting field of an irreducible degree n polynomial over F,. We
can think of this field as obtained by adjoining a single root « of such a polynomial, writing
F, = F,(a). From the perspective of Galois theory, we can view F, as a vector space over
the field F,. A convenient basis of vectors is given by the p'™ powers of this root, so we can
represent any element in I, as a power series of the form:

p=> ¢ja” (4.13)
j=1

for ¢; € F),. Indeed, the Frobenius automorphism:

F:F,—~TF, (4.14)
¢ —¢P (4.15)

simply pemutes these powers. Here, we have used the fact that in characteristic p, (a+b)? =
a? 4 bP.

The appearance of an n-dimensional vector space over I, has a clear interpretation in
terms of the physical degrees of freedom we have already introduced. Instead of considering
a single physical field moving in a 1D target spanned by the integers, we can consider n such
physical fields. We can denote this by an n-component vector with coordinates ¢, ..., p(™.
This also makes it clear that we can construct corresponding Lagrangians involving our n
physical fields. As an example, we can construct a kinetic term for our n physical fields given
by:

Gap (01970107 — 00" 020" — ... — Op9p™Opo”) , (4.16)

where repeated indices are summed over. Here, we have introduced a symmetric bilinear
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form with entries G 4p:
G:F, xF; —Fp, (4.17)

which specifies a “dot product” for the system.

Now, instead of working in terms of these n-component vectors, we could alternatively
view this as a single physical field on a one-dimensional target IF,. In characteristic zero,
we implicitly do exactly this sort of thing when we view a complex scalar field as a linear
combination of two real scalars. In contrast to the complex numbers, however, there are many
analogs of the imaginary numbers which we can adjoin to F,. As explained in Appendix C,
we can alternatively view the bilinear forms of line (4.17) as an [, valued pairing:

G:F,xF,—>F, (4.18)

So, it is a matter of taste whether we wish to work in terms of many physical fields, or in
terms of a single IF, valued field. The main condition we need to enforce in this generalized
perspective is that our action takes values in [F,, rather than the larger field F,. Arguing
by analogy with other quantum systems, we need to ensure that there is a proper notion of
“unitary time evolution,” and this would be destroyed if our action ended up being valued
outside the ground field, i.e., the integers modulo p.?

One way to construct F, valued actions is to demand that all evaluations are invariant
under the Frobenius automorphism F' with F/(¢) = ¢”. Indeed, F,, is the only subfield of F,
invariant under this automorphism. Given an element ¢ € F,, common invariants include
the Trace and Norm:

n—1

Trace(¢) = ZF%’(@ (4.19)

Norm(¢) = [ [F'(¢). (4.20)

1=0

The Trace is clearly useful in producing invariant kinetic terms, while both the Trace and
Norm are useful in constructing invariant potential energy densities. At a more general level,
our only true demand is that our action have “local” interaction terms. There are, however,
physically motivated choices, as we have indicated above.

Having seen that we can extend the target space to be F,, one might ask whether a
similar extension to spacetimes defined over I, is well-motivated. Of course, at a formal
level, nothing stops us from doing so. Indeed, so long as our action continues to evaluate to
elements in [, there is no reason not to make this extension. From a physical perspective,

90f course, the notion of “unitarity” is less clear in this setting because even our notion of “time ordering”
in the characteristic p setting is somewhat less clear. There is, however, still a notion of past, present and
future as dictated by the degree of terms in local Laurent expansions. We provide further discussion on such
Hilbert space considerations in section 5. We thank S. Cecotti for several insightful criticisms on this point.
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one can view this as supplementing our original discretized spacetime by additional points. A
perhaps more satisfying answer is that the target space for a string is interpreted as another
spacetime in its own right. In this context, then, it is again sensible to allow for such field
profiles.

4.3 Physics on Fp

Proceeding in this way, we can now ask about the interpretation of taking the target space to
be F,, the algebraic closure of our finite field. One might view this as playing the analogous
role to that which the complex numbers play in relation to the real number numbers. Of
course, here, there are many more analogs of the “imaginary numbers” available!

One important remark is that the algebraic closure has infinite order. This means that
the procedure for computing values of the action used previously will not really work, since
the “evaluation map” procedure requires us to sum over all the points of a variety. Now, in
characteristic zero we could introduce a measure on our spacetime and use this to suitably
integrate over the Lagrangian density.

What can we do in the present case? The main idea we use to define the path integral
phase factor exp(iS/h) in this case is to observe that actually, our evaluation can instead
be viewed as a product over characters. Recall that for a field K, the group of additive
characters involves an “exponential map” to U(1) € C*. Phrased in this way, we can,
for each point in a finite field first compute the additive character, and only then take the
product. In the obvious notation, the evaluation of the phase factor for the path integral
can instead be written as:

I exp <@Sx> e U(1) c C*. (4.21)

The advantage of setting things up this way is that now, we can consider a sequence of
containments:
KoCK CKyC..CK,,C..CF,, (4.22)

and with it the corresponding sequence of characters obtained from evaluation on a given
field configuration:

XEKos XK1y ooy XEKmy -+ (423)

Of course, there is no guarantee that such a sequence will converge in the metric topology
of C. Additionally, there is of course more than one way to build a nested containment of
finite field extensions contained in Fp. To have a well-defined limit, we require that any such
sequence converges to the same point in U(1), and when it does, we write the limit as:

11)1’1)([(71 = XFP' (424)
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At a practical level, however, we can simply truncate a given sequence. Proceeding in this
way, we can speak of path integrals over algebraically closed fields such as Fp.

In this enlarged setting we can also contemplate the physical meaning of the Frobenius
automorphism, namely the generator of the absolute Galois group Gal(Fp/]Fp). For finite
fields IF, we interpreted the Frobenius map as permuting a collection of F,, valued fields, and
the same considerations apply here as well, albeit for a now infinite collection of physical
fields. This provides another way for us to interpret our path integral phase factor of line
(4.21).

4.4 Physics on Varieties in Characteristic p

Our discussion so far has mainly focused on the simplest examples of spacetimes and target
spaces. We can also consider more general geometries by specifying varieties in characteristic
p. The procedure for constructing such spaces is a standard one from algebraic geometry, and
it carries over essentially unchanged. We construct affine patches of a variety by specifying
the zero set for some polynomials. Then, we glue these patches together to produce a our
more general variety.!® We now speak of our physical fields as specified by rational maps of
the form:

¢ : Xspacetime -2 Y;;arget- (425)

In terms of the local coordinate rings Ox, and Oy, for x € X and y € Y, this means that
we will allow our physical fields y to be written as ratios:

6= (4.26)

The reason we should allow such maps is that in most geometries of interest, working with
just polynomials will not produce enough “interesting” maps. This is the point of allowing
birational maps. The price we pay in doing this is that we inevitably encounter possible
singularities in the evaluation of our action. This is actually not that problematic, it just
indicates the physical presence of a source, and means that we need to specify some choice
of boundary conditions in the path integral with prescribed pole structure for field config-
urations. This is often referred to as inserting a defect operator in the path integral. This
is also customary in specifying asymptotic scattering states. For all these reasons, we shall
remain flexible in our notion of a physical field. The proper notion of the path integral would
seem to involve summing over rational morphisms Xgpacetime ==+ Yiarget-

In this more general setting, we can now also provide a more geometric formulation for
the terms appearing in our action. Consider, for example, the kinetic term of a bosonic field
theory. In characteristic p, we can still speak of the cotangent space to a point, so we can

10The extension to schemes and stacks poses no additional complications other than having to carry around
more formalism. We therefore leave it implicit in what follows.
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consider the pullback map on the cotangent spaces:
Q" TY - T X, (4.27)
a differential such as d¢ has the standard local form:

folot
dop* = ——da". 4.28
s =0 (125)
Indeed, as we have repeatedly emphasized, much of the algebro-geometric structure typically
used in characteristic zero carries over to characteristic p (with suitable amendments).

Additionally, we can introduce symmetric bilinear forms:!*

G:TY®TY —»F,—F, (4.29)
h:T"XeT"X - F, = F, (4.30)

where we have factored this map through the Trace map. We refer the reader to Appendix
D for the definition of the cotangent space in characteristic p. The main point is that even
though there is little notion of “distance,” in these spaces, we can still introduce symmetric
bilinear forms valued on the “observable” numbers.

Consequently, we can now specify far more general actions in characteristic p as well.
Superficially, there is little change from our earlier considerations. For example, a non-linear
sigma model metric on a spacetime X can be written as:

S =Y Vdet hh* G opda¢” 040", (4.31)

zeX

Here, each of the ¢’s is to be interpreted as a rational map from X --» Y, and derivatives of
local coordinates on X are computed as before. Again, our only demand at this point is that
for each such physical field configuration, the action remains valued in IF,, this being the
analog of unitarity in characteristic p. The appearance of “v/det h” is really a stand-in for
the scalar dual to the “volume-form” in Q™(X,x). This volume-form implicitly depends
on the bilinear h,,. See subsection 4.5 for further discussion.

Observe also that the expression we have arrived at is naturally covariant, even though
we are working on a discretized spacetime and target space. Indeed, under a non-singular (up
to a lower codimension space) change of coordinates, the standard rules of tensor calculus
hold. In characteristic p, the analog of a local analytic isomorphism (i.e., a diffeomorphism)
is an étale morphism (a special case of a smooth morphism in which the relative dimension
is zero). The main thing we want to ensure is that we have the characteristic p analog
of the inverse function theorem for manifolds in characteristic zero. Demanding that the

Here we use the physicist convention for a metric, ds?> = G4pdY “dY P so we evaluate on the cotangent
bundle rather than the tangent bundle.
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Jacobian is invertible ensures this. See Appendix D for an extremely brief discussion of étale
morphisms.

As a final generalization, now that we have moved to a far more geometric language, it
is natural to ask whether we can start to incorporate some additional sorts of degrees of
freedom, such as vector bosons and even gravitons. A priori, there does not appear to be
any issue with doing this in characteristic p.

In fact, some of the mathematical formulation of vector bosons and gravitons in char-
acteristic p has been carried out in reference [94]. The key feature for us is that using a
suitable notion of localization of sheaves, the resulting formulae for the gauge connection
and “metric” behave completely analogously to what one has in the characteristic zero case!

For example, for an abelian gauge field V,, we can consider gauge transformations such
as:
Vo= Vo + Oue, (4.32)

where ¢ is to be interpreted locally as a polynomial in the coordinate ring of the variety.
Note that the field strength:
Fab = aa% - aI)V;z (433)

is invariant under such gauge transformations, independent of the characteristic. Quantities
such as F,, F% can then be used to build gauge invariant actions in the standard way. Here,
we raised and lowered indices with a symmetric bilinear form h?.

Constructing a scalar degree of freedom charged under such a field is also straightforward.
For example, given «, we can impose the condition for gauge transformations:

a— a—e, (4.34)

so the quantity:
1
59" (a0 + Vo) (G + V3) (4.35)

is also gauge invariant.

We now provide a more systematic treatment of gauge interactions, but still focused
primarily on motivated examples. From the outset, one complication we face is that in
characteristic zero we can easily pass from elements of a Lie algebra to a local presentation
of an element in the Lie group via the exponential map. In characteristic p more caution is
warranted but the general formalism of Lie groups and their relation to Lie algebras can still
be formulated, as in reference [108], and we refer the interested reader there for additional
details.

We begin by constructing a physical field theory with SO(n,F,) gauge interactions.?

2Implicit in our discussion of this group is a choice of quadratic form on an n-dimensional vector space.
In fact, for p an odd prime, when n is odd, there is a single congruence class so there is no ambiguity, while
when n is even, there are two distinct choices which are often labelled as SO* (n,F,), referring to the choice
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Consider the theory of an n-component vector of F, valued scalar fields which we denote
as ¢4. We introduce a fixed symmetric bilinear form Gap = d45. We can then consider
Lagrangians such as:

L= %GABaagbAaaqu — A (Gapp?e? — )7, (4.36)

with A and ¢ fixed parameters. We observe that this Lagrangian enjoys an SO(n,F,) sym-
metry. By this, we mean the set of n x n matrices with entries in F, such that MTM = T,,,,,
the identity.

We now attempt to gauge this global symmetry. In characteristic zero, we would intro-
duce local gauge transformations, as designated by g,, so that for each point * € Xqyacetimes
we get an element in the symmetry group. We would like to attempt something similar in
characteristic p. The first complication we encounter is that all our fields are being repre-
sented as polynomials, so one might rightly ask whether this can be extended to the present
setting. Indeed, the proper framework for carrying this out is to consider a sheaf )V such
that each stalk V, admits a group action by SO(n,F,). Then, we can speak of the condition
9Y g, = T,xn. To get this into a more practical form recognizable to a physicist, we can also
consider the space of n x n matrices with entries in F,(¢), the field obtained by adjoining
the formal element ¢. Then, the condition g(u)”g(u) = I,.«, specifies a set of n x n matrices
with entries in [F,,(¢) which satisfy the desired gauge transformation properties. With this in
place, we can now introduce a vector potential V,. Near a point x € X, each component of
this vector is to be viewed as an element of so(n,F,) ® Ox ., namely we impose the condition
(V)T = =V, on our local polynomial expressions. Globally, of course, we should think of
0, + V, as specifying a connection on our sheaf. We wish to consider gauge transformations
of the form:

Vo> g 'Vag + g~ ' 0ag, (4.37)

where each ¢ is interpreted as above. The important point for us is that even though we
do not have the exponential map, we can still consider the group action of SO(n,F,) on
so(n,IF,).

At this point, the discussion is so close to that of characteristic zero that we can simply
write down the standard action obtained from minimal coupling:

L= %GAB@@SA + (V) 4 ™) (067 + (V) 1 67) = M (Gaps™0” — )" (4.38)

We can also extend this to other characteristic p fields such as IF,, as per our discussion in
earlier sections.

A pleasant feature of the group SO(n,F,) is that all entries are already valued in F,, so
the characteristic p analog of “unitarity” is guaranteed. What about other gauge groups?

of signature of the quadratic form. When p = 2 similar considerations hold but one must instead reference
the Arf invariant of the quadratic form. We thank S. Cecotti for helpful comments on this point.
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Perhaps the most familiar in physics applications characteristic is the group U(n). To get
something like that in the present context, we need to have a suitable notion of hermitian
conjugation, as well as a suitable notion of an “imaginary number.”

The appropriate notion of complex conjugation in characteristic p is Frobenius conjuga-
tion. Working over a ground field I, there is a notion of Frobenius conjugation given by
F,(¢) = ¢? which holds fixed all elements of F,. We can then consider a quadratic extension
by an element Zq specified by the condition:

Fq@q) = _?qa (4.39)

which acts as the characteristic p analog of complex conjugation. We remark that this
element may not square to —1. For example, in F5, observe that 32 = —1 but that 3 € Fs
whereas 75 is not (since it is not invariant under Frobenius conjugation). To proceed more
systematically, we will instead seek out a root of the polynomial equation:

2l = —x, (4.40)

and we denote one such root by z]. Observe that by design, we have:

o~ o~ ~

F(iq) = (ig)? = —iq. (4.41)

Since 7, is not invariant under Frobenius conjugation, it is not an element of [F,. Note,
however, that its square (i,)? is invariant, and is therefore an element of F,.

We can now introduce an analog of hermitian conjugation as follows. Given an n X n
matrix M with entries in F,(4,), write:

H = Hy + i H,, (4.42)
with H; and H some n X n matrices with entries in F,. We define a daggering operation:
HY=HT —i,HT. (4.43)

The group of unitary matrices is now defined by writing:

A~

Un,F,(i,) = {H €GL <n,]Fq(?q)) \HH = ]Im} . (4.44)

Now, in characteristic zero, we could start with the theory that enjoys an SO(2n) global
symmetry and consider gauging a subgroup such as U(n). In characteristic p, this is a bit
more subtle because the choice of hermitian conjugation now makes reference to a specific
choice of 7,13

13In some cases, however, it is possible to proceed in a similar fashion to characteristic zero. To illustrate,
suppose that we fix our ground field to be F,. We then make the further assumption that ’i;f = —1. Note
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We now build a Lagrangian which enjoys the global symmetry U(n,F,(i,)). Consider a
theory of 2n F,-valued scalars ¢', ..., **. We construct the “complexified” combinations:

Pt = ¢+t (4.47)
Bl =t~ (4.48)

In this case, we can introduce a suitable bilinear pairing G ,5 and write:
A / =) —a E Bl ) 2
L =G0 + (V) 4 007" = (V) 577) = A (Gupe3” =€) . (4.49)
Here, we have introduced a vector potential V,. Near a point x € X, each component
of V, is to be viewed as an element of u(n,F,(i,)) ® Ox,, namely we impose the condition
(V)T = —V, on our local polynomial expressions. Globally, of course, we should think of
0, + V, as specifying a connection on our sheaf.
Turning next to the analog of the graviton, we have also mentioned that there is really
no issue in defining a symmetric bilinear form defined over each point of a scheme X. We
mainly need to impose a local equivalence relation:

hab ~ hab + aaVb + abyaa (45())

for v € T*X. Summing over all equivalence classes in this way provides the path integral
instruction for how to sum over the space of such “metrics.”

As a final amusing comment, note that the definition of standard Riemannian geometry
tensors only makes algebraic reference to the quantity h,, and its derivatives. This would
seem to suggest that we can even borrow the standard actions for gravity, including higher
derivative interactions.

4.5 Further “Metric” Considerations

In the previous subsection we briefly mentioned the action for a non-linear sigma model,
which makes reference to a choice of symmetric bilinear form on both the spacetime and

that this restricts us to p = 3mod 4. To see why, write p = 3 + 4n. Next, observe that

iy = () = (ip)?’“" - @,)3, (4.45)
which implies:
1= (?,,)2. (4.46)

In this case, we can use the standard manipulations used in characteristic zero. This, however, imposes
restrictions on the prime p, a feature which we would like to avoid.
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target space. Recall that we took a general action of the form:

S =Y Vdet hh* G opda¢”0y0". (4.51)

zeX

where we have reproduced equation 4.31 for the convenience of the reader. In the above,
we have made reference to a “metric” on X, by which we mean a symmetric bilinear form
"X ® T*X — F,. Now, taking the determinant of this bilinear form can be presented
locally in terms of a polynomial in the local coordinates. The somewhat unpleasant feature
of this presentation is that there is no guarantee that det h is actually a polynomial. Formally
speaking, nothing stops us from including such quantities. For example, we can simply take
the ring of functions and adjoin various finite extensions. On the other hand, doing so runs
a bit counter to the philosophy of only allowing quantities which have a suitable analytic
presentation.

To explain why this is still natural, even in the characteristic p setting, it is helpful to
return to the characteristic zero setting for X a Riemannian geometry. Now, in characteristic
zero, there is a clear justification for including the pre-factor v/det h. This is because, in
terms of local coordinates on a manifold X, the volume form can be presented in terms of
this metric data:

dVolx = d™zvdet h. (4.52)

Indeed, under a local coordinate transformation z® +— f%(x), the transformation of dx' A
... Adx™ is precisely encoded in the corresponding Jacobian of 9 f®/dx.

What is the justification for including such a pre-factor in the characteristic p setting?
On the one hand, we are summing over a finite number of points, and an automorphism
of X will still produce the same collection of points. Moreover, the kinetic term h®0,¢0,¢
is already invariant under coordinate reparameterizations. Said differently, the Lagrangian
densities we have been discussing can be viewed as zero-forms in the local ring of functions,
namely, elements of Q% (Ox). At the level of homology groups, we also have the statement
of Serre duality over the ground field K [109]:

H{(X,E) x H" (X, &Y @ Kx) = K, (4.53)

so upon taking i = 0 and &€ = Oy, we see there is a natural notion of “integration” which
will indeed return an element of K. In the case of K = C and X a Calabi-Yau space, the
corresponding section of H™(X, Kx) is just the volume form Q A 2, with Q a holomorphic
(m, 0)-form, which is uniquely specified (in the Calabi-Yau case) up to an overall non-zero
complex number.

More generally, then, we can still speak of introducing a volume form as given by a
section of H™(X,Kx), and this will canonically pair with the zero-form, as specified by a
Lagrangian. The choice of a particular section is our stand-in for “v/det h”, and so in this
sense it is indeed appropriate to include this explicit factor, even in the characteristic p
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setting. Note that this also automatically answers another potentially troublesome point
about possibly taking the square-root of a local function in the characteristic p setting.
Rather than artificially introducing a notion of square-root, we are instead specifying a
particular choice of “volume-form”, viewed as an element of Q™(X, Kx). Varying the bilinear
h:T*X ® T*X — K implicitly changes the element of Q™ (X, Kx) we use, but all of this
is again specified without recourse to a particular field extension. The meaning of v/det k is
then the scalar in Q°(X, Ox) dual to this volume-form.

14

A further comment here is that in some cases, the “volume” of X specified by h can end
up being zero. This is really just part of the price we pay for working in characteristic p.

For example, on the affine line over F,, summing over all points with respect to the “flat

Y 1=p"=0, (4.54)

z€AL(Fy)

metric” where det h = 1 yields:

with ¢ = p”. On the other hand, on the punctured affine line where we remove the origin,

Y 1=p = 1. (4.55)

zeAX (Fy)

we instead get:

Choosing a different value for v/det h results in a different “volume”. For example, on the
affine line over F,, we could instead take v/det h = 277!. In this case, we have z7~! = 1 for

x # 0, and so we get:

dooath= Y el =pt—1=-1, (4.56)

z€AL(Fy) x€AX(Fq)

namely we get a non-zero answer. Note that in this case, v/det h vanishes at x = 0.

4.6 Statistical Formulation

Our emphasis here has been on formulating a notion of a path integral in which we explicitly
reference the usual complex phase factors which appear in quantum systems. Now, a common
approach to the study of path integrals in characteristic zero is to consider the analytic
continuation of the spacetime to a Euclidean signature theory, in which case we really have
a statistical field theory with a Boltzmann factor exp(—Sg). One reason to do this is that in
the Euclidean setting, statistical field theories have potentially better convergence properties
(though notably gravity is an exception to this general claim).

So, it is reasonable to ask whether we can set up a Euclidean signature version of our
characteristic p action. At the level of specifying the “metric” and its Euclidean signature
analogs, there is no apparent issue in specifying a Euclidean signature action. In fact, it is
fruitful to consider the family of actions S[h] as a function of the symmetric bilinear form
h which has support on T*X ® T*X. Then, we can view one choice of h as specifying our
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Lorentzian signature bilinear form, and another as specifying a Euclidean signature bilinear
form. So, at least at the level of specifying what we mean by an action in Euclidean signature,

there is no issue.'4

The complications arise in specifying what we could mean by the Boltzmann factor
exp(—Sg) in this setting.!® Indeed, our main setup has exploited the characters of the
additive group (IF,, +), and this requires that we evaluate quantities via a character yg such
as:

Xs = exp (%S) , (4.57)

with S the action evaluated on a particular field configuration. If we attempt to analytically
continue, we face the unpleasant feature that we are no longer constructing a well-defined
character.

A workaround is available, however, because yg takes values in C*. Consequently, we
can, up to a choice of branch cut, consider:

p _
57 logxs =S+m (4.58)

for some integer m € Z. Making a non-canonical choice of branch cut, we can set m = 0,
and then a Boltzmann factor can be specified for the Euclidean signature action as:

exp(—Sg) = exp (—% log XSE) : (4.59)

Performing a path integral then involves summing over our space of morphisms.
A more formal way to state the same prescription is to first consider a primitive p™* root
of unity:
¢ = exp(2mi/p). (4.60)
Then, we observe that because (P = 1, we expect any correlation function to be expressed
as a rational function in the (. We can write this as:

p—1 )
2 5¢
Correlator = (Cp)mjji—, (4.61)
>_b;¢?
j=0

for some coefficients a;, b; € R. While it is tempting to restrict these coefficients to lie in the
integers, we should remain flexible, especially since we may need to regularize the infinite

14 Another way to proceed is to view the Lagrangian density as a difference of kinetic and potential energy
densities, namely L =T — V. Then, we can can consider the Euclidean signature Lagrangian as Ly =T+ V,
with the usual caveats about what we mean by time derivatives in the two settings.

15For various topological actions such as the Chern-Simons functional, the “Euclidean signature” version
still has a complex phase factor, but that case is too specialized for what we are discussing here.
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sums which appear in summing over all possible morphisms. Here, we have also allowed for
an overall factor of (¢?)™, although of course this is just unity when we make use of equation
(4.60). The previously discussed prescription of setting m = 0 to arrive at equation (4.59)
can be formalized by treating z = ¢ as valued in C. Then, “all” we are doing is restricting to
the case where z is again restricting to real values of z = exp(—27/p) instead. The different
choices of m just amount to an overall prefactor which is common to all correlators. As such,
we can work with a canonical choice by absorbing this into our definition of the partition
function.

Although rather natural at a formal level of manipulation, the process of analytically
continuing an entire function based on how it behaves over a finite set of values (namely the
primitive p* roots of unity) is of course somewhat suspicious. Indeed, it has by now been
appreciated in many places that even in characteristic zero, the process of analytic contin-
uation in the signature can introduce various subtleties in the path integral prescription,
see e.g., [110,111] for recent discussion. At present, it would seem the best we could hope
for is that the prescription outlined above is the one appropriate for capturing a leading
order saddle point approximation, while contributions from subleading saddle points might
be intrinsically ambiguous. In principle the ambiguity is completely resolved because we
are dealing with a finite method for regulator quantum field theory correlators (much as in
lattice gauge theory), but the precise way in which this shows up in the Euclidean signature
formulation remains to be worked out.

It would be interesting to further investigate the convergence properties of this Euclidean
signature action, as well as the implicit dependence on a choice of analytic continuation
alluded to above.
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5 Hilbert Space Considerations

Up to now, our main emphasis has been on developing a path integral formalism for physical
theories in characteristic p. To a certain extent, this provides an operational definition of
our physical theory, because we can use this framework to compute correlation functions of
operators. Of course, what this leaves implicit is the actual structure of the Hilbert space in
question. Our aim in this subsection will be to explain how this additional physical structure
comes about in characteristic p.

To begin, we need to assume a notion of time in our characteristic p spacetime. For ease
of exposition, we will assume that our spacetime X factorizes as Xiime X Xgpace, Where we
view Xiime as the affine line or its projectivization, and Xpace as the spatial directions. This
can be generalized to fibrations of the form:

X, — X

l , (5.1)
Xi

in the obvious notation. In what follows we leave this further generalization implicit. To
emphasize this structure, we adopt the physics notation (t,us) = u® for local “spacetime”
coordinates of X .16 We can then still speak of rational morphisms such as:

¢: X --»Y (5.2)

to some target space Y.

We now argue that there is a local notion of past, present and future as defined by the
local mode expansions in the X; coordinate of our characteristic p spacetime.'” This will
again put the finger on the need for an infinite dimensional Hilbert space.

The main point is already conveyed in the one-dimensional setting where we have a single
scalar field on the affine line with the origin deleted:

G A = A, (5.3)

over a fixed ground field F,. We view the origin as the far past, and specify the far future
implicitly through the map u — 1/F(u) = 1/u?, i.e., the inverse Frobenius conjugate. All
of this makes sense on P!'(F,). In this way of thinking, we can view A*(F,) as defining a
cylinder with A*(F,) specifying the time coordinate, with 0 in the far past and oo in the far
future. See figure 2 for a depiction.

16Tn particular, in this section, ¢ and u, refer to the formal variables which will appear in various polynomial
rings. We refer to the “evaluation points” on the spatial slice by x.

17«Nor is it right to say there are three times: past, present and future. Perhaps it would be more correct
to say: there are three times: a present of things past, a present of things present, a present of things future.”
— Augustine of Hippo, Confessions.
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A*(F,)

A% (Fp)

Figure 2: Depiction of the punctured affine line over A*(F,) and the Frobenius invariant
subspace AX(F,). We view A*(FF,) as specifying a cylinder with A*(F,) playing the role
of a time coordinate. This picture is reinforced by the use of local Laurent series in which
positive degree terms describe modes propagating to the future, as indicated by oo, and the
negative degree terms describe modes propagating to the past, as indicated by 0.

Our next task is to write down a mode expansion. This can be presented as a Laurent
series with coefficients ¢,, in F:'8

6= ¢nu" € Fylu,u™]. (5.4)

neL

Here, we allow ourselves to consider arbitrarily high degree poles. At this point it is helpful
to compare with the Laurent expansion we would write for a field ¢¢ with support on C,
which we would also write as:

oc = Z Prmn2™Z", (5'5>

m,ne’

in the obvious notation. Here, we observe that we have dependence on a local coordinate
z as well as its complex conjugate Z. In the case of a characteristic p space, however, the
analog of complex conjugation just involves raising a variable to some prime power, so it is
indeed appropriate to continue working in terms of an expansion in a single formal variable
x.

Again turning to the characteristic zero setting, we observe that for a 2D theory specified
on a cylinder with coordinate z = exp(7 + i0), the positive degree terms in the expansion

18But for now, we only allow a finite number of non-zero terms so that we can actually evaluate each
character map on quantities such as the path integral phase factor exp(iS[¢]/h).
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correspond to positive frequency modes of the expansion, while the negative degree terms in
the expansion correlate with the negative frequency modes. Clearly, the same idea applies in
our expansion of line (5.4), and this provides a notion of modes in the past versus the future.
In more practical terms, we can focus on the subspace F, C IF,, and pick a generator of the
additive group (IF,,+). Then, the number of compositions by this additive subgroup defines
a local notion of time ordering, which is in accord with our discussion of mode expansions.

We can now see how the above considerations can be generalized to rational maps ¢ :
X --» Y. Namely, we first seek out the local X; dependence, and perform a mode expansion
with respect to this coordinate. We then have a local definition of past and future, as
specified by local terms which have negative or positive degree.

With this in place, we can introduce various notions of a Hilbert space of states. To
motivate our proposal for the states in our system, we begin by recalling how things work
in the standard path integral formalism in the Archimedean setting. To this end, we pick
a fixed time slice, and specify the Hilbert space of states on this slice. Provided this is a
Cauchy surface, we then have a well-posed time evolution problem, and so we can specify
how states evolve in time in the Schrodinger picture, and one can of course equivalently work
in the Heisenberg picture. In the path integral, the choice of field profile on a spatial slice
amounts to prescribed boundary conditions, ®(us) at some time slice specified, at say t = 0,
and we use this to specify a state |®(us)).

In the characteristic p setting we can also clearly speak of morphisms just defined on the
spatial slice, namely given ® : X --» Y, we introduce a state |® : X --» Y) . Clearly, this
provides (at least formally) a collection of states. On the other hand, since the notion of
“time evolution” in the characteristic p setting is less clear (we return to this point shortly),
it is also natural to consider a somewhat larger collection of morphisms which explicitly
reference the time coordinate. Along these lines, consider the Laurent expansion for a field
o(t, us) near t = 0:

o(t, us) = Zgbn(us)t" = ¢<(u) + ¢ (u) (5.6)
neZ
where ¢< encodes the terms with n < 0 and ¢- encodes all terms with n > 0. For n <
0, each of the ¢,(us) can be viewed as specifying additional “initial state data”. This
motivates speaking of a somewhat broader notion of physical state which is locally defined
by introducing:
o< : X -=» V), (5.7)

namely we allow more general morphisms ¢ : X --» Y, but in which we introduce an
equivalence relation on all terms with positive degree terms in ¢. Thus, we form a vector
space over C via the appropriate equivalence classes of morphisms ¢<.

At this point, it is helpful to comment on the relation between the states just specified,
and what happens if just consider the evaluation maps associated with these morphisms.
Along these lines, suppose that we forget about all the data of the morphism. Then, we get
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a point given by all the possible values of ¢(u) by considering the corresponding evaluation
map ev,—,(¢(u)) = ¢(z). Provided X and Y have a finite number of points, there is then a
“small” states of states |¢(z)) which also spans a finite dimensional vector space over C.

Our discussion so far has mainly focused on constructing states, but to truly have a
satisfactory notion of a quantum mechanical theory, we also need a notion of an inner product
between states. We can calculate the overlap of field configurations in the “past and future”
provided we make the additional assumption that there is a distinguished point t; € X,
associated with an initial time, and t; € X; associated with a final time. We can then
prescribe fixed boundary conditions for our field at these two times, writing gbg) X -—»Y
and ¢(<f) : X --» Y for these two morphisms. Observe that we can truncate this discussion
to just the non-polar terms to get a similar pairing for the states [®(u) : X, --» Y). With
this in place, we can simply define an overlap of states by evaluating the path integral in
characteristic p:

oY) x5y

WX Ve X Y = / 1de] exp(iS[el/h), (5.8)

oW XY

where here, the integral symbol is really an instruction to sum over all the rational mor-
phisms ¢ : X --» Y with the prescribed boundary conditions at the marked points. We
comment here that in the standard path integral, it is more common to just specify a “spa-
tial morphism” via ®, : X, --» Y. Implicit in that approach, however, is that we have some
notion of “taking a limit” of ¢(t,us) onto a fixed value of t. The above prescription contains
this, but can in principle also keep additional data, as tracked by the trajectory taken to
t—t;and t — ty.

The inner product just given is to be viewed as computing a suitable transition amplitude.
Of course, we can consider the special case where the action S[¢] = 0, and in this case
we just get the “standard” inner product on a Hilbert space. In evaluating this, we are
simply counting the number of interpolating morphisms which are compatible with the two
boundary conditions set by ¢ and ¢/), and so is typically either zero or infinite.?’ Note,
however, that we can regulate the infinite values by truncating to polynomials of fixed degree
(locally). Observe also that if we restrict to the “small” set of states where just record the
actual images of the morphism |¢(z)), then the inner product just collapses to the expect
Kronecker delta, that is, (a|b) = gp.

We are now ready to propose a definition of our physical Hilbert space compatible with
our path integral formalism. In fact, there are various natural notions of a Hilbert space we
have already encountered, and we shall refer to them as the “HUGE Hilbert space” Huuce,

9Tn the punctured affine line example, t; = 0 and ¢ = oco.
20This already happens in the Archimedean setting where we typically encounter Dirac delta functionals
for overlaps of wave functionals.
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the “Big Hilbert space” Hgi,, and the “small Hilbert space” Hgman. The HUGE Hilbert
space is spanned by the collection of states defined by rational morphisms ¢~ : X --» YV
between two varieties, where we have an equivalence relation on any two morphisms which
agree on the non-positive degree terms in the local Laurent expansion. The Big Hilbert space
is spanned by the collection of states defined by rational morphisms ® : X, --+ Y, where we
only track the spatial dependence of a field. Finally, in the small Hilbert space, we forget
both the temporal and spatial dependence, and just focus on the point set so obtained, i.e.,
the evaluation of ¢(z). In the obvious notation, the Hilbert spaces are spanned by elements

of the form:
[9<: X ->Y) € Huuce (5.9)
’(D Xy - Y) € HBig (510)
|ev$s:us((1)(u8))> S Hsmall- (511)

We clearly have a set of a sequence of surjective projection maps:
Huvce — Hiig — Hemall- (5.12)

Observe also that with the spanning elements in place, we can then construct general linear
combinations, with a norm topology dictated by the inner product.

Note that Huyugg is always infinite dimensional (since it locally makes reference to polyno-
mials of unbounded degree). Provided dimX, > 0, we also have Hp;, is infinite-dimensional.
On the other hand, the space Hqman is substantially smaller, consisting of a finite number of
point set maps. Comparing with our discussion in section 3, we see that the Hilbert space
for the lattice approximation of a physical system is more akin to Hgnan. An additional
remark here is that in characteristic zero, one can often conflate these notions, but here we
must tread more carefully.

We emphasize here that since our mode expansions do make reference to the past and
future, there is also an implicit notion of (partial) time ordering, as referenced by the path
integral. Returning to the general contours of our proposal where we indicated how this
would work for the puncture affine line over F,, where the Frobenius invariant subspace
IF, picks out a notion of a “time coordinate” with a past a 0 and a future at co. We can
also introduce an on ordering on the affine line as induced from the fact that the additive
group (F,, +) can be generated by a single element. Of course, there can be more than one
such generator, and this means that there is some implicit choice being made in such a time
ordering.

In fact, one can make some choices to extend this notion of time ordering to the small
Hilbert space. For example, we can speak of repeatedly applying a given operator such as
exp (%?[ ) with H the Hamiltonian, and this composition rule builds up a local notion of

past and future. This composition of maps defines a notion of time evolution, much as one
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would have in iterations of a discretized dynamical system. Of course, at a pragmatic level
nothing stops us from just explicitly performing the requisite sum, so we have an operational
rule for how to evaluate correlation functions.

5.1 Special Case: Hpiz(A') vs Hopan(Al)

We now consider a special case where X, = A! and Y = A! and compare the Big and
small Hilbert spaces Hpig(A') and Henan(A'). In this case, we are considering morphisms
® : A' — Al and do not allow any further poles (i.e., polynomials rather than rational
functions). Similar considerations apply for more general varieties because we can always
glue together based on such affine patches anyway. Now, in this case, observe that our
morphisms are really just given by polynomials of the form:

@A = A =D dm(u)™) = [, - bar 1), (5.13)

m2>0

in the obvious notation. Observe in particular that we can build up an approximation of the
Big Hilbert space by just truncating to polynomials with degree M or less, and we refer to
this as H](gj\i/é). There is clearly an inverse limit (see Appendix I for the relevant definitions):

Heig = limHy, (5.14)

as specified by the inverse system defined by the appropriate surjections:
Heman = ’Hg)i)g — Hgi)g o ”Hg;? — oy (5.15)
namely we just truncate to lower degree terms. In particular, we also have the isomorphism:

M ~ HEM (5.16)
namely we just record all the “qudits” associated with these coefficients. Using this, we can
specify a natural inner product by just using the one induced from the small Hilbert space.
This is compatible with our more general treatment in terms of path integral boundary
conditions since we have to specify how two spatially supported morphisms can interpolate
anyway.?! As already mentioned, since X and Y are varieties, this local construction clearly
extends to more general morphisms. In this way we visualize both Hg;, and Huycg as built
up from suitable (inverse) limits of the small Hilbert space Hgman-

21Tn the characteristic setting it is often customary to use L? integrable functions as a natural space of
wave-functionals, e.g., for f,g € L?*(C) we can define our inner product via (f|g) = [du(z)f*(z)g(x) in
the obvious notation. In the characteristic p setting we can view the “matching of coefficients” as roughly
mimicking comparison of Fourier modes, a them we return to later in section 8.

48



5.2 Operators

Much as we would in ordinary quantum mechanics, we can also specify operators which act
on the Big Hilbert space.?? By way of example, we now fix a ground field F, and assume
we have some basis of physical scalar fields ¢(t, us) = ¢(u) taking values in a vector bundle
E. Assume also that for each x € X, we have a pairing v;; : V, x V, — F, which we can
interpret as a “pairing matrix”. This can be lifted in a natural way to a local function v;;(u).
We can then construct a mapping of the form:

VxV—=F,—=F, (5.17)
(Qb, ﬁ) — Uij¢ibj — Tl"(’l]ijgbibj), (518)

where in the last line we used the standard trace map for finite fields.

Just as in ordinary quantum mechanics, we wish to focus on operators which are uni-
tary. In our setting, the analogous treatment amounts to the condition that the operators
appearing in various exponentiated quantities are really valued in [F,,, and not just some char-
acteristic p field. This restriction can be implemented in the above by focusing on F,-valued
exponents, namely by working with operators such as:

2me ; ;
exp (7Tr(evu:xvij(u)¢ (u)b](u))) . (5.19)

Of course, in a standard physical theory, we expect there to be some redundancy in our
basis of states, since for example, we have a notion of time evolution of Cauchy slices. Some-
thing similar can be arranged in the characteristic p setting because we can also introduce
a Legendre transform of our Lagrangian, and consequently define a Hamiltonian operator.
Doing so, however, requires fixing a notion of a local time coordinate, and so we must make
some further assumptions on the geometry of X, as we noted above. Making these choices,
we can speak of operators specified at a fixed time in terms of the local Laurent expansion
of a field (as well as its time derivative) near the local time coordinate.

With this in place, we now explain how operators act on states of the Big Hilbert space
given by spatial morphisms |® : X, --» V)).?> With respect to a fixed value of the time (i.e.,
where we expand around) t = t,, we can consider the evaluation of a field ®(us) = P(ts, us)
as valued in V, and a conjugate momentum II;(us) = 0,¢;(t«, us) valued in V*, the dual
vector space defined using the canonical pairing v;;. In this way, we get corresponding
“spatial morphisms”, and this notion can be extended to the HUGE Hilbert space by simply
tracking the appropriate polar terms.

Now, while it is of course tempting to consider the direct action of operators ® and II on

220ne can similarly build up a collection of operators for the HUGE Hilbert space, but we leave this
implicit in what follows.
23We specialize from a general target space Y to one such as V.
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our states, this is rather ill-defined, for the primary reason that these fields make reference to
coefficients in a finite field, whereas our Hilbert space of states is defined over the standard
complex numbers C. That being said, characters from finite fields to C still make sense,
so we can introduce an “exponentiated” version of such operators. It is actually simpler
to begin with the operator associated with momentum, where exponentiation produces a
translation. On the Big Hilbert space we introduce an operation R, as follows:

270 ~ ;
Ry = exp (ﬂﬂj(us)bj(us)) , (5.20)
P
with the action on the spanning states of the Big Hilbert space given by:
Ry|®: X5 --»>V)=[(P+0b) : Xs--» V), (5.21)

namely we have a “translation map” which shifts the spatial morphism ® to ® + b.

Consider next the action of ® on a state. Again, while one might wish to consider
the direct action of ® on states, the associated “eigenvalue” would be a polynomial in a
characteristic p field. One might also be tempted to consider the exponentiated action of
<T>, much as we did for translations in equation (5.21). Observe that in this case, however,
we expect to return an overall complex phase, whereas what we would instead get is an
exponentiated polynomial in a finite field. The resolution of this issue requires us to make
an additional choice as associated with evaluating at a particular point of X, which we
generically refer to as ;.2 With this caveats in place, we can define an operator via its
action on the spatial morphism states:

To(zs) = exp (?evuﬁs@j(us)aﬂ' (us))> (5.22)

with the action on the spanning states of the Big Hilbert space given by:
2 ~ ,
To(zs)|P: X5 --» V) =exp (ﬂTr((evusms(cbj(us)aj(us))) | X, --» V). (5.23)
p

Functorially, we can also consider a more general operator T,(e), where we leave the evalu-
ation on a given z, implicit.

Summarizing, then, we have introduced two families of operators Ry, and T,(e). Whereas
T.(e) requires a further marked point to produce an actual map on the Hilbert space, R,
does not require this choice. Observe also that if we project onto the small Hilbert space,
these distinctions no longer make an appearance. Continuing in this way, it should now be
clear that even though our physical fields are valued in characteristic p varieties, we are still
able to make sense of a physical Hilbert space over the characteristic zero field C.

241f ¢ is not valued in F, one must consider a further composition with an evaluation map ¥ — F, to
produce a sensible answer.
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6 Quantum Error Correction

In the previous sections we showed that there is a path integral in characteristic p, and that
we can use this to build up various notions of a Hilbert space of states. With this in place,
we now turn the discussion around once more and show that our formulation of “physics
in characteristic p” has a natural interpretation in terms of structures found in the study
of quantum error correcting codes. Along these lines, we first recall that there is a well-
known use for finite fields as a means to construct examples of classical and quantum error
correcting codes. In this way one can view the present section as an attempt to build up
the previously encountered physical structures from a purely information theoretic starting
point.

More precisely, in this section we make use of the structure of classical codes generated
from algebraic curves over finite fields, as well as their extension to quantum error correcting
codes. To keep the discussion streamlined, we have deferred some standard definitions to
Appendix F which contains additional details. See figure 3 for a depiction of encoding via
schemes over finite fields.

To frame the discussion to follow, recall that in information theory, one is often concerned
with the transmission of information across a (possibly noisy) channel. There are various
ways to generalize the classical notions of information transmission to the quantum setting,
depending on whether one is interested in sending classical / quantum information over a
classical / quantum channel. For our purposes, it is enough to speak of an “input Hilbert
space” H4 and an “output Hilbert space” Hp. We can then consider (bounded) linear oper-
ators on each Hilbert space Lin(#H 4) and Lin(Hpg), which importantly, includes all possible
density matrices of a mixed quantum state. A linear map between these spaces:

Q : Lin(Ha) — Lin(Hp), (6.1)

specifies a quantum channel when it is trace preserving.?

Roughly speaking, we can view our field theory path integral as summing over quantum
error correcting codes, with X and Y respectively viewed as the “source” and “target”.
Classically speaking, we view each morphism ¢ : X --+ Y as specifying a word, i.e., each
point in z; € X serves as an input, and each target space point ¢(x;) € Y serves as the
encoded word. For this to carry over to the quantum setting, it is natural to introduce
auxiliary spaces X’ and Y’ and corresponding Hilbert spaces of morphisms H4 = Hx/ . x
and Hp = Hy-_,y, where we can restrict to the case of Huugr, Hsig OF Hsmall, 8 necessary.
Then, we can speak of channels as in line (6.1). A morphism ¢ : X --+ Y can then be used
to build an error correcting code.?%

250ne can weaken this to trace non-decreasing, since given such a map one can build a trace preserving
map by suitable amendments.

260ne might also ask whether there are any canonical choices for forming a quantum channel. For our
present purposes we remain agnostic as to whether there is a preferred quantum channel since we leave
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Of course, this begs the question as to how to identify “natural” choices of X’ and Y.
There are at least two choices which appear in many other contexts. For one, we can view
both X and Y as the target space of a string theory, with X’ and Y’ as the corresponding
worldsheet, much as we discussed in section 3:

X -5 X --»Y«-Y (6.2)

Alternatively, we can also set Y’ = X and just deal with the composition of morphisms
of the form:
X' - X --»> Y. (6.3)

In this case, one could view X’ as a worldsheet, or some other construct. In any case, we
shall assume the existence of the suitable spaces such that we can speak of a corresponding
quantum channel. With this in place, we can then turn to the construction of suitable error
correcting codes.

In what follows, we mainly focus on the details of how this works for the small Hilbert
space. This is a special case of the Big Hilbert space where the spatial geometry X is trivial.
One can of course extend our considerations to this broader setting since the operations of
lines (5.21) and (5.23) specify generalized qudit operations. In the case of the small Hilbert
space construction, the details of X’ and Y’ matter less anyway because we simply keep the
“evaluation points” of the associated morphisms.

As a first step in this direction, suppose we consider a scalar field theory, where we take
our spacetime X to be P!(F,), the projective line over the finite field F,, and our physical
field is a rational map ¢ : X --» Y with Y the affine line A'(F,). We mark the “point at
infinity” in X and specify a prescribed pole structure at this location. Given this, we can
interpret X as a single timelike direction to construct a Hilbert space of states. This requires
us to also specify a notion of a canonical pairing v;; which we implicitly use to raise and
lower indices. In the Heisenberg picture, we label these states as |¢), where ¢ is interpreted
as taking values in F,, where we introduce at some fixed time ¢, an operator ®* and its
conjugate momentum II; = 0,¢;|i—., with the properties that for a,b € F, we have:

271 o 211 o
exp (ﬂTr(vijaICD])) |p) = exp (ﬂTr(vija%])) |p) (6.4)
p p
21
e (2701, ) ) =16+, (6.5)
so we recognize that these are building up standard qudit error operations which we denote

as:
Eup = TRy (6.6)

the source of “errors” in transmission generic. In the physical setting natural choices include (perhaps as
in [112,113]) a suitable notion of coarse graining / renormalization (which does have a characteristic p
analog), but we leave the study of this question for future work.
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Figure 3: Depiction of how a spatial geometry furnishes a code, both in the classical and
quantum setting. The encoding of information is achieved via maps from a transmitter
(source) to a receiver (target space).

with: o o
T, = exp (ﬂTr(vijaiCI)j)) , Ry =exp (ﬂbiﬂj) , (6.7)
p p

so in other words, we get a single qudit in the case of a quantum mechanical system defined
in this way.

We now start generalizing to more involved field theoretic examples. We first illustrate
show how the associated morphisms automatically produce classical error correcting codes,
and then explain how this extends to quantum error correcting codes.

Along these lines, we now take our spacetime X to be given by X = Xiime X Xgpaces
where again we assume Xijme is a projective line, and Xgpace is now taken to be a smooth
projective curve over the ground field F,. In this case, we again take Y to be an affine
line, so we might as well view ¢ as an element of the line bundle £(G), with G a divisor
indicating the “points at infinity” of X. From what we have said above, we should also view
the a’s and b’s appearing in our discussion above as elements of the line bundle £(G). We
can now build a set of linear codes by considering n distinct points P, ..., P, of X¢ace as well
as the divisor D = P, + ... + P,. Evaluating at these points, we get the classical linear code
Cr(D,G). Of course, in our path integral prescription we perform this evaluation, but in
a slightly more involved away, first constructing an evaluation map to the action, and then
mapping this to a character of our finite field. The point remains, however, that at least in
this simplified setting, each of our physical field configurations can be viewed as an element
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of the Riemann-Roch space.

Having seen how classical linear codes naturally emerge from this setting, we can ask
about the construction of quantum stabilizer codes. As reviewed in Appendix F below line
(F.34), one of the standard results is to actually specify an F, linear subspace C' C an which
is self-orthogonal with respect to the standard symplectic pairing. In the present context,
we consider the simplifying situation where C' is actually an F,-linear subspace of dimension
k. The precise idea is to specify the duals to the vectors a and b as elements (®(F)); I1(F))
evaluated at the points in X, specified by the divisor D = P; + ... + P,. Here, the index
[l =1,...,n runs over the evaluation points, and we have left implicit the vector index. The
main thing we need to establish is that our phase space builds a self-orthogonal space with
respect to the standard symplectic pairing. For ease of exposition, we assume that we can
change basis so that the v;; appearing earlier is just the identity matrix and we assume the

standard relation:
II= 0,9, (6.8)

in the obvious notation. Now, given two elements (®;II) and (®';1I') of C, we observe that
the symplectic pairing is:

(O T0) s, (O 10) = Te(® - I — IT' - B). (6.9)

But, via equation (6.8), we observe that II' = 9,9’ and 11 = 9;®. By inspection of equation
(6.9), the condition that the code is self-orthogonal with respect to s now follows. Treating
these classical evaluation points as the span of possible values of the a and b appearing
in the CSS construction [114, 115], the theorem of reference [116] stated below line (F.34)
now gives us an [[n,n — k,d(C*)\C)]], quantum stabilizer code. To aid the reader, recall
that in such a code, the subscript “¢” indicates we work with the “alphabet” F,, the first
parameter indicates we are using n total qudits to encode the information provided by a
n — k-dimensional qudits. The last argument is a “distance”, indicating roughly speaking
how many errors can be corrected. We are here introducing a symplectic phase space C*),
and specifying a Lagrangian subspace C' (namely, a polarization). See Appendix F for further
discussion.

We note that from the perspective of symplectic geometry in characteristic zero, all that
we have done is exploit the appearance of a Lagrangian submanifold in the symplectic phase
space, i.e., a middle dimensional subspace which provides a canonical split between positions
® and conjugate momenta II = 0;®. The characteristic p analog of this statements provides
us with our construction of a self-orthogonal linear subspace.

The above statements also generalize to the case where we work with more general sorts
of classical codes. As mentioned in Appendix F near line (F.17), we can also consider
situations where we have a stable vector bundle F over a curve X. We will return to
examples of such structures in section 15. Recall from our discussion in Appendix F, a rank
r vector bundle allows us to specify a code subspace in F}, where () = ¢". While this is
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Figure 4: Depiction of the motion of the trajectory of a field ®;(z,) and its conjugate
momentum II;(z,) in phase space as a function of the time coordinate in Xijne. This phase
space structure provides a self-orthogonal space with respect to the symplectic pairing g,
and thus can generate a quantum stabilizer code.

not always an Fg linear space, it is I, linear. Consequently, we can use the same sort of
“phase space argument” used above in the case of line bundles (where r = 1), we then get
an [[n,n — k,d]]o quantum stabilizer code.

From the above considerations, we thus see a different physical interpretation of our
construction of field theories in characteristic p. In particular, we can also view our path
integral as performing a sum over possible classical codewords (after composing with evalua-
tion maps) and the resulting eigenspaces generated by the resulting quantum error correcting
codes define a basis of states in a physical Hilbert space. Observe that in constructing this
Hilbert space, even if we have roughly n physical points (as dictated by the order of the di-
visor D in X;), the actual information content is instead “delocalized” across several points.

6.1 Quasi-Locality

There is one more layer of abstraction which naturally fits with our discussion, and suggests
how the structure of locality emerges from a somewhat more primitive construct. At a rough
level, we view this as stating that our formalism for defining path integrals in characteristic p
amounts to specifying a topos of quantum stabilizer codes. Indeed, there is some suggestive
overlap with potential uses of topoi in physics discussed in references [18-23] which might
be interesting to develop further. That being said, we will not attempt a match with the
considerations found there.
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To set the stage, we recall that one of the awkward features of algebraic geometry in
general is the rather course nature of the Zariski topology. In characteristic zero, one can
often supplement this by treating various spaces as real or complex analytic, but in working
with finite fields there is always an intrinsic discretization to the resulting system, a point
which we are actually attempting to exploit. Nevertheless, there is a sufficiently rich notion
of topology we can introduce which allows one to construct non-trivial cohomology theories.
We review some features of the resulting topologies in Appendix E. The main point is that
to get a suitable notion of “coverings by open sets” it is important to emphasize more the
collections of morphisms to a given scheme.

In our context, we have already seen that there is a sense in which the spacetime X as
well as the target space Y can be equipped with suitable topoi. From the perspective of
coding theory, we have also interpreted this as a general transmission problem in information
theory. From an ambitious standpoint, one might view the associated topologies as defining
a construct even more primitive than a Hilbert space, the latter only appearing after further
processing in the language of quantum error correcting codes.

Of course, if we ever wish to return to the world of observation, we must somehow
find a path back from characteristic p geometry to the more familiar terrain of physics in
characteristic zero. We turn to these issues later in part III.
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7 Scale Entanglement and an Emergent Bulk

In this section we show that there is a close analogy to renormalization in the characteristic
p setting. Moreover, we use this to to show that much as in the proposal of reference for
building up a bulk from a tensor network [8-10], this can be interpreted in terms of a higher-
dimensional “gravity dual”. The structure we introduce is reminiscent of similar observations
made in the p-adic setting, as in [11-13], and we return to this theme later in sections 18
and 19.

To begin, let us first explain the sense in which we even have “energy scales” in the
characteristic p setting. It is enough to illustrate the point by considering states of Hg;s in
the special case where the space Xy = A! (F,), the affine line. Similar considerations hold
for more general choices of X, as well as for states of Hyugk.

Working with the Hpi, Hilbert space, we have states labelled by rational morphisms
P : AY(F,) --» A'(F,), and for ease of exposition we focus on morphisms as captured by

polynomials in F[u]:*7

M
=) Ppu (7.1)
m=0

Now, in the Archimedean setting, we can interpret the u as functions such as exp(r + io)),
with 7 4 o a local (holomorphic) coordinate on a 2D worldsheet. Higher powers of u™ for
m large can thus be viewed as higher frequency / shorter distance modes in the expansion.
Note also that this clearly extends to rational morphisms with support on the punctured
affine line A*(F,) = Spec (F,[u,u"']). One can also develop a more “Lorentz covariant”
treatment which focuses on the space of all rational morphisms X --+ Y by considering a
similar truncation in the degrees of the numerator and denominator of a rational function.

Putting these generalizations aside, observe that if we restrict to polynomials of degree
at most M, then we are just ﬁlling out states in Hg}?, and as we already remarked in section

with each morphism just labelled by a tuple

5, there is an isomorphism HBlg ~ HEM

| Dy, ..., Par). This tensor product automatically comes with a hierarchical ordering since we
can reference high scale / low scale coefficients in each ®,,

M m=M-1)
Hl(Big) = Hsmall ® Hsmall ®... & Hsmall ® Hsmall (72)
We also have various natural maps from ?—[Blg to HBIg . Perhaps the simplest is just the
“projection map”:
M-1)
HBlg H](Blg (73)
|(I)0,...,(I)M> — |q)0,...,q)M_1>, (74)

2TThe extension to rational morphisms of the form P(u)/Q(u) is similar, we simply truncate the degrees
of P and @, and “coarse grain” by restricting these degrees further. One can also extend to power series
expressions, as is appropriate when taking the inverse limit to reach Hpig.
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in which we simply forget the last entry in the (M + 1)-tuple. Note also that we can also
embed ”Hffé‘” — Hl(gj‘fg) by just “padding by a zero” on ®,; = 0. More general isometries

are clearly also possible in which we simply consider any linear map W : ’Hgé_l) — 7-[}(3];?

such that?® WiW = I -1y and WWT is a projection map.
Big
Now, given this structure, and especially the hierarchical ordering of tensor product
factors in line (7.2), there is a clear sense in which we can consider the entanglement of

states across different scales, much as in [117] (see also [112]). To illustrate, consider a density
(m=M)

small

matrix constructed from states in Hl(gj\i?. Then, performing a partial trace over H , We

reach a (possibly mixed) state of 7-[](3];2_1). Suppose then that we are given a (possibly mixed)

state p € Lin(?—[g;?). Following the standard steps in MERA / DMRG (see e.g., [118]), we
(m=)
small

follow this by an isometry to reembed in Hg‘é), i.e. we map p+— WpWT. Acting by a suitable

can perform a partial trace over H to get a reduced density matrix p. We can then

“disentangling” unitary operator U : 'H](?ﬁ? — 7—[](3];?, we can map p — WpW T — UWpWTUT,
we get a sequence of coarse grained density matrices. The main condition we aim to impose
is that the various correlation functions Tr(pO;...Oy) for operators (computed using our
path integral) remain invariant under this coarse graining step, which in turn constrains our
choice of W and U. In this sense, we have an analog of renormalization / scale entanglement
in the characteristic p setting.

Observe that since M is now arbitrary, we see that our discussion extends (by taking an
inverse limit) to the entire Big Hilbert space Hp;y, and similar considerations also apply for
Huuce as well as the entire collection of rational morphisms X --+ Y used to set up our
path integral in the first place.

There is also a precise sense in which the procedure just outlined builds up a tree-like
structure which can be visualized as constructing a “bulk geometry”. This is a recurring
theme in recent holographic studies, and this includes, recent investigations of p-adic analogs
of the AdS/CFT correspondence, a topic we turn to in sections 18 and 19. To see how this
comes about when working with polynomials over I, we recall that each higher degree term
amounts to a further decision, informed by the lower degree terms. Along these lines, given
a polynomial:

O(u) = Ppu, (7.5)

we begin by specifying one of ¢ initial choices for ®, the coefficient of the u° term. Having
made this choice, we move on to a choice of ¢ possible values for ®;. This builds up a
tree-like structure. Indeed, introducing an initial node for the monomial u°, we can attach
to it ¢ distinct nodes indicating the g possible coefficients wy, ...,w,—1 € Fy for the coefficient
®(. Then, for each of these nodes we attach ¢ more nodes to the right to indicate a further
choice. Each element of F,[u] can then be presented as a finite length path beginning at

28The hermitian conjugate is implicitly specified by the choice of inner product, something we discussed
in section 5.

o8



IR

Figure 5: Depiction of the tree-like structure built up from polynomials over F,[u]. Visualiz-
ing this as a decision tree, we read from left to right possible coefficients of degree u™ terms.
Similar considerations hold for coordinate rings / functions fields of more general varieties.

the v° node and terminating after some number of steps. See figure 5 for a depiction of this

tree-like structure.?”

This construction makes special reference to a starting node. One might ask whether this
persists in other cases. For example, working over the punctured affine line A*, the relevant
polynomials are represented as F,[u, u™!] which we can present as:

Ou) = > yu, (7.6)

[m|<M

namely we allow both positive and negative degree terms. In this case, the notion of coarse
graining is a bit more subtle, but it is still appropriate to view the low values of |m| as
specifying the IR and the large values of |m| as specifying the UV. In this case as well, then,

we see that there is still a preferred “initial node” .3°

29Tn the p-adic setting it is convenient to view the links as specifying the coefficient of the “node to the
right” rather than the “node to the left”, but it is just a mild change of convention.

30Tt is tempting to generalize a bit further by constructing the Bruhat-Tits tree PG La(Fy(u))/PG Lo (F4[u])
which has a number of formal similarities to the p-adic case (see sections 18, 19 and 20). In the present case,
however, it is less clear to us whether the resulting structure admits an interpretation in terms of coarse
graining.
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7.1 Examples of Scale Entangled States

Before closing this section, let us give some explicit examples of states which exhibit scale
entanglement. Some of these examples are well-known in other contexts, but the additional
structure of polynomials over finite fields at least provides some novel ways to build / inter-
pret such examples.

As a warmup, we can start with the pure GHZ-state on M + 1 qudits:
peuzv+1) = |GHZ(M + 1)) (GHZ(M + 1)], (7.7)

with:
IGHZ(M + 1)) = 1) € M. (7.8)

M+1

\/—IO ,0) + \/—|1

Note that this makes sense over any choice of ground field F,. As polynomials over F,, these
states are particularly natural, since:

0,...,0) =10 € Fy[u]), (7.9)
M+1

11,..,1) = |14+ ...+ u™ € Fy[u]). (7.10)
M+1

The resulting partial trace is a mixed state on M qudits (built from states of ’HB]:Q )

_ 1 1
PGHZ(M+1) = TI‘(H(m M)),O(;Hz(M_H) = 2|0, ...,0><0, ...,O’ + §|1, ey 1><1, ey 1’. (7.11)
——N—~ ————r

small

M M M M

Similarly, the W-state is given by an appropriate sum over states defined by monomials:

IW(M + 1)) = ™ € Fylul) € Hipw, (7.12)

AL

=M)
small

and this also produces a mixed state after performing a partial trace over Hm

One way to build new examples is to start with an irreducible polynomial ®(u) € F,
which has a splitting field K/F,. Labelling the roots as aq, ..., a;, one can consider the states
lu — o; € K[u]). There is a natural action of Gal(//F,) on this space of states, as given by
permutation of the roots. This extends to a linear action on all of Hpi,(K) (ie., the Big
Hilbert space involving K [u] rather than F,[u]). In terms of the qudit basis, each of these
is represented as |a;, 1,0, ...,0,...) € Hpig(K). We now build a pure state p = |¥) (V| which
has scale entanglement and which is also invariant under this Galois group action. To this
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end, introduce the state:

W) =

—q; € K ]) € HBig-

V/|Gal( K/IF Z’

Performing a partial trace over the complement of Hm , observe that:

small

small

_ . (m=0)
P~ T ) 1) o] € L)
and the entanglement entropy is just:

—Trplogp = log |Gal(K/F,)| .

(7.13)

(7.14)

(7.15)

Similar considerations clearly hold for more general irreducible polynomials and field exten-

sions.
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8 Mode Expansions and Feynman Diagrams

In the previous sections we proceeded to increasing levels of abstraction to set up our general
formalism for how to define a physical system in characteristic p. In this section we show
how to perform some explicit computations in “practice,” showing how to implement some
explicit mode expansions and perform loop corrections in this setting.

For ease of exposition, we first focus on the simplest non-trivial case in which we have a
bosonic field theory, as specified by morphisms of the punctured affine line to the affine line:

¢ AX 5 A, (8.1)

as in our discussion of line (5.3). We assume the ground field is F,, and so we can present a
physical field as an element of:

¢ =) dnu" € Fyfu,u™"] C Fylfu,u"]], (8.2)

namely only a finite number of the terms are ever non-zero.

One of the main reasons to introduce a mode expansion of this sort is that it can help
in analyzing the structure of interaction terms. In characteristic zero, we have the standard
properties of Fourier transforms, but we might ask whether any of this structure carries over
to the present setting. To aid us in our analysis, it is helpful to consider the function:

fy =>4, (8.3)

xEF;

for [ an integer. Unless [ divides (¢ — 1), f is identically zero, and when [ divides (¢ — 1),

f(l) = —1, namely:
L0 i (-1
RS S A (8.0

To see why, we recall that the multiplicative group F is actually a cyclic group of order
q — 1. Letting g denote a generator of this cyclic group, we can now write:

f()= le = Zgil. (8.5)
xeF? =1

Consider next multiplying f(I) by ¢'. This yields:
q—1 q

gf() =D g =3 g = SO, (8.6)

i=1
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where the final equality follows from the fact that we are still summing over all the elements
of F. Now, since g is a generator of F, we know that if [ divides ¢ — 1, then ¢ =1. On the
other hand, if I does not divide ¢ — 1, then g' # 1. For equation (8.6) to hold when [ { (¢ —1)
means f(l) = 0, establishing the claim.

When [ divides ¢ —1, we observe that for all elements = € F,, we have the relation 29 = =,
and for all non-zero elements we have 29! = 1. Consequently, we have, in this case:

fl(g—1): f(l) =Y al=qg—1=-1, (8.7)
z€Fy
since we are working in characteristic p.

Defining a mode expansion is now a relatively straightforward affair provided we can
capture all the values where f is non-zero. Given two expansions:

¢ = dnu" € Fylu,u™] (8.8)
nez
¢):: 2{:1bﬂﬂln < E@[Uait_l]a (8'9)
nez
we observe that: R
Z evuzx(qmvb) = Z - Cbmwném—&-na (810)
IEF; m.n

where we have introduced a modified Kronecker delta:
& =6(l=0mod (qg—1)). (8.11)

The usual statement of momentum conservation would have enforced [ = 0, but in the setting
of finite fields, we must relax this condition and only enforce it mod ¢ — 1.

We can also work out a Fourier decomposition of a quartic interaction term:

Z eVyey ¢! = Z Vg ! = Z — O OnOrDsOminiris: (8.12)

mGF; xGIF; m,n,r,s

We can work out a similar mode expansion for the kinetic terms. It is actually technically
simpler (and well-motivated) to use the derivative D, = ud,,:

Kin = Z KeVy—e(Dyd)? = ZFJ (—mn¢m¢n;§m+n> ) (8.13)

mGF;

We say that that the use of D, = u0, is “well-motivated” because in “cylindrical coordinates”
this leads to a simpler structure for the resulting mode expansions, and the same holds true
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here as well.3!

At this point, we see that there is a complication coming from the fact that we only
appear to have momentum conservation mod ¢ — 1. To study this issue more closely, we
observe that we can now construct the formal sums:

D= (. +(m = (¢ = 1) Pm—(g—1) + MO + (M + (¢ = 1)) Drmp(g—1) + ---)- (8.16)

Of course, the behavior of such an infinite sum is not fully defined since we do not have a
notion of convergence of this sum. We can, however, consider a regulated version of the sum
centered on m:

a=+N a=+N
PULN) Z (m+a(g —1)bmiag-1) = Z (m — @) bmra-1)- (8.17)
a=—M a=—M

In the final equality we used the fact that we are working in characteristic p and ¢ = 0 mod
p. We shall often specialize to the case M = N.

Now, to understand the structure of correlation functions in this theory, it is helpful to
adopt an alternative notation. With this in mind, we view our modes ¢, (4—1) as specified
by a matrix ¢% where the range of possible values are:

¢y, modes: m € {1,...,q—1} and «a€Z. (8.18)
%
For brevity, we shall reference the o index via the vector notation ¢, with the standard

dot product operation. In particular, we write:

a=+N

Z (m - a)¢m+a(q—1) = 7m : gm (819)

a=—M

31 As a brief aside, the use of mode expansions allows us to address one item regarding the presentation of
the kinetic term, and the usage (or lack thereof) of “integration by parts”, where one equates terms such as
Dy 0y with —pd2 ¢, as is customary in the characteristic zero setting. Here, we see that in matching the
modes in the characteristic p setting, we can make the substitutions:

The sign flip in this case has to do with matching the expansion modes; on the lefthand side we have terms
such as mno.,, ¢n0nrm, whereas on the righthand side we have terms such as n2¢m¢n5m+n. By the same
token, we can also perform an “integration by parts” for other choices of kinetic terms. For example, we
have:

(au¢)2 ~ _¢uau(u_1(8u¢)) (815)

Observe that in this case, we need to insert a factor of u~! to properly match the mode expansions on the
two sides. This is acceptable provided we work on a space such as the punctured affine line A*, since then,
the inverse always exists. This also serves to illustrate some of the additional benefits of using the derivative
D, = u0d,. Some additional aspects of mode expansions and their connection to eigenfunctions of D,, are
discussed in section 9 and 10.
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where:
o = (m—a), for m=1,...,q— 1. (8.20)

We comment here that later on, we will often let the index m go “out of range” by being

negative. In such situations, we have 9%, = ¢g_;_,, and p, = pg y_,, whenm =1, ..., ¢—2,

and for m = ¢ — 1 (the “zero mode”) we instead have: ¢, ) = ¢f_; and p® ) = pg_;.

In this notation, the kinetic energy density of line (8.13) can be written as:

q—1
Kin = ZFJGVU +(u0,0)? Z mnmbmgbn man = Z m(ﬁm?m)(ﬁ,mﬁ,m), (8.21)
z€Fy m,n m=1

namely, we now have a finite sum over the momentum index m = 1,...,q — 1, but we still
have a regulated infinite sum over the o index. Here, we have introduced a slight abuse of
notation, since “—m” is not valued in {1, ...,q¢ — 1}, but working mod ¢ — 1, the meaning is
clear, and we shall find it helpful to permit this abuse in what follows. By inspection, we
note that this has the form of an outer product in the alpha index, and as such, the number
of propagating modes is vastly smaller than one might have a priori suspected.

8.1 Correlation Functions in a Gaussian Model

To illustrate this in more detail, let us now consider the evaluation of some correlation
functions in the Gaussian model. For ease of exposition, we assume that we have a 1D
model (i.e., just time derivatives) and that the ground field is F,. The generalization to
more dimensions and other finite fields is straightforward enough. So, for now we specialize
to the field F, and take our action to be:

Zﬁevm D,¢)* Z (T Sm) (- & ). (8.22)

See Appendix G for a sample calculation of the partition function for a related model.

Our aim here will be to calculate some example correlation functions. We shall mainly
focus on correlation functions involving generalized vertex operators of the form:

.p—1
O, = exp (%Z?m - ?m> (8.23)
m=1

for some specific choice of source vector 7_m. In what follow we shall make some simplifying
choices for J _,, since we are mainly interested in understanding how the propagating degrees
of freedom in the model interact with one another (i.e., the non-zero modes).

In carrying out the evaluation of correlation functions, it suffices to study the single
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expectation value:

%} exp(i5[¢]/n)O;
(0,) = S xS/ (8.24)
¢

since we also have:

exp(iS[¢]/h)O; = exp(iS[¢, J]/h), (8.25)
with S[¢, J] the action in the presence of a background source:

p—1

m=1

Now, compared with the characteristic zero case, the treatment of zero modes is somewhat
more delicate. Indeed, in our kinetic term we can already see an issue because only the linear
combinations and ﬁmzm actually propagates. To analyze this structure, we therefore begin
by picking a convenient basis with which to expand our various modes.

Along these lines, our plan will be to simplify the path integral over a single $m mode.
By inspection of the expression ﬁm . E)m, we see that there is a sense in which the only
component of ¢ ,, which actually enters our path integral sum is associated with the com-
ponents of ¢, parallel to ﬁm In more detail, we begin by fixing a basis for our vector
space WO, WD, WO, . where formally speaking the index [ extends over all the integers
(there is no penalty in re-indexing so that all indices here are positive integers). We can
always choose the @W® such that wW® - wW® # 0, with wWHE WO =0 for k # 1. To analyze
the structure of non-zero propagating degrees of freedom we split up our discussion into two
cases:

Case I: W Hm #0 (8.27)
Case 20 Hm- Hm=0 (8.28)

Indeed, the main complication in projecting onto appropriate subspaces is that now, we can
have “null vectors”.

8.1.1 Case 1: ﬁm . 7,” #0

Suppose first that ﬁm . ﬁm # 0. In this case, it is helpful to set ﬁm = ng) = 79 and
consider the collection of vectors:

WO for 1 #0. (8.29)

m

S _ oo _ [ Bw - w
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Observe that the Y still form a basis and that ﬁm T =0 for all I # 0. We can expand
in terms of:

G = an T+ 3 a7V (8.30)
1£0
with: .
T Gm=am (8.31)

The range of values for a_,, are the p distinct values in the finite field IF,. These are the
propogating degrees of freedom in the model.

8.1.2 Case 2: ﬁm . ﬁm =0

Suppose next that ﬁmﬁm = 0. In this case, we cannot resort to the analog of equation (?7?)
since it would involve division by ﬁm . ﬁm Instead, we show that we can limit ourselves to
a single 79 which is not orthogonal to 7,” To see why, suppose without loss of generality
that ﬁm T # 0, with T W =0 for 1 # 0. Set 7O = w9 For i # 0, we instead
set:

0
7O = w0 <%) WO for 1#0. (8.32)

By inspection, we have that ﬁm WY =0 for 1 # 0. For future use, we also observe that
T 7Y =0 for I # 0 since w9 w =0 for I # (0. So in this case there is an expasion

of the form: .
Om=an P+ al) VY, (8.33)
1£0
in which: N

The range of values for a,, are the p distinct values in the finite field F,. These are the
propogating degrees of freedom in the model.

8.1.3 Computing Correlators

Returning to our task of computing (O;), we now make the assumption that the defining
sources for these operators satisfy:

T = i WO (8.35)
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_>
This is all that is really required, because only some of the ¢’s can propagate anyway.
Indeed, observe that:

1£0
= i (752) i 752)) , (8.37)
where in the above, we used the fact that 7O Y =0 for 1 # 0
We can then write the operator O as:
i 20) 50
O = exp ?ijam( ) (8.38)
m=1

Turning next to exp(iS[¢]/h)O,, we have:

i (79 7) (7, 70)
.p—1 -m —-m
exp(iS[) /M0 = exp | 223 | +jman (770 . (8.39)
T i (79, 79)

Completing the square by making the substitution:

U > Ay — — (8.40)

(O;) = @pi—i' ' (8.41)
J) = €Xp p A 4/€jmj—m .

orilA 1 (T PO\ (T T,

With this in place, we can in principle evaluate any number of correlation functions involving
operators (O, ...0y, ), simplying by setting J = wy + ... + wy.

Let us now attempt to make contact with the standard analysis in characteristic zero. So
long as we remember to exponentiate back to form characters, we can formally write down
the two-point function for modes of the scalar field theory by formally differentiating (O)
with respect to J;. and J? n and then setting J,, to zero. In particular, for modes where
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we have ﬁm . ﬁm # 0, we can set 7O = ﬁm, and we get:

<¢;’;¢§m> - —%i (7:?”7”1) (7:/5’%) . (8.43)

To proceed further, we now need to put the “out of range” values of —m back in range.

Since the modes are being indexed mod p — 1, this means p”,, = ,uf,_l_m =(p—1—m-—2p).
It is also helpful to explicitly evaluate the regulated sum 7m . ﬁm centered on m:

7m-ﬁm:a§: (m—a)> =m*(2N + 1) + —2mN(N + 1) +

a=—N

NN+ DEN+D oy

Observe that when N = p — 1 mod p, the regulated sum collapses to —m?. This seems to be
a natural choice which matches with characteristic zero expectations, and so we adopt it in
what follows. Summarizing then, in this regulator we can now make the substitution:

ﬁm : ﬁm =m?. (8.45)

Consider next the regulated dot product for 7/ _p, - #_m. According to our indexing
prescription, we have to regulate ﬁp,l,m . ﬁp,l,m. Now, if simply apply the formula from

equation (8.45),one might want to simply equate this with —(m + 1)2.

Observe, however,
that this choice of regulated dot product would vanish when m = —1 = p — 1, which in turn
would signal the presence of a singularity at specific momenta in the correlator of line (8.43).
In light of this, it seems more appropriate to instead consider an adjusted window for the

regulated sum in (8.44) where we write:

a=+N-1 a=+N

o o = Z (p—1-—m—a)’= Z(—m—a)szQ, (8.46)

a=—N-1 a=—N

which would not produce a spurious singularity in equation (8.43). Taking this at face value,
the two point function then evaluates to:

We can now evaluate our two point functions:

o .p >:£i(m—a)(m+ﬂ+1> 847
<¢m¢*m 2i 2n i : (8.47)
In the special case where we set a = 0 and § = —1, we also have
a=0 8=-1 p 11
S 8.48
<¢m O=m > 27 2k m?2’ (8.48)

which is immediately recognizable compared with its characteristic zero analog.
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Figure 6: Depiction of some one loop diagrams. The internal loop involves a sum over modes
@5 and o’ m, With m indexing a finite number of momentum modes and «, 3 a formally
infinite number of terms. The diagrams are evaluated by summing over all admissible values
of a, f and m. With respect to a well-motivated regulated sum over o and 3, the one-loop
bubble diagram (left) vanishes, as well as the one-loop correction to the two-point function
in scalar ¢* theory. In both cases, we assume p # 2, 3.

8.1.4 Bubbles and Zero Point Energies

Another curiosity of this setting is the structure of various loop corrections. Returning to
our expression for the two-point function (to avoid clutter we now set k = 1/2):

<¢%¢ﬂm>_ii(m—a)(m+5—l—l) (8.49)

27 2K mA ’

We can ask about the evaluation of this sum over the various momenta. On general grounds,
the summation over the m will generically involve expressions such as:

(8.50)

But, when p is a prime greater than 5, our previous discussion near line (8.4) established
that such sums actually vanishes! So, the corresponding bubble diagrams / contributions to
the cosmological constant of the system actually vanish. See figure 6 for a depiction of a one
loop bubble diagram.

Similar considerations hold in the higher-dimensional setting as well. While we leave
a full treatment to future work, consider the extension of our sum on momenta such as
provided by a k-component vector with entries m® for a = 1, ..., k. Assume also a diagonal
non-degenerate quadratic form h,,, and we reference the “norm” as:

[m|* = haym®m?. (8.51)

We now show via induction on k that the sum over 1/ ||m)|* for all non-zero values of ||m||”
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also vanishes.

We have already established the claim for £ = 1, so suppose it holds for some value of k.
To indicate this, we append a subscript to our norm-squared, writing ||m||i in the obvious
way. Consider next extending our quadratic form by an additional variable. Then, we can

> s > ! (8.52)

2 2
iz Pl gt (MEED)2 4+ [l

write:

We now break up the sum into those contributions where m®*+% = 0, and those for which

m*+D =£ 0. In the contribution from m®*+Y = 0, though, we are just performing the sum
over 1/ ||m|[?, and via our inductive step we already know this vanishes. So, it is enough to

assume that m**+1D =£ 0. In this case, we are free to divide by this quantity to write:

1 p! 1 1
Z Z (k+1) Z
”m”iﬂ?éon”k-i-l ey (M) Hml‘i+<m(k+1>>2hk+1’k+1¢0hk+1,k+1 + (k0 )? |m]|;,
(8.53)

in the obvious notation. Next, rescale all the entries of the remaining k-component vector by

k+1

m**+D We can do this because we are summing over all such k-component vectors anyway.

Then, we can write our sum as:

1 = 1 1

2 3"

But now the sum over 1/ (m(k+1))2 vanishes, and the claim is established. Clearly, a similar
set of manipulations holds in similar situations.

By the same token, a number of other sums of this sort also identically vanish. For
example, we observe that:

> Lo (p—1)t21 (8.55)

2y

> Ly (p—1)|2L. (8.56)

21

where in the above, we have assumed p # 2, 3.

So, we see that the loop corrections in such theories are still non-trivial but that in many
cases there are signicant simplifications.
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8.2 Loop Corrections in ¢* Theory

To further investigate the structure of loop corrections in this setting, we now turn the
canonical example of massless ¢* theory in characteristic p # 2,3,5. Our Lagrangian is
given by:

L=T-V (8.57)

where the kinetic energy functional is:3?

1

T
2

(D) — (Da0) — Dy —(Da6)?) amd V=o' (859

in the obvious notation. We denote the four-momentum as m®.

Consider first the structure of the two-point function. In the free field approximation the
two-point function in momentum space is:

<¢%¢§m> _ _i(m“—a“)m—ma—ﬁa)’ (8.59)

free 21 (m“ma)2

where 7% = (p—1,p—1,p—1,p—1) = (—=1,—1,—1, —1) is a four-component vector associated
with the “negative momentum”. Let us calculate the one-loop correction to this propagator.
Observe, however, that this leads to loop corrections of the form:

> _ 0, (8.60)

S (momy,)!

and so the one-loop diagram actually contributes nothing.

Consider next the structure of the two-point function. In the free field approximation
the four-point function in momentum space is:

271  ~
<¢%¢g¢z¢g>ﬁee = _7/\5m+n+r+s~ (861)

Again, we emphasize that this expression is really a shorthand for insertion into exponenti-
ated physical fields. The reason for this is simply that this expression with 1/p is meaningless
in characteristic p. Additionally, we remark here that the sense in which we can speak of a
sensible perturbation theory rests on expanding (in characteristic zero) the ratio A\/p. So,
if p is indeed a large prime, such an expansion does still seem to make sense, so long as we
treat all operator correlation functions as characters valued in C. Another point of view is
that we can think of these correlation functions as specifying a formal power series in the
coupling constants of the Lagrangian (much as we would in the standard characteristic zero
setting). Then, we are free to truncate this power series and evaluate at some finite degree
values. Interpreting this as the logarithm of a suitably defined character with values in C,

32Here, t, x,y, z should be viewed as specifying local coordinates, i.e., not specific points in the variety.
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the convergence (or lack thereof) of the power series then follows from the induced metric
properties on C. See figure 6 for a depiction of the one loop correction to the two-point
function.

Let us now turn to the one-loop correction to the coupling A\. By inspection, this boils
down to evaluation of the following sort over momentum sum encountered in equation (8.55).
The relevant momentum sum is obtained by setting all external momenta to zero. An example
of such a contribution is:

ro Yy () B = )

(mama)2 (mbmb)2

=0, (8.62)
memq#0 «,B3,7,0
where the last equality follows from similar considerations to those already presented.

More generally, we can ask about the loop corrections to four-point scattering amplitudes,
with n a momentum transfer scale. An example of such a contribution is:

T — (m® — a®)(ma — My — Ba) (N’ +m® — ) (my — npy — my, — 6,)
=y ¥ o= o)+ = o) - o
e e (mema)? (b + ) (ny + m10))

where we observe that setting n = 0 reduces us to the case of equation (8.62). In this case,
the external momenta are non-zero, which in turn makes the contribution to various loop
corrections more intricate. A priori, it is not clear to us that this loop correction vanishes.
This is all to the good because it indicates that perhaps an analog of the optical theorem
persists in characteristic p.

8.3 Effective Potential and Higher Dimension Operators

More generally, we can study the structure of higher dimension operators in such field the-
ories. Again by way of example, we focus on the effective potential for the quantum field
theory of a a single scalar field ¢.

Now, in characteristic zero, we often view a potential of a low energy effective as specified
by a formal power series of the form:

V() =) Vao™ € R[[4]]. (8.64)

We would like to understand the analogous structure in characteristic p. We view the
effective potential as a formal power series with (for ¢ a morphism of a variety over F))
coefficients in F,. All of this can be extended to other finite fields by including suitable
Frobenius conjugate terms, but for ease of exposition we focus on the simplest non-trivial
case:

V(g) =) Vg™ € Fy[[g]]. (8.65)

73



— V6¢6

Figure 7: Example of a one loop contribution to a sextic interaction Vg¢® in the effective
potential of a physical theory as generated in ¢* theory. In the case where the field is
massless, this correction vanishes in the characteristic p setting, but is generically non-zero
when the field is massive.

As a first comment, such corrections can indeed be generated by radiative corrections.
The example of ¢? theory is sufficient to illustrate the main points. On general grounds,
we expect to generate all possible terms in the effective action compatible with the Z /27
symmetry associated with ¢ — —¢. As an illustrative example, consider possible loop
corrections which might generate a ¢% term (see figure 7). We observe that at least in the
case where ¢ is exactly massless, our previous discussion of loop corrections shows that this
contribution actually vanishes. When ¢ is massive (i.e., there is a quadratic term in the
effective potential) then we do not observe such an exact cancellation, so in general the
structure of the effective potential is indeed non-trivial.

Physically, we are accustomed to thinking of the values of V' at different points in space-
time Xpacetime- Doing so, we observe the feature that for any truncated form of our effective
potential, V' will take values in a finite field. Another way to capture this feature is to
observe that for ¢ € F,, we have the identity ¢’ = ¢. This is very much in tune with the
structure of the Hilbert space discussed in section 5.

Indeed, if we evaluate the physical potential V' (¢) at a given point of Xgpacetime, then
high degree terms in this polynomial in ¢ are in some sense redundant. All of the physical
information is already contained in the expansion:

V(6) = Vo+ Vig + . + Vpr?™, (8.66)

so provided we only evaluate on Xgacetime, Without loss of generality we can simply work
solely in terms of this finite set of coefficients rather than the infinite set which is customary
in effective field theory. Similar considerations hold for the kinetic term and any higher
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33 One consequence of this is that there is indeed some

derivative term of fixed degree.
level of redundancy in higher order coefficients. This is in line with expectations on the
constraints of a low energy effective field theory indicated in various Swampland conjectures
(see e.g., [3,119]). One can, of course, always include such higher degree terms, and this is
useful in coming up with a better approximation scheme. It is, however, strictly speaking
redundant information if we focus on just the structure of the possible values the effective

potential can obtain.

On the other hand, the effective potential also makes implicit reference to an infinite
series of coefficients V;. In the broader setting of the HUGE and Big Hilbert spaces Huucg
and Hpig, we thus see an important physical consequence: Even though the potential can
only ever attain a finite set of values, there is a strictly infinite set of possibilities for the
power series in the effective potential. That being said, it remains unclear to us that an
observer could ever access the full structure of these coefficients. The reason for this is that
in any experiment, a measurement would need to report a value of the effective potential at
specified points in spacetime.

Higher derivative corrections, however, do appear to be sensitive to arbitrarily high degree
terms in the path integral. As we have already alluded to previously, this is one of the
distinctions between other approaches to discretization, such as those associated with lattice
approximations to a quantum field theory. To see why, recall that the rth Hasse derivative
of a monomial u" is given by:

m)!
DIym = — (8.67)
rli(m —r)!
when 0 < r < m, and otherwise vanishes. As an extreme example, consider taking n = p
and r = p. In this case, we have D®u? = 1. So, if we have a polynomial such as:

d(u) = o + pru' + dou® + ... + ppuP + .., (8.68)

then the p™ Hasse derivative evaluated at u = 0 will return the coefficient ¢,. In a general
effective action where we include arbitrary numbers of derivatives, we thus see that we cannot
simply truncate to a finite number of coefficients. Of course, if we specialize our action so
that it has only a finite number of derivatives, then we can again truncate, but from the
general reasoning of effective field theory, there is no need to do so. In fact, we have also seen
some crude analogs of unitarity in this setting. In the standard characteristic zero setting,
such higher derivative interaction terms are necessary to ensure that the effective action
remains unitary. This suggests that in our setting as well, one ought not to simply ignore
such contributions. It would be interesting to explore the structure of such contributions

33However, we should also note that in a general effective action, there is an infinite sequence of higher
derivative terms. These terms probe the structure of the higher degree terms of a given field configuration,
and distinguishes our approach from the standard lattice approximation. We comment on this further on in
this section.
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and their impact on the structure of correlation functions.

8.4 Winding Modes and Double Fields

One of the items observed previously is that the structure of mode expansions in character-
istic p has a somewhat different flavor than its characteristic zero analogs. In particular, we
observe that in terms of the evaluation map on a finite field, there is a sense in which the
actual value of the field has a large amount of redundancy, as evidenced by the appearance
in ¢ of the momentum modes m =1, ...,¢ — 1 and the additional mode structure captured
by a € Z.

To further explore this redundancy in mode expansions, we now study the structure of
winding modes in some simple examples. So, whereas in previous sections we considered
maps from the punctured disk to the affine line, here we will instead focus on some more
“topological aspects” of possible morphisms, as accounted for by 7$'(X, x), the étale funda-
mental group of a scheme X at a geometric point x. See Appendix J for a brief discussion
of the étale fundamental group.

To make things concrete, let us briefly revisit our general discussion of mode expansions.

We have characterized a field as locally described by a power series expansion:3!
¢ = dnu" € Fylfu,u™]] (8.69)
nez

Now, as we have already remarked, owing to the ¢ Frobenius map u — u? leaving fixed all
points of F,, and since we will eventually evaluate on such points, it is helpful to perform a
further decomposition as:

q—1
= dutu" = > It (8.70)

nez weZ m=0

We remark that this is quite similar to the previously discussed mode expansion, but that
here the mode constraint is specified mod ¢ rather than mod ¢ — 1. We have also written w
to indicate that we want to view this as a “winding number” and m to indicate that we are
also dealing with a discretized momentum.

To explain the sense in which we are dealing with a winding mode, we now take the
evaluation space to be points of the projective line P* (Fq). We observe that in this case,
the map = + 29 leaves invariant the subscheme P'(F,). In particular, we are now free to
consider morphisms of the form:

¢ : P(F,) — PY(F,), (8.71)

34Here we do not demand that the expansion truncates at some degree. Of course, if we wish to evaluate
the action we will ultimately need to truncate these expressions as in previous sections.
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which we can view as factoring through some projective system of morphisms P!(F,,) —
PY(F,). Now, the point for us is that this is precisely the setup where we can fruitfully
discuss winding maps, as captured by 7$*(P(F,), z) ~ Gal(F,/F,) ~ Z, where the profinite
completion of the integers is just generated by the Frobenius map u — u?, so in this sense,
it really is appropriate to view the mode numbers w of line (8.70) as winding modes.

Now, in the context of string theory, the appearance of winding modes of course motivates
a further question as to whether there is a sense in which momentum and winding modes
can be interchanged on the target space. Here, we can already see one difficulty because
whereas the set of winding numbers is formally infinite, the number of possible momenta is
a finite set. Nevertheless, in the spirit of double field theory (see e.g. [120-122] and [123] for
a review) we can consider a related mode expansion:

o = Z@m’wumvw € F,l[u,v,u 071 (8.72)

m,w

We can then consider the restriction v = u?, or alternatively the restriction u = v9. Per-
forming such a restriction, we that our expansion collapses back to either the presentation in
terms of an expansion with local coordinate u or the T-dual coordinate v. In this situation,
the roles of momentum and winding are clearly interchanged. Indeed, we can also consider
a Lagrangian on the enlarged space, as given by:

L =k ((0,2)* — (8,®)*) + Frobenius Conjugates, (8.73)

and we observe that there is an SO(1, 1) rotation amongst the local v and v coordinates. At
the moment, this choice of relative sign seems like more of a natural possible choice rather
than anything which is “forced” by consistency. Nevertheless, we can now see that maps
from the worldsheet P'(F,) to the target space P!(F,) do have a semblance of T-duality.

7



9 Green’s Function on the Cylinder

In the previous section we encountered some examples of mode expansions, and evaluated
some correlation functions. In the context of a standard characteristic zero field theory, a
perhaps more natural starting point would have been to first analyze the classical equations
of motion, and then expand in small fluctuations to evaluate corresponding correlation func-
tions. This is more difficult in the characteristic p setting in part because many seemingly
simple differential equations no longer make sense in this generalized setting. To illustrate
the difficulties, consider the differential equation on the affine line A':

Oup(v) = Ap(v), (9-1)

where we fix a choice of field K and take ¢(v) € K|[[v,v™!]] and take A € K. For K = R or
C (as well as a p-adic field) we have the exponential function power series:

n

exp(v) = Z%, (9.2)

n>0

and then the solution would be given by taking ¢(v) = exp(Av). In the case of a characteristic
p field, this will not work, because 1/n! makes no sense for n > p. On the other hand, in our
discussion of mode expansions, we saw that on the cylinder, i.e., the punctured affine line
A it is natural to instead consider the differential operator:

0

Du )
u@u

(9.3)
with v a local coordinate on A*. In the case of K = R or C, we can relate the local
coordinate u with v via: exp(v) = u. In particular, this provides us with a way to possibly
make sense of exp(\v) by instead working with u*. We can make sense of such an expression
over [F,, if we make the further assumption that A € IF,. This follows because for any A, we
can consider \ a lift to Z such that the mod p reduction of X coincides with . So, we are
free to write:

X =r+mp, (9.4)
where r € {0,...,p — 1} and m € Z. Now, at this point we see that our solution to the
differential equation takes the form:

G(u) =, (9.5)

which solves the equation:

Dudp(u) = Ap(u). (9.6)
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So, we get an infinite number of formal solutions, namely we can write:
Slu) =u"y Gmu™, (9.7)

in the obvious notation. Note also that the same solution also works for the differential

euqation:®

Dip(u) = No(u). (9-8)

Consider next the case where A € F,. Here we face the unpleasant feature that there will
in general exist no lift of A to an integer. As such, the interpretation of “u*” is unclear, at
least to us. A similar workaround to what we already used is to consider introducing another
variable “U = v*”, and with it a corresponding differential operator:

0 1 0 1

In this case, we can work with expressions built from U rather than u, and in this case we
observe that equation (9.8) instead becomes:

Dgo(U) = ¢(U), (9.10)

so at least formally, it suffices to restrict to the case of A € [F),.

With this in mind, we now attempt to solve the classical source problem in characteristic
p. More precisely, introduce J(u) € F,[[u,u"']]. Our aim will be to solve the equation:

D2¢p(u) = J(u). (9.11)
To begin, introduce explicit power series expressions:

o(u) = Zgbmum and J(u) = ZJmum. (9.12)

Then, we have, mode by mode:
Mm2pm = Jom. (9.13)

So, for m # 0mod p, we can invert to find an explicit zero mode:
Om = —Jn  for m £ 0modp. (9.14)
m

In the case of m = Omod p, we cannot find a solution unless we assume J,, = 0 for such
modes.

350ne might refer to this as a harmonic oscillator equation since the notion of A\? positive or negative is
meaningless in characteristic p. Observe, however, the existence / absence of a square root in F,, for —\?
depends on our choice of p.
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10 Symmetries and Currents

Our discussion in the previous sections has laid out a general prescription for defining physics
over characteristic p geometries. One aspect of our construction involves the analysis of
correlation functions, and in principle, we can now proceed to evaluate examples of such
quantities, much as we already did in section 8. Along these lines, it is well-appreciated
that symmetries of a quantum system can provide important constraints on the structure of
correlation functions. Our aim in this section will be to carry out a similar analysis in the
characteristic p setting.

We shall refer to a “symmetry of the action” as any transformation either of the source
X or target Y which leaves the character exp(iS/h) invariant. In the quantum setting, it
can often happen that a symmetry may nevertheless fail to leave the associated partition
function invariant (as obtained from summing over all possible field configurations), and in
this case, we refer to the symmetry as being “anomalous”. We shall for the most part focus
on an essentially classical analysis in the sense that our discussion focuses on invariance of
exp(iS/h).

Recall that in the standard characteristic zero setting, we can associate conserved currents
with “continuous” symmetries. The main idea is to first fix a group action on the source
X as well as the fields, and then peform a transformation which we label as ¢ +— @9 in
the obvious notation. In many cases of interest, this can be realized in terms of a linear
transformation on a basis of fields ¢', for example we can write ¢* — R’¢/. Indeed, we
have already explained how gauge fields can be introduced in this setting, so it might indeed
seem roundabout to now backtrack to discuss currents (which in standard treatments of
field theory are often introduced first). One reason to defer our treatment to later is that
the proper interpretation of symmetry currents requires some additional elements such as
explicit mode expansions. Another reason has to do with the fact that in the characteristic
p setting, we will also be able to associate a conserved current to discrete symmetries. At
some level, this is not all that surprising, since our action principle automatically discretizes
all physical quantities anyway. On the other hand, it allows us to provide a rather uniform
treatment of different kinds of symmetries and gauge fields, some of which are a bit more
cumbersome to construct in the continuum field theory setting. Let us also mention that the
notion of assigning a conserved current to a discrete symmetries has recently been developed
in the context of lattice quantum field theories [124].3

To begin, then, let us formalize the notion of a current in our setting. For ease of
exposition, we work over IF, and consider a physical field ¢ : X --» Y, and assume the
existence of automorphisms Aut(X) and Aut(Y’) which respectively act on the source and
target. Our goal will be to construct the corresponding current associated with a symmetry
of the source or target. Again, rather than proceed in full generality, we proceed by way of

36Indeed, some of the considerations presented here were inspired by the discussion found in [124], as well
as from discussion with the author D. Radicevié.
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example, which will hopefully suffice in filling in the sense in which we can indeed define a
conserved current in this setting.

Our plan in the remainder of this section will be to construct some examples of currents
for the target space and the source.

10.1 Target Space Examples

In this section we construct a current associated with a discrete symmetry of the target Y.
We first consider the case of a Z /27 symmetry, and then proceed to a more elaborate class
of examples based on SL(2,F,).

We first illustrate how to construct a conserved associated with a discrete Z /27 symmetry
of the target Y. To be precise, suppose we work over the punctured affine line, and consider
physical fields ¢(u) € F,[u,u']. We fix our Lagrangian to be:

where as before, D,, = ud,, and we have suppressed the appearance of a pairing F, xF, — F,
to ensure that all configurations of L[¢| evaluate to F, valued quantities. We observe that
this action is invariant under the transformation ¢(u) — —¢(u). This action defines a
“constant sheaf” in the sense that for each point in the source X, we take the same value of
the group Z/27. To follow the Noether procedure, we now consider promoting this symmetry
transformation to a local one, i.e., we consider the transformation ¢(u) — g(u)@(u). Working
to first order in the derivatives of g(u), we can then hope to extract a conserved current,
much as we would in the continuum setting.

So, the main condition we require is that no matter what point in X = A* we take, we
require that g(u) evaluates to 1 or —1. Moreover, we need to be able to find a set of spanning
g(u) in the sense that for each point in X, we can find a g(u) which would evaluate to either
1 or —1 there (i.e., it is an arbitrary symmetry transformation). In the continuum setting,
this cannot really be accomplished with a smooth function because large fluctuations from 1
to —1 necessarily create large discontinuities. It can be accommodated in the lattice setting
(as in [124]), but again, the smooth limit is unclear.

The characteristic p setting is “simpler” in this regard. To illustrate, suppose we consider
first the ¢ — 1 non-zero points of F,, i.e., the point set of A*. Let us label these points as
Z1,...;Tqe—1. Now, we would like to find a g(u) which generates a preferred set of signs
Y1, .-y Yg—1, Where each y; is either 1 or —1 (i.e., bits). To find a g(u) which accomplishes
this task, we use the method of Lagrange interpolation. First, introduce the Lagrange
polynomials:

L) = [[—=% e F,[ul, (10.2)

Lj — T
ki
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which satisfies [;(z;) = d;;, the Kronecker delta. Then, the desired g(u) is obtained from:

g(u) = Zyjlj (). (10.3)

If we restrict to degree ¢ — 1 polynomials, this solution is unique. If we allow the degree
to be larger, then we can of course consider more general g(u)’s which also evaluate to 1 or
—1, and we can use these to build up local sections of the associated bundle. For example,
we could consider instead g(u?), which would evaluate pointwise to the same values as g(u),
although it clearly has different derivatives (the case g(u?) has vanishing derivatives). We
can also allow negative powers of u, since we can also take g(u) € F,[u,u™!]. For example,
for g(u) defined as in equation (10.3), the inverse g(u)~' makes sense for all points on the
punctured affine line A*.

With this in place, let us now determine the Noether current associated with this sym-
metry transformation. To obtain the associated current, we introduce a background gauge
field and consider the Lagrangian:

L[A, ¢] = aD,¢Dy¢ — B¢, (10.4)
for a, € IF,,, in which the covariant derivative is given by:

and where we have introduced a non-dynamical gauge field A,. The Z/2Z gauge transfor-
mations are then:

d(u) = g(u)o(u) (10.6)
Ay = Ay + g(u) Dyg(u)™ (10.7)
Dy¢ — gDuo, (10.8)

where we require g(u) to evaluate to 1 or —1 pointwise on the source X. Note that in
the gauge field transformation, we have taken g(u)D,g(u)™! rather than g(u)D,g(u). At
the level of evaluating on point sets, the two choices are equivalent, but if one wishes to
generalize to other discrete symmetries, it seems more appropriate to use the former rather
than the latter.

From this, we conclude that L[A, ¢] is indeed gauge invariant. To extract the associated
current with this symmetry transformation, we now demand stationarity of the action under
variations of A. Shifting A — A+ dA, with dA a local one-form on X, we have:

S[A+0A, ¢ — S[A,¢] = Y LIA+6A,¢] — LA, ¢] (10.9)

teAx
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=a ) 20A¢Dy¢ +2(5A)* ¢, (10.10)

TEAX

Treating A as an infinitesimal variation which formally satisfies (§A)° = 0, we observe that
there is indeed a gauge field / current coupling, and the current is:

J, = 206D, 0. (10.11)

Clearly, the entire derivation can be extended to the higher-dimensional setting by a suitable
replacement of D,,.

In what sense is this current conserved? In the characteristic zero setting, the conservation
equation for currents of continuous symmetries can be directly verified by imposing the on-
shell equations of motion. In the present setting, the significance of imposing an equation
such as aD?¢ + ¢ = 0 is less clear. Indeed, if we restrict to physical field configurations
which obey this condition, we observe that the resulting expression for D, .J, would be:

DyJ, =2a (D¢ Dy + ¢ Do) (10.12)
=2 (Dungugb - ggbz) (10.13)
= 2L[¢)], (10.14)

which in general is not zero. So, even though we can gauge a symmetry and observe that
there is a standard background gauge field / current coupling, the notion of a conserved
current is less apparent.

Though our discussion has primarily focused on the case of the punctured affine line, it
should be clear that this notion generalizes in a straightforward way both to more general
choices of characteristic p curves (with punctures), as well as higher-dimensional geometries.
Let us briefly explain the sense in which our construction generalizes to other algebraic
curves. In this setting, it is more appropriate to view the g(u) as local sections of the sheaf
of non-vanishing functions, denoted as G,,,. We remark that G,, is just the punctured affine
line, viewed as a group under multiplication. We can also speak of u,,, the sheaf of nth roots
of unity, where it is simplest to assume that ged(p,n) = 1. In this case, one can establish
that the f-adic cohomology groups with Z/nZ coefficients (identified with the sheaf of of nth
roots of unity) on a genus g algebraic curve X satisfy:

rkHY (X, Z/nZ) =1 (10.15)
rkH (X,Z/nZ) = 2g (10.16)
rkHE (X, Z/nZ) =1 (10.17)
rkHp (X,Z/nZ) =0 for i>2, (10.18)

namely it is the same as for a complex curve. For us, the point is that we can speak of Z/27Z
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bundles, and the associated gauge theory which comes with it.

Nothing stops us from generalizing this to more general choices of discrete symmetries
and currents. To give some “non-standard” examples, we can also consider the symmetry
group SL(2,F,), i.e., 2 x 2 matrices with entries in F, with determinant 1 € F,. To build
a corresponding theory which enjoys this symmetry, we introduce two doublets of physical
fields ¢* and x* for i = 1,2 which transform via matrix multiplication:

e alls 019
el Ll 02
Then, we can introduce the kinetic term proportional to:
eijDugﬁiDqu = D,¢'Dyx* — Dy’ Dy X" . (10.21)
Observe that under a constant SL(2,F,) transformation, we have:
€00 0XT = ey MM, Dy DX’ = €Dy DX’ (10.22)

We would not follow this procedure in characteristic zero, because it has the unpleasant fea-
ture of creating “wrong sign kinetic terms” (i.e., ghosts) for propagating degrees of freedom.
Indeed, we can introduce the explicit basis of fields:

or=¢ £ X%, =X £, (10.23)

which diagonalizes the kinetic term at the expense of obscuring SL(2,F,) invariance. Up to
a constant of proportionality, we have:

ei;Du¢'Dyx’ = DyoDyoy + Dy Dyn. — Dyo_Dyo_ — Dym_D,7_. (10.24)

To introduce a corresponding gauge symmetry, we consider 2 x 2 matrices of the form:
b
o = | oo ] (10.25)

where a(u),b(u), c(u),d(u) € Fylu,u™"] such that ad — bc = 1. The gauging procedure then
proceeds much as one would expect, namely we introduce a covariant derivative:
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so that under a gauge transformation we have:

¢ — g(u)o (10.27)
Ay = g(u)Aug(u) ™ + g(u) Dug(u) ™ (10.28)
Du¢ + g(u)Dud, (10.29)

and from this, we get the kinetic term:
[’kin = gij (Du¢)l (DuX)J 5 (1030)

where we have set o = 1 for simplicity. The current then follows from considering the
linearized coupling to the gauge field:

£ji (AL 0" Dux' + ;D (Au) X*, (10.31)

i.e., we have:
(Ju)j = ;0" (DuX') + €5 (Dud’) X" (10.32)
= ¢" (Dux;) — (Dugy) X*. (10.33)

We remark in passing that the groups SL(2,F,) also show up in surprising ways in the
characteristic zero setting. For example, we have, for the binary tetrahedral and icosahedral
37
groups:

2T = SL(2,Fs) (10.34)
21 = SL(2,Fs). (10.35)

10.2 Spacetime Symmetry Examples

Let us now turn to currents involving the source or “spacetime”. We view such symmetries
as automorphisms of the spacetime X, which is the closest analog to a “diffeomorphism”
we can entertain in the characteristic p setting. We would like to construct a corresponding
Noether current associated with such symmetries.

Now, in the characteristic zero setting, the canonical example of a spacetime symmetry
current is just the stress energy tensor of the theory. We obtain this by starting with the
action for matter fields and varying with respect to the background metric:

2 5Smatt
Vdeth 0h

37The binary octahedral group is instead given by CSU(2,Fs3), the group of conformal special unitary
matrices acting on F3. For additional examples of such groups, see [125].

Tab:_

(10.36)
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Returning to the characteristic p setting, we already face some difficulties with this interpre-
tation, because we need to have a notion of the “metric” as well as quantities such as det h. As
we already explained in subsection 4.5, there is still a notion of vdet h € Q™ (X, Kx) which
implicitly varies as we change the choice of symmetric bilinear form h : T* X xT*X — K. So,
at least at the level of varying our action, we can still make sense of the variational problem
specified by equation (10.36). The main subtlety we face, as in our previous discussions, is
that now, we cannot simply drop “surface terms,” since we do not possess the same notion
of Stokes” theorem in the characteristic p setting. Nevertheless, at the level of a variational
principle, we can still speak of the corresponding current associated with diffeomorphisms.

Now, in addition to these “continuous” transformations, this procedure also automati-
cally includes symmetries which one might view as “discrete transformations”. For example,
in QED in four dimensions, the theory is also invariant under parity, and time reversal trans-
formations, namely spacetime symmetries. In the present setting, there is little distinction;
all of the automorphisms of X are on the same footing, and the corresponding Noether
current equally applies to the “continuous” and discrete automorphisms of X.
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11 Topological Actions

There is a sense in which formulating a physical theory over a characteristic p geometry
is necessarily topological, simply because the number of points in both the spacetime and
the target space are already discretized. Of course, one of the important features of such
geometries is that whereas notions such as the Zariski topology are quite coarse, more refined
étale topologies provide a closer link to the expected realm of characteristic zero geometry.
In this section we discuss in greater detail the sense in which we can formulate topological
actions with respect to an étale topology.

For starters, let us explain the sense in which the actions we have been discussing so far
need not be topological. By way of example, consider the free scalar on the punctured affine
line A* over F,,, with Lagrangian:

L[¢] = aDy¢Dy¢ — 5¢°. (11.1)

Now, in the path integral, we have weighted each field configure by a factor of exp(27iS/p).
This sort of weighting by a p' root of unity is of course quite reminiscent of various topolog-
ical actions one encounters in various Chern-Simons theory and BF theories as well as more
general Dijkgraaf-Witten theories [126].

Let us give a few examples to illustrate this general point. Consider first an abelian (spin)
Chern-Simons theory defined on a three-manifold M; (equipped with a spin structure) with
two gauge fields @ and A with action:

1
Scs[A,a) = E/QA/\da—Na/\da. (11.2)

M3

The equations of motion for a relate the curvatures f and F' respectively for a and A as
f = F/N, so making use of this equation of motion takes us to an “improperly quantized”
Chern-Simons action for just A:

1
“Simp[A] = ZL]T—N/A VAN dA”. (113)
M3

The factor of 1/N in the action is quite reminiscent of our proposal to take A = p/27. Of
course, the proper action to use is really Scg[A, a] rather than Si,,[A, a], in part because
the former is invariant under large gauge transformations whereas the latter is not.

A related comment here is that in Abelian Chern-Simons theories on M3 with a non-
trivial boundary, the boundary conditions can sometimes enforce a discretization of the gauge
symmetries especially when topological (i.e., gapped) boundary conditions are enforced. For
discussion on this point in abelian Chern-Simons theory, see e.g., reference [127] and for
discussion in related topological field theories see e.g., reference [128].
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Another simple case is that of BF' theory on a four-manifold M, as defined by the
topological action:

Sur[B, Al = %/BAdA, (11.4)
My
with IV a positive integer. In this presentation of the theory, B is a U(1)-valued two-form
and A is a U(1)-valued one-form connection. This theory is well-known to describe a Z/NZ
gauge theory. A helpful discussion of this and related features of this theory can be found
in [129).
Instead of working with U(1)-valued fields we can formally rescale B and A to work in
terms of torsion-valued Z/NZ fields b and a, where we make the formal substitutions:

2 2
B— Fﬁb and A — Nwa. (11.5)
The resulting action now takes the form:
2
Surlba] = N/b/\da, (11.6)

My

which bears a striking resemblance to the actions we have been considering. Said differently,
working in terms of torsion-valued fields right from the start produces rather similar action
principles. Of course, one important difference is that in this discussion M, is still a real
manifold whereas we have also “discretized” the spacetime as well.

Another important difference from our characteristic p > 0 actions is that in the case
of the topological field theories defined on a real-manifold, there is explicitly no metric
dependence. This is to be contrasted with the action implicitly defined in equation (11.1).
Although there is no notion of “metric” per se, we have already mentioned that there is an
implicit dependence on a symmetric bilinear form h : T*X ® T*X — F,, so it violates the
spirit of building a topological action. Another way of saying the same thing is that although
our action is of course trivial with respect to the Zariski topology, the pairing A depends on
a choice of étale covering X; — X.

In [90-93] a proposal is given for defining an arithmetic Chern-Simons theory, and this
is further generalized in [130] to various Dijkgraaf-Witten topological theories [126].3® In-
triguingly, the main player in defining an arithmetic “classical” Chern-Simons invariant is
the appearance of a %Z /Z valued functional, which is also rather close to the considerations
we have been discussing. That being said, we will be formulating our action over a threefold
(in the case of Chern-Simons theory) rather than appealing to any analogy between points
in SpecZ and knots in real three-manifolds. So, rather than directly make contact with
this interesting proposal, we shall instead attempt to directly construct the characteristic p

38For a different way in which number theoretic structures enter in the discussion of topological field
theories, see for example [131] and references therein.
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version of our action.

To proceed, we now discuss an example of a topological action and its generalization
to the characteristic p setting. We primarily focus on abelian Chern-Simons theory on a
three-manifold:

Scs[A] = 4ﬁ / ANdA = ﬁ / & e A,0,A, (11.7)

7

Here, A is a one-form connection for an abelian gauge group. We have already argued that
we can still speak of the gauge connection on a characteristic p space, so the main obstruction
we face appears to be the existence of a suitable notion of a three-index tensor **? for the
Chern-Simons action.

It is already instructive to ask about what happens if we take the above characteristic
zero actions and extend the ground field from R to C. There is a simple way to extend all of
our actions simply by treating A as a (0, 1)-form. Then, assuming the existence of a suitable
three-index object amounts to to requiring a non-vanishing section of H°(X, Kx) with Kx
the canonical sheaf.?® Said differently, if X is Calabi-Yau, namely it has trivial canonical
sheaf, then we can specify a classical action. For a threefold we can then write:

Shol-CS on X5 = /9(3,0) A Ay A OAp). (11.8)

X3

There are two general issues we encounter in specifying such an action. First of all, the action
is not even real valued. This is not much of an issue in the context of physical superstring
computations because the holomorphic Chern-Simons action, for example, is mainly used
to extract superpotential couplings (via the target space formulation of the topological B-
model). Of course, we can produce a real action by adding the complex conjugate to any
configuration in a trivial manner.

Another issue is that our action is not really gauge invariant, and is instead only defined
modulo periods of the holomorphic three-form of the Calabi-Yau space. There is a simple
workaround for this which is to extend the Calabi-Yau threefold to a Fano fourfold Y with a
meromorphic (4, 0)-form €4 ). The pole for this meromorphic form is a Calabi-Yau threefold
(as follows from adjunction), and we take this to be X, the original space of interest. We can
then introduce a corresponding manifestly bulk gauge invariant action for the holmorphic
Chern-Simons action:

SFF on v, = /9(470) N 514(071) N 514(071), (11.9)
Yy

which is now manifestly gauge invariant. The price we pay is that now we are making
reference to a specific bulk space Y, to define our action, but this at least has the virtue of
being well-defined.

We now turn to the characteristic p analog of this structure. Nothing stops us from

39This follows from Serre duality for a threefold X. We have H3(X,Ox) ~ H°(X,Kx)V.
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introducing the analog of the Chern-Simons action, and again we face the same issues with
the action being defined modulo periods of Q € H?*(X,Ox) ~ K. To address this, we view
X3 as a divisor of an ambient Y}, and instead work with respect to the topological action
defined on Y;. We can then restrict as necessary to the subspace cut out by the pole of the
four-form on Y. From this perspective, we can introduce the action:

SeFonvi = Y _eVuey (QAdANdA), (11.10)

yeEYy

in the obvious notation. Much as in other contexts we already considered, we can produce
an F)-valued action by first working over K a finite extension of I, and then performing a
trace over K/F,,.

At some level, it would be more satisfactory if we could directly dispense with the ap-
pearance of a bounding space Y;. For example, we can perform precisely the same analysis
in the context of ordinary 3D Chern-Simons theory, where the presence of an improperly
quantized level means that to truly define the theory we must view as a boundary term of
a 4D topological theory with action proportional to 8 F A F with 6 circle valued. There is
a special decoupling which occurs when the level is properly quantized, and so it is natural
to ask whether the characteristic p situation is actually more similar to working over C, or
closer to the real case.

So, let us simply write down a Chern-Simons action and check whether it is gauge in-
variant. Our proposed action on X a threefold is:

Scson x5 = kY _eVuea (AN AN dA), (11.11)

zeX

for abelian Chern-Simons, with the obvious generalization for non-abelian Chern-Simons
theory. The basic issue we face is that under a large gauge transformation, the action will not
necessarily return to itself. For abelian Chern-Simons theory, this is detected through the
fundamental group of the underlying three-manifold, while for non-abelian Chern-Simons
theory it is captured by the “winding number” as specified by the classification of maps
g : M3 — G. We do have suitable notions of an étale fundamental group as well as higher
etale homotopy groups (see e.g., Appendix E of reference [132]) so it is of course natural to
ask whether we can make sense of possible issues with “winding field configurations” in our
topological action. To keep things concrete, work over the ground field K = [F, and suppose
our threefold is actually a product A* x S.

Our main interest will be in general gauge transformations of the form A — A + ¢g~'dg,
where g(u) € K(u,u™"') is such that all evaluations ev,—,(g(u)) for z € A* is invertible. As
a warmup, consider g(u) = u' for arbitrary [ € Z*. In this case, we have:

g tdg = ludu. (11.12)
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Observe that for characteristic p # 2, we have (see equation (8.4)):

> ut =0, (11.13)

z€Fy

So at least for this class of gauge transformations, the action is invariant. Note that this
also includes the topologically non-trivial case involving “winding modes”, i.e., g(u) = u?
the Frobenius map (see section 8.4). Indeed, such winding modes are in one to one corre-
spondence with elements of Gal(K/F,) ~ Z/dZ with d the degree of the field extension in
question, and the Frobenius map the generator of Z/dZ. More generally, consider any g(u)
an automorphism A* — A*. We can perform a change of local coordinates, reducing to the
case of a polynomial g(u). From this, we conclude that our action is, in fact gauge invariant.

Similar considerations hold for other topological actions and their characteristic p coun-
terparts. For starters, we can generalize to the case of a non-abelian Chern-Simons theory.
In this case, the gauge transformations will produce terms of the form Tr(g~'dg)?, which
provides a “practical” definition of winding numbers for the corresponding maps g : X5 — G
with G the non-abelian gauge group. As an another case of interest, we can consider the
four-dimensional BF theory on a four-manifold M, specified by the choice of a 0-connection
A and a l-connection B for an abelian gerbe:

k k )
Sar = 5= /B AdA = %/dﬁigc e B, (0,As — 0,A,). (11.14)

From this, it does appear that there is a natural characteristic p version of various topo-
logical actions, and that is actually somewhat more direct when compared with working over
C (as opposed to R).

Our approach so far has been rooted in building explicit actions. This is rather different
from the mathematical approach to defining and studying topological field theories (TFTs)
via the Atiyah-Segal axioms [133,134], where one specifies a TFT as a symmetric monoidal
functor Z : Bord§, — (Vece,®) for Bord$ bordism classes of n-manifolds (with (n — 1)-
dimensional boundaries) equipped with some choice of &-structure. This can be generalized
(i.e., categorified) in various ways, but the main point is that we need a notion of specifying
a partition function Z (M) on a manifold M equipped with some structure such that we have
a suitable notion of cutting and gluing, as captured by cobordisms.

Does this have any meaning in the characteristic p setting? The first question we need to
address is whether we can even specify a suitable algebro-geometric definition of cobordism.
In fact, for complex bordisms there appears to be a suitable generalization to algebraic
bordism which applies for any characteristic zero field (for example the p-adics) [135-137].
In that setting, it is important that one works over characteristic zero to have Hironaka’s
theorem (see [138,139]) for resolving singularities. That being said, it would appear that
nothing prevents us from working p-adically and then performing a suitable reduction mod
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p.A% The fact that we have a candidate class of actions available, and thus corresponding
partition functions, suggests that the main bottleneck is indeed simply coming up with an
appropriate generalization of Bord$. Perhaps the answer is to be found in [132].

Another related issue is how to make closer contact with the more “typical” notion of
bordism encountered in the context of topological quantum field theory. Indeed, in that
setting it is more common to deal with real manifolds. Comparing with the algebraic notion
of bordism briefly discussed above, we would be demanding bordisms in which the boundary
spaces have real dimension two less than their bulk counterparts. Of course, in the charac-
teristic p setting these comparisons are less firm, but one way to enforce a structure closer
to the real setting is to again view C = R(y/—1) as the degree two extension over the reals,
with automorphism group generated by complex conjugation. From this perspective, we
can always enforce a suitable notion of dimension for the bounding spaces by considering
the action of the associated automorphism groups used to build the bulk spaces in the first
place. For example, starting from a field F, and its quadratic extension F,2, we can make
the further demand that all boundary spaces are invariant under Gal(F2/F,). Likewise, we
can enforce this condition for bulk spaces as well.

A final comment here is that because we have introduced a general prescription for “build-
ing actions” over general fields of characteristic p > 0, there is implicitly an accompanying
bordism theory.

40This is especially natural in the context of p-adic analytic spaces, a topic we briefly touch upon in section
20.

92



12 Physical Twistors and Amplitudes

In the previous sections we have proposed a general path integral formalism as well as a
Hilbert space interpretation for physical systems on characteristic p geometries. Now, one
of the subtle points we have already encountered is that the notion of “time ordering” in
the characteristic p setting involves making some choices with regards to what we mean by
time evolution in the first place. That being said, we have also seen that for the punctured
affine line, we have a notion of “past and future,” so it does appear to make sense to speak
about scattering amplitudes and other related observables and we can use the standard link
between scattering amplitudes and time ordered correlation functions to at least formally
define these notions.

In this section we further analyze the extent to which we can expect such notions to
extend to the characteristic p setting. To keep things concrete, we focus on the case of
four-dimensional field theories with a natural conformal structure in the characteristic zero
setting. In this case, we can fruitfully borrow many notions from twistor geometry to recast
questions concerning the causal structure in the four-dimensional setting in terms of algebro-
geometric structures in three complex dimensions. At this point, our line of approach ought
to be clear: once we recast our questions in algebro-geometric terms, we can pass over to
the arithmetic setting. In Appendix L we review some elements of twistors for real and
complexified spacetimes, so we assume the main elements of this discussion in what follows.
In what follows we primarily work over the algebraic closure Fp, but also consider the case
where we restrict to F,. Our plan will be to first introduce a notion of physical twistors
in characteristic p, and to then discuss solutions to wave equations in this setting, viewed
as elements of bundle valued cohomology groups. Scattering amplitudes implicitly follow as
functions which depend on these bundle valued cohomology groups.

12.1 Twistor Space

Our starting point will be conformally compactified Minkowski space F,M# as specified by
the quadric in F,P%:4!
Eaprs R R =0, (12.1)

where €,p4,5 is the four-index epsilon tensor and R = — RS with o, 8 = 1,2, 3,4, namely
the R*® denote homogeneous coordinates of F,P°. Raising and lowering of pairs of indices is
accomplished via (we adopt the standard physics conventions which are acceptable at least
when p # 2):

1
§€a575Ra5 = RWS' (12.2)

ALA word on notation. We have been indicated the choice of ground field for the affine line and other spaces
by A!(F,, but here we have put the choice of ground field “to the left”. This is more to make comparison
with the standard twistor theory literature.
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We can formally solve the quadric equation €,5.,sR*?R¥ = 0 by introducing two copies of
projective twistor space PT =~ FPIP’3 with homogeneous coordinates Z¢ and W# via:

RoP = 7oW?P — Z°Pwe, (12.3)

So, in the twistor perspective, a pair of twistor points specify a point in the spacetime. Since
a point in twistor space can also be viewed as specifying a divisor, a pair of divisors can, via
their intersection, specify a line, namely an F,P!. So, each point in our spacetime specifies
a line in twistor space.

Now, once we introduce a suitable infinity bitwistor /,s we can indicate the region of
FPI\\/JI# to delete via the equation:
I,sR* =0 (12.4)

where for Minkowski space, we demand:
LI*? = 0. (12.5)

The discussion is purely algebraic, and therefore parallels what can be done in real and com-
plex space, so we can essentially appeal to the discussion given in Appendix L. In particular,
we make the choice that

00 0 0
00 0 0

L= : 12.6

A 00 0 +1 (12.6)
00 —1 0

in which case the line at infinity is specified by setting R3** = 0. We can now meaningfully
split the homogeneous coordinates up as Z* = (21, 22, 73, Z%) = (w',w? 71/, mo). In this
case, there is a distinguished line, the “twistor at infinity” given by

P! = {m = 7y = 0}, (12.7)

and we can refer to the space with this P!_ deleted as PT’. In practice, what we really mean
by this is that we allow ourselves to consider various sections of bundles with poles along
this PL .

Let us now turn to the characterization of the points which are not at infinity in Minkowski
space so that R3* # 0. In this chart, it is helpful to introduce a 2 x 2 position matrix 244’
with entries:

xAA’ B 1 Rl4/R34 _R13/R34

- ? R24/R34 —R23/R34 (12'8)
Here, we have introduced the number 7 which satisfies F (?) — —i with F Frobenius conju-
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gation. In this patch, Minkowski space is represented as the paraboloid:

12
—— +detx =0 (12.9)

R34
as follows from substitution into the quadric equation. In these variables, the incidence
relation is:

wA ="z 10 (12.10)

The locus of points associated with F, Minkowski space, are those points in PT’ for which
F(24Y) = 244,

12.2 Zero Modes and Amplitudes

Now, one of the elegant applications of twistor methods is in the study of zero mode solutions
for massless fields in Minkowski space. This approach exploits the conformal structure of
such massless systems. As discussed for example in [140-143], we can speak of a state of
helicity h as being captured by an element of the cohomology group H'(PT' O(2h — 2)).
Here, we have been deliberately imprecise about a specific choice of a cohomology theory.
Presumably, the physically sensible case is associated with rigid cohomology or some closely
related variant (we discuss some possibilities later in section 13).

Now, in the context of scattering theory of massless particles, we are accustomed to
specifying a state of null momentum in terms of an outer product:

Pax = Aadn, (12.11)

where A4 and XA/ are two-component spinors. Now, these objects have opposite degree of
homogeneity. In the spirit of reference [143], we can work directly in terms of functions
on twistor space by “Fourier transforming” one of these helicity variables. The meaning
of Fourier transform is unclear in characteristic p, but does make sense in the context of
p-adic geometry. At any rate, nothing stops us from directly defining physical quantities on
the projective twistor space PT’, and once we do so we can basically borrow the analysis
of reference [143] where we interpret scattering amplitudes on (momentum) twistor space in
terms of the geometry of such twistorial objects. For example, quantities such as the leading
order contribution to the color-stripped n-gluon MHV amplitude (—, —, 4+, ..., +) computed
in reference [144] (we use standard spinor-helicity conventions):

(A, A<t>>4

M TOWA@)Y (A, Dy

(12.12)

where there is an implicit momentum conservation condition has been inserted, and particles
s and t have —1 helicity while all others have helicity +1. Our main point is that such
quantities still make sense as quantities defined over PT’ with ground field Fp as do more
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general scattering amplitudes.

A potential objection to this way of proceeding is that whereas the leading order tree
level behavior of scattering amplitudes has a simple presentation in terms of meromorphic
sections of bundles on twister space, loop corrections to this structure necessarily involve
the appearance of transcendental functions of the momenta. Owing to this, one might ask
whether any generalization is available which would also apply to such situations.

As a first comment along these lines, we remark that at least for unitary theories, one
expects that the scattering amplitudes obtained are analytic functions of the Mandelstam
parameters, aside from possible branch cut singularities. Expanding around any given region
in complexified kinematic variables, we can then ask whether it makes sense to discuss such
structures in the characteristic p setting. Indeed, one answer we can provide is that there
is indeed a notion of formal Laurent series such as F,[[u,u™!]], and we can restrict to the
physical case where the degree of the inverse powers is bounded, as associated with F,((u)).
In fact, one can also generalize this to accommodate fractional powers; for example in the
space F,{{u}} of Puiseux series we deal with fractional powers, which we can obtain from
the direct limit on n of F,((u!/").

A somewhat unsatisfactory element of such an answer is that the amplitude is no longer
really a “number” but instead a formal power series. This too can be rectified by performing
a further lift to an expression defined over the p-adics. In this case, the main issue would
seem to be that the radius of convergence for a p-adic expression can be rather different
from its more standard counterpart defined over C. For additional discussion of the p-adic
exponential, see e.g., Appendix @, and for additional discussion of the p-adic (poly)logarithm,
see e.g., Appendix R. Nevertheless, the main point we wish to emphasize here is that insofar
as the analysis of scattering amplitudes rests on objects “visible” within the scope of algebraic
geometry, there is an implicit prescription available for recasting these structures over other
choices of ground field.*?

42For some additional discussion in the context of non-Archimedean geometry in mixed characteristic, as
well as its potential relations to tame geometry, see section 25.
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13 Fermionic Systems

Our discussion up to this point has focused on systems involving bosonic degrees of freedom.
In this section we develop a parallel story for fermionic degrees of freedom. We shall make
use of the main geometric elements for bosonic systems developed previously. For now, we
again restrict to the special case where:

=2 (13.1)

with p a prime. For some earlier discussions of arithmetic with Grassmann algebras see
e.g., [145,146].

As before, we motivate our analysis by beginning with a quantum mechanical system
with discretized observables. In this case, we consider a two state Hilbert space spanned by
the states [1) and |{), and introduce fermionic operators b and ¢ which satisfy the algebra:

{B, E} =1, P=&=0 (13.2)

These operators act on our states as follows:*?

bl =0, bt =) (13.3)
ey =11, e =o. (13.4)

As an example, we can consider the Hamiltonian operator:

H = mab. (13.5)
Time evolution of states is accomplished by acting with the unitary operator:

U(t) = exp(—iHt/h), (13.6)

where we assume (as discussed previously) that we can only make measurements in a smallest
time step t € Z. Even though the fermionic degrees of freedom are already discretized, one
might ask whether there are any restrictions on the parameter m. Observe that the explicit
form of our time evolution operator is:

2mt o~
U(t) = exp (—ﬂmans> . (13.7)
p

43By inspection, ¢ = b
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Acting on the two states, we have:

Ut) |4 = Z% (—?m@t) 1) =0 (13.8)

n>0
U ) = Z% (—%ma&)n 1) = exp (—%mt) ). (13.9)
n>0

Provided we restrict m to the integers, we see that the complex phase for |1) will eventually
return after at most p time steps. With this motivation in mind, we can now proceed
to develop the parallel formalism for fermionic path integrals. This is an entirely standard
development in characteristic zero, and is covered in detail for example in [147] and Appendix
A of [148].

What is not so standard is to understand the characteristic p version of fermionic systems.
Here, we will aim to convey the main physical issues. The first issue we face is that we will
need to supplement the finite field IF, by anti-commuting Grassmann variables. We define
Grassmann variables y; by requiring that they anti-commute, i.e.:

XiXj = —XjXi- (13.10)

The appropriate notion of an Fj-valued Grassmann variable in this setting will be that the
extension of the Frobenius endomorphism F' to anticommuting variables leaves such variables
fixed. With this in mind, we require that an F,-Grassmann variable x satisfies:

F(x)=x, (13.11)

which is the analog of Hermitian conjugation in characteristic zero. We also demand that
for any bosonic ¢ € I, that we have:

F(ox) = ox. (13.12)

Now, given multiple F, Grassmann variables, we would like to extend the action of the
Frobenius automorphism to products of Grassmann variables.

A priori, there are two ways in which one might attempt to proceed. On the one hand,
if we insist on keeping all coefficients valued in IF,,, we can consider an action which respects
multiplicative order. On the other hand, we can allow the Frobenius map to switch the order
of fermions:

Foption 1(X¢) F(X)FW) = Xwa (1313)
Foption 2(x¥) = FI(V)F(x) = ¥x. (13.14)

In the physical setting, it is more natural to treat Grassmann fields as operators, so a conju-
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gation operation would switch the order of multiplication. We therefore focus on “option 2.”
The case of “option 17 is of interest in its own right, however, and we discuss how to build
supersymmetric actions with this choice in Appendix M. One can view the two procedures as
related by analytic continuation, i.e., by multiplying some fields by appropriate “imaginary
numbers.”

Now, in characteristic zero, we are often interested in Hermitian operators built from
products of such fermionic fields. The way we do this involves multiplication by factors of
1 = +/—1, since complex conjugation reverse the order of multiplication on Grassman fields

wsn
7

and ¢* = —i. We need to introduce a suitable notion of which flips sign under Frobenius
conjugation. We already encountered this feature in our discussion of vector potentials in
section 4.4, where we noted that v/—1 sometimes will not accomplish this goal. For example,
in [F5, observe that 32 = —1. Just as in section 4.4, we will instead seek out a root of the

polynomial equation:
P = —u, (13.15)

and we denote one such root by 7. Observe that by design, we have, under Frobenius
conjugation:

o~ o~ ~

F@i) == —i. (13.16)

Since i is not invariant under Frobenius conjugation, it is not an element of IF,. Note,
however, that its square P2 s invariant, and is therefore an element of IF,. What we cannot
assert, however, is that 72 = —1. Indeed, 7 is an element of F, with ¢ = p?. A combination of
F,-valued Grassmann numbers invariant under Frobenius conjugation can now be obtained

through a product such as:
ixY. (13.17)

Having set our conventions for Grassmann coordinates in characteristic p, we can now
proceed to build fermionic actions. As a warmup, we first develop the 1D path integral.
Introduce a formal parameter u and expand our fermionic fields via the power series:

x(u) = meum and (u) = Z¢mum, (13.18)

where each of the coefficients is an F,-Grassmann variable. Returning to our two state
system, the Lagrangian will be viewed as a Grassmann even polynomial in the variable w,
and the action is obtained through the evaluation map:

S = Zevu:x (7)(6“0 —?quﬁ) , (13.19)
rzeX

namely we evaluate to an F, valued Grassmann bilinear. Indeed, each term in the above
sum is invariant under Frobenius conjugation, and should thus be viewed as ), valued.

Evaluation of the path integral now proceeds just as in characteristic zero; We can per-
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form Grassmann integrals by expanding the exponentials, and evaluate fermionic correlation
functions in the standard way.

This generalizes to other spacetime dimensions. With conventions as in subsection 4, we
introduce a polynomial ring F[uy, ..., up] for our bosonic physical fields. We can supplement
this by tensoring with a set of Grassmann coordinates. Along these lines, recall from equation
(4.5) that a bosonic physical field was initially presented as a power series expansion:

Sut, o tp) = Y Gy (w1)™ o (up) ™, (13.20)

mi,...,mp

We can write a fermionic analog of this by expanding with Grassmann valued coefficients:

XU, tp) = ) Xongamp ()™ (up) ™, (13.21)

where each coefficient X, .m, is to be treated as a Grassmann coordinate. Now, in the
bosonic case, the path integral instruction is to sum over all these choices of ¢;, ;,. In the
fermionic context, we perform a Grassmann integral. So, we can again construct Lagrangians
and actions for our physical fields. The only difference now is that there will be some Grass-
mann dependence. The main condition we impose is that the coefficients of any expression
in our action are again I, valued. Again, this is the analog of a “reality condition” in the
characteristic p context.

What sort of correlation functions should we consider computing in this context? As in
the case of purely bosonic systems, we observed that operators which respect our reduction
modulo p are the ones of interest. In the fermionic context, the standard expansion of
Grassmann integrals might suggest that this is not possible. Of course, in quantum field
theory we are accustomed to viewing operators constructed from composite fermions as
bosonic objects. This in turn means that in this setting, the simplest class of operator
correlation functions to consider are those which are built from such bosonic operators. An
example of this sort is the time evolution operator of our two level system introduced in
equation (13.6).

Proceeding along the same steps following for our bosonic field theory, we can extend all
of these considerations to far more general spacetimes X and target spaces Y. In this more
general setting, it is appropriate to replace our polynomials by expressions which are locally
rational functions. This is acceptable provided we specify what happens at the singularities
of the evaluation map.

Now, up to this point we have ignored the spin of our fermionic degrees of freedom. In
characteristic zero, one can locally speak of a spinor bundle, and in suitable circumstances
this extends to the global manifold. In more algebraic terms, we can introduce a sheaf of
spinors & such that along each stalk S, we have a spinor representation of the Lorentz
algebra.
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To carry out the same sort of construction in characteristic p, we first need to decide on a
suitable notion of an orthogonal group. Fixing a symmetric bilinear form, 7n,,, we can again
speak of linear transformations which leave this bilinear form invariant. We refer to the
corresponding Lie algebra as spin(n). We can then construct finite-dimensional irreducible
representations of the corresponding Lie algebra, which we interpret as specifying the “spin”
of the corresponding physical field. This also extends to corresponding groups, which we
label as Spin(n). We define a spinor sheaf as one in which for each stalk S, there is a natural
group action by Spin(n). It is in this sense that we are able to define spinors. From this
perspective, the evaluation of each fermionic field at a point z € X should be viewed as
being valued in §,. Again, this is quite analogous to what happens in characteristic zero.

13.1 Supersymmetry

From the way we have set up our action principle, we can even entertain a notion of su-
persymmetry which interchanges bosonic and fermionic degrees of freedom. Note that in
lattice supersymmetry [149], there are some difficulties because finite difference operations
do not respect a Leibniz rule, and this is crucial in satisfying the standard supersymmetry
algebra [150]. Here, we are working in terms of general rational polynomials, and so the
usual “rules of the game” for supersymmetry should carry through, at least in constructing
supersymmetric actions.

To illustrate, we construct a characteristic p supersymmetric quantum mechanics. It
is superficially rather close in form to the one in characteristic zero, but there are some

Wz
7.

important subtleties having to do with factors of

As a warmup, we briefly review the case of A/ = 2 supersymmetric quantum mechanics
in characteristic zero. In that setting, the Lagrangian is:

1 _ 1 _
L= (00) + WOV + _f* + W'f + WO, (13.22)

Here, ¢ is a real bosonic field, ¥ = 9, + i1py and U = ; — i)y are complex Grassman fields,
f is a real auxiliary field, and W(¢) is a superpotential. Additionally, we have adopted
the standard physics convention which is to reverse the order of Grassmann variables under
complex conjugation. From this, we see that the Lagrangian is invariant under complex
conjugation. The action is invariant under two supersymmetry transformations (see e.g., the
reviews in references [151,152]):

oo =iV, V=0, 5V =—(0p+if), 6f=—-0V (13.23)
600 = iV, 65U = —(0sp —if), 020 =0, &of =+0,V. (13.24)

Let us verify that the action is invariant under these two transformations. Under §;, we
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have:

0L = (9:0) (i0:¥) + i(—=0ep — i f)Or¥ + (=0, ¥) f
WD) f + W (—0,0)
W (0 — i f) W
=0, (-W'D),

which is a total derivative. Assuming suitable boundary conditions for our integral over the
time coordinate, we verify that supersymmetry is a symmetry of the system. Consider next
the variation under do. This yields:

0oL = (0,0)(10,¥) — i0,(—0pp + i f)U + f(5, ) (13.29)
+ W) f + W'o,v (13.30)
— W' (=0 +if)¥ (13.31)
= 0,((0:0) (10,¥) + f(0, %) + W'W). (13.32)

Note the appearance of the minus signs. This is because our convention is to only vary the
“leftmost” fermionic field. We stress that nothing depends on this choice. As is standard,
we can integrate out the auxiliary field f, and arrive at a physical potential for the field ¢
given by:
1
V(p) = §W/W’. (13.33)

We now turn to the characteristic p version. As we already mentioned, we assume that
Frobenius conjugation reverses the order of multiplication for Grassmann fields. This means
that up to “some factors of 7,” the structure of our action should look rather similar.

With this in mind, we now consider a single F,, valued bosonic field ¢(¢) and a pair of
[F, valued Grassmann variables x(t¢) and 1 (¢). We could in principle introduce a “complex
field” ¥ =y —i—?@b as well, but to track the I, structure explicitly, we have chosen the current
presentation. We also introduce an F,, valued auxiliary field f(¢) and a superpotential W (¢)
which will be a polynomial in the ¢ variable with coefficients in F,,. We denote the derivatives
of W with respect to ¢ as W’ and W”. Our proposed Lagrangian is:

[

1 . : R
L= S(00)* +ix0p = 5 2+ W'f +iW "y, (13.34)

We now verify that this Lagrangian is supersymmetric. We introduce the two variations:

Sip=ip, =0, Six=—(0+if), Of=—0 (13.35)
0o Z/Z'\X, dotp = — (0 _?f)a dox =0, bof = +0x. (13.36)
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Consider first varying with respect to ;. This yields:

0L = (0i9) (78t¢> +E(—=0ip —if)Onp — P (—0n) f (13.37)
+ W (i) f + W' (=00)) (13.38)
+ W (=0 —if ) (13.39)
=0, (W) (13.40)

Observe that we have a “total derivative”. As far as we are aware, there is no characteristic
p analog of Stokes” theorem, but we shall interpret the presence of such terms as physically
innocuous. Our reason for doing so is that in any sensible physical formulation, we would
need to define an action modulo exact differential forms anyway, and differential forms do
make sense in characteristic p.

Next, consider varying with respect to do. This yields:

5oL = (040) (100x) ~T0,(~0u0 + E)x ~ P(+000)f (13.41)
+ W (ix) f + W' (+0ix) (13.42)
— W"(=0p +if)x (13.43)
= 0i((Bho) ix — P fx + W'X), (13.44)

which is again a “total derivative.” Integrating out the auxiliary field f, we arrive at a
potential for the field ¢ given by:
1 / !
V() = gWw'w, (13.45)
We can extend this analysis in a number of ways. For one, we can consider multiple
fields ¢, x*, ¥4 and f4. Following our discussion of section 4, we can interpret this as F,
valued fields. In this case, the condition that we produce an [, valued action is satisfied by
choosing an I, valued function w(¢) and then taking its norm to build the superpotential:

n

W= [F'(w(®)) = w(e) 7" = w(g)t—»"/0=) (13.46)

1=0

Observe that a critical point of W is necessarily either a zero or a critical point of w(¢). We
can also introduce more general kinetic terms, much as we would in the characteristic zero
setting. For example, we can write:

1 A B -~ A B /P A rB aW
L= §KABc9tqb 0,0 + 1K apx* 0 _EKABf / +W

~ O*W

A+ ZWX%B. (13.47)
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13.2 A Cohomology Theory

This discussion also allows us to set up a physically motivated cohomology theory. Working
on shell so that:

A :7—2KAB%‘; (13.48)
the supercharges are given by:
~ 0 ~ 0 ~,0WY\ 0
R O R ) R R
-~ o ~,0W ~,0WY\ 0
Q_ = ZXA (@ —1 1@) = — (&gbA —1 1@) W’ (1350)

where we have indicated by an explicit “derivative” (as dictated by the conjugate momentum)
how it acts on a given field. We observe that both )’s are nilpotent:

Q1 =Q>=0 (13.51)

and so can be used to define cohomology theories in characteristic p. In this setting, the
(@’s act on the space of superfield configurations. The natural grading is specified by the
Fermion number, namely the number of Grassmann fields.

Now, in characteristic zero, there is a close interplay between ()-cohomology and other
well known cohomological theories such as de Rham and Dolbeault cohomology. Here, the
situation is quite a bit more subtle because in characteristic p, we do not have the analog
of the Poincaré lemma which ensures that in suitably “small” patches, any differential form
can locally be written as an exact differential form.

A reasonable analog in characteristic p to the characteristic zero de Rham cohomology
goes under the name of crystalline cohomology (see e.g., [153-155]).*" The main idea is
to find a suitable way to “thicken” a characteristic p variety so as to get an analog of the
Poincaré lemma. This proceeds by generating a lift of a given scheme to a characteristic zero
variety. Given this, it is tempting to posit that the )-cohomology we have just specified will
work in a similar fashion.

Indeed, we note that our actual starting point for constructing physical fields began by
dealing with integer valued fields, so we are free to return to this setting. Given a field ¢
taking values in Z, we can consider its presentation in terms of a p-adic integer in Z, via the
formal expansion:

6= omp” (13.52)

m2>0

in terms of the Teichmiiller representatives ¢; (see Appendix P). To compute actual coho-

44In the context of the Weil conjectures, it is actually more common to consider étale and ¢-adic cohomology
theories, but on physical grounds we expect crystalline cohomology to also provide an appropriate framework
as well.
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mologies, we can get a “first approximation” by working modulo p. Then, we can refine
this approximation by working modulo p?, and so on. The more formal way to state this
is that we view our integer valued field as specifying a Witt vector, and then addition and
multiplication of physical fields is treated as the corresponding operation on W, the space
of Witt vectors (see Appendix P). There is a natural reduction mod p" so we can also speak
of W,, = W/p"W. Giving a full account of crystalline cohomology would take us too far
afield. The main point for us is that in many cases of interest, we can consider a related
characteristic zero scheme Z over W. In this setting, we can indeed work in terms of de
Rham cohomology, and thus obtain the relation between the crystalline cohomology of a X
over a field K and its characteristic zero “cousin” Z:

Heyio(X/W) = Hpg (Z/W). (13.53)

These cohomologies are in turn constructed via the inverse limits:

Hpyg (Z/W) = lim Hpp (X/W.,). (13.55)

In fact, it has also been appreciated that there are some limitations to using crystalline
cohomology. One issue is that the theory makes the most sense when X is smooth and
proper over a ground field K. To handle the more general situation, one often deals with
a generalization known as rigid cohomology which can be applied in a more general setting
[156] (see the lecture slides of reference [157] as well as the book [158]).%° The important
point for us is that this defines a universal p-adic Weil cohomology theory, and admits
comparison theorems to de Rham cohomology (just like the crystalline case). Since our
supersymmetric quantum mechanics formulation does not really require a smooth variety,
it is tempting to conjecture that the ()-cohomology we have been dealing with specifies a
crystalline cohomology in the smooth case:

Ho(X) = Heyio(X/W), (13.56)
while in the more general setting, we expect:

H,(X) ~ H]

rig

(X). (13.57)

Part of establishing such a correspondence will of course entail being more precise about the
ring of coefficients for these different situations.

Now, in the physical theory, we often view the ()-cohomology as elements in a finite-
dimensional Hilbert space. From the above considerations, it would seem natural to restrict
the coefficients of this Hilbert space to a field of characteristic zero such as the one used in

45For a related discussion in mixed characteristic, see reference [159)].

105



defining crystalline cohomology. The appearance of a Hilbert space also allows us to define
an index for ), as given by (see e.g. [26]):

Ind@ = Tr(—1)F = ker@Q — cokerQ (13.58)

where F is the fermion number operator. At this point, an important comment is that even
though we are dealing with a discretized spacetime and target space, we are considering all
possible morphisms between these spaces, as well as their lift to formal characteristic zero
spaces. For this reason we should expect on general grounds that the index of () is in general
non-trivial. This again distinguishes the present approach from lattice formulations.

By design, none of this is very different from supersymmetry in characteristic zero. Now,
there is a rich mathematical story for supersymmetric quantum mechanics [160, 161]. It
would be interesting to see whether this carries over to the present setting. Here we set
our ambitions lower and apply this in the most simple-minded way, observing that for Wess-
Zumino models, the index of () just counts the critical points of the superpotential W, namely
the locus where dW = 0. Geometrically, we started with a target space Y, and now can
specify this subvariety as {dW = 0} C Y. As a a simple application, if we write w = ah(qﬁ)
with {h = 0} = Z a smooth subvariety of Y, then 5 serves as a Lagrange multiplier so that
the critical points of w correspond to all the points of Z. Again, we emphasize that these
notions continue to make sense in characteristic p and make no reference to any metric (which
is important since we do not have a metric!). Our cohomology theories provide a convenient
way to compute the resulting point set as a set of “vacua” associated with vanishing potential
energy.

It is tempting to extend the analogy with the characteristic zero case even further by

t.46 Here, however, we seem to have

developing the analog of the A-model and B-model twis
a somewhat richer set of possibilities because the way in which we complexify / adjoin roots
in pass from [F, to some extension contains many choices. It would be interesting to study

the correlators in this setting.

13.3 Zeta Functions

We now turn to a few brief comments on the connection between Zeta functions in character-
istic p and our supersymmetric quantum mechanics. We introduced an index which counts
(with signs) “vacua,” or more precisely the critical points of a superpotential W (¢). The
zero locus defines a variety V' in characteristic p, and we can consider varying the ground
field F,, which as we have seen corresponds to adding more particles into the system. From
our earlier remarks on interpreting physics on F,/F, for ¢ = p” as defined by a system of n
particles, we also see that there is a natural action of the Galois group Gal(F,/F,) ~ Z/nZ
on this system of particles. We note that this is generated by the Frobenius map x — aP.

46We thank E. Torres for comments on this point.
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To account for this redundancy, it is appropriate to actually only count contributions to the
index up to this group action. There is of course the subtlety that this group action may not
act transitively on the space of solutions, but this is simply the price we pay in setting up
the appropriate particle statistics. Introducing a fugacity z to track the number of particles,
we introduce the more general formula:

> T, ((-DF Z Gl F - /F =Y #V(Fp)— =logZy,(2), (13.59)

n>1 n>1

which we recognize as the log of the celebrated Hasse-Weil Zeta function in characteristic p.
An additional remark is that we can of course change the ground field from I, to IF,, and
this also has a clear interpretation in our setting.

An additional remark here is that the Zeta function of a variety can be expressed in
terms of rational function, each of which is closely tied to the characteristic polynomial for
the Frobenius action on the corresponding cohomology groups. Letting F® : H* — H'
denote this Frobenius action, it is a linear map, and so we can construct a characteristic
polynomial:*”

Py(z) = det(id — zF®). (13.60)

It turns out that the Zeta function can be expressed as (see [163-166]) as a superdeterminant:

P1<Z)...P2D_1(Z)
Po(Z)...P2D<Z) ’

Zyo(z) = (13.61)

where D denotes the dimension of the variety V.

In Appendix K we collect a few examples of Zeta functions. In some cases, we can
evaluate these expressions “by hand,” but the more general case requires quite a bit more
machinery. As some simple examples, we can see that in the special case where V is the
affine line, we get, via our superpotential computation:

HAL(F,) = p", (13.62)
while in the case of the projective line, we get:
#PY(Fpn) = 1+ p™. (13.63)

We observe that the Zeta function in these two cases are related to the partition functions
of free particles. For example, we have:

1

Zpip(z) = 1—pz

(13.64)

470ur convention is as in [162]. Note also that that the natural range of i is 0,...,2D, where D is the
dimension of the variety V.
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1
(1—=2)(1—pz)

T y(2) = (13.65)

This basically parallels how one would expect to apply the standard Weil cohomology
theories to compute the Zeta function. For example, in both the case of étale, (-adic,
(see [25,167]) and rigid (see [168]) cohomology theories, one first calculates the cohomology
groups H'(V) (we ignore subtleties with the coefficient ring) and then specifies the induced
action of the Frobenius map ¢ : V' — V| associated with the pullback * : H*(V) — H'(V).
One can then count the fixed points of the Frobenius map via the associated signed index
formula, namely via a formula such as:

#Fix(y) = > (=1)'Te(y", H'(V)). (13.66)

7

Indeed, we are performing the same set of operations in our physical setting, up to
one subtlety. Observe that our ()-cohomology can be viewed as specified with respect to a
coefficient ring in the p-adic integers. That being said, since we are talking about computing a
supersymmetric index with physical states in a standard Hilbert space, we seem to instead be
referencing coefficients in C. As we discuss in section 16, the path integral is really furnishing
us with characters valued in a C as obtained from a “henselization” (see Appendix P) of the
integers embedded in the p-adics. Because of this, the counting problems really do appear to
be the same. All this is to say the usual physical strategy for computing the supersymmetric
index appears to line up with its usage in the mathematical setting.

We remark that this Zeta function enters in the study of the Riemann hypothesis in
characteristic p. These are connected with the development of a suitable “Weil cohomology”
theory in characteristic p which has coefficients valued in characteristic zero. For a review
of the Weil conjectures, see e.g., [169]. We also note that this seems to fit with one of the
“Atiyah fantasies” outlined in reference [170]. Here, our choice of cohomology theory is
instead specified by a choice of nilpotent supercharge.

Our proposed relation between the supersymmetric index and the Zeta function also
allows us to make sense of the Zeta function, even when the variety V is singular. This
seems to line up with expectations from rigid cohomology.

That being said, there are some clear pitfalls compared with the case of characteristic
zero. For example, a common strategy in the characteristic zero setting is to consider per-
turbations in the physical theory so as to localize the path integral sum around specific field
configurations. Doing so in this setting can spoil the counting problem, since for example,
the Zeta function of an elliptic curve depends quite sensitively on its arithmetic properties.
Of course, the failure of the index to remain invariant under such perturbations is by itself a
quite intriguing feature, and points to additional structure being present in the corresponding
Hilbert space.

It would be interesting to develop this further.
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14 FI Parameters Revisited

Having sketched how to make sense of various field theories in characteristic p, we now turn
to a potential physical application, in the context of large field ranges of a quantum field
theory. The standard lore is that in a theory of quantum gravity, increasing the field range
of a scalar leads to a breakdown in the low energy effective field theory. For super-Planckian
field ranges, one does not expect semi-classical reasoning to carry over. In this section we
revisit this class of questions from the perspective of reduction modulo p a prime number.

To keep things concrete, we focus on a 4D supersymmetric U(1) gauge theory with a
Fayet-Iliopoulos parameter [171]. We have already sketched how to generate a supersym-
metric quantum mechanics theory, as well as gauge theories in characteristic p, so we can
already anticipate that the same algebraic manipulations which are used in characteristic zero
will have characteristic p analogs. It was argued in [172] that 4D N = 1 supergravity theo-
ries without a global R-symmetry are incompatible with the existence of an FI parameter.
Indeed, the typical situation in a string compactification is that such “parameters” actually
arise as vevs of background fields (see e.g., [173]). Building on [14], references [15-17] argued
that there is a potential loophole in such arguments if the FI parameter comes quantized in
units of 2M73:

§=2mM} form € Z. (14.1)

where here M, refers to the reduced Planck mass, i.e., we have:

1
M? = .
pl 87TGN

(14.2)

In all known string constructions, the resulting FI parameters appear to actually be “field
dependent” that is, it is really just the background vev for another dynamical field. One
could in principle imagine that such a large value of the FI parameter instead emerges from
a suitably quantized flux. In Appendix N we present some evidence that this is indeed
possible.

Here, we ask whether we can use our present perspective on field theory in characteristic
p to study this and related questions where the field range becomes extremely large. We
begin by writing down the bosonic sector of a 4D N = 1 theory with gauge group U(1)
and chiral superfields 1, ..., ¢, with charges ¢, ...,¢,. Anomaly cancellation imposes the
conditions ¢; + ... + ¢, = 0 and ¢} + ... + ¢¢ = 0 (namely cancellation of U(1)grav® and U(1)?
anomalies), but one can in principle relax these conditions by viewing the gauge theory as
a subsector of a bigger model. In characteristic zero, the bosonic sector of the Lagrangian
contains the terms:

2
1 2
55 [do |15 FuF”+ X100+ adel =5 (Zwﬁ—f) o (43)
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where g refers to the gauge coupling of the U(1) gauge theory. We now consider performing
a similar rescaling as that indicated in section 3. We assume that each field can move a
minimal step A,. We also make the replacement dz — A% and 9 +— Apa0. Focussing

on just the terms which involve the scalar field (we can include the gauge field kinetic term
in much the same way), our proposal for a discretized action is:

M2\
Sdisc == Z maXZ ‘ 2 - % min (qu ’901 - mA2 pl ) . (144)

rzeX min max min

We make the assumption that the ratios of energies come in quantized steps so that we can

set:
A? 27 Mgl g* AL 2
—_max — =M Zmin _ 2T B 14.5
A R o B U R (145)

for some integers B, K, N € Z. The factors of m appearing here are actually rather natural.
For example, we can also present these conditions as:

A2 o M3 AL B
Dmax = 81K “min 2 14.6
A?nm N A121111'1 " ’ Afnax N, ( )

where Mp is the non-reduced Planck mass, i.e., Mg = G and ay) = g*/47. In any event,
this motivates us to consider the discretized action:

2
2T
Sdisc = o > Dupil* — B (Z% oil” — 27’) ; (14.7)

zeX %

namely, we work modulo N = p a prime number, and we have introduced an integer param-
eter 7 = mK. Here, we have also assumed that our fields are valued in FF,(7), and the ||
notation refers to expanding out as a square, i.e.:

o> =a? =0 for p=a+ib witha,be F,. (14.8)

In terms of our previous conventions where we view all physical fields as rational mor-
phisms between schemes, we also absorb the factor of A = p/27 into our definition of the
path integral phase. In terms of this, we reach our characteristic p action:

2
S = Zevu:x Z |Dapil> — B (Z% e 27") ) (14.9)

reX

In this case, we can apply all the machinery previously developed. One immediate ob-
servation is that in working mod p, it could happen that the discretized analog of the FI
parameter now vanishes. So, an expansion around £ = 0 and a super-Planckian FI parameter
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can in such cases appear quite similar in characteristic p.

Let us now turn to the vacua of the system. In characteristic zero we label these as zeros
of the effective potential, modulo U(1) gauge transformations. This defines a toric variety
Y and the procedure just outlined specifies a symplectic quotient:

Y = (C)"/JU(1). (14.10)

One can generalize this in various ways by including additional fields, as well as multiple
U(1) factors. Note that because we demanded that the ¢;’s sum to zero, we have a toric
Calabi-Yau space, but there are some additional constrains which are being imposed from
working in four dimensions. If we had considered the analogous problem in a 2D system,
we could relax these conditions further. For additional discussion of the 2D field theory
analysis, see e.g., [174].

With this in mind, we now consider the analogous class of questions associated with 2D
gauged linear sigma models with N = (2,2) supersymmetry. In this setting, the connection
to toric geometry becomes quite apparent. Two canonical examples of non-compact Calabi-
Yau spaces which are captured by such a symplectic quotient include O(—n) — CP"!
and O(—1) @ O(—1) — CP'. With suitable charge assignments, a positive value of the FI
parameter specifies the volume of the compact CP"™' and CP' factor. In the case of the
conifold, switching to negative values of the FI parameter signals a flop transition.

Consider next the related analysis in characteristic p. See for example [175] for some
discussion of toric geometry in characteristic p. In this case, we can still define an appropriate
quotient by a group action, but now it is of the form:

Y = (Fp@))"//U(L]Fp(?)). (14.11)

As an illustrative example, in the case of O(—n) — P"~! the D-term equation can be written
as:
o1 + [a” + . + [nl* — n|2|* = 2r. (14.12)

with fields ¢; of charge +1 and z of charge —n, with solutions identified modulo the group
action by U(1,F,(i)). Suppose we fix the value of z. In the characteristic zero setting, this
would define a P!, and we expect something similar to hold in characteristic p > 0 as well.
To see why, let us begin by introducing a copy of P”fl(IFp(/i\)) with homogeneous coordinates

(U1, oy U] ~ [Aug, ..., Auy| for A € Fp(7). A convenient way to parameterize the A € F,(7) is
in terms of a “radial part” and a “phase”:

A=c-pu, (14.13)

for ¢ € F, and o € U(1,F,(i)). Indeed, working over the ground field F,, we can build a
U(1,F,(i)) bundle over P"~! and the total space is of dimension 2n — 1 over the ground field
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[F,. This is the characteristic p version of constructing an S**~! as a circle bundle over cP .
Just as there, the affine quadric specified by the D-term constraint of line (14.12) provides
a convenient way to build an $>"1(F,). So, working modulo U(1,F,(i)) identifications,
we expect that the symplectic quotient specified by equation 14.11 does indeed define a
Pt (Fy(4))-

An interesting feature of this analysis is that provided 2r +n |z|* is non-zero, the number
of points in this P*! is always the same, even if we vary the FI parameter. To see this, we

note that our P"~! can instead be written as a coset space:

SU(n —1,F,(7)) x U(1,F,(7))

A~

and so given a single point in this space, we can use the transitive SU(n,F,(i)) group action
to reach any other point.

We can also count the number of such points. To do this, suppose that in the presenta-
tion in terms of the homogeneous coordinates [®1, @y, ..., @, ] the coordinate ®; is non-zero.
Then, we get an affine patch with coordinates ®;/®; for ¢ = 2,...,n. There are n — 1 such
coordinates, so we get a total of p"~! distinct points. Next, suppose that ®; = 0 but that
®, is non-zero. In this patch, we have coordinates ®;/®, for i = 3,...,n, and we get a total
of p"~2 distinct points. Continuing in this way, we can get all the way down to all ®; = 0
fori =1,...,n — 1, and we are left with the single point [0, ..., 1], which counts as just one
point. The total number of points is then:

1—p"

‘]P)n—1’ " g2 hptl= = (14.15)

We note that this is essentially a decomposition of P*~! into smaller constituents:
P l=A""9oA" 2 ® ... oA @ A (14.16)

More generally, consider varying the value of 7’ = 2r 4+ n|z|?. The D-term constraint can
then be presented as:
o1* + 2l + . + ol = 7, (14.17)

A~

modulo U(1,F,(¢)) transformations. If there were no symplectic quotient, we would just get
a copy of A", which has p" points. Varying r’ over F,, we see that there are (p — 1) non-zero
values, and one where it vanishes. So, the total number of points in A™ can be written as:

A" = (p— 1) [P + [P

, (14.18)

so we also learn that: .

I—p
1—p

P =" = (p—1) =1. (14.19)
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Consequently, if we now vary z, we see that we can visualize the total space as a collection
of P"~! spaces. These split into two types, ones where n |z|2 + 2r # 0, and those with
n \2\2 +2r = 0. We note that both can occur “frequently” when in characteristic p. Another
comment is that even as we vary the FI parameter, we do not recover a “macroscopic
geometry.” Indeed, each of our shells has a finite number of points.

As another example, consider the case of a conifold, namely a quadric. From the per-
spective of our U(1) gauge theory, we introduce two charge +1 fields uy, us, and two charge
—1 fields v; and vy. The point set is then captured by the condition:

jua + Juz|* = [va]* — [vaf* = 2r, (14.20)
modulo identifications by the U(1, ]Fp(/z\)) group action. Here, we observe another curiosity:
In characteristic p, the notion of r “positive and negative” does not really make sense. Of
course, the action r — —r does still switch the roles of the u and v coordinates, corresponding
to a flop transition, but we can no longer identify this with just continuing a Kahler class to
negative values.
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15 Geometric Engineering in Characteristic p > 0

As already mentioned in the Introduction, one of the motivations for the present work
is that some of the main tools used in constructing string vacua make use of techniques
from algebraic geometry, with little explicit use made of the actual spacetime metric in the
extra dimensions. This is usually viewed as a problem, because it means that many non-
holomorphic quantities of interest such as the masses of particles can at best be obtained
in some approximation scheme. On the other hand, the very fact that these constructions
are often formulated in the algebraic setting is a welcome feature in studying the passage to
characteristic p. Based on our physical considerations presented in section 3, we view the
resulting arithmetic geometries as the highly quantum regime of a string compactification.
This by itself is rather intriguing and seems motivation enough. Here we consider a variant
of geometric engineering [27-30] but in characteristic p.

Our plan in this section will be to make use of some of the more rigorously established
aspects of geometric engineering in characteristic zero, now transported to the characteristic
p > 0 setting. Our string compactification geometries will be Calabi-Yau varieties. This
means the canonical sheaf is trivial. We will be interested in geometric engineering, the
framework used to connect certain singular string compactification geometries to partially
twisted field theories. For a recent overview of geometric engineering in characteristic zero,
we refer the interested reader to reference [176]. For some recent discussion of Calabi-Yau
spaces over finite fields, see e.g., [80,81,76].

15.1 Higgs Bundles and Local Singularities

The first non-trivial example we wish to consider involves a correspondence between the
Hitchin system on a genus g complex curve Y with an ADE gauge group G, and a local
singular Calabi-Yau threefold Y comprised of a curve ¥ of ADE singularities.

For example, in the case of an Aj,;_; singularity, the singularity can be presented as the
hypersurface equation:
ry = M, (15.1)

where (z = y = z = 0) denotes the location of the curve. We will denote by Y; the smoothings
of the threefold. The physics of this system has been investigated in a number of papers, for
a partial list of examples see e.g. [29,177-182]. Let us briefly review the match between the
two moduli spaces, working at smooth points.

The correspondence involves matching the Hitchin moduli space to the moduli space
defined by the Weil intermediate Jacobian of the Calabi-Yau. In this correspondence, the
base of the Hitchin moduli space defined by Casimir invariants of a Higgs field maps to
smoothing deformations of the Calabi-Yau. The data of holonomies in the Hitchin system
maps to periods of a three-form potential defined on the Calabi-Yau threefold. On the
Hitchin system side of the story, we specify a pair (€, ®) consisting of a principal G bundle
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& and a Higgs field ®, which defines a map:
b:E—-ERKy, (15.2)

with a suitable notion of stability for the Higgs bundle. The first important match between
these two structures is the mapping between coefficients in the spectral equation of the Higgs
field (viewed as a hypersurface in the canonical bundle over ) and smoothing deformations
of the local Calabi-Yau threefold. In more detail, recall that the spectral equation for the
Higgs field in the fundamental representation is:

M
det(ullprsps — @) = ZciuM’i =0, (15.3)

=0

with u a section of the canonical bundle, and ¢; a Casimir invariant built from the Higgs
field, which we view as a section of (Kyx)®". These map to unfoldings of the singularity:

M
xy = ZciuM_i. (15.4)

The zero set of the spectral equation specifies a spectral cover of the original curve:

PIRES I (15.5)

Additionally, we can equip 3 with a line bundle E, and via the spectral cover construction
[183], the push-forward map under 7, generates a vector bundle. This line bundle can also
be viewed as being specified by a point in the Jacobian of f], and this in turn has a direct
analog in the smoothed Calabi-Yau threefold geometry Y; as a point in the Weil intermediate
Jacobian J (Y;).

An important feature of establishing this correspondence rigorously is that it can actually
be formulated algebraically, with no direct reference to metric data.*® Given everything we
have seen so far, it would seem natural to expect a correspondence over characteristic p to
also hold. Again working with respect to the A-type case, we expect that on the Hitchin
system side of the correspondence will involve an SL(N,F,) vector bundle £, and a Higgs
field

:E—ERKs. (15.6)

Encouragingly, we note that some work has been done on developing Hitchin systems in
characteristic p, and has even figured in the proof of the Fundamental Lemma of the Lang-
lands program (see e.g., [184-186]), and this fits in the broader discussion of formulating
Higgs bundles in characteristic p. A natural question to address in this direction would

48We thank R. Donagi and T. Pantev for discussions on this point.
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be to develop suitable comparison theorems from changing the ground field.*® Presumably,
the closest analog to the characteristic zero correspondence holds for the case of Fp, but we
expect that the more general situation over a finite field is also well-defined.

There are various generalizations of this basic correspondence. In characteristic zero, it
is also expected that we can instead consider a Kahler manifold S of dimension d equipped
with a Higgs bundle with structure group G an ADE group specified by the pair (£,®). In
this case, the expectation is that there is again a correspondence, but this time with a local
Calabi-Yau (d+2)-fold Y specified by a Kédhler manifold of ADE singularities (see e.g., [177,
190-192]). A non-trivial feature of the d > 1 case is the appearance of non-zero “bulk fluxes”
on the Calabi-Yau side, which in turn is expected to be specified (at a suitable smoothing
of the singular Calabi-Yau) by the Deligne-Beilinson cohomology [193,178]. While even this
has not been established in full generality, one expects that an algebraic correspondence will
also be available in this case as well.

Indeed, we observe that part of this correspondence is straightforward to establish, both
in characteristic zero and in characteristic p. For ease of exposition, we assume that the
canonical bundle of S is very ample. In this case, we can construct the spectral equation in
the total space of the canonical bundle for S, and match the corresponding Casimir invariants
with smoothing deformations of the Calabi-Yau Y. In all these cases, we expect that this
extends to meromorphic Higgs fields with singularities specified along various subspaces. As
a particular case of interest, observe that we can now specify a characteristic p version of
the Vafa-Witten system [194] on a Kéhler surface. This in turn suggests a potential way to
connect with the GL twist of reference [195], though in the geometric engineering setting,
this is usually not phrased as a purely holomorphic problem.’® For example, recall that in
characteristic zero, we can engineer N' = 4 Super Yang-Mills theory by working with type
IIB strings on a E x C?/T 4pg, with E an elliptic curve and C?/T spr an ADE singularity,
as defined by a singular hypersurface equation. This sort of geometry still makes sense
in characteristic p, so presumably we can use this to set up a characteristic p analog of
reference [195].

One difficulty we encounter in the characteristic p setting is that while there is a match
between smoothing deformations of the local Calabi-Yau spaces and deformations of the
spectral equation for the Higgs bundle, the extension of this to include the data of Deligne-
Beilinson cohomology is less straightforward. In particular, a point emphasized in refer-
ence [178] is that in the characteristic zero setting for Calabi-Yau threefolds, the behavior
of limiting mixed Hodge structures plays a crucial role in matching the data of the Weil
intermediate Jacobian of the Calabi-Yau threefold to the corresponding vector bundle data
of the Higgs bundle specified on a Hitchin system. But we have also seen in section 13 that

49As a recent example of how this ought to work, see e.g., references [187-189).

50Rather, the local model in question involves branes wrapped on the local Calabi-Yau fourfold 7* M,
with M, a four-manifold. It would clearly be interesting to determine whether a characteristic p version
of this story makes sense, particularly sense the GL twist figures prominently in the geometric Langlands
program [195].
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the structure of rigid cohomology enters in a structural way in our discussion of systems
with supersymmetry, especially with regards to using the lifting to the ring of Witt vectors
of the finite field. Doing so, we obtain a characteristic zero variety, and in that setting, we
can implement a p-adic analog of Deligne-Beilinson cohomology known as syntomic coho-
mology [196,197]. In that setting, we have two filtrations, as associated with the Frobenius
map and the Hodge filtration structures on crystalline cohomology. The combined Hodge
and Frobenius structures produce a filtered ¢propenius-module which plays the p-adic analog
to the Hodge structure given in the characteristic zero setting. Syntomic cohomology is then
derived from the Hodge and Frobenius structures, much as Deligne-Beilinson cohomology is
derived from the Hodge structure.’!

15.2 6D SCFTs and Topological Modular Forms

A fruitful approach to the study of quantum fields engineered via string theory is to use
six-dimensional superconformal field theories (6D SCFTs) as a starting point for generating
(via further compactification) a number of lower-dimensional quantum field theories. For a
recent review of 6D SCFTs and how they are engineered in F-theory via elliptically fibered
Calabi-Yau threefolds, see references [198,199]. Since we can equally well define such Calabi-
Yau spaces over different ground fields, this immediately provides an operational definition
of what one would mean for at least the Higgs branch moduli space, since this is controlled
by deformations of the defining equations (viewing the Weierstrass model for the elliptically
fibered Calabi-Yau as cutting out a possibly singular hypersurface in some ambient projec-
tive variety).5? One recent intriguing observation is that the compactification of a 6D SCFT
on a four-manifold provides a general template for realizing two-dimensional theories with
minimal N = (1,0) supersymmetry (see e.g., [200-202]). Now, as conjectured in [203,204],
topological modular form cohomology classes can be understood in terms of 2D supersym-
metric quantum field theories. Thus, the compactification of 6D SCFTs on four-manifolds
provides a route to generating topological modular forms [202].°3 In particular, the elliptic
genus of the 2D theory [210] specifies a four-manifold invariant, and thus relates the theory
of topological modular forms to four-manifolds [202].

Now, since we can also specify characteristic p analogs of four-manifolds, there is a natural
operation we can consider whereby we take the original base B of an elliptically fibered
threefold and replace it by a fibration B — M, over our four-manifold. Next, interpret this
as the base of an elliptically fibered fivefold. So long as the total space for the fibration
B — M, is specified by an algebraic equation, we can again introduce a Calabi-Yau fivefold,

51We thank D. Corwin for helpful clarifying comments on these points, some of which we have added here,
essentially verbatim.

52The tensor branch is specified by blowups of the base, and so it is not altogether clear whether this
notion will survive in the characteristic p setting.

53For surveys of topological modular forms, see e.g, [205,206], and for related physical discussions see
e.g., [202,207-209]. It is of course also tempting to extend these considerations to higher chromatic type.
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and this will generate 2D N = (0,2) theories. Taking the two-dimensional “spacetime” of
this effective field theory to be an elliptic curve, we see that the Weierstrass model of our
Calabi-Yau fivefold is more singular at primes p = 2,3. This is perhaps correlated with the
fact that TMF3 ~ 7Z/247. In any event, it would seem interesting to consider the mod p
reductions of various 6D SCF'T backgrounds, as well as their subsequent compactifications.

15.3 Non-Calabi-Yau Cases

In the context of string compactification, Calabi-Yau spaces amount to a special choice be-
cause they preserve some supersymmetry in the uncompactified direction. This is because
Calabi-Yau spaces admit covariantly constant spinors. As is well-known, this can be gener-
alized in various ways. First of all, one can relax the condition of SU(n) metric holonomy
for a complex n-fold, and instead only demand the existence of an SU(n) structure group
for the tangent bundle. This is especially prominent in the study of backgrounds with fluxes
switched on, and the resulting “uncompactified” direction is (at least in controlled examples)
an Anti-de Sitter space background. Insofar as we can start from a Calabi-Yau background
and then switch on such fluxes, we expect to capture such data by the choice of a back-
ground set of quantized fluxes, i.e., as captured by elements in H*(X,Z). This approach
has actually led to a number of recent insights in the arithmetic structure of flux vacua, see
e.g., [72,74,84,85,87,79]. In this sense, the program we have been advocating amounts to a
physical justification for the procedure of considering a string compactification “mod p”.

But there are also additional ways in which a string compactification can preserve super-
symmetry, to say nothing of the possibility of non-supersymmetric backgrounds and their
possible extra-dimensional geometric origins (whatever this may be). Here, we would like
to explain how to extend our considerations to such situations. Again, we find it helpful to
proceed by way of example rather than offer a single overarching prescription. To begin, let
us recall the characteristic zero case of a local seven-manifold with metric holonomy G, as
specified by the Bryant Salamon space [211]. This is given by a round S® equipped with the
left-handed spinor bundle S;. The resulting total space X is the fibration S; — X — S3.
Now, the important point for us is that this space can also be written as a real algebraic
equation. Indeed, introducing complex coordinates z; = x; ++/—1y; for j = 1, 2,3, we have:

Re (Z(zjf) = 1, (15.7)

j=1
for p € R. In terms of the real coordinates x; and y;, we have:

4 4

S @) =p+d () (15.8)

j=1 j=1
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and for p > 0, the minimal size S® of radius Vi sits at y; = 0, while for 4 < 0, the minimal
size S® of radius /=g sits at z; = 0.

While this construction seems quite tied to special properties of the real differentiable
structures, we observe that in equation (15.7), there is the closely related non-compact
Calabi-Yau threefold given by the smoothing deformation of the singular quadric (i.e., the
deformed conifold):

D (=) =n (15.9)

Assuming ;1 > 0, we see that this parameter sets the size of the base S? in the geometry
T*S3, as specified by the real equations:

4 4 4

D (@) =p+)d ()" and Zfﬁj’yy‘ = 0. (15.10)

j=1 j=1

Returning to equation (15.9), this defining space is Calabi-Yau, and can be formulated
over C, but any other ground field, including for example Fp, provided we now interpret
u € F,, where all notions of “big and small” are again somewhat meaningless. In particular,
we can still speak of the deformed Calabi-Yau, as specified by equation (15.9).

Let us now turn to the generalization to a suitable notion of a characteristic p G space.
Observe that in the case of the G5 space over R, this can be interpreted as the set of points
invariant under complex conjugation under Gal(C/R) ~ Z/27Z. By a similar token, we can
introduce the ¢*" Frobenius conjugation Zj > z;? on each coordinate. Formally, we can then
introduce the trace over the Frobenius map, and then consider the resulting point set. A
difficulty we face in this procedure is that whereas C is a finite extension of R, E, is a field
extension with infinite degree over IF,. So, the best we can do is introduce some representative
¢’ such that Fy is a finite field extension of F,. Then, we can write:

Trer e, (Z(zj)2> = 1, (15.11)

j=1
where now we have restricted to p € F,. More explicitly, we have:

d—1

(Z@)?) + <Z<zj)2> + .t (Z(zjf) = p, (15.12)

j=1 7=1 j=1

where d denotes the degree of the field extension Iy over F,. Insofar as we are simply adding
in additional points, we can consider the formal limit obtained by proceeding to Fp, but in
this case one would strictly speaking be dealing with an infinite number of equations and
variables over F,.
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Following this sort of procedure, we see that whenever we can specify a (G5 space in
terms of a real algebraic variety, there is a corresponding generalization to characteristic
p geometry. Of course, there are limitations to this approach because in many cases the
precise form of these algebraic equations is not known for G5 spaces! That being said,
even the existence of such a formulation shows that we can make sense of more delicate
structures such as Gy spaces. An additional comment here is that similar considerations
hold for Spin(7) spaces, and in some sense this case is “easier” because in the real setting it
has the same real dimension as a Calabi-Yau fourfold.

With all of this in place, we see that much of what we said about geometric engineering
in the Calabi-Yau setting can be extended to this more class of geometries. Indeed, there
has been recent progress in understanding the corresponding between manifolds of ADE
singularities and their corresponding characterization in terms of a partially twisted field
theory (see e.g., [212-219]). The main bottleneck, then, is simply that explicit presentations
of the requisite real algebraic varieties is not at present known, namely it is a technical (albeit
a non-trivial and important one), rather than a conceptual difficulty.
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Part 111

Mixed Characteristic and Beyond
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16 Lifting to the p-adics

In the previous sections we showed that there is a rich geometric structure present in the
special case where we take the reduced Planck constant to be p/27 for p a prime number.
Indeed, this allowed us to build up a formulation of physical fields based on geometry in
characteristic p. With the aim of eventually understanding how to make sense of the general
case:

_N
o’

we now consider a somewhat more general case where where N = p® Our plan will be

K (16.1)

to see how to recognize the appearance of emergent topological structures in this limit. In
particular we will show that this leads to a physical formulation over geometries in mixed
characteristic, namely the ground fields will be characteristic zero, but their residue fields
will be of characteristic p > 0. In section 21 we extend these considerations even further to
cover the case of N given by N = pi*...p%".

Now, since our starting point was a basis of fields with integer coefficients, we are free to

consider a p-adic expansion for any such integer ¢ of the form:>*

t=> tp. (16.2)

Working in terms of polynomials in Z,[us, ..., up], with Z, the ring of p-adic integers, we see
that we can also construct an action, and perform a similar p-adic expansion:

S=Y S, (16.3)

320

which truncates at finite order (for a given field configuration). Reduction modulo N means
that we simply drop the higher order terms in this expansion.

This p-adic expansion also shows that at least in the limit ¢ — oo, there is a natural
topology for our basis of fields and our action. To see how it comes about, we observe first
that for each n € N, the space Z/p"Z can be equipped with the discrete topology (each
point is both open and closed). Next, we can view the p-adic integers Z, as obtained from
the inverse limit (see Appendix I):

Z, =1imZ/p"Z. (16.4)
—

Consequently, we can equip Z, with the relative product topology. This turns out to generate
the same topology as we would get if we had just introduced the p-adic norm |- |, from the

54Tn mixed characteristic we do not need to tread as carefully in how we refer to “local coordinates” ¢ and
u versus “evaluation points” x, and so we will freely conflate the different choices so long as the context is
clear.
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start. Recall that for an integer ¢t = p"t’ with ¢’ relatively prime to p, we have:
ty =p". (16.5)

So, higher order powers in p are actually small corrections! Building the field of fractions
out of Z,, we reach the p-adic numbers Q,, and the p-adic norm extends in the expected
way (e.g. |[p"|, = p~"). The norm is non-Archimedean in the sense that it satisfies a much
stronger form of the triangle inequality. For ¢,t" € Q,, we have:

|+ 1], < max([t]y, [t'],) < [tlp +[t'],. (16.6)

Moreover, if |t|, # |t'|,, then we have the equality |t + t'|, = max(|t|,,|t'|,). Clearly, this
is a different notion of proximity from what one is accustomed to dealing with in using the
real numbers, but if all we consider is the integers, there is a priori no issue with introducing

such a norm.%®

Much as in our discussion of characteristic p > 0 geometries, we will also be interested
in cases where the ground field is taken to be a field extension L of Q,. The p-adic norm
extends to this more general setting since, if the degree of the field extension is n = [L : Q,],
we can take the Norm in the sense of Galois theory (i.e., the product over all Galois conjugate
values) to extend the p-adic norm for any « € L:

lal, = |N0rmL/Qp(a)|]1)/”. (16.7)

In all cases, L admits an analogous 7-adic expansion which is related to p, but the precise

nature of this expansion parameter depends on the degree of ramification in the extension.?®

Returning to the case where the ground field is @Q,, the specification of the coefficients
t; and S; in equations (16.2) and (16.3) is actually somewhat subtle. One’s first inclination
might to be just fix the coefficients according to coefficients valued in {0, ..., p— 1}, with each
of these having a clear interpretation in F,. This turns out to only work for the leading order
coefficients. The main issue is that we would like to have a suitable notion of coefficient-wise
addition and multiplication so that we need not worry about “carry over” from arithmetic
operations. The problem is solved by working with Teichmiiller representatives. At a prac-
tical level, this involves using p-adic coefficients which satisfy the relation w? = w in Z,.
A very non-trivial feature of the ring of integers is that all solutions to this equation are
actually elements of Z,.

55QObserve also that for any rational number ¢ € Q, there is an adelic relation by taking the product over
all primes []|t|, = é, so in this sense, knowing “enough about t at all primes” provides a reconstruction of
P

the corresponding real norm.

56Given L a field extension of K, we can consider the ring of integers O and Ok, and consider the
algebraic closure of a prime ideal p of Ok in Op. The resulting factorization into primes of O, namely
pOx = p7t..p5Op. We say the extension is unramified at the prime p if all e; are 0 or 1, and ramified
otherwise. See Appendix S for additional discussion.
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This is, in fact, part of the more general line of development associated with the ring of
Witt vectors for a characteristic p field, something we review in Appendix P. The key point
is that for components of two Witt vectors U and V', we do have a natural mod p*! relation
of the form:

U+V)i=Ui+V, (16.8)
(UV)i = UiV (16.9)

For our purposes, we mainly need to apply this formalism in the case of the p-adic integers
Z,. In that setting we can present each field ¢ as well as the action in terms of its Teichmiiller
representative. In this more abstract setting, we can now work with schemes defined over
Z,, reduced modulo p*.

With this in place, we can now set up a very similar line of development to what we ini-
tially considered in the case of physics over finite fields of characteristic p. In this case, we can
choose to consider bosonic physical fields as locally specified by polynomials in Z,[uy, ..., up].
All of the geometric flavor introduced previously still appears to make sense, provided we
interpret our geometric structures as varieties over the ground field @, reduced modulo p®,
or even better, as schemes over Z, reduced modulo p®. This latter feature also illustrates
that restricting to just polynomials with Z, coefficients should provide a suitable notion
of “convergence” of these power series. Note that there is also a natural boundary which
emerges in these geometries, since Z, consists of elements with p-adic norm less than or equal
to one (i.e., it specifies a disk).

Instead of dealing with the ring of Witt vectors for IF,, we can instead consider the ring of
Witt vectors for Fy, a degree n field extension of IF,. When we do so, the same procedure just
outlined produces a variety over QQ,, the degree n unramified extension of Q,. In this case,
we can again reference a ring of integers Z,, but now there are ¢ Teichmiiller representatives,
as specified by the ¢ roots in Z, satisfying w? = w given by 0 and the (¢ — 1) roots of unity
in Z,. So in other words, we can also consider the lift of our analysis for F, to the ring of
Witt vectors ;. Summarizing, in the totally unramified case, one has Q, as specified by
adjoining a primitive (p™ — 1)-th root of unity, and one has a m-adic expansion with m = p.

As another example, in the totally ramified case we can write Q, = Q,(p*/™). This in

1/n g primitive root of p

turn means that we should expect a w-adic expansion with 7 = p
in the unramified case. For more general (possibly ramified) field extensions, there is still a
m-adic expansion available, and 7 is then referred to as a “uniformizer”. See [220] for further
discussion. For further pedagogical discussion on these points geared towards physicists, see
for example references [12,13]. For some additional discussion on ramification for algebraic

number fields and local fields, see Appendix S.

Proceeding in this way, one can also speak of the separable algebraic closure of Q,,
denoted as @p. We comment that this space is not metrically complete, and adding the
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points of closure takes us to the space commonly referred to as C,.5

This illustrates a feature we have already encountered in our discussion of finite fields:
The notion of “dimensionality” itself is somewhat more subtle compared with the setting of
real spacetimes and target spaces. A common line of attack is to view each field extension of
Q, as adding a full dimension, but as we have already mentioned in our discussion of finite
fields, it is sometimes more appropriate to view such field extensions as filling in additional
points in a suitable “analytic continuation” of the space.

Now, from the perspective of our previous discussion where we focused on rational mor-
phisms:
p: X --»Y, (16.10)

we see that we can view the path integral in the p-adic context as associated with varieties
X and Y defined over a p-adic field. More precisely, once we fix N = p® we can consider
morphisms involving the reduction mod N = p?, i.e.:

oy + Xy - Y. (16.11)

That this can make sense follows from the fact that we are free to reduce the ring of Witt
vectors mod p® to a ring W) and we are free to consider morphisms over schemes defined
over this ground ring. Given this set of morphisms, we can attempt to lift these back to
rational morphisms X --+ Y defined over our p-adic field. Proceeding in this way, we obtain
a regulated notion of a p-adic path integral, as specified by how large we take the exponent
a appearing in N = p®.

The formal procedure for defining correlation functions works much as we have already
specified in the context of morphisms of schemes defined over finite fields. In particular, we
note that the operators of interest will again be given by various C* valued characters. For
example, for a morphism to the affine line:

¢ X --» AYQ,), (16.12)

we can consider the character:
x:Q, —» C*¥, (16.13)
t — exp(2mi{t}), (16.14)

where {t} just means that we drop terms mod p. In terms of our previous discussion
involving characters over finite fields, we can emphasize the mod p® nature of our operators

57"More generally, given a field K with a norm, it is customary to write K to denote a separable algebraic
closure, and Cg to denote its metric completion.

125



by considering operators such as:

271
p(l

o) = exp (2 001, ). (16.15)
namely we only consider the portion of the morphism valued in Z,. With the eventual aim
of passing to a smooth p-adic limit, it seems clear that we can use either presentation of the
character map.

Now, carrying things out in this way, we also see that the path integral as specified by
morphisms reduced mod p® comes with a natural notion of ordering which is complementary
to the one we discussed for finite fields. Recall that in the finite fields case, we face the
subtle point that because “everything is periodic,” there is at best only a local notion of
time ordering available, and this itself depends on choosing a particular generator for the
additive group (F,,+).”®

In the p-adic context, we see that there is another way to partially order elements, as
specified by the p-adic norm. Observe that for ¢ € Q,, we can write any non-zero element as
t = p™u for some integer m and |u|, =1 of unit norm. This is very akin to what we have in
radial quantization of a 2D conformal field theory, where the radial direction of C* serves as
a notion of time, with transverse circles serving as the spatial direction. This notion of p-adic
ordering is thus quite natural. Indeed, observe that for each p-adic slice (as specified by a
power of p™), we get the unit norm elements. So, we can evaluate at each shell sequentially.
Let us also note that this is different from the ordering one would get from the Archimedean
completion of the rationals QQ inside R. In that sense, there is an order of limits issue which
affects how we evaluate our path integral over morphisms. See figure 8 for a depiction of
this notion of “radial ordering”.

In fact, a helpful feature of working over the p-adics is that we can then also speak of an
emergent topology in the large a limit. In the case of characteristic p varieties, we already
saw hints of this emergent structure in our discussion of crystalline cohomology. Here, we
see it appearing again, albeit in a somewhat different guise. Let us also note that this also
provides a more refined topology than both the Zariski topology and the étale topology that
are implicit in our earlier treatment of characteristic p spaces. Returning to our very brief
discussion of symmetric bilinear forms defined on T*X ® T* X, we see that the corresponding

p-adic expansion:®”

hw = > _hip', (16.16)

)

also means that there is a suitable notion of a metric for such schemes.

As an amusing application, consider points in the 2D “spacetime” obtained from Q, x Q,

58Recall, however, that we do have a notion of “fast and slow” modes as specified by the degree of a
morphism. This in turn provides a notion of past and future.

59Compared with earlier, we now label the spacetime indices by Greek rather than Latin indices since here
a refers to the exponent of a prime power.
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! ! : > 1],
p~m p p"

Figure 8: Depiction of radial quantization for Q,. This provides a notion of “time ordering”
for evaluating correlation functions generated by the path integral for morphisms between
p-adic varieties.

with h,, specifying the standard symmetric bilinear form of Minkowski space, namely we
can set:

hpats” = (2°)? — (z)2 (16.17)

If we restrict to coordinates valued in the rational numbers, we can speak of timelike values
huatz” > 0 and spacelike values h,,z"x”, as well as the lightcone h,,x#z” = 0. In the
extension to Q, where there is no complete ordering, only the notion of the lightcone persists.
Another comment here is that in the reduction modulo p?®, we see that a lightcone can take
the form:

2% = 2! + ap”, (16.18)

which makes sense in any characteristic. So in other words, a single lightcone defined in
characteristic p® breaks up into several disjoint lines inside of Q x Q. Consider the large a
limit. In the real topology these lines get further and further away from one another, but in
the p-adic topology these lines get closer and closer together!

Of course, the p-adic numbers are also rather far removed from our usual notions of metric
and distance, at least as far as they are applied in many continuum physical problems. We
now argue that in the large p® limit, this sort of structure also naturally appears. To see
why, we note that in evaluating our correlation functions, we actually make implicit reference
to the metric on C*. This follows simply from the fact that our action principle is really
formulated in terms of additive characters of the given ring, namely we have:

exp <%S> e S' c C*. (16.19)
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Convergence with respect to the metric on C* is of course a very different notion from that
specified by the p-adic norm, and gives rise to a completely different sort of topology and
notion of “proximity.” In the context of our quantum theory, however, we see that actual
probabilities / expectation values as computed by the path integral still implicitly make
reference to this real metric structure. This raises an important subtlety: if we blindly
take the entire infinite series in the p-adic expansion, then we will often produce numbers
in Z, which are no longer integers. Even so, the notion of a map to C* still makes sense
because when we reduce modulo p*, we get back an integer and the corresponding character
is well-defined.

Another helpful comment here is that Mahler’s theorem [221] tells us that for any con-
tinuous function f : Z, — @Q,, we can obtain an arbitrarily good approximation using a
convergent sequence of polynomials f,, € Q,[x]. In this sense, the restriction to polynomials
we have been considering earlier is actually not much of a restriction at all, at least in the
p-adic setting!

Evaluating on a given physical field configuration, the action can still converge in either
topology, it just depends on how we take the large N limit. One might argue that for
evaluating correlation functions the actual quantity of interest is:

1 1 1
—S=85,+-S,_1+ ...+ —5o, (16.20)
e D p*

with the leading term set by S,. In this case, convergence is best thought of in terms of the
usual real numbers. We can pass between these two expansions through the formal mapping:

Q, < R (16.21)
pa

A= h=1 16.22
5 ¢ (16.22)
S+ Sa_j. (16.23)

To get a character map which converges in C*, we need to truncate the p-adic expansion so
that p~®S remains small in the real topology. This means that for a fixed value of N = p®
we would need to truncate to terms of degree p®~! or lower:

a—1 a—1
L~ tip) and S~ Sipl. (16.24)
=0 =0

We take this to mean that as we pass to the extremely quantum regime where 2 — o0,
we actually recover a semblance of standard quantum fields. Note also that the “classical
limit” corresponds to holding the expansion degree fixed at some maximal j,,.x and sending
a — 0.

So, depending on how we take our large N limit, we can approach either the p-adic or real
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topology. If we take the limit at the level of the action, then we pass to the p-adic topology
whereas if we take the limit in the space of characters valued in C*, then we instead pass to
the real topology. In the latter case where we use the truncated p-adic expansion of equation
(16.16), this also provides us with a metric on our spacetime. Let us note that in the lattice
approximation discussed in section 3 as well as the worked example in Appendix A, there is
a sense in which we are still referencing the standard real topology by performing “nearest
neighbor differences.” In such situations, the passage back to the continuum is the standard
one. In the more abstract setting based on polynomials, more care as warranted, but the
above procedure shows how to accommodate this situation as well.

Our plan in the remainder of this section will be to study some of the structures we
can expect to recover in the case where we first take an order of limits where our physi-
cal field configurations are associated with morphisms between p-adic varieties. This is the
“purest” notion of lifting our characteristic p considerations to a full p-adic expansion. That
being said, we will also aim to see how our considerations fit with other notions of physical
and mathematical p-adic structures, but we defer this to sections 18, 19 and 20. A related
comment is that the proper treatment of differential equations requires us to specify some
additional topological structure, as would come from a suitable analytification of the under-
lying p-adic spaces, a topic we will motivate from a physical perspective in section 20. So
long as we are willing to tolerate various formal manipulations (as is customary in physics
anyway ), then the ordering of topics as presented here should not cause much of an issue.

Our first aim will be to show that our characteristic p starting point provides us with a
way to specify an action principle. At least in suitable neighborhoods, we can formulate our
field configurations in terms of power series in local variables. That also means that we can
take derivatives of these power series, much as we would in working over R and C. In fact,
precisely because such formal power series expansions provide a general method for solving
many differential equations, we can essentially borrow the corresponding solutions to these
differential equations over the real and complex numbers, but now working in the p-adic
setting. Aside from the fact that we are here being somewhat glib about the underlying
analytic structure associated with our differential equations, we also face the fact that the
radius of convergence for these power series is often different as we vary the ground field. As
a canonical example, consider the exponential power series:

exp(t) = Zg (16.25)

n>0

For t € C, this converges on || < oo, but for t € C,,, the radius of convergence is p~ V1) <1
namely the series converges for |t|, < p~%/~1) < 1 (see Appendix Q for a brief review). An-
other prominent example which figures in the study of local systems with p-adic monodromy

129



is the logarithm function, with power series expansion:

log(1—t) =) - g (16.26)

n>0

which has radius convergence of one, namely the series converges for |t| < 1, much as in the
real and complex setting. Conversely, there are power series which we can define which have
a large p-adic radius of convergence there, but with a rather small radius of convergence over

the real and complex numbers.5°

Our second aim will be to illustrate that we can make sense of a quantum theory in
this setting. In particular, we discuss the interpretation of the Schrodinger equation, as
well as wave functions, and how to extract probabilities valued in the real numbers. The
main stumbling block here is that we will need to give an interpretation of quantities such
as the Hamiltonian operator when they have p-adic valued eigenvalues rather than real
valued eigenvalues. Since we have already given a quantum mechanical interpretation for
the Hilbert space of states associated with physics in the characteristic p setting, there is
a lifting procedure we can adopt to obtain a corresponding Hilbert space of states in the
p-adic setting. This means, for example, that the wave functions of our system will still be
complex valued, but that the field configurations themselves will be p-adic valued.

16.1 Action Principles

The first issue we face in trying to specify a field theory with p-adic valued fields is how
to make sense of classical mechanics and quantum mechanics. Our approach in previous
sections has mainly centered on the structure of the action, so we begin by revisiting the
interpretation of this quantity in our setting. The main idea is that when we consider the
character exp(iS[¢]/h) with h = p®/27, we can consider a formal sequence where we increase
the exponent a. In this sense, each individual action can be evaluated using the same finite
sums we have been using in the characteristic p setting. In fact, if we retain this definition,
then our physical fields will, in the simplest setting have coefficients in Z, rather than Q,.
If, however, we absorb the powers of A into our definition of the fields, then we can consider
the closely related character exp(2mi{S[¢]}), but where now ¢ can have p-adic coefficients.
Here, we have included the brackets “{” and “}” to serve as a reminder that the action is
still valued in the p-adics, but that we are then applying a character map to pass over to

60As an extreme example, consider the series defined by:

f£)y="> nlt". (16.27)

n>0

Using the same estimates presented in Appendix Q, we have that the p-adic radius of convergence is p!/(?—1).
Over the real and complex numbers, however, the only value of ¢ which leads to convergence is the trivial
case of t = 0.
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Cx.

The reason we have belabored this point is that since we are assuming p-adic valued
physical fields, it is a bit awkward to directly work with quantities such as p-adic integrals,
which would return real numbers for the measures of sets. In a sense, we are still introducing
a measure, but one which is induced from working with the characters valued on C*. Let

us also remark that there is a notion of residue integral as developed by Coleman [222] and
Berkovich [223].

With these comments in place, we can now proceed to write down Lagrangians, much as
we would in the real setting. As an example, consider morphisms from the affine line to the
affine line, as specified by maps ¢ : A'(Q,) — A'(Q,). We can work either with polynomials
of bounded degree, namely elements of Q,[t], or as is customary in the physical setting,
we can view this as implicitly specifying a power series for Q,[[t]]. We can also extend to
rational functions provided we specify prescribed boundary conditions at the locations of the
poles. In any case, the main point is that we have a variable ¢, and so we are free to take
“ordinary derivatives” of these expressions. Given such a ¢(t), it then makes sense to write
down Lagrangians such as:

Llg] = %(&d))z —Vi(9), (16.28)

just as we always would. The Euler-Lagrange equation simply specifies a differential equation
for ¢(t), and makes sense in this setting as well. By the same token we can also introducing
a conjugate momentum (t), and consequently it also makes sense to define a Hamiltonian

such as: ,

Hlp,m] = % +V(9), (16.29)

and develop Hamilton’s equations for motion through the corresponding phase space. By
design, none of this is very different from the standard setting, all we are doing is interpreting
these expressions as having p-adic coefficients. All of this extends in the standard way to
higher-dimensional p-adic spacetimes, so we leave this implicit.

There is also not much difference in how we set up the explicit path integration provided
we remember to always reduce mod p® and only later take a — oo. We shall not attempt to
determine whether this limit always exists, but will simply assume it does and explore the
consequences. As far as correlation functions go, the natural quantities to consider are again
closely tied to C* valued characters such as exp(i¢(t1)/h), in the obvious notation.

Before proceeding to a discussion of the quantum case, it is already interesting to
study the special field configurations which produce a stationary complex phase. In the
Archimedean setting, such stationary phase contributions are interpreted as “classical” con-
figurations because the ones for which the complex phases of quantum mechanics can all add
up constructively for a macroscopic object. By abuse of terminology, we can again refer to
these as classical configurations, though the fact that we are working p-adically means that
there is an inherently quantum nature to our discussion. Putting aside such concerns, we
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observe that the principle least of action will produce a p-adic differential equation for ¢(t).
To illustrate, consider the case of the harmonic oscillator, with Lagrangian:

1 0?
L =5 (09)* = 6" (16.30)

where 2 € Q, is some p-adic number which in the real setting we would interpret as a
characteristic frequency. The Euler-Lagrange equations describe configurations of stationary
action, and amount to a ¢ (t) which satisfies the p-adic differential equation:

O2p(t) = —Q%o(t). (16.31)
The general solutions take the form:
Gosc(t) = Ay exp(iQt) + A_ exp(—if2t), (16.32)

which we interpret as a power series in the variable t. Here, i = /—1 € Qp(\/—_l), and
Ar € Qu(v/—1) such that ¢(¢) is invariant under Gal(Q,(/—1)/Q,), in the obvious way.
These expressions converge provided we restrict to |Qt[, < p~/®~. See also [36,224] for
some related discussion of the p-adic harmonic oscillator.

Recall that in the real setting, one would get a very similar set of solutions, but {2 would
have the interpretation as setting the period of oscillation, namely Tperioa = 27/€2. Here,
such a notion is more problematic, because the analog of 27i in the p-adic setting is rather
subtle. The main issue is that there is no clear notion of a non-constant “periodic function”
in the p-adic valued setting. Indeed, observe that for any putative f : Q, — Q,, periodicity
would mean f(t + p™T) = f(t), but this in turn forces f to be constant since p™7 has
decreasing p-adic norm as m increases. We also observe that in that setting, the domain of
t is not restricted at all.

Our analysis of fermonic systems and supersymmetry also naturally extends to the p-adic
setting, since we essentially formulated our entire analysis using in terms of polynomials of
arbitrary degree anyway, and we can apply a standard lifting from characteristic p to the p-
adics. Indeed, as we already remarked in our discussion of crystalline and rigid cohomology,
the supersymmetric quantum mechanics that we introduced implicitly makes reference to
such a lifting in the first place.

16.2 Aside on Moduli Spaces

Now, in the standard physical setting, there is a well-known interplay between the vacua of
certain supersymmetric field theories and the associated moduli of the target space. This
is especially prominent in the case where the field theory is a non-linear sigma model with
target space a Calabi-Yau variety. When available, it can prove convenient to characterize
this non-linear sigma model as the infrared fixed point of a gauged linear sigma model (of the
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sort briefly discussed in section 14). Computations of quantities such as the period integrals
can then be recast in terms of correlation functions in the corresponding field theory.

One might ask whether we should expect a similar correspondence to hold if we simply
switch to characteristic p or the p-adics. An immediate objection is that the notion of a
“period integral” itself becomes somewhat more challenging to define in this setting. For
example, in the case of a Calabi-Yau n-fold with n odd, we would need to integrate the
holomorphic n-form over a real odd-dimensional cycle. The situation becomes even more
problematic since we would seem to need a notion of “contour integration” which may or
may not persist.

On the other hand, one of the governing features of these sorts of moduli problems is the
existence of a Picard-Fuchs differential operator Lpr which acts on the periods II via the
equation:

The main point we wish to emphasize is that because our analysis has been largely algebraic,
the existence of this sort of Picard-Fuchs differential equation also makes sense in the p-adic
setting. So, we can at least formally definition a notion of moduli and period integrals as
specified by the Picard-Fuchs differential equation which they satisfy.

In fact, historically, at least, building examples of “well-behaved” p-adic differential
equations often has a strongly geometric character of this sort. This in turn has a re-
markable correspondence with counting points on geometries in characteristic p! For some
discussion of the associated “Dwork theory” in various contexts, see for example refer-
ences [163-165, 225, 166, 82, 226, 84-86]. From our present perspective, this is also rather
natural to expect because the process of counting points on a characteristic p variety is
closely tied to the cohomology theory specified by our supercharge(s) Q.

16.3 Quantum Considerations

The analysis of the previous subsection was classical in nature in the sense that it involved
specifying an action principle, and then extracting various p-adic differential equations from
a principle of least action. This also extends to other geometric quantities such as the moduli
space of a target space, where there is again a differential equation governing the quantities
of interest (such as the Picard-Fuchs equations for periods).

Here we ask whether our notion of path integral provides us with a sensible notion of a
quantum theory. For some complementary perspectives on p-adic quantum mechanics, see
for example [36,227]. To a certain extent, we can just mimic what we have already done
in the even more extreme case of working over a finite field. Recall that in that setting, we
introduced a basis of states as specified by morphisms, and then constructed the free vector
space over C. In this setting, the phase factor of the path integral exp(iS/h) is a character
map. Nothing much changes in the p-adic setting if we set A = p®/27 with @ — oco. Similar
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considerations apply to the construction of operators: So long as we confine our analysis
to correlation functions involving characters built from physical fields such as exp(if(¢)/h)
with f some polynomial in the physical field, it seems clear that we can at least formally
compute correlation functions.

On the other hand, given the fact that we now have access to additional structure such as
p-adic differential equations, we might ask whether we can also demand more, such as a p-adic
Schrodinger equation. For this to make sense, we can formally think of a “wave function”
as a power series with p-adic coefficients. This would of course obscure the Born rule, but
it at least illustrates that at the level of spectral theory, we can speak of a formal space
with linear operators which act on it. What is somewhat more awkward is that refining this
structure to include a Hermitian pairing (or even a norm) with desired physical properties is
more suited to working over C; this is simply because the quadratic extension Q,(y/—1) does
indeed have a notion of “complex conjugation,” but it naturally leaves open the question
about how to treat vectors over the field C,. On the other hand, it is not clear that we
need to make sense of such an operation since if we deal with just character valued maps,
we already have the standard complex conjugation operation available from working on C*.

Since, however, our procedure is mainly algebraic in nature, we can proceed by considering
a basis of formal functions constructed locally as power series in Cp[[x]]. Then, we can
introduce linear operators such as the position and momentum operators Opos and Opom in
terms of their action on these:%!

-~

O () = /() (1630
Ouom (1) = 0.5 2), (16.3)

where i = /—1 € C,. In the p-adic setting, the significance of the factor of 1/i is more
obscure because as we already mentioned, we do not have a direct notion of inner product
directly on C,, but rather must appeal to a character map construction. One can then, for
example, construct a p-adic Hamiltonian operator such as:

H = —ad?+ BV(z) (16.36)

for some o, 8 € Q,, and study the corresponding eigenvalue problem for the p-adic differential
equation:

Hf(z) = Ef(z) (16.37)

61The present treatment clearly favors a position basis, and one might ask whether we can work in terms
of the conjugate momentum basis instead. We can of course, define a related power series expansion in the
momentum variables involving elements of C,[[k]], but to complete the circle of ideas, we would need an
analytic notion of a “Fourier transform,” something which is more awkward to come by in the algebraic
setting. We can, however, perform such a Fourier transform by working in terms of the C* valued characters
of operators, so we expect such a relation to hold even here. It would be interesting to spell out such a
correspondence in more detail, but such concerns will not play much of a role in what follows.
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for E € C,. Of course, we can generalize beyond just position and momentum variables to
include quantities such as spin and angular momentum.

Now, in the Archimedean setting the Hamiltonian is the generator for time translations,
and so it is natural to ask whether this also works in the present case. One’s first inclination
might be to consider a purely p-adic time evolution by introducing a Schrédinger equation
such as H f (x,t) =70 f(x,t). The main difficulty compared with the Archimedean situation
is that setting v = ¢h is not particularly canonical since we have already mentioned the
difficulties with specifying a purely p-adic notion of Hermitian conjugation.

At a practical level this sort of notion is not particularly necessary to make sense of
time evolution. Again taking our cue from the finite field case, we assume that we our
linear operator His diagonal. In that case, it makes sense to construct a character map for
each individual eigenvalue, namely exp(iE/h) € C* for each E a p-adic eigenvalue. For a
rational morphism ¢ : X --+ Y locally expressed in terms of a p-adic power series, it is also
clear that the physical state |¢g : X --» Y) is an eigenstate of exp(iH /h) with eigenvalue
exp(iE/h). Then, for a collection of such morphisms, we can even build linear combinations
of these energy eigenstates. This provides us with a notion of unitary time evolution on more
general physical states. A final generalization amounts to asking about what happens when
H is presented as a matrix which is not diagonal. Here, we make the assumption that all
entries in H are given by elements in C,, but that all eigenvalues are p-adic valued. In this
case, we adopt the practical procedure of working modulo p*. Then, we can always replace
i by a representative with coefficients in the ring of intAegers for @p, and which we truncate
at order truncated at order p®, which we denote as {H },.. Since that matrix has entries
which also make sense over C, the evaluation of the character in this case is well-defined.
This shows that the notion of time evolution does make sense in the p-adic setting. Observe
also that in the regulated case where all eigenvalues of H are assumed to be in Z,, and we
set A = p®/2m, the match to Archimedean notions of time provides us with a “minimal time
step” as captured by ty, = 27/p® € R.
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17 State Counting and Period Integrals

As an intriguing application of these considerations, we will also illustrate how the structure
of certain Picard-Fuchs equations prevalent in the study of certain supersymmetric systems
naturally appears in this setting. The main idea is that arithmetic moduli space problems
can be analyzed in terms of a corresponding p-adic differential equation. This enters in a
very concrete way in a number of physical settings, especially in the study of supersymmet-
ric vacua with eight or more real supercharges. Celebrated examples include the analysis
of 4D N = 2 quantum field theories using Seiberg-Witten theory [228,229], as well as their
counterparts involving compactifications of type II string theory on a Calabi-Yau threefold.
So, at least at a formal level, we should expect there to be a natural link between the cor-
responding mathematical objects appearing in string compactification and their arithmetic
counterparts [80-86]. Of course, in matching to physical considerations we ought to demand
more, and we expect the considerations spelled out earlier to provide such a mode of analysis.

Roughly speaking, we ask the following physically motivated question. We know that
for 4D N = 2 supersymmetric vacua there is a Coulomb branch of moduli space with flat
coordinate(s) u. Once we couple to gravity, we expect there to be a maximum field range
we can entertain before the effective field theory breaks down. Working in Planck units so
that u is dimensionless, we have:

|u] < [tmax], (17.1)

Where here, we have presented the relation in the case of a one-dimensional Coulomb branch.
It is also natural to posit that there is an infrared cutoff, which we interpret as a minimal
step size to the field range allowed in our model. The assumption of arithmetic discretization
amounts to the condition that both the complex phase and magnitude of u are discretized.
Specializing to the case of of real values®? for u, we assume:

e _ N ez, (17.2)
Umin
and we shall interpret this in the same way already outlined in section 3, namely we work
in terms of an effective h = N/2m. For more general complex values of u, it seems natural
to restrict to the case where each w is actually an algebraic number, i.e., belongs to a finite
field extension of Q.

Having motivated our approach to discretization, we now ask about the profile of our
theory in the special case where N = p® with a taken very large. It is here that we enter the
realm of a p-adic geometry for the Seiberg-Witten curve, and its reduction on the residue
field to a geometry over a finite field. Our plan in the remainder of this section will be to
study the resulting period integrals in this setting, as well as the potential relations between
BPS state counting and the Zeta function of the curve. To this end, we first recall some

62As a brief aside, one reason for restricting to real values is to demand time-reversal invariance in the 4D
theory, much as in reference [230].
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basic elements of Dwork theory for the Legendre family of elliptic curves, and then turn to
an application and generalizations of these considerations in the context of Seiberg-Witten
theory.

17.1 Periods of an Elliptic Curve

To make our discussion a bit more concrete, let us consider the explicit example associated
with the Legendre family of elliptic curves:

y? = x(x —1)(z — u), (17.3)

with u € P1\{0,1,00}. A classic question in arithmetic geometry is to determine the number
of I, rational points as we vary u. This in turn can be related to the Picard-Fuchs differential
equation associated with this moduli problem [163]. We now briefly review this following for
example reference [231] and then present a few physically motivated generalizations.

We begin by interpreting the elliptic curve over C where there are well-known expressions
for the associated period integrals. These involve integrals of the meromorphic one-form dz /y
as given by:

wu) = do . (17.4)

Va(z —1)(z —u)

We can obtain the Picard-Fuchs differential equation by also computing further derivatives

with respect to w:%3
1 dx
Oy - 17.5
Y73 Vel —1)(z —u)? (17.5)
3 d
Pw =" i (17.6)

“ 4\ /z(x —1)(z —u)®

Then, one can explicitly verify that a specific linear combination of these derivatives can be
expressed as a total derivative:

w(u — 1)0%w + (2u — 1)duw + iw - —id (\/x ?x__li(; - “)) , (17.7)

so the corresponding period I satisfies:

1
u(u — 1)O2TL + (2) — 1)9,IT + =0 (17.8)
which is solved by the hypergeometric function F(3,1;1;u) (i.e., 2F1(3, 3;1;u)). More gen-

63Strictly speaking we should perform this computation using the Gauss-Manin connection, but because
u is a flat coordinate, the present treatment suffices.
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erally, recall that the hypergeometric functions F'(a, b; ¢; u) satisfy the differential equation:
u(u — D)?F + ((a+ b+ 1)u — )0, F + abF =0, (17.9)

which in turn can be expressed in terms of a power series:

(@)m(D)m 1

F(a,b;c;u) = —u™, (17.10)
mzzo ()m m!
where in the above, we have:
r 1)... —1
(a), = Satm) _ala+]) ("‘ tn-1) (17.11)

The appearance of such solutions to differential equations is rather ubiquitous in mathe-
matical physics, and readily extends to a variety of settings. For example, in reference [232],
the case of the Bessel function Jy(u) and the p-adic interpretation of its differential equation
is also considered in some detail (see also [233]).

17.2 BPS States and Seiberg-Witten Curves

Such period integrals also play a prominent role in a number of theories with eight real
supercharges, including those which appear in Seiberg-Witten theory. In fact, the original
presentation of a Seiberg-Witten curve given in [229] involved an elliptic curve in the Leg-
endre family (up to an unimportant shift in coordinates), and this can also be generalized
in numerous ways (see e.g., [228]). From our present perspective, what is important in
Seiberg-Witten theory is that we specify a genus g curve with marked points, along with a
meromorphic one-form Agy . Integration along the A- and B-cycles of the curve produce a
set of period integrals, denoted as:

CLZ-D = //\SW and aj = /)\5{/[/, (1712)

B Aj

which depend on a set of flat coordinates for the moduli space, u’. Moreover, the period
matrix of the curve is encoded in the matrix:
daP

T = (17.13)

All of these period integrals are subject to Picard-Fuchs differential equations. See for
example [234,235] for some examples of this sort. The important point for us is that at least
in the region of large complex structure, these differential equations have explicit power
series presentations with rational coefficients, and this in turn means that they also exist
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p-adically.

Compared with the complex analytic case, the continuation of these solutions to other
regions of moduli space is more challenging. This is one of the essential features in the
study of p-adic differential equations, namely that there exists a suitable notion of “Frobe-
nius structure” which enables one to extend these power series solutions to a larger radius
of convergence. Roughly speaking, one first considers the reduction modulo p, and the cor-
responding Frobenius action on the characteristic p geometry. Then, a suitable lift back to
a p-adic space provides a filtration on the differential modules of the geometry. This refine-
ment can then be tracked, and provides a way to specify the profiles of these solutions to
the differential equations.

Another quite important element in the physical theory is the location of massless states,
as obtained by varying the moduli of the Seiberg-Witten curve. If one were to integrate
out such states, one would find a singular effective action. Such singular behavior is also
reflected in the geometry of the Seiberg-Witten curve. For example, in the Legendre family
(written in Seiberg-Witten’s coordinate system) y? = (z — 1)(z + 1)(x — u), the singularities
at u = +1 and v = —1 are associated with states with magnetic charge becoming light,
while the singularity at u = oo is associated with the limit of large W-boson mass. In the
process of passing around such a singularity, the periods a? and @/ undergo monodromy,
being acted upon by an element from Sp(2g,Z).5

Does the notion of “monodromy” have a p-adic counterpart? To a large extent, the key
point for us is that there is a corresponding monodromy action in both the complex analytic
setting and the p-adic setting, a point emphasized for example in [236]; In the complex
analytic setting this involves limiting mixed Hodge structures, while in the p-adic case there
is again a suitable notion of weights. A quite abstract and general account can be found in
chapters 20 and 21 of reference [237], as well as references therein. The main idea is to frame
in purely algebraic data the singular structure of solutions to p-adic differential equations.
In this algebraic setting, we can then observe that there is a notion of monodromy which
acts on appropriate cohomology groups of the ambient geometry, and its reduction mod p
(i.e., reduction to the residue field).

The structure of monodromy follows basically the same contours as what was already
outlined in our discussion of the winding modes and the étale fundamental group. To set the
stage, we first provide a more formal treatment of the local monodromy group action in the
complex analytic setting, following the discussion in, for example [236,238]. Suppose we are
considering a family of elliptic curves F, such that there is a singular point at v = u,. We
can construct a corresponding disk A*, and consider the fundamental group m(A* u) ~ Z,
where u is now associated with a generic point in the family. The fundamental group specifies

64We remark that in many physically relevant situations, including that associated with the Legendre
family of of curves) the isogeny class of the curve is quite important so one is limited to a finite index
subgroup of Sp(2g,7Z).
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for us a monodromy group action which acts on the cohomology of the elliptic curve:
(A u) - HY(E,, Q) = H'(E,, Q), (17.14)

and we label the corresponding “monodromy generator” as 7. This is a quasi-unipotent

operator, and we can also associate to it a nilpotent monodromy operator N = log(1 +T').%

In the arithmetic setting there is a close analog of the fundamdental group provided by
the inertia group of a field extension, and this extends to varieties over non-Archimedean
and finite fields as well. To illustrate, consider K a non-Archimedean field (in our case
this is just a finite extension of Q,), and a field extension L/K. Then, we can also form
the corresponding residue fields by quotienting the ring of integers O and Ok by their
respective maximal prime ideals.%¢ Call these residue fields x;, and xg. Then, we have the
short exact sequence:

1— [L/K — Gal(L/K) — Gal(/'iL/FLK) — 1, (1715)

and we refer to I,k as the “inertia group”. To see the connection with the étale fundamental
group, observe that if we take L = K the algebraic closure of K, then Gal(ky/kg) ~ Z.
Now, from general properties of f-adic cohomology theory, we also have that Gal(L/K) acts
on HY(E,,7Z;), and as such, so too does the inertia group. The generator of the inertia
group serves to specify the action of “monodromy” in the p-adic setting. Importantly, there
is a generalization of these notions to the case of rigid cohomology simply based on the
algebraic structure of the corresponding p-adic differential equations for the solutions to the
Picard-Fuchs differential equations. As such, we see a quite strong analogy between the
physical and arithmetic structures present in both settings. In Appendix T we present a
first approximation of these notions by tracking the analog of monodromy actions on the
(-adic cohomology of an elliptic curve.

As an additional remark, we note that we have now seen the appearance of two natural
actions on the rigid cohomology groups of a variety defined over a finite field Fy; one is
associated with the action of the Frobenius map F : H* — H', while the other is associated
with the nilpotent monodromy transformation N : H® — H’. One can also establish that
these two operations satisfy a sort of “braid relation” (see e.g., [236,238]):

NoF =¢qFoN. (17.16)

The existence of such arithmetic structures is actually somewhat surprising, and hints at
the existence of a deeper physical interpretation of the associated rigid and ¢-adic cohomology

65Recall that a nilpotent operator N is one such that N¥ = 0 for some k € Z-o. A quasi-unipotent
operator T is one such that 7™ has eigenvalues equal to one for some m € Z~y.

66For O, this maximal prime ideal is just all elements with norm less than 1 in L. Similar considerations
hold for the maximal prime ideal of Ok.
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groups. The natural context for these issues to crop up in Seiberg-Witten theory is in the
structure of the theory once we attempt to couple to gravity, and its relation to the field range
of the Coulomb branch parameter u. Following up on our general philosophical remarks in
section 3, we expect to be able to approximate the value of u by an algebraic number, and
as such, we can view it as having a m-adic expansion (7 being some possibly non-trivial root
of p):

u = Zunri, (17.17)

in the obvious notation. Now, the case of large field range in the Archimedean setting is
sometimes associated with the case of small p-adic norm. So, the p-adic extension of Seiberg-
Witten theory provides us with at least partial access to the structure of the theory at large
field range, as we move closer to the Planck scale. The important point for us is that the
notion of a cohomology group, and in particular the notion of monodromy around a singular
point still makes sense.

Given our previous interpretation of rigid cohomology groups for curves over a finite field,
it is quite tempting to view Hrlig(Eu7 L) as a Hilbert space of states for the particle which is
becoming massless. Here, L refers to a line bundle over the elliptic curve. We shall also be
somewhat cavalier with both the specific coefficient ring as well as cohomology theory (be it

rigid or f-adic cohomology) since we expect the “generic case” to make sense physically.

To illustrate, we sketch how we expect this to work in the case of a one-parameter family
of Seiberg-Witten curves, as parameterized by some Coulomb branch parameter modulus
u. We also neglect the contributions from mass parameters, which can also be included as
additional moduli (i.e., by working with a punctured curve with additional decoration at the
punctures). So, consider the BPS formula for the central charge of electric charge ne. and

magnetic charge nyag:®’

Znelemnmag (U) = neleCa(U/) - nmagaD(u)7 (1718)

where, as already mentioned, we have neglected any contributions from mass parameters.
Now, the central charge is itself a period integral, and as such, it is governed by a Picard-
Fuchs differential equation.

Our periods a and a” are to be viewed as solutions to a Picard-Fuchs differential equation
satisfied by a suitable meromorphic one-form (the Seiberg-Witten differential), as captured
by a section of Q'(£), where L is a line bundle which depends on the model in question.
For example, in the case of the Legendre family (pure SU(2) gauge theory, but where we
have shifted the origin of moduli space from u = 0.) considered by Seiberg and Witten in
reference [228], Asw ~ (z — u)dz/y, the differential is a section of the space of meromorphic
(1,0)-forms with vanishing residue. So, in this case we would just set £ = O, the structure
sheaf of the curve. From all that we know about Seiberg-Witten theory, we can also predict

57In our conventions, the central charge is related to the mass as M? = 2|Z|?.
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the quasiunipotent monodromy matrix associated with the rigid and f-adic cohomology
groups in “passing around” the singularities in the u-plane: All of these are associated with
a Kodaira fiber of type I, so in our conventions the monodromy action is:

1 =2 1 -1
2 .
A:[O . :|,WlthA—_|:0 ] ] (17.19)
In Appendix T we provide an explicit example illustrating this monodromic structure.

Now, by assumption, we have that a particular state of fixed electric and magnetic charge
is becoming light at the point u = 0. Call the central charge for this case Z(u). One way to
package this change in BPS masses under this Frobenius structure is through the ratio:%®

2w

W) = (—1)P-1/2 '
) = (-1 VP

(17.20)

On general physical grounds, approaching the massless point signals the approach to a phase
transition, and as such, we should expect some sort of singular behavior [239,240].

To make this more concrete, we introduce a generalized Zeta function over F,, as obtained
by tracking the action of the Frobenius structure on each H(E,, L), which we denote by:

FO . H(E, L) — H(E,,L). (17.21)

Then, we can form a characteristic polynomial:%°

Py(z) = det(I — 2F"), (17.22)

and the Zeta function: Pi(2)
7 () = 1z 17.23
) = B BE (17.23)

This generalizes to higher dimensions by taking the product over all P; with odd 7 in the
numerator, and all P, with even ¢ in the denominator. Compared with the standard “Zeta
function for a curve,” the main alteration is to allow an arbitrary line bundle. For further
review on the Zeta function for a sheaf, see for example reference [162].

Quite remarkably, these physical expectations are borne out by the arithmetic structure
of the Picard-Fuchs differential equation! Along these lines, we consider the same Seiberg-
Witten curve, but now over the finite field F, with modulus v. Let u € Z, denote the

680ur definition of ¢ is the inverse of the one typically considered in the math literature. Our reason for
choosing this convention has to do with the physical interpretation of £ in this case.

590ur convention follows that in [162]. Observe that the natural range for the index i is from i = 0,1, 2
whereas the curve is “one-dimensional”. In general, the cohomology theories of this type are non-trivial up
to 2D with D the dimension of the variety.
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Teichmiiller representative of v. Then, we can form the product:

(1]

= &(u). . E(FT(u), (17.24)

where F'(u) = uP. The main case which has been analyzed in the literature is the special
situation where £ = O, in which case = turns out to be a zero of the Zeta function (g, (%),

precisely what we expect based on physical considerations.™

Another simple class of examples are given by the non-compact elliptically fibered K3
surfaces with constant j-function, which are sometimes referred to as Hy, Hy, Hs, Dy, Eg,
E7, and Eg (see e.g., [241] and references therein). In each of these cases, the Seiberg-Witten
differential actually descends from integrating along the u-direction of the holomorphic two-

form of the elliptic K3:

d
Qs = g A du. (17.25)

Given all that we said previously, it is natural to expect a similar relation to hold for
more general choices of line bundles, and the associated monodromic structure. For example,
we can consider more general kinds of singular points in moduli space for the parameter
u. Indeed, there is a rich story involving the spectrum of particles which are becoming
massless, and the corresponding monodromy type. Examples of this sort include the rank
one superconformal field theories Hy, Hy, Ho, D4, Eg, E7 and Eg. In the case where we keep
the flavor symmetry mass parameters switched off, these curves are given, for non-zero u by
(see e.g., [241] and references therein):

Fg:y? =23 +u° ( )
B, y® =2 +u'n ( )
Ca2 3 4
Eg:y"=2"+u ( )
Dy :y* =2 + v’z +u? (17.29)
Hy % =2° + 42 ( )
Hy:y? =% +ux ( )
Hy:y* =2 +u. ( )

The monodromy type associated with each singularity at u = 0 is as follows:

Ey: AN7'BC?  (for N =6,7,8) (17.33)
D, : A*BC (17.34)
Hy : ANTIC (for N =0,1,2) (17.35)

"0There is an unfortunate clash of notation between the central charge Zeentral and the notation for Zeta
function we have been using. To avoid confusion we have changed our notation for the Zeta function of the
arithmetic curve.
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where we have introduced the explicit elements of SL(2,7):™

A:“) _11} B:H _21} czﬁ _01] (17.36)

Said differently, the physical intuition here is that the existence of a Hilbert space of
states in the p-adic setting would appear to require a specific monodromy group action as
well. It would be interesting to directly confirm this physical prediction.

We can also generalize this discussion to account for the presence of mass deformations.
Returning to the theories Hy, Hy, Hs, D4, Es, E7, Es, these can all be presented as a defor-
mation of the original Weierstrass model:

y2 = 'T3 + f(u7 ma, "'7m7”)x + g(“) may, "'7m7")’ (1737)

where the f(u;m4,...,m,) and g(u;my,...,m,) are constructed from the Coulomb branch
parameter u, as well as Casimir invariants for each of the corresponding Lie algebras. Here,
r indicates the rank of the Lie algebra. Explicit expressions for the f’s and g’s, including
the corresponding Seiberg-Witten differentials for the various cases can be found in various
places, including, e.g., reference [241] and references therein.

Finally, let us also mention that another fruitful way to construct examples of Seiberg-
Witten geometries is via the spectral cover construction of a Hitchin system on a genus g
curve with marked points, as explained in [245,246]. In that setting, the mapping class group
of the underlying curve provides us with the analog of the “duality group” action. We have
already mentioned that there are characteristic p versions of the Hitchin system available,
and analagous statements hold in the p-adic setting as well.

LOur conventions follow those given in reference [242]. For a physics centered introduction on these
structures, as well as additional connections to the literature (stated in a different convention), see references
[243,244].
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18 Holographic Structures

In this section we discuss the sense in which physics on the p-adics is intrinsically holographic.
Our discussion is reminiscent of that given in [11-13], but an important distinction is that
since our focus is on morphisms defined over the ring of Witt vectors for characteristic p
varieties, we do not directly deal with real valued physical fields. We can, however, ask
what happens in such situations, and we argue that there is a natural extension of our
considerations to that setting in section 19.

To begin, recall that in section 7 we discussed a sense in which scale entangelement in
characteristic p systems can be viewed as building up a bulk tree-like space. This becomes
especially sharp in the case of p-adic systems.

Indeed, one of the intriguing elements advocated in references [11-13] is that there is a
sense in which the p-adic numbers are intrinsically holographic. This can already be seen by

just examining the p-adic expansion of any element ¢ € Q, with p-adic norm |¢| , =0
t= meuipi, (18.1)
i=0

with ug # 0, and where for technical reasons which will only be apparent later, we specify
the u; via Teichmiiller representatives. The important feature for us is that we can speak of
the p-adics with unit norm as specifed by:

U, = {u € Q, suchthat [ul,= 1} : (18.2)

and so we can also write for any ¢ € Q,, t = p™u for some m € Z and some u € U,. From
these considerations it follows that the entire set of non-zero p-adic numbers can be written
as a disjoint union of “shells”:

Q) = |p"U,, (18.3)

in the obvious notation.

At the most basic level, this provides a hint of holography, because the norm of the
number serves as an overall scale. More precisely, we can think of the p possible coefficients
t; in the expansion:

t=> tp, (18.4)

as specifying a node on a tree. This node is then attached to p possible nodes as associated
with the coefficient u;,1, and so on off to infinite values of the degree i. What we have just
described is the structure of the Bruhat-Tits tree:

T, = PGLy(Q,)/PGLs(Z,). (18.5)
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A more formal way to state this same structure is to consider the projective line P!(Q,) with
homogeneous coordinates [z,y]. It is well known that the projective line admits an action
by PGLy(Q,) just given by transformations of the form:

MR M vl s

Y v olly Yy +0

The space of two-dimensional lattices defined as Z,-modules also admits a natural PG L,(Q,)
action, and the Bruhat-Tits tree amounts to the space of equivalence classes PG Ly (Q),)/ PG Lo(Z,).

A helpful reference is [247] (see also [40]), and for an account written for physicists see ref-
erences [12,13].

There is clearly a sense in which this tree-like structure is building up a “bulk dual” to
the geometry specified by P*(Q,). In making appeals to the standard AdS/CFT correspon-
dence, one should of course tread carefully because all of this discussion is independent of
any particular dynamics (i.e., a choice of a particular CFT on the boundary). But, it is
nonetheless suggestive.

Continuing along this route, we see that for each ¢t € Q,, we can specify a path in the
tree T, which begins at a particular node v;, and extends out to infinity, the “conformal
boundary” of T,. Call this path v;. On the other hand, given a node v € T, we also see
that it casts a shadow consisting of all points in Q, centered at a particular unit uo:

=0

Shadow(v) = {t € Q, suchthatt= meuipi and wug specified by v} : (18.7)

The discussion extends to the projective line, so we have constructed two canonical maps:

point of P'(Q,) — Bulk to Boundary Path in T, (18.8)
point of T,, — Shadow(v), (18.9)

which is quite reminiscent of various holographic intuitions.

As explained in [12,13], this discussion also extends to field extensions of Q,. Perhaps
the simplest case is where we work with the completely unramified extension Q, (which also
has a standard p-adic expansion). In this case, the Bruhat-Tits tree is given by:

T, = PGLy(Q,)/PGLs(Z,), (18.10)

and the uniformizer m = p, the only change being that now we have ¢+ 1 branches emanating
out from each node (one from the “past” and g towards the “future”). In reference [12,13] this
was interpreted as a “higher-dimensional” generalization because it involves a field extension
above QQ,. From the perspective of the present note, it still exhibits much of the flavor of
a one-dimensional space, since the boundary space is just the projective line P*(Q,). See
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Wj

Figure 9: Depiction of the Bruhat-Tits tree for Q, = Q,», a degree n totally unramified
extension of Q,. We can list elements of @@, in terms of a m-adic expansion where 7 is
the “uniformizer” of the field extension for QQ, over Q,, and the coefficients are Teichmiiller
representatives, namely each coefficient satisfies the equation w? = w. Note that in the case
q = p, we have m = p. We label each solution as w; for j = 0, ...,¢—1. Each coefficient is thus
listed by ¢ different possibilities, and the resulting sequence of Teichmiiller representatives
fills out a sequence in a tree where each vertex attaches to ¢ 4+ 1 vertices.

figure 9 for a depiction of the Bruhat-Tits tree of Q.

We faced the same issue on specifying the “dimensionality” of our spacetime and target
space in the characteristic p setting, and in that sense it appears to be helpful in viewing
Qq, its algebraic closure @q, and the metric completion of the algebraic closure C, as fill-
ing in points as something which in the real setting we would view as “two-dimensional.”
Nomenclature aside, we can also see a natural generalization to higher-dimensional projec-
tive spaces, as dictated by P"(Q,). In this case, we are really dealing with the more general
structure of a building, as specified by the quotient space PGL,+1(Q,)/PGLy41(Z,). For
further discussion, see e.g., [248].

We can also extend this to more general field extensions L/Q, which may have local ram-
ification. In these cases, we still have a uniformizer = and a corresponding m-adic expansion,
but the precise structure of the tree in such cases can potentially be more involved. Even
so, we still have a Bruhat-Tits tree:

T, = PGLy(L)/PGLy(Oy), (18.11)

where Oy, denotes the ring of integers for L (i.e., those elements with norm less than or equal
to one).

We can extend these considerations even further by specifying a boundary field theory
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with rational morphisms
¢: X -->Y, (18.12)

and then in each affine chart isomorphic to A™ we can set up a corresponding Bruhat-Tits
tree.

At this point, it is natural to ask whether we can build a theory in the bulk, and match the
profile of bulk modes to boundary correlators, as in the standard AdS/CFT correspondence
[249-251] (see e.g., [252,253] for reviews). On the boundary, we have already emphasized in
other contexts that we are interested in morphisms defined over finite fields and their lifts
to the ring of Witt vectors. To keep the discussion less abstract, we ask whether there is
any notion of a polynomial ¢ € Q,[u] (i.e. the coordinate ring of A'(Q,)) or homogeneous
polynomials of fixed degree in Q,[u,v] (i.e., sections of bundles for P!(Q,)) which can be
lifted to a bulk field for T,. To fix notation, we again write such a morphism ¢ : X --» Y,
in line with our previous discussions.

A fully local action principle in the bulk T, is not obvious to us at the moment, but
we can at least point to something which is inherently more non-local.” A natural answer
is that we should really seek a non-local structure in the bulk, as specified by the partially
ordered bulk to boundary paths in T, which we denote as PATH,(T,). The partial ordering
comes from the requirement that at each step of the path we pass to a term with smaller
p-adic norm in the Bruhat-Tits tree.

We can also introduce PATH(T,) for the space of all partially ordered paths which may not
necessarily end on the boundary. Observe that for two such paths v and 4" in PATH,(T)),
we can interpret these paths as elements in the ring of Witt vectors for F,. This is the main
advantage of using the Teichmiiller representatives in the first place. That also means that
there is a notion of addition and multiplication for these paths, and so we can freely pass
between such paths, and their corresponding points on the boundary P*(Q,). So, almost
at a tautological level, any action we write for the boundary theory can be extended to an
action defined over PATH.(T,). Let us denote this extension of ¢ to such paths by ®. In
the evaluation map, it clearly returns sensible answers for paths in PATH.(T,). This is not
fully satisfactory, if only because this does not provide a clear notion of quasi-locality in the

bulk.

A remedy is available, because we can consider neighboring paths in the tree T,, say v
and 7" which differ only in that + is obtained from ~ by appending one additional node v.
We can then speak of another path v — 4 which has only one non-zero entry in the ring
of Witt vectors. Observe that it makes sense to speak of ®(y —+'), since our evaluation of
such terms really stems from a definition given on the boundary P'(Q,). See figure 10 for a
depiction of one such difference of paths.

"2We will return to this point after we discuss the connection between our approach and “standard” p-adic
physics.
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Figure 10: Depiction of two partially ordered paths 7 (purple) and «' (purple and green)
in PATH,(T,) in which the partial ordering is dictated by motion towards the “conformal
boundary” indicated by the vertical blue line. Each path extends out to the conformal
boundary. The difference v — v (green) is a partially ordered path which does not attach to
the boundary. Using such path differences one can construct a quasi-local bulk action from
finite differences of such partially ordered paths.

This sort of procedure allows us to specify an evaluation map of the form:
®:T,--»Y. (18.13)

In fact, we could in principle also define a discretized “lattice model” on T, by just taking
finite differences of ® at neighboring nodes in the tree. This sort of construction was used in
the context of p-adic AdS/CFT (with real valued functions) to propose a bulk action. On the
other hand, at many points in this note we have been at pains to point out the limitations
of lattice approximations, and have instead appealed to better behaved continuum concepts
such as local differentials of morphisms. From this standpoint, it seems much safer (and
perhaps conceptually cleaner) to simply view such a lattice action as an approximation for a
more non-local structure of the sort we have implicitly defined in terms of partially ordered
bulk to boundary paths. We will revisit this issue again in section 20, where we will consider
an analytification of p-adic varieties to Berkovich space. In Berkovich space, we again have
tree-like structures with derivatives constructed from finite differences on the tree. The
difference, however, is that the full space can be viewed as the inverse limit of a family of
trees [254], and for this reason, it allows us to bypass some of the standard difficulties with
lattice approximations to derivatives.

149



18.1 Entangled p-adic Numbers

To draw out the parallels with standard holographic considerations, it is helpful to consider
the structure of entangled states and their associated scale dependence. Along these lines,
recall in section 5 that we introduced the notion of various Hilbert spaces as specified by
spatial morphisms X, --+ Y. Clearly, these considerations carry over to the p-adic setting.
Moreover, because the “timelike” direction X; comes with a built in p-adic norm, we see that
time-ordering now makes more sense (modulo the fact that we have the “radial” direction
of a p-adic number to contend with). We also saw in section 7 that a tree-like structure
naturally builds up a notion of entanglement across scales.

With this in mind, we now show how the small Hilbert space in the p-adic setting
Heman(Q,) is closely related to the Big Hilbert space on the affine line Hpis(A'(F,)), and
leads to a notion of “number entanglement” similar to the scale entanglement encountered
in the finite characteristic setting in section 7. The considerations we present clearly extend
to the totally unramified case, where we compare Hgnan(Q,) and Hpig(A'(F,)). Further
generalizations are also available because the case of local ramification in the p-adic setting
just amounts in the characteristic p setting to dealing with function fields with ramified
extensions. For ease of exposition we focus on the simplest case which still illustrates all the
main points.

Consider, then, a p-adic number ¢t € Z,, the ring of integers. Observe that there is a
formal power series:

t=Y wup™, (18.14)

m>0

where here we use the Teichmiiller representatives w,. In the small Hilbert space, each such
point specifies a state for us, and we can write this instead as a sequence of Teichmiiller
representatives:

|CUO, vy Wy, > =

t=> wnp™ € Zp> (18.15)

We also have a p-dimensional qudit Hilbert space Hreen Which is spanned by the possible
Teichmuller representatives |w). In this way, we again build up a tensor product structure for
Hsman (Q,) which is reminiscent of the one already encountered in section 7 for Hpig(A'(F,)).
We can first form a Hilbert space consisting of truncation to degree M in the p-adic expansion:

Homan(Zp) M) ~ HIT=0 @ @ HIT=M), (18.16)

Then, we can build up the entire small Hilbert space Hgman(Z,) from the inverse limit:™

Heman (Zp) =~ liin?-lsmau(zp)(M). (18.17)

"3One can of course extend this to the small Hilbert space of Qp-
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Entanglement of states works in essentially the same way as already discussed in section 7.1.
As an example, the superposition of |0) and |1 4 p) specifies a GHZ state:

IGHZ) = (18.18)

1 1
—10,0) + —|1, 1),
7510.0+ 2511 1)
in the obvious notation. Continuing in this way, we obtain a notion of entanglement amongst
different numbers.

As another suggestive example, fix x a positive integer and define the state given by
summing over prime numbers ¢ not exceeding x (in the Archimedean norm):

(z)) = ﬁ%m, (18.19)

where 7(z) denotes the number of primes not exceeding x, and where for each |¢) we introduce
the corresponding p-adic expansion with Teichmiiller representatives. Observe that once the
value of |z|g (the Archimedean norm) becomes at least as large as the next prime after p,
the state |II(x)) is generically entangled. It would be quite interesting to directly compute
this entanglement entropy, and it is likely closely tied to the distribution of primes. Indeed,
it is a classic result (the prime number theorem) that the asymptotic distribution of primes
satisfies [255,256]:

lim 7(x) x (—z tlogz™') =1, (18.20)

T—r00

where we have suggestively written the second factor as an entropy function.
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19 “Standard” p-adic Physics

At this point we would be remiss if we did not mention there has been much recent work on
understanding potential physical interpretations for working over the p-adics. The goals of
the present approach appear to be somewhat distinct from what has been pursued elsewhere,
but our aim will be to establish some basic connections with these complementary (and
substantially older as well as more thoroughly investigated) proposals.

Doing so will allow us to make contact with the more “standard” literature on p-adic
physics (see e.g., [33-41] for earlier work, as well as references [11-13,42-64] for more recent
work which also includes new applications to holography).

The approach we have advocated so far is somewhat distinct from the “standard” treat-
ment of physical systems defined over p-adic numbers. A very common starting point is to
consider a bosonic field, as specified by a map from @Q, to R, namely:

or:Q, = R. (19.1)

The subscript R serves to remind us that these are real valued functions as opposed to
the algebro-geometric morphisms we have been considering up to this point. Real valued
functions are somewhat more awkward to handle from our current perspective but it is of
course important to see whether we can make contact with the existing literature, and in
what way.

In our case, the Big Hilbert space of states we have constructed consists of morphisms
| : X --»Y). In particular, since our path integral still involves sums over characters taking
values in C*, we also know that all overlaps of states also take values in the complex numbers.
In particular, we can speak of a wave functional W[¢(z,)] which depends on the spatial profile
of a field. This wave functional again takes values in the complex numbers.

Now, in the context of quantum field theory, we are accustomed to viewing the quantum
field as a convenient device for describing multi-particle excitations at different locations in
spacetime. From this physical perspective, the existence of the wave functional W[p(z;)]
means that we should expect a set of real valued physical fields which capture the same
dynamics.

How to construct this basis of fields in practice? To illustrate, we consider again the
simplest situation with morphisms from A'(Q,) — A'(Q,), as specified by polynomials
¢ € Q,lzr]. We can build a p-adic valued function by using the evaluation map for this
polynomial, and by abuse of notation we write these values as ¢(t) for t € Q,. We can
produce a C* valued function using the character map:

O(t) = exp(2mi{(t)}). (19.2)

Taking a logarithm, one can also construct a real valued function which is well-defined up
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to branch cuts:

on(t) = 5 log O(1) = 5~ logexp(2mi{o(1)}), (193)

i.e., we have converted the evaluation of a p-adic morphism to a real valued function.

In the context of “standard” p-adic physics, one can also construct a notion of an action,
including kinetic terms and potential energy terms. The case of a potential energy density
involves further composition with real valued functions with p-adic support, and a natural
subclass of possibilities involves just having further polynomials in real valued fields:

f:Q—=R (19.4)

The case of kinetic terms requires us to specify some notion of a derivative. From a phys-
ical perspective, the main thing we wish to retain is a notion of a momentum eigenstate.
More precisely, we seek differential operators D) which compose via D™ DM = pimtn)
and which act on characters x,(t) = exp(2wi{kt}) as D™ x.(t) = k| xx(t), i.e., the char-
acters are the p-adic generalization of a plane wave. This can be accomplished using the
Vladimirov derivative [36,38,37]. A helpful discussion of the Vladimirov derivative is given
in Appendix B of reference [13]. Here, we focus on the main elements of these results. For
a general real valued function, we have:

1 f#) - f@)

D™ f(t) = —/dt’—, (19.5)
Fp(_m) ‘t/ _ t|;n+1

where we have introduced the standard Haar measure for QQ, such that Z, has unit volume.

Here, we have also introduced the p-adic Gamma function:

a—1

a— 1 — D
(@) = [de o™ = 1= (19.6)
Qp

where x(t) = exp(27i{t}). We shall sometimes use the notation D = D™ to indicate the
special case of a single Vladimirov derivative.

To see that this definition accomplishes the main task, we follow reference [13], and act
on a character y,(t). Doing so, we have:

m 1 Xk () — xi(t) Xk (t) / Xp(t' =) —1
Dm) t) = —/dt’ = dt’ . 19.7
Xk( ) Fp( m) |t, t|;n+1 Fp( m) |t/ t|;1+1 ( )

We can consider the change of coordinates k(t' —t) = z/. Then, we get:

t) exp(2mi{z'}) — 1
ptm t_kmL/d’ . 10.
Xk(> | |p Fp(_m) T |x/|;1+1 ( 98)
Qp
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Evaluation of this integral is somewhat subtle because the denominator and numerator
both vanish as |2/| — 0. In references [257,258] this integral is evaluated. Following
reference [257], we can break up the integral as a sum over shells of fixed norm S,, =
{t € Q, such that [t| = p™}. Evaluation of the integral can then be achieved using the value
of the integral of a character over the ball B,, = {t € Q, such that [t| < p™}:

/dx X (kz) = { p k], s . (19.9)

0 otherwise
B

The end result is that one now finds:
D™ (t) = kL Xk (1), (19.10)

as claimed. In principle, then, we can consider a mode expansion of a real valued function
f and decompose into Fourier modes such as:

i) = [do (@) f) (19.11)

Qv

For example, we can form a kinetic term using by acting via:

/ dz D™ f(z)D™ f(z) = / dl |k[7" (k) F(—k). (19.12)

Qp Qv

From our present perspective where we treat the affine line A'(Q,) as a one-dimensional
space, the seemingly natural choice is to take a kinetic term with m +n = 2. On the other
hand, in the p-adic string theory literature where Q, is interpreted as the worldsheet of an
open string, it is also natural to consider m +n = 1. The reason for this choice is that if we
Fourier transform back to position space, then the Green’s function is:

(f(@)f(y)) ~ —loglz —yl,, (19.13)

in accord with what one expects for the Archimedean string [259]. That being said, we also
note that for a quadratic extension of Q,, there is a sense in which we have a two-dimensional
space and then producing a logarithmic Green’s function would require m+n = 2, so it seems
reasonable to retain our main thread where we specify a kinetic term by a two derivative,

two field term.™

It is also interesting to consider the action of the Vladimirov derivative on the operators

"There is some debate in the p-adic string theory literature as to the proper way to formulate closed
p-adic strings. We also note that even in the open string case, the driving aim appears to be to give a p-adic
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indicated in equation (19.2):

DMO(t) = r ém) / dt’?gzz‘fﬁ) (19.15)
Q P
_ 1 yexp2mi{o(t’ +1t) — o(t)}) — 1
= (’)(t)Fp<_m) /dt o . (19.16)

Qp P

Insofar as the lattice derivative provides an approximation in the small ¢’ approximation, we
can write:

Ot +t) — o(t) = t'0p(t) + ... (19.17)

as an adequate approximation. So, in other words, we get to leading order:
D"™O(t) = O(t) [9g(1)[) + ... (19.18)

For further discussion on related manipulations, see for example reference [261].

Constructing a kinetic term of the sort we have already proposed now follows from also
including O'(t) = exp(—27wi{¢(t)}) so that in particular we have:

DO (t)DO(t) = |0p(t)[2 + ... (19.19)

So, at least formally, we can pass between the algebro-geometric setup defined in terms of
Jacobi sums of characters and the standard construction of p-adic actions.

Similar considerations hold in the construction of a “bulk action” defined on the Bruhat-
Tits tree. In reference [12], the graph defined by the Bruhat-Tits tree T, was used to specify
a lattice model, with each vertex (i.e., node of the graph) of the group associated with a real
number ¢ : Vert(T,) — R. Then, a lattice kinetic term can be achieved by taking nearest
neighbor differences, via:

> (00— pu)’ (19.20)

(vw)

version of the Veneziano amplitude (see [260] for the Archimedean case), through expressions such as:

B(a,B) = /dw|x|g‘_1|1 —az|d (19.14)
Q»

To get this sort of structure to appear from “worldsheet” correlators, one can adopt the single derivative
action (so that a logarithm is produced). A related comment is to recall the notion of p-adic time ordering
we developed earlier where we view QQ,, as specified by elements with a fixed norm, as well as a choice of unit.
In that sense, working with @Q,, could be viewed as “two-dimensional” while Q, x @Q, might then be viewed
as “four-dimensional”. We can in some sense bypass these issues if we adhere to the notion of dimensionality
already advocated in our development of physics over finite fields. From this perspective, one ought not to
be biased by intuition derived solely from working over the real numbers. We present a related proposal for
formulating non-Archimedean strings in section 20.
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where (vw) denotes nearest neighboring vertices v and w in T,,. Recall that in our discussion
of morphisms supported on paths in the Bruhat-Tits tree that we also encountered p-adic
valued functions with support in PATH,(T,), which we then extended to functions valued
on the vertices of the graph. Using the character map, we can now take, for ® € PATH(T,),
the character exp(2mi {®}), and from this, construct a corresponding finite difference. So in
this sense, we expect to make contact with the holographic discussions in references [12,13].

From this point on, we can essentially borrow much of the discussion from the existing
literature, but with the provisos that sometimes the notion of spacetime dimension we have
discussed earlier is distinct from how it is used in the p-adic physics literature. It would
clearly be interesting to further develop these similarities and differences, especially as it
pertains to formulating a more general notion of p-adic strings.

With this in mind, let us comment on a few “obvious points” which emphasize more the
use of the p-adics. Observe, for example, that we can specify Calabi-Yau spaces over C by
the condition that the canonical bundle is trivial. This of course also makes sense over C,,
so one might ask whether there is a more direct relation between these two geometries. For
example, in the case of a complete intersection Calabi-Yau, we can consider specializing the
coefficients of the hypersurface equations to have integer coefficients. In this case, we can
directly formulate the geometry over either C or C,,.

In fact, if we restrict ourselves to algebro-geometric structures, even more is possible.
This is because there is a non-canonical isomorphism between C and C,, and as such, we
can freely interchange the ground field, which we can loosely write as a relation such as
X(C) ~ X(C,).™

From this perspective, the notion of “proximity” really depends on more refined structures
such as the metric. It also means, however, that as far as studying standard questions such
as intersection theory of divisors or other numerical invariants (as often appear in the physics
literature), we are free to use either ground field.

Another comment is that in passing from p-adic spaces to real (or complex spaces), we
can make use of the characters of the p-adics. Let us note here that in the context of for
example, the Hitchin system, it is natural to work in terms of the corresponding character
variety for the moduli space of solutions.

"5The relation between the two can be seen as follows (see e.g., reference [167]). Our discussion follows [262]
(see also [263]). First, we introduce transcendence bases for C and C,, which we write as T and T”. By
definition, this means C ~ Q(T') and that C, ~ Q(T"). Note, however, that as sets, C and C,, have the same
cardinality, and therefore so do T' and T”. Consequently, using the axiom of choice we can conclude that
there is a non-canonical isomorphism Q(T') ~ Q(7”). Taking the algebraic closures yields C ~ C,. Note
that this also means that for distinct primes p and p’ we also have C ~ C, ~ C,/. From a number-theoretic
perspective this is clearly awkward, but at least formally, nothing stops us from carrying out this sort of
correspondence.
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20 Analytification

In the previous section we saw the emergence of p-adic geometry, at least in the limit where
we take N = p® with a large. Now, as we approach this limit, we can ask whether we
expect to recover physics over a p-adic variety, or perhaps some other space. Indeed, in
comparing with what happens with physics over the real numbers, we can see a number of
important differences. For one, the topology of @, is not path connected, and the space of
real valued continuous functions includes locally constant functions. These can perhaps be
viewed as important distinctions compared with the setting of physics over the reals, but
if our goal is to eventually recover standard physical constructs, we should also aim to see
how more refined topological structures can also emerge from this setting. Indeed, one of
the main virtues of working with an analytic continuation of real quantities is that one can
then in principle leverage structures from complex analysis. Historically this has been an
important theme in the development of physical theories, so it would seem worthwhile to
further develop it in this setting as well.

Another related issue is that while it is of course appealing’® to formulate our path
integral in terms of discrete sums over characters, one can of course ask whether there is a
sensible notion of convergence. A common strategy in the physical setting is to consider the
analytic continuation to Euclidean signature, since partition sums in statistical mechanics
often have better behaved convergence properties. We have already remarked that there is
a formal way to accomplish this even in characteristic p, but it still relies on the formulation
in terms of characters for a complete formulation. Provided we can set up a suitable notion
of analysis over a p-adic variety, we can hope that both these topological and analytic issues
can be dealt with simultaneously.

Our aim in this section will be to address these issues.

Now, at first glance, the “standard” approaches to p-adic physics do not appear to possess
such structures. For example, one proposal in the p-adic string theory literature is to treat the
genus zero worldsheet for open strings as Q,,, and a suitable quadratic extension of Q, as the
closed string worldsheet. While the intuition for doing this is that a quadratic extension of
R is just the complex numbers, it seems fair to say that some of the most important features
of complex analysis typically used in the study of standard perturbative string theory are
wholly absent from such p-adic analogs. To keep the discussion somewhat closer, one might
instead consider the algebraic closure of @Q,,, denoted as @p. We note that our discussion of
physics in characteristic p naturally makes contact with this field, as obtained from the ring
of Witt vectors associated with the algebraic closure F,. Now, it turns out that @p is not
metrically complete, but there is a standard metric completion which is also algebraically
closed, and it is denoted by C,. More generally, for a local field £ we refer to C; as the
metric completion of its algebraic closure.”” At first glance, then, C, would appear to be a

76 At least in our opinion.
7T A comment on notation: In early sections we reserved K for the ground field and L for various extensions.
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natural candidate for carrying out a more direct link with standard structures appearing in
real physics.

But as is well known, even this space has a rather coarse topology. To name just one
issue, C, is not path connected. Moreover, when working over C,, there is apparently no
natural notion of analysis in the same spirit as what would occur over the standard complex
numbers C. All of these issues make more refined discussions of physics difficult to achieve.

In this section we argue that some of this additional structure is already present in the
way that we have been setting up our general framework for path integrals over finite fields.
What we shall argue is that in the large a limit, the Hilbert space of states constructed from
morphisms between varieties can be supplemented by additional points which “fill in” the
topology of the p-adic variety. This procedure is, in the mathematics literature, known as
“analytification”. Starting from a variety X defined over a non-Archimedean field K which
is metrically complete and algebraically closed, there is a corresponding p-adic analytic space
Xan. We will mainly focus on the simplest case where this procedure produces physically
compelling structures, and this is known as the Berkovich space associated to X. One of our
aims will be to see how far we can get in recasting our previous considerations in terms of
physics defined on Berkovich space. The important point for us is that once this analytifica-
tion procedure is completed, we get a refined topology on which many manipulations similar
to complex analysis can be carried out, but now in the non-Archimedean setting. This in
turn allows us to bypass some of the more awkward features of p-adic physics, as well as
allowing us to make far closer contact with how we expect physics over the real numbers
to eventually emerge. For a depiction of the tree-like structure of Berkovich space, see the
depiction provided in figure 11.

The rest of this section is organized as follows. We begin by briefly reviewing some
aspects of Tate algebras and their use in defining a rigid analytic space. In particular, we
explain how our path integrals are already sensitive to such structures. At some level, this
equips a p-adic variety with a refined Grothendieck topology. This still produces a rather
coarse topology. We then explain how a further analytification is possible, as in the work of
Berkovich. This further procedure also emerges naturally in our setting by considering the
physical implications of defining local observables in our setting.

20.1 Topological Refinements

In this section we argue that our path integral formalism naturally motivates working over a
rigid analytic space, and its further refinement to a Berkovich space. This is not the place to
give a full account of these notions, but we would at least like to sketch how they naturally
appear from the considerations we have already set in motion.

We did this in part to avoid confusion with the standard use of k as a momentum variable in the physical
setting. Since we will need to discuss various field extensions in the analytic setting, in this section we will
aim to be more flexible in our notation choices.
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Figure 11: Depiction of the Berkovich projective line reproduced from figure 2 of refer-
ence [264]. See also references to Yggdrasil in The Poetic Edda, Véluspa, stanzas 19, 47;
Grimnismal, stanzas 35, 44; and Fjolsvinnsmal, stanzas 19, 20.

To set the stage, we first consider the original structure of rigid analytic geometry pro-
posed by Tate [31], and its algebro-geometric characterization given by Raynaud [265]. A
helpful account is given in reference [266]. We begin by considering a local non-Archimedean
field k& with K = k the metric completion of the algebraic closure. We denote the n-
dimensional unit ball inside £™ by:

B" = {(t1,....t,) € k" such that max|t;] < 1}. (20.1)

The main idea is to consider next power series in k[[T}, ..., T,]] with suitable convergence
properties on B". Writing an element f € k[[T}, ..., T,]] as:™®

= a1 T, (20.2)

1/120

the condition that f converges on B" occurs if and only if |a,, ., | — 0as v + ... + v, = 0.
Observe that the collection of such convergent power series forms an algebra (actually what
is known as an affinoid algebra) and we refer to this as 7". Observe that the norm on k
extends to one on T because for any f € T™ we can write the Gauss norm for this power
series as:

|f| = max |a,,. .| (20.3)

This makes sense because convergence of f on B" means that there is indeed a maximal
coefficient. The appearance of these sorts of power series can be viewed as a limiting opera-

"8We have switched to the standard polynomial variables which appear in the literature.
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tion as we proceed to the p-adic limit of our path integrals over finite fields. An additional
comment is that physically, we often specify local operators in terms of their behavior on a
region of the spacetime. This is precisely what we get when we focus on convergent power
series on the n-ball B".

We can already see some hints that notions from complex analysis have analogs in this
setting, since for example we have a maximum modulus principle:

|fl = max|f(t, ... tn)], (20.4)

teBn

in the obvious notation. Of course, the “nicest situation” is where we work directly with
respect to k = K so that no further field extensions need to be considered, but we can
proceed more generally, at least for now.

At this point we can proceed as we would normally in algebraic geometry, and construct
the points of the polydisk as specified by maximal ideals in 7™. From this starting point,
we can consider ideals I and quotients 7"/I. These produce k-Banach algebras, and are
referred to as affinoids. These can be viewed as specifying subsets inside the polydisk, and
so we can construct a corresponding Grothendieck topology from the corresponding notion
of a covering space. Said differently, just from asking for convergent power series, we obtain
a first notion of a rigid analytic geometry. At this point, the operations of gluing can be
used to build more general notions of gluing spaces, and so we see that a variety X over k
can be functorially related to its analytification X,;,.

There are, however, still some unsatisfactory elements in this construction, because
Grothendieck topologies are still somewhat coarse. Physically what we would really like
to see is a clear notion of how to connect paths between distinct points in our topology, i.e.,
we would like to see connected paths such as v : [0, 1] — X, where [0, 1] denotes the standard
unit length interval in R. The reason we expect this to be possible is due to the fact that
we want to have a notion of time ordering which makes sense in the infinitesimal setting.
As we have already explained, there is a sense in which we can fix this issue “by hand” in
the context of finite fields, and even p-adic spaces by just imposing a notion of discrete time
step. At a technical level, having such path connectedness is also desirable because it gets
us much closer to standard physical intuition which has been developed based on methods
from complex analysis.

Quite remarkably, it turns out that there is a canonical way to add these additional points
which include the construction of Berkovich [32,267], as well as Huber’s more general notion
of adic spaces [268]. Again, giving a full acount of these notions would be a rather long
digression, but we can at least give a condensed account in Appendix U. For our purposes,
the main point is that there is a suitable analytification of a p-adic variety which provides
us with a notion of a path connected space.

Rather than continue on in the most abstract setting, let us now specialize to the one-
dimensional case given by the projective line PL_, , as well the related spaces specified by the
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affine line A}_, and the “upper half space” Hpey = Ph, \P'(K). The main thing we want
to emphasize here is that these spaces are path connected, and moreover, can be equipped
with a suitable topology which is metrizable, as well as more standard notions from analysis
such as a Radon integral and Laplacian. Of particular significance for us is that there is
also a well-defined potential theory available on Berkovich spaces, and this makes it possible
to give a more satisfactory account of correlation functions in this limit. Then, we can of
course consider the suitable truncation of these notions to various p-adic and even finite
characteristic spaces.”™

Along these lines, we note from reference [269] that for z,y € A}, , we have a canonical
notion of distance between x and y relative to infinity denoted by §(z,y)s. This can be
specified using a formal operation on the tree-like structure associated with the Berkovich
projective line, or perhaps more concretely as the limit:

5(I7 y)oo = lim sup |£L'0 - y0| 5 (205)
(%0,y0)—(z,y)

where zg,y9 € K and we use the product topology on A} _, x AL, to define the limsup
operation. In the literature, this is sometimes written as [z, 9| and is known as the Hsia
kernel.

There is also a notion of a Laplacian for real valued functions f : AL, — R, as well as
a standard notion of Green’s function given by:

G(z,y) = —logd(x,Y)oo- (20.6)

Owing to the tree-like structure of the space Pk, , this can be evaluated using a nearest
neighbor differences formula on the associated graph, but we emphasize that this Laplacian
retains more of the desirable analytic features one would want from such a differential op-
erator compared with a crude lattice approximation (as would be specified over the reals).
In particular, this Laplacian APE - has the important property that acting on the Green’s
function yields:

Apr  G(z,y) = 0y — 0o, (20.7)

Berk

where in the above, we imagine taking derivatives with respect to the first argument x.
Additionally, 4, and d., denote Dirac delta functions in the sense that they are concentrated

"Indeed, there is a version of these notes in which one could have attempted to entirely reverse the order
of the various parts and sections, starting from a formulation over Berkovich spaces fibered over Spec Z and
then proceeded to various coarse graining operations, namely, first restricting to a single prime of SpecZ,
then proceeding to C,,, then to some finite extension of Q, and finally to a suitable residue field such as F,
or F,. Our own view is that this would likely have led to an (even more) jarring account, but it would likely
be instructive. We leave this as an exercise to the interested reader.
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around the points y and oo, and integrate to one, i.e.:

/ dx o, = 1. (20.8)
Aber
In fact, even more is available to us. As found in [270], the analytification of a variety
over a local field K can be equipped with a very close analog of the standard (p, ¢) differen-
tial forms which appear prominently in the study of complex analytic varieties!®*® The main
construction involves notions from tropical geometry, and treating Berkovich’s construction
as a suitable inverse limit on the associated tropicalizations, so we simply refer the interested
reader to the original papers for additional details. Instead, we focus on some of the close
parallels available to us in this setting. The main elements are remarkably close to what
one typical expects in standard complex analytic treatments involving Dolbeault cohomol-
ogy. As reviewed in [271], some elements directly carry over from the complex case with a
suitable notion of differential form, as specified by Lagerberg’s notion of “supercurrents and
superdifferentials” (no relation with supersymmetry) given in reference [272].

Let us first briefly recall how superforms work for real varieties, and then we discuss how
this extends to p-adic analytic spaces [272]. Our discussion follows the helpful treatment
presented in [270] (see also [273]). To begin, we note that for any real manifold, we can
introduce a notion of a local (p, q)-differential by forming the tensor product:

p q
A (U) = (U)o AV e A\V*, (20.9)
where V' denotes a vector space over the reals. Locally, we can then write a (p, q) form as:

W = Z WwrJj d]?[ & dl’J, (2010)

‘Il:p, |J|:q
in the obvious notation. Said differently, one simply takes two copies of the de Rham complex

and forms a bi-grading from these two complexes.

Quite remarkably, these notions can also be extended to p-adic analytic spaces using
some methods from tropical geometry. We briefly review some of this in Appendix V. The
upshot is that there is a notion of (p, ¢) real differential forms on X,, which we denote as
AP4. The essential point is that the tropicalization map for affine n-space:

Trop: A" — R" (20.11)
(21, ooy 2n) > (—log|z1], ..., — log|zn|). (20.12)

So, building the suitable bigraded differentials on the image of the tropicalization, there is a

80Here, p does not refer to a prime number, but just the degree of a differential form. The clash of notation
is unfortunate, but hopefully the context will be clear. Similar comments hold for ¢.
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natural pullback of this from the real setting to the p-adic analytic setting. In other words,
we can also speak of (p, ¢)-forms in the p-adic analytic setting.®! For a helpful overview to
this, as well as related topics, see e.g., [274].

To illustrate the similarities with the complex case, let us briefly recall that for a complex
analytic variety Z, we often make use of Dolbeault differential operators @ and 0 with
d = 0+ 0, and we can summarize all of this in terms of a triple (Z,d,9). In particular,
we can label differential forms according to their (p,q) type with respect to holomorphic
and anti-holomorphic indices, i.e., we can write complex valued differential forms A* via the
decomposition:®?

AF = P A, (20.13)

p+g=k

Moreover, there is a natural link between the cohomology of the complex (AP*,9) and
HY(Z Qp).

Turning next to the case of X,, the analytification of a variety defined over K, a remark-
able result of [270] is that there is a quite similar notion of differential operators d' and d”
such that d = d’ 4+ d”, and moreover, that there is an analogous triple (X,,,d’,d”) with a
grading of analytic differential forms AP:¢ such that:

d Ag{Q) N AgﬂH’Q) (20.14)
4’ APD —y Alpat)), (20.15)

In fact, even more is available, and there is even an analog of the Poincaré-Lelong formula,
namely for a divisor D specified by f a meromorphic function such that divf = D, we have:

d,d” 10g |f| = 5div f- (2016)

This means, in particular, that we can decompose our Laplacian into a composition by d’
and d”, much as we would do in the “ordinary” complex setting. There are, of course, some
distinctions which show up, since in the p-adic setting the space of locally constant functions
is somewhat richer than in the standard complex setting, but other than this, we find it
promising that so much of the structure which appears in the study of complex differential
geometric objects can be transported over.

This in turn provides a fresh perspective on some of the more conjectural aspects of our
discussion of physics in characteristic p presented earlier. While we there aimed to build
up various physical structures directly, we can now see that once embedded in the bigger
structure of Berkovich spaces, there is a certain “inevitability” (albeit still quite conjectural)

81The reason we need to work with an analytification rather than just a variety over Qp or C, is that
we need to have a refined enough topology to properly construct suitable pullbacks. If the topology is too
coarse, this can fail.

82We are running out of sensible letter choices in the Latin alphabet. The meaning of the notation for the
various superscripts k, p, ¢ should be obvious.
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to some of these claims.

With this in place, let us now turn to the construction of some physical systems which
exhibit some of this additional structure.

20.2 Building Actions

Compared with the situation appearing in “standard” p-adic physics, we see that formulating
an action principle in this setting is now rather straightforward. Moreover, this discussion
is naturally geared towards what in the real setting we would have referred to as the “Eu-
clidean signature” formulation. Rather than present a complete treatment, we will let the
presentation of examples serve the same purpose.

As a first example, consider the theory of a free scalar field ¢ : P4, — R. This can be
specified by the action:

Suld] = [ do (~0ey,0). (20.17)
Pherk

On a curve X with a scalar ¢ : ¥ — R, we can also write this using our differential operators
d’ and d” on Berkovich space as:

Stree|d] = / — ¢d'd"p. (20.18)

3

Let us also remark that at this point, we can, by the physicists’ standard abuse of
notions of limits, set up a path integral formalism, integrating over the space of all such
maps. Then, we can evaluate real valued correlators much as we would in a standard 2D
field theory defined over the complex projective line:

J1d@] exp(=S[¢]) O1(x1)...On(x)
J1d@] exp(=S[¢]) ’

where of course we can now entertain more general choices for our action.

(O1(21)...0, (2n)) = (20.19)

Note also that since we have a satisfactory notion of Green’s functions available, we can
expect to use an analog of the method of images to set up similar actions for the affine line
AL . as well as the half space Hpey. Additionally, since we can proceed patch by patch,
similar notions clearly extend to general genus g curves initially formulated over C, and its
analytification.

There are also important differences from the case of working over the complex numbers.
For example, if we consider a disk in C, then the boundary is always an S!. In the Berkovich
setting, however, this boundary is often a finite number of points, owing to the tree-like
structure of Berkovich space (see e.g., [269] for some helpful examples).

We can also formulate an action principle for single derivative fields, including fermionic
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degrees of freedom. Indeed, since we have the differential operators d’ and d”, the construc-
tion of a suitable Dirac operator is readily available. To keep the discussion concrete, let us
again focus on the one-dimensional case, with ¥ a curve. Then, we can form close analogs
of the standard be and (7 systems of 2D CFTs / string theory. Along these lines, suppose
we have b and c given as meromorphic sections of the line bundles ICIE/ ’® L and ICIZ/ QLY
with £ a line bundle, and we have made a choice on the spin structure. Then, we get a
well-defined action:

She = /bd”c, (20.20)

%

The usual case of the be system corresponds to setting £ = IC;/ 2, while a standard fermion is
obtained by setting £ = Oyx. The point here is that nowhere do we need to actually demand
that we are working over a complex curve. Indeed, everything goes through as expected
when ¥ is a Berkovich space. We can clearly provide a similar setup for the gv system, as
well as more general actions constructed via our differential operators.

This is all by design and points to the general feature we want to emphasize. There is
little distinction at this point between how a physicist typically algebraically manipulates
various correlation functions, be it over the complex numbers or the analytification provided
by a Berkovich space.

Continuing with our theme of one-dimensional systems (i.e., two “real” dimensions),
we also see that we can also introduce a standard notion of a stress energy tensor, much
as we would in an ordinary 2D CFT.® To illustrate, consider again the real valued scalar
¢ : ¥ — R. Observe that we can construct a (1,0)-form d'¢. So, on the symmetric product
A0 @ ALY e can build a corresponding “holomorphic” stress tensor:

T=d¢odg, (20.21)

and we can, in turn, also compute operator correlation functions using the fact that we have
the usual logarithmic dependence for the two-point function of free scalars. In particular,
this allows us to specify a precise notion of a stress energy central charge c¢r, just as we would
in ordinary conformal field theory. Similar considerations hold for the bc and (v systems
introduced on Berkovich space.

Another comment is that precisely because we have operators d' and d”, we see that
we can also formulate supersymmetric versions of our theory. Indeed, because the usual
verification that a Lagrangian is invariant under supersymmetry just involves a sequence
of algebraic manipulations, there is again, a functorial sense in which the construction of a
supersymmetric theory is automatic. We summarize this by the formal relation between real

83The absence of a stress energy tensor has historically been a major issue in the study of the p-adic string
(we thank A. Huang and B. Stoica for emphasizing this point to us). Here, it appears more naturally.
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/ complex valued actions and their formal counterparts obtained from analytification:

Sc < Sx.,.- (20.22)

In a certain sense, we already anticipated that this ought to be possible in our construction
of characteristic p supersymmetric actions, but in that setting, our emphasis was on target
spaces which were also characteristic p varieties. Of course, from our discussion of p-adic
field theories in section 16, we have seen that we can go back and forth between the two
settings via suitable character maps. At the algebro-geometric level, this is actually not that
surprising since there is a formal isomorphism between C and C,,, which equally well applies
to any two fields with transcendental elements. Convergence properties of the path integrals
is of course, not guaranteed to work under such a map, but at the level of morphisms between
varieties, we see that our discussion allows us to go back and forth.

20.3 Brief Aside on Holography

We previously mentioned that the structure of the p-adics has a rather holographic flavor,
something which has been explored in great detail in [11-13], as well as in its potential
relations to tensor network models [8-10]. One issue with some of these developments is
that while suggestive of a bulk / boundary correspondence, some dictionary entries from
the standard AdS/CFT correspondence are not so apparent. In particular, the identification
of a “bulk graviton” is challenging to construct in this setting and this in turn makes its
role in the study of quantum gravity less immediate. Now, in the standard AdS/CFT
correspondence, one considers the dual of the graviton is just the stress energy tensor. Since
we have now constructed a p-adic analog of the stress energy tensor (via our superdifferential
construction), we can simply start tracking the p-adic expansion of this boundary operator,
which in turn tells us the bulk profile for the graviton. Similar considerations clearly hold
for higher-dimensional varieties. For example, we can take the product of K-analytic curves
and performing the corresponding p-adic expansion. Note also that the p-adic expansion
always introduces a single “extra dimension” which again mimics the structure present in
Archimedean holography. So, aside from providing us with a way to set up a stress tensor
for string worldsheet CFTs, we can apply the same construction more broadly.

20.4 Closed Berkovich Strings

At this point it becomes irresistible to at the very least attempt a formulation of p-adic string
theory, but where now the worldsheet is specified on the corresponding Berkovich space rather
than directly on a p-adic variety. Doing so, we get to leverage all of the additional structure
present in the analytification of our variety.

Before getting to this, let us mention that setting things up in this way allows us to
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address a somewhat awkward feature of the “standard” accounts of open and closed p-adic
string theory, where typically @, or some quadratic extension are considered. This notion of
“dimensionality” seems to sacrifice too much of the analytic structure present in the standard
physical string, so we can at least hope that the present effort can help us in this regard.

For one thing, we observe that there is a relatively clear notion of what we could mean by
evaluating a string amplitude in this setting: One first specifies the usual vertex operators
for scalars such as ¢, evaluates a suitable vertex operator correlation function, and then
proceeds to integrate over any worldsheet moduli which cannot be fixed by global conformal
killing vectors. All of these notions make sense in the context of Berkovich spaces so it is
clear that many notions carry over in a functorial sense. To make complete sense of string
theory in this setting would require us to specify a notion of a moduli space of metrics on
the Berkovich space, but again, this is something that has at least been considered in some
detail in the case of curves (see e.g., [275] and references therein). Indeed, we expect that
the moduli space of complex structures of a curve is also a Berkovich space.

The usual notions of string theory also require the appearance of worldsheet fermions, but
again, we saw how to implement this in our discussion of the bc and (v systems. This also
makes it clear that the usual cancelling of the conformal anomaly (i.e., the Weyl anomaly)
generated by the bc system and the Sv system (in the supersymmetric case) directly trans-
ports over to the case of Berkovich space. Additionally, this means that for the standard
bosonic string, the critical dimension is just 26, and for the superstring (i.e., the case with
worldsheet supersymmetry) we again get ten dimensions. Again, none of this is too different
from standard string theory.

Observe also that we have available a genus expansion. In the present setting, this follows
from the fact that because we have well defined notion of differentials and sheaf cohomology
on Berkovich space, as well as differential operators d’ and d”, there is a corresponding index
theorem which tells us, for example, that on ¥ a genus g curve with no marked points and
L a line bundle, we have:

Ind(d}) = h°(2, L) — h'(%, L) = /ch(L’)Td (X) =deg L+ (1 —g) (20.23)

by

with ch(L) the Chern character, and T'd(X) the Todd class. In particular, for £ = Oy the
structure sheaf, we have

Ind(d") = h°(%, Ox) — h' (3, 0x) = (1 — g), (20.24)

so we can as usual, organize our string amplitudes according to a genus expansion, weighted
by A~2d(@") "with X the string coupling.

It is also of interest to try and calculate a scattering amplitude in this setting. To give a
sketch of how such a computation can proceed, we observe that from the generalization of
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our free action (20.17) to the case of multiple ¢*:

Stree[d] = / dz (—GAngAAP]lBerkgbB), (20.25)

1
PBerk

we can evaluate a correlation function between two vertex operators:

(exp(ikad™(x)) exp(ilag™(y))) = |6 (z,9) ", (20.26)

as would be associated with two tachyon vertex operators. Evaluation of string amplitudes
proceeds much as in the Archimedean case, namely, introduce closed string vertex operators:

V; = explik; - 6(x))). (20.27)

Continuing in this vein, we can also see how to set up many of the standard notions from
ordinary open and closed string theory, for example we can build vertex operators such as:

VAB = d'¢pAd" P exp(ik - ¢), (20.28)

as would be associated with the graviton (when A and B are symmetrized). The Virasoro
conditions on the momenta lead to the standard conditions on k? = k,k?, since we have the
some notion of a stress energy tensor.

So, for example, m-point tachyon scattering amplitudes will involve:

gmclosed / dzy...dzy, (Vi..Vy), (20.29)

m-point
(Alliierk ) "

where we have omitted various superfluous proportionality factors such as the string coupling
and the inverse volume of global “conformal” transformations. In the special case of four-
point tachyon scattering amplitudes, there is one “mobile point” x € A}_, ,which we cannot

fix using global conformal transformations of Af_, :

nrciesed / dx |6 (2,0) [ 5 (2, 1) 2™ (20.30)

1
ABerk

which we might view as a Berkovich space analog of the Virasoro-Shapiro four tachyon closed
string amplitude (see [276,277] for the Archimedean case). Here we have dropped the overall
dependence on the string coupling and for now we suppress the superscipts and subscripts,
since the context is clear.

One might also ask how “open string” amplitudes fit into this sort of picture. From the

84This group should be viewed as the analytification of SL(2,C,).
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way we have defined the hyperbolic Berkovich space Hpey = Pp. \P*(C,), it seems natural
to view the open string as residing on the Galois orbit invariant subspace of “the boundary”
P!(C,), namely just P}(Q,). In this sense, evaluation of tree level open string scattering
amplitudes is quite similar to what is usually proposed in the p-adic string theory literature.
The distinctions start to arise because rather than just considering a quadratic field extension
of @, it seems more natural to consider the limiting behavior of field extensions, and the
ensuing analytification in Berkovich space as the “natural” arena for the closed string. For
these reasons, we will first focus on the case of our closed string, and only then turn to the
case of open strings (precisely the opposite line of development from how p-adic strings are
typically studied).

To proceed further, then, we need to evaluate this sort of expression. To carry this out,
we view C, as the limit obtained from finite field extensions of Q,. Since A'(C,) is dense in
A .., we expect that evaluation of equation (20.30) can be defined through a suitable limit
of the form:

M = lim M,, (20.31)
n—oo
with:
Mn:/dx 2721 — 2 (20.32)
Q

in the obvious notation. In Appendix W we carry out this computation, and observe that
there is a well-defined limit as n — oco. The end result is written in terms of a suitable
generalization of the Euler Beta function:

1 1 1
_p*(ll_p*bl_p767

B(a,b) = /daz ym\“flu—x\b*:l

1
ABerk

(20.33)

where we have:

m= ][] - a(m), (20.34)

r=s,t,u

where s, t, u reference the usual Mandelstam variables and we have, following the conventions
in [35], introduced:

a(r) =1+ -z (20.35)

As an amusing comment, it is also natural to consider the “adelic amplitude” produced
from taking the product over all the different primes. In this case, we get:

Maderic = [ M= ] ¢~ (20.36)

p prime r=s,t,u

where ( is the celebrated Riemann zeta function. It would be interesting to give a physical
interpretation for the zeros of 9M,geic, perhaps in terms of its relation to the “prime at
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infinity” which is implicitly specified by the condition:

sInadelicfntoo =1 (2037)

20.4.1 Current Algebras

The considerations presented above also show that it is possible to specify a notion of a chiral
current algebra on this worldsheet, and so in turn to implement a variant of the worldsheet
theory for the heterotic string. To see why, it is enough to again exploit the appearance of
the operators d’ and d”. In particular, we supplement the left-movers by a collection of free
fermions, writing an action such as:

Sy = / kap\2d" P, (20.38)

3

where the indices a, b run over a set of flavor indices, and k,;, is a set of couplings. Here, the
A’s transform as a section of ICIZ/ ?ie., as “(1/2,0)” differential forms (in complex geometry
terms). From this, we can clearly start following the usual procedure for implementing
a worldsheet current algebra, i.e., by considering composite bilinear operators built from
the X’s. In particular, from the way we have set up the action principle, the structure of
correlation functions for the resulting currents:

J® = X2\, (20.39)

will be quite analogous to what happens in the complex setting. This also means that we
can introduce a notion of a target space gauge algebra, much as we would in the standard
heterotic string. The fact that we also have a notion of the conformal anomaly also suggests
that we have quite similar restrictions on the admissible gauge groups (which in the complex
setting follow from the condition of modular invariance).

20.5 Open Berkovich Strings

It is also natural to ask whether we can define a notion of open Berkovich strings. Here,
we expect to make closer contact with the p-adic string theory literature, where several
important structural features of the theory have already been worked out. The main thing
we will aim to do is see how to reconcile (if possible) our perspective on closed strings specified
on Berkovich space with these older considerations. In particular, we wish to understand
the potential ways in which open string structures such as Chan-Paton factors can arise in
this setting.

To begin, we note that our discussion of physics over the p-adics has emphasized the
“two-dimensional” nature of Q,, since, in contrast to the real numbers R, there are an
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infinite number of p-adic numbers with the same norm, whereas in the real setting, there
are precisely two for each non-zero number. This is also related to the fact that there is no
total ordering on the p-adics, only a partial ordering as specificed by the norm of elements.
Now, in the Archimedean string, the open string worldsheet is, at tree level, just a disk, the
boundary of which is an S' ~ P!(R). Consequently, we have a well-defined notion of local
path ordering on the circle, which allows us to introduce Chan-Paton factors, as well as a
way to multiply the corresponding matrices, i.e., just by composition of maps.

The absence of total ordering on the p-adics clearly complicates this. In [278], a proposal
was also given to rectify the problem which involves dividing up the p-adics into “positive”
and “negative” elements, as specified by whether they are in the image of the Norm map
Normyp,q, : Q; — @Q,, with L a quadratic extension. Our present considerations clash
with this for a few reasons. First of all, in terms of our formulation based on Berkovich
space we have advocated, the extension of this notion eliminates all but 0 and 1 in Q, as
“positive elements”, which is clearly too restrictive. Said differently, why stop at quadratic
extensions?®® An additional concern is to remain somewhat true to the requirement that we
can extend our discussion beyond the simplest case of tree level string scattering processes.
That in turn means that we require a flexible notion of how we specify a “worldsheet with
boundary”.

How then to proceed? There are some complementary notions of a tree level worldsheet
with boundary that we can reference, and some of this is in accord with expectations from
the p-adic string literature (though we will necessarily differ at some important steps). Let
us then begin with a “first principles approach” and then show that this does reduce in
suitable approximations to a notion of a p-adic open string theory worldsheet. We will then
show that the proposed notion is flexible enough to accommodate the structures expected
from open string theory, such as Chan-Paton factors.

Compared with the case of the p-adics, Berkovich space is path connected, so we can
already see that it makes sense to discuss paths v : [0,1] — X, where ¥ is some p-adic
analytic curve, as we would associate with a closed string worldsheet. To get a natural
notion of a “boundary” we need to find a way to pick out distinguished paths. One way to
proceed, at least for PL_,, is to note that there is a “hyperbolic space” Hpe = P \P'(C,).
The condition that we have something “one-dimensional” can then be taken as those points
of C, invariant under Gal(C,/Q,), i.e., just the p-adic numbers Q,. This would get us
close to the proposal for the worldsheet of the p-adic open string, but it does come with
some obvious drawbacks. For one, this “boundary” is not path connected, and as already
remarked, there is no total ordering of the elements, only a partial ordering as dictated by
just taking the p-adic norm of elements, as would be in line with our discussion of “radial
quantization” in the p-adic setting.

That being said, there is a sense in which we can interpret the standard open string

85In the Archimedean setting this of course makes sense because C is a quadratic extension of R. That is
not so for C, viewed as an extension of Q.
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amplitude in terms of a formal contour integral. As explained in Appendix W, the main
point is that for the most part, the contributions to the four-point open string amplitude
can be reinterpreted as an integral over Q,, in which we introduce a “radial contour” 7yaq
consisting of points x,, = p™ for m € 7Z, as well as another contour ~; associated with the
point 1 € Q,. So, while this prescription is suggestive, it leaves open important conceptual
issues such as the ordering of Chan-Paton matrices in more general open string amplitudes.

On the other hand, we have also noted that Berkovich space is path connected, which
distinguishes it from both Q, and C,. This in turn means that we can fix a particular closed
path v : [0,1] — P§_,, and use this to define a notion of “worldsheet boundary”. The
correspondence with actual boundaries obtained from the Berkovich topology, is, however,
often imperfect. For example, a ball B of radius R consisting of points |z|] < R has a
boundary which may consist of only a finite number of points. Additionally, an annulus
specified by points r < |z| < R is, in Berkovich space, still simply connected! Again, this is
due to the fact that the space is tree-like. All of this means that we must be flexible in how
we specify a preferred notion of worldsheet with boundary.

Nevertheless, the existence of a path connected Berkovich space means that once we find
an appropriate contour v : R — Pk, ordering of Chan-Paton factors in the associated
Koba-Nielsen formula will also follow. To illustrate, since our vertex operators depend on
coordinates z € Pk, we can speak of the trajectory z(t), and so can label each vertex
operator V;(t;) as referencing a coordinate t; for i = 1,..., M in an M-point amplitude. This is
already helpful, because we can now specifically reference a notion of vertex operator ordering
on our designated path, and so can also consider multiplication of Chan-Paton matrices in
the order they appear along our trajectory. Much as we would with the Archimedean string,
we switch the order of multiplication once two points ¢; and ¢; cross on the contour.

Summarizing the discussion so far, we have seen that the “standard” p-adic string ampli-
tude makes reference to a formal notion of a contour integral on Q,, while Berkovich space
readily provides us with a notion of connected paths.

Our plan will be to combine these two considerations by making use of an appropriate
tropicalization map ¥ — ¥,,p, as induced by the map on affine n-space:

Trop: A" — R" (20.40)
(21, .0y 2n) > (—log|z1], ..., — log|zn|). (20.41)

As reviewed in Appendix V, this leads to a “skeleton” ¥,,, — % which embeds in ¥. Our
plan will be to interpret this one-dimensional graph as specifying a generalized notion of the
worldsheet boundary.86

860Observe that in the Archimedean setting over C, this leads to a map z — —log|z| which amounts to
mapping z = re'? to just its radial component. This produces an ordered set (one point for each radius), but
it is not quite the standard worldsheet boundary specified by the real locus Im z = 0. Of course, by channel
duality we can relate the two.
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To illustrate, let us consider the affine line ¥ = {x +y = 1} in A?, and its associated
map to R?. We view the projectivization of 3 as the variety (after a further analytification)
associated with the closed string worldsheet at tree level in string perturbation theory. The
tropicalization is spanned by the point sets:

Stop(Cp) = {(—log |z|, —log |1 — z|) CR* with =z € C,} (20.42)
Yitrop(Qp) = {(—log |z|, —log |1 — x|) C R? with =z € Qp} , (20.43)

where here we have referenced the different choices of a ground field. There are a few
distinguished points, given by the regions near x = 0, x = 1 and z = oo, which produce the
asymptotic points in R? given by (00, 0), (0, 00), and (—oo, —o0), respectively (see figure 12).
There is also a distinguished midpoint, as given by all points 2’ of norm one such that |1 —
2’| = 1, all of which map to the point (0,0) in R?. Observe now that the previously mentioned
“formal contours” 7,q and y; map to segments of Y,,,. For example, the formal contour
Yrad coOnsisting of points x,, = p™ starts at (0o0,0) and passes through (0,0), continuing
on to (—oo, —o0). Meanwhile, the formal contour ~; consists of points 1 — p™ for m > 0
which starts at (0, 00) and continues down to the origin (0,0). In this case, there is also a
natural contour which passes through all the relevant points. All that is required is that
we weight each factor by 1/2. This path proceeds along the contour (c0,0) — (0,0) —
(0,00) = (0,0) = (=00, —00) — (0,0) — (00,0). Now, although in ¥, this involves
passing through each point more than once, the embedding in 3 can clearly lift to different
points, by maps such as x +— —x. So in other words, we can lift this path in Yiop C Lirop to
a single path v : [0, 1] — X where the image of 7 under the tropicalization map is just Yirep-
This accomplishes the desired path ordering, for an arbitrary number of vertex operator
insertions.

A pleasant feature of the present prescription is that it readily generalizes to more com-
plicated worldsheet topologies. Again, the main idea is that we start with a curve ¥ and its
analytification ¥,,. The tropicalization of ¥(Q,) produces a natural notion of a “worldsheet
boundary”, as specified by Xi,,,(Q,). Passing along each leg of the associated skeleton in
a path orderered fashion, we get an ordering of Chan-Paton matrices. Note also that by
breaking up the open string worldsheet into such finite segments, we can evaluate the results
much as we would in the standard Archimedean string.

20.6 Adding D-branes

In the Archimedean string, D-branes play an important role in accessing the non-perturbative
structure of string theory (see e.g., [279]). From the perspective of the worldsheet, these
arise by imposing Dirichlet boundary conditions along some of the directions of the string
worldsheet, e.g, letting o € [0, 7] denote the spatial coordinate of the string worldsheet,
a D8-brane in a 10D spacetime is specified by the boundary conditions ¢°|,—, = 0 and
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Figure 12: Depiction of the tropicalization of the affine line ¥ = {x +y = 1} in A?. The
tropicalization Yy is induced by the map A? — R? given by (z,y) — (—log|z|, —log|y|).
This leads to a (p, ¢) web of the sort familiar to physicists in the study of five-brane webs and
toric geometry. Here, we use this tropical geometry to define a path connected subspace in
Yan Which we can use to specify open string amplitudes with Chan-Paton factors included.

(0 — 0)¢*|,—= (accompanied by suitable conditions for worldsheet fermions).

Since we have developed a corresponding Berkovich open string, it is natural to ask
whether we can extend our considerations to include D-branes. In the context of the p-adic
open string, reference [65] interpreted the p-adic open string theory as ending on a spacetime
filling D-brane, i.e., the special case of all Neumann boundary conditions.®” Our aim in this
section will be to study the related question in the broader context where we also allow
Dirichlet boundary conditions along subspaces in the target space geometry.

To keep things streamlined, we mainly focus on the bosonic sector of the Berkovich
string since we expect there to be a natural extension of our discussion to include fermionic
degrees freedom. With this in mind, we shall consider Berkovich space worldsheets .,
with “boundaries”. The main idea is already conveyed by returning to the hyperbolic space
Hper, = PY\P*(C,), which can be viewed as having boundary P!(C,), and which (as already
mentioned previously) has a “one-dimensional” boundary @Q, given by the fixed point locus
of Gal(C,/Q,). Since we have already shown (via tropicalization) how to pick out a path

87Even here, however, one can ask whether contributions from closed p-adic strings can be taken into
account. The issue is that at least in the Archimedean setting, the endpoints of an open string can “join
up” and in so doing produce a close string. This then leads back to earlier questions about how to properly
formulate closed p-adic strings. Our philosophy here has been to build a closed string theory via Berkovich
space, since this seems to track better with the analytic structure present in the Archimedean setting.

174



ordered contour v : R — Ph_,, we can break up this path into smaller segments, i.e., we
write the interval [0, 1] as the union of smaller intervals I; = [e;, e;11] with e; < ... < epq1

and e; =0 and e, = 1:

0,1 = J I (20.44)
j=1
On each such interval, one can then consider the image set v(I;) C Pg,,. We can then
speak of a Dr-brane®® On this segment, we can impose Dirichlet and Neumann boundary
conditions via the following conditions:

Dirichlet : ¢*|;, =0 for A=r+1,..,10 (20.45)
Neumann : (& — d")|, =0 for A=0,...,r. (20.46)

The second condition amounts to requiring a match of the different superdifferentials of the
closed string worldsheet at the boundary. Note also that we can equip each segment with a
suitable set of Chan-Paton factors, so we automatically also get a vector bundle structure on
each of our Dr-branes. The point we wish to emphasize here is that the analytic structure
present in Berkovich space affords us with a way to make much closer contact with what is
encountered in the Archimedean setting.

At this point, it should be clear that we can carry over much of the analysis present in the
Archimedean setting, including the study of curved backgrounds, and D-branes of various
dimensional support wrapped on suitable cycles. One can then ask, of course, whether the
resulting D-brane worldvolume theories have any resemblance to what is observed in the
Archimedean setting. It is well-known that even the target space action for p-adic string
theories exhibit some non-localities (see e.g., [65]), so we expect this to carry over to the
treatment of D-brane effective actions as well. In principle, this can be analyzed by carrying
out a study of vertex operator correlators in the Berkovich string, but we leave the study of
this for future work.

20.7 Back to Mixed Characteristic

Having seen that we can construct a Berkovich string with target space an Archimedean
geometry, it is natural to ask whether we can turn the discussion around once more and
also produce string theories where the target space is also a Berkovich space. In particular,
one could then establish a p-adic version of objects such as closed strings, open string and
D-branes.®® Performing suitable restrictions to C,, @, as well as residue fields such as F,

88 Unfortunately, p has been reserved for other notions so we speak of a Dr-brane as one which fills 7 spatial
directions, as well as the temporal direction, namely it is Dirichlet in the 10 — (r 4+ 1) directions transverse
to the brane. Similar considerations clearly extend to curved backgrounds.

89The attempt presented here to formulate this more precisely was prompted by questions from L. Borisov
and R. Nally.
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and I, this would also provide a way build more exotic target spaces.

To accomplish this, we begin with two K-analytic Berkovich spaces X and Y, as well
as an Archimedean geometry Z.%° For each of these, we can contemplate maps of the form
bzx + X = Z as well as ¢zy : Y — Z.9 We treat X as our worldsheet (i.e., it has
dimension one) while Y is permitted to have arbitrary dimension. Clearly, we can also
consider morphisms ¢y x : X — Y. Observe also that morphisms for the varieties defined
over Q, naturally extend to this setting. Now, we are interested in constructing a string
theory with target space Y rather than just Z. The main issue we face is how to set up a
suitable action principle. A natural way to proceed is to fix a particular map fzy : Y — Z,
and then restrict to maps which factor through Y, namely we only consider ¢z x : X — Z
with ¢z x = fzy © ¢y x, where in the path integral we sum over all possible ¢y x : X = Y
but do not vary fzy. For example, this allows us to define an action principle much as we
already did for the Berkovich string:

Slpv.x, fzy] = / dr G0)d o d" ¢ (20.47)

Pherk
in the special case where X = P§_,, and G;ZE); is the metric on the Archimedean target
space Z. Here, we have used the notation d, y and d7 y to indicate the superdifferentials
associated with maps X — Z and their corresponding tangent spaces T'X and TZ. We will
shortly need a generalization of this for higher-dimensional K-analytic spaces Y and their
maps Y — Z. We leave this somewhat implicit in what follows since we assume that we can
consider a patch of ¥ which looks like an affine K-analytic space Af, .. Now, since each
qbé’ y is specified by composition, we expect that there is a chain rule in play which allows to
re-write this in terms of a “pullback metric” on Y. Indicating this metric as:

Slov.x, fzy] = /dx g B B (20.48)

1
[PBerk

where @' and 0" are superdifferentials defined for maps X — Y, and we have also introduced
the pullback metric:
z
g = GLBOLI7v O - (20.49)

The machinery for constructing vertex operators for a Berkovich string with target Y
then proceeds as expected. Note also that the construction of D-branes also makes sense in
this setting, provided we have the superdifferentials 0" and 9" for maps X — Y, since we
can then speak of both Dirichlet and Neumann boundary conditions (much as we did for

99Here, we use the term somewhat loosely. All we mean a space defined over R, possibly either a pseudo-
Riemannian or Riemannian manifold. In other words, it is the standard target space for a string theory.

91The “backwords ordering” on the subscript is introduced here to make later composition maps more
intuitive (at least to us).
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Archimedean valued maps).

That being said, an unpleasant feature of the above construction is that it requires us
to specify a choice of Archimedean target Z, as well as a choice of map f : Y — Z.
Presumably our construction should not really depend on these choices, but at the moment
the requirement that we can really “extract a number” from our action principle seems to
require it. There are, however, at least a few natural choices which immediately present
themselves.

One option would be to take Z = R and just fix f as the tropicalization map already
encountered. This choice is canonical in the sense that much of our earlier considerations
implicitly made reference to tropicalization. Another option would be to take Z to be C*,
and to view f as a “character map”. At least for simple choices of Y such as affine space, or
some embedding in affine / projective space, we can induce a character map by restriction
from the ambient geometry, so this yields another way to fix both f as well as Z.

Is there anything to favor one such option over another? One demand we can make is
that starting from Berkovich space, a suitable “coarsening operation” should apply which
allows us to return to the treatment presented earlier in this note. To illustrate, observe that
we have canonical embeddings:

Yierk <~ Y(Cp) = ... < Y(L/Q,) ... < Y(Q,) (20.50)
XBek < X(Cp) — ... <~ Y(L/Qp) + ... + X(Q,) (20.51)

In particular, starting from a morphism X(Q,) — Y (Q,), we can extend it to a morphism
XBak — Yaek.?? So, we can opt to restrict our path integral to such restricted sums, and
this moves us much closer to the finite sums considered in characteristic p. Indeed, note
also that for a morphism X(Q,) — Y (Q,) presented locally as a collection of polynomials
over @, we can clear denominators and view them as polynomials over Z,. Passing to the
residue field F, = Z, /pZ,, we return to nearly the beginning. One can also perform a similar
operation for L/Q, and its residue field. In this extreme limit, however, it is unclear to use
whether the tropicalization map Y (F,) — R has any meaning at all (since F, has no norm
operation). Observe, however, that character maps involving Y (F,) — C* still make sense.
At least in this sense, this suggests using a character map operation to construct mixed
characteristic / finite characteristic strings and D-branes.

To illustrate how this would work in practice, let us fix Y a subvariety in A™ and Z = C*.
Each point in Y can be viewed as a point (y1, ..., ym) € A™. Now, on the locus (C,)" we
can specify a collection of character maps induced from x : C, — C*, so we can take the
product over all the characters to obtain a map:

A™ — C* (20.52)

92How unique is such an extension? We do not know.
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m

(W1s - ym) = | [x () (20.53)

j=1

Viewing C* as a flat cylinder, we can take the metric on C* to be given by:%
(20.54)

i.e., we have G,z = G5, = |z]_2 /2, in the obvious notation.

An interesting feature of this construction is that whereas our previous treatment re-
quired the path integral phase factor exp(iS/h) to also be a character map, the present
construction would seem to produce a mod p action with no corresponding phase factor, and
would therefore be ill-defined. At the moment we do not see a cleaner way to proceed than
just inserting “by hand” an explicit character map operation (i.e., loosely speaking a factor
of i) once we reduce to a finite field. Indeed, the statistical field theory interpretation in

finite characteristic would suffer from the same ambiguities already pointed out in section
4.6.

930ne can switch to coordinates z = exp(u), with ds?. = dudu.
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21 More General Arithmetic Structures

In sections 16 and 20 we extended our analysis to cover more general numbers given by
N = 27h a prime power. In this section our aim will be to generalize these notions to
consider the more general case where N has distinct prime factors, writing N = p{*...p%".

To study this case, we continue with our theme of interpreting physical structures in the
language of arithmetic geometry. We begin by considering the special case:

N = p1..pm, (21.1)

namely the power of any prime factor is at most one. Thankfully, the relevant structures
have also been developed by mathematicians. The main idea we want to exploit is to view
the integers Z as a coordinate ring for a “curve”.?? In algebraic geometry, we construct our
geometric spaces by dealing with the spectrum of the ring, namely the set of maximal prime

ideals. In the present context, this is just the ideals generated by the primes as well as 0:%
SpecZ = {(p) for p a prime} U {0}. (21.2)

In this way of thinking, Spec Z is just an affine curve with points specified by these maximal
ideals. The meaning of an integer such as N = p{*...p;* is then that it is a collection of k
points. Moreover, the exponent a; indicates the “thickness” of that point as a non-reduced
scheme. See Appendix D for a brief discussion on some geometric aspects of Spec Z.

For a given physical field configuration, then, we can view our action S as a function
over the curve SpecZ, namely, the affine line, where we perform a formal continuation at
the origin. We can, of course, consider localization near any prime factor of N, and this will
lead us to a power series expansion in that prime. We denote the resulting subscheme of
SpecZ as (SpecZ)y.

With this in mind, we considering fibering all of the construction developed previously
for a fixed prime p,”® to construct a larger spacetime and target space:

X — X Y — Y
l . and l . (21.3)
Spec Z Spec Z

Each stalk of the fiber is meant to be interpreted as a variety in characteristic p. We can

94Typically, one makes sense of curves over a field. Here, we are relaxing even this condition, so the
geometric picture will suffer somewhat. We will nevertheless persist with this language since it is helpful.
See also the discussion in sections 22 and 23.

9 Here we are simply giving the point set. It is more appropriate to view this is a ringed space, i.e., we
also equip our space with a structure sheaf O.

96We thank R. Donagi for emphasizing this feature of reduction modulo p to us.
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further supplement this by working over different finite fields such as F,."

Now, extending the spacetime and target space in this way, we see that there is a sense
in which it is actually more naturally to perform a path integral over all maps from X to

Y. In terms of the geometry of SpecZ, this means that we instead take a product over all
possible prime numbers, but also all maps between these primes by treating / as a map:

2mh : SpecZ — Spec Z, (21.4)

where we assume 27/(0) = 0. This removes the restrictions on exponents introduced in
equation (21.1).
A path integral phase factor which includes these effects is given by:

TTIT T et/ eisential ~ T G ) (21.5)

h p zeXy rzeXN

where in the above, the additional term Sey.. also captures more general possible hopping
terms between primes. On the righthand side of this expression we view the appearance of a
fixed N as the result of performing this product, with an effective action S°" encapsulating
these effects. Here, Xy simply refers to the restriction of the fibers of X to the subscheme
(SpecZ)n. To get a good approximation of S, we can also adopt a Wilsonian perspective,
integrating over primes p, starting with the small ones, and then moving to the bigger ones.
This provides a sense in which we can pass from short distances back to long distances.

Operator correlation functions also generalize. We view a physical field ¢(p, x,) as having
support over the total space X given as the fibration of X over SpecZ. For each prime factor,
the definition of the operator is specified in exactly the same way, the only issue is that we
should now write a local operator such as the one of line (3.16) as:

Ulpra) = exp (0(02)) (21.6)

with p € SpecZ and z, € X,,.

Clearly, evaluating correlation functions with this sort of procedure can quickly become
unwieldy. A well-motivated approximation is obtained by restricting 27A to a special class
of maps of the form:

27h : SpecZ — SpecZ (21.7)
A (21.8)

The reason these maps are “special” is that they simply send an ordinary point to a “fat
point” of the same type, just increasing its multiplicity. This affords us a notion of locality

97As well as further lifts to varieties in mixed characteristic as well as suitable analytifications, we return
to this later on.
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on the primes, so it seems reasonable to make this further restriction.

At a practical level this also makes the reduction over a given prime more tractable, but
still quite flexible. In this case, the path integral phase factor collapses to:

TTIT IT 5. (21.9)

neN p zeX,

Additionally, the structure of operators such as those of line (21.6) also simplifies, and the
reduction mod p” can now be applied fiberwise.

All of the remarks about the emergence of a p-adic and real topology also apply to this
enlarged setting. Assuming there is an approximation of the full path integral in terms
of an effective action and some integer N = pi'...p;*, we can consider each prime factor
individually and then the large N limit amounts to assuming that the exponents a; are all
sufficiently large. We thus expect this to produce the expected real topological structure in
the continuum limit. Similar comments apply for the corresponding analytifications of the
fibers. An interesting feature of working over C and C, is that we also have (non-canonical)
isomorphisms X (C) ~ X(C,) ~ X(C,). Of course, the structure of the corresponding
analytifications will be different, but this can be viewed as related to how we take a suitable
large N limit, as per our discussion in section 20.

21.1 Zeta Functions Revisited

As we have already remarked, evaluating the full path integral of line (21.5) is somewhat
unwieldy, but at least provides a general framework for recovering continuum notions of
spacetime. Now, in the context of applications to number theory, the idea of starting with
a general algebraic variety over Q and recasting this as a scheme over Z is a well known
procedure. In this context, reduction modulo a prime p then provides important arithmetic
information on the behavior of the geometry. For a generic algebraic variety, reduction with
respect to a generic prime p will produce a non-singular variety over IF,,, and in such cases we
can speak of the corresponding Zeta function Zy,(2), and its relation to a supersymmetric
index: "

S Tr, (FD)F2") = logZy,(2) = #V(Fqn)%. (21.10)

n>1 n>1
We have also argued that this quantity can also be interpreted as the supersymmetric index
of a suitable characteristic p quantum mechanics problem.

Reduction modulo p may also result in a singular space, and this forms the basis for
defining the theory of the “conductor” of a variety. For generic varieties this sort of singular
reduction happens for a finite number of primes. We have also seen in subsection 13.3 that
on physical grounds, the structure of the supersymmetric index should allow us to make
sense of the Zeta function, even if there is a singular reduction.

181



Now, in the more general setting just introduced, we have been considering a further
fibration over SpecZ, so we can speak of the supersymmetric index obtained from working
with all the different primes. If we restrict to the special case where the map 27wh of line
(21.7) is just the identity map (no fat points at all) then we just take the product over all
the different zeta functions. This produces the expression:

Zvo({zp}) = HZV,p(Zp)- (21.11)

In the arithmetic geometry literature it is customary to work in terms of a single uniform
fugacity. Introducing a complex number s (with suitable domain of definition to ensure
convergence of the product), we can write z, = p~®. Note that this means larger primes are
“penalized” in the associated partition function. Making this substitution, we arrive at the
Zeta function:

Cvals) = [ [¢vals), (21.12)

where we changed notation (¢ = Z) to emphasize the different variable dependence.

The present formulation also suggests some natural generalizations of these sorts of for-
mulae. Instead of just dealing with the identity map for 27h : SpecZ — SpecZ, we can
consider more general powers. Evaluating the corresponding local Zeta functions and taking
the product over prime powers provides a more general set of objects to study.

21.2 Geometric Engineering Revisited

It is also interesting to revisit our discussion of geometric engineering, especially as a way to
formulate a suitable notion of gauge theory on the bigger space X — SpecZ, and thus as a
way to formulate mathematical (and physical!) quantities of interest.

The general geometric notions we need are specified by working with arithmetic schemes.
The idea is to fix some variety V' over an algebraic number field K (i.e., some finite field
extension of the rational numbers Q), and consider the ring of integers Of. Then, we can
consider the fibration V' — Spec (O ) as obtained by reduction of the variety at prime ideals
of Ok. Doing so, the total space has “one dimension more” than the reduction. Clearly, this
is precisely the situation outlined previously in the special case where K = Q and Ok = Z.
A simplified but still important example is provided by the case of algebraic curves over K.
In this case, the total space is referred to as an arithmetic surface S. See figure 13 for a
depiction.

Our aim in this brief subsection will be to sketch how to use notions of geometric engi-
neering to sketch a formulation of a gauge theory on an arithmetic surface S. We expect that
similar notions also work for more general arithmetic varieties since geometric engineering
also extends to this broader setting. We will also find it convenient to allow K to sometimes
differ from Q, even though we expect the physically most interesting case is likely provided by
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the “simplest situation.” One reason for doing this is that in previous discussion of geometric
engineering in characteristic p, we saw that the sharpest analogy with the characteristic zero
case suggests working with the algebraic closure Fp.

To formulate gauge theory on S, we view it as an arithmetic surface of ADE singularities
X such that the total space is Calabi-Yau. We note that such a notion makes sense because
even in the setting of an arithmetic variety defined over a ring of integers such as Ok, we
can still speak of a canonical sheaf (see reference [280]). To be explicit, consider the special
case of an A-type singularity. Then, we would write:

y? =2 +ul, (21.13)

where the locus x = y = z = 0 defines S. Of course, in the “standard setting,” we would
view this as engineering the Vafa-Witten system [194] as familiar from model building in
F-theory (see e.g., [281,177,282]). The non-trivial step in the characteristic zero setting has
to do with ensuring that the two notions of moduli spaces from gauge theory and singular
Calabi-Yau geometry actual specify the same degrees of freedom.

Here, we will simply use the geometry as a way to define what we could possibly mean
by gauge theory on the arithmetic surface, leaving a complete treatment for future work. In
accord with the usual characteristic zero case, we expect to have a notion of a vector bundle
& with an A-type structure group SL(N, K), and a Higgs field. Now, to see the appearance
of the vector bundle in our setting, we observe that we can perform blowups of X, even in
the arithmetic setting. Doing so, we observe the appearance of “fibral divisors” Dy, ..., Dy.
These can be viewed as divisors of an ADE singularity, which is then further fibered over
S.98 We can now see the appearance of the 2-cycle class [S] in the intersection pairing:

where C;; with ¢,7 = 1,..., N is the usual intersection theoretic Cartan matrix (—2’s on
the diagonal). Taking linear combinations of effective divisors, we then build up the usual
notion of a root system fibered over S. Implicitly, then, the deformations of line (21.13) are
specifying the Casimir invariants of a Higgs field:

D: € E®Ks, (21.15)

where the notion of g as the canonical sheaf makes sense for an arithmetic surface, and
we view & as a sheaf on S which admits a group action by SL(N, K). Now, for each
prime p € O, we can fix our attention on the corresponding stalk S,. This is akin to the
characteristic p Hitchin system we already encountered.

98Here, the proper notion of divisor, and intersection of divisors implicitly makes reference to Arakelov’s
intersection theory [283,284] (see reference [280] for an introduction). This is necessary to stipulate because
we need to be able to specify what happens “at infinity,” in Spec Ok.
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An interesting feature of this setup is that we can now discuss surface operators, as
associated with specifying a prescribed singularity structure for our Higgs field along a curve
(or curves) in S. In the context of geometric engineering, this has been analyzed for example
in references [177-179]. Call one such curve ¥. Then, this also specifies a divisor in S, and
the Higgs field has a residue along > which is some element in the Lie algebra sl(N, K):

Resc® € sl(N, K). (21.16)

In the geometric engineering setting, we can generate such profiles by colliding different
singularities together. For example, still within the context of our setup as in line (21.13),
introduce another arithmetic surface S’ locally specified as the hypersurface x =y = v = 0.
Then, we can consider:

y? =2+ ulNo, (21.17)

as associated with SL(N, K) gauge theory on u = 0 and SL(M, K) gauge theory on v = 0.
The surfaces S and S’ intersect along v = v = 0 which we view as a horizontal Arakelov
divisor in S.

In the characteristic zero setting we would say that there are “matter fields on »” as
specified by elements of H°(3, lClz/ ’® (E®E)|c). Presumably there is a suitable concept
of this for divisors in arithmetic surfaces, via the analog of theta functions. In the special
case where the bulk vector bundles are trivial, there exists a Lie algebra valued pairing for
the zero modes (see [177] for the precise definitions) which we can use to specify the value
of the Higgs field residue:

Resc® = (¢, ) . (21.18)

So, using concepts from geometric engineering, notions of surface operators (at least for
Higgs fields) and gauge theory over S still appear to make sense.

It would also be natural to investigate the effects of S-duality on such gauge theories.
Taking our cue from the characteristic zero setting, we can consider a product of an elliptic
curve E and an ADE singularity. For example the elliptic curve E can be specified in
Weierstrass form as y? = 23 + fz + g, with f, g € K, and upon choosing an embedding in C,
we can also associate it with a fixed choice of complex structure parameter 7. Fibering this
geometry over our “4D spacetime” the arithmetic surface S, we can thus assign our gauge
theory the standard parameter 7 which transforms under SL(2,7Z) in the usual way:

ar +b
cT +

with ad —bc=1 a,b,c,d € Z. (21.19)

So, at least in principle, the effects of S-duality can be studied in this framework.
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21.2.1 Arithmetic Line Operators

Having come this far, we can also ask whether we can set up the usual notions of electric
and magnetic line operators in our gauge theory system. To begin, we exploit the structure
of S as a fibration over Spec Ok to define a formal one-form:

A= Aydp + Ay, duy, (21.20)

where each p refers to a maximal prime ideal of Ok as specified by the sheaf of differentials
in Q!(Spec Ok ) with local differential dp and the fiber at each stalk comes with a differential
dx, as defined on the curve Sy, which is just a curve over the finite field F, >~ O /pOg with
q = p" for some prime p and r > 0. We can view A as a one-form valued in sl(N, K), but in
which we also need to reduce each component in the stalk A,, mod the given prime p.

Our first aim will be to define a notion of an electric line operator. First of all, for the
vertical divisors, we are speaking of A, dx,, and so we can specify holonomies by appealing
to the spectral cover construction for a curve over F,, namely we first take a curve ¥ over
F,, and on the spectral cover > — X we take a line bundle. Under the suitable pushforward
map, we then get a vector bundle, which in turn implicitly specifies a line operator for us.

So, the real issue here is to see if we can define a suitable notion of a line operator for
a horizontal divisor, as specified by a section P : Spec Ox — S. To do this, we first pick
an embedding K < C, and order the primes p according to their absolute values, viewed
as standard complex numbers. Each prime can then be viewed as living on the geometric
cylinder C*. We can then specify a partial ordering on Spec Ok, and for ease of exposition
we will assume this is a total ordering (as occurs, for example, in the special case SpecZ).
This means we also have a notion of a path ordered exponential. The last ingredient we need
to specify is a choice of representation R for sl(N, K), and we denote the resulting matrix
valued connection as AR = AT (r)’ where the T are the generators of the lie algebra in

the representation R. We view the restriction AfJR) on each stalk as implicitly specified by a
representation on sl(N,F,) ~ sl(N, Og /pOk). We can then define an ordered product:

)
Wr =[] exp (%ZA,SR)) . (21.21)

p

Observe that we have inserted pre-factors of 27i/p. The prime p is the characteristic of the
finite residue field F, >~ Ok /pOk. We have included this factor because we need to make
sure that W makes sense as an operator acting on the Hilbert space defined by each stalk S,
of the arithmetic surface. In physical terms, the operator Wx is a path ordered exponential,
and specifies an electric line operator.

What about the magnetic line operators? At least classically, we see what to do using
our geometrically engineered setup. Indeed, since we have an elliptic curve over K with a
choice of embedding in C, we can also specify the A-cycles and S-dual B-cycles on the elliptic
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curve.

In the quantum setting the situation is more subtle because we view the electric line
operators as order operators and the magnetic line operators as disorder operators, namely,
we prescribe boundary conditions [195]. But we know precisely how to implement this prime
ideal by prime ideal in Ok /pOf. Indeed, what we do is examine the intersection of the image
of P: SpecOkg — S with each vertical stalk. In the associated curve S, we are marking a
boundary condition, as specified by a choice of representation in s[(NV,F,) >~ sl(N, Ok /pOk).

There is a rather rich story explained in [195] for how these operator can act on a 2D space
obtained by “dimensional reduction”, and this provides a physical basis for the geometric
Langlands program. There seem to be some parallels with the story we are setting up here
which would be interesting to explore further.

We leave a more complete treatment of these possibilities for future work.
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S Geometric

S Arithmetic

Figure 13: Depiction of a geometric surface (top) in characteristic zero, viewed as a Riemann
surface fibered over a cylinder, as well as the analog for an arithmetic surface (bottom) viewed
as a fibration over Spec Ok, with K an algebraic number field and O its ring of integers.
For each prime p, the fiber is given by the reduction of a variety over K over that prime. We
have also drawn a depiction of a horizontal divisor X, as well as its intersection with some
examples of vertical divisors such as S, and Sy, with p and p’ primes of Spec O.
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Part IV

Speculations with Spec Z
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22 A Walk Amongst the Primes

As a further extension of our discussion so far, we now explore a more general class of
arithmetic quantum field theories defined over Spec Z. Indeed, viewing Spec Z as a geometric
space in its own right, we have mainly focused on “ultra-local” theories in the sense that
one first fixes a (possibly fat) point in Spec Z, and then proceeds to construct a theory over
that specific prime. Our aim in this section will be to generate a broader class of theories in
which we can hop amongst the primes.

Much as in our earlier discussions, we shall be guided primarily by physical considera-
tions. Wit this in mind, we seek to develop the analog of a kinetic term and especially a
propagator which can be deployed over Spec Z itself. Working by analogy with case pre-
viously considered, recall that at the most basic level, our construction of path integrals
involved fixing a choice of ring R and a polynomial ring R[z|. Then, given ¢(z) € R[z] given
by:

Br) = Y b, (22.1

we can produce a derivative via:

Do(z) = Zm@nxm’l, (22.2)

m

and evaluating at elements of R (more properly viewed as points of the affine line Spec R|x]),
we can then produce corresponding actions via a character map. In particular, we would
schematically generate correlation functions via expressions such as:

S exp(iS[6]/R)O () O (tn)

::¢6Rh]

: 22.3
S~ exp(is[o)/h) 22

pER[z]

where the O(t;)’s are operators constructed out of the field ¢.

In the present context, formally continuing the same procedure would seem to require
treating Z itself as a polynomial ring R|x], but there is seemingly no natural choice of R which
appears to fill this role. At a formal level, one can hope to exploit the analogy between Z
and F,[z] . Indeed, there is a formal sense in which a suitable A-ring can provide a definition
of Fy, a structure similar to the mythical “field with one element” (although it is clearly
not strictly speaking a field), and this can be used in turn to equip Spec Z with additional
geometric structure.”? See in particular [286-288] for further discussion on this perspective.

99For the purposes of our tagential discussion where we only lightly use the given material, the following
definition of a A-ring will suffice. See [285], as well as the somewhat different treatment of the same structure
in [286-288]. A helpful account of the basic structures can be found in [289]. A quick summary can be found
in [290]. Start with a commutative ring R with unit 1. Introduce for n € Z-¢ a collection of maps A" : R — R
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Continuing with the algebro-geometric analogy, one would like to seek out a natural
analog of “translation operations”. Indeed, given some prime r € R, one can translate in
R[z] via id + (z — r)(gc;ir). Morally speaking, one hopes to imitate a similar translation
operator structure present over a polynomial ring. There is a somewhat conventional answer
for what this translation operation ought to look like given by the p-derivations on Z. Briefly,
for any ¢ € Z, the p-derivation ¢, is implicitly defined by the requirement that one has a
suitable “translation” on Z, namely:

¢ ¢+ pop(9). (22.4)

As noted in [291-294], there is essentially only one candidate which can fill this role, and
this is given (up to a choice of overall sign) by an arithmetic analogue of a derivation:
¢—9¢°

Op() = P (22.5)

where the numerator is divisible by p owing to Fermat’s little theorem. See [295] for a helpful
review of this, including applications, as well as the sense in which it approximates (in a
p-adic norm) a derivation. As explained in [295], the approach to defining Iy seeks to equip
Z with all of its p-derivations.

While this definition is certainly compelling and has much to recommend it, our physical
considerations suggest proceeding along a different tack. To see the issue, we would like to
have a suitable notion of a “kinetic energy” for elements ¢ € 7Z, which we formally view as
elements of some “fictitious ring R[z]”. With this in mind, one might hope to speak of a
kinetic energy such as:

Klg] =) (6,(9))", (22.6)

where, for some fixed ¢ € Z, we sum over all the primes p, and compute the square of
the p-derivation at each prime. This is challenging to formalize, because in general, we are
faced with an infinite sum of non-zero terms, requiring a choice of metric to properly address
convergence issues.

This is unpleasant, and so we seek our fortune elsewhere.

How then to proceed? We shall essentially “follow our nose” and abandon any hopes
of an approximate derivation-like structure. Rather, we shall be guided by the geometric
condition that we can move from point to point of SpecZ. With this in mind, we propose

which roughly behave as the exterior powers of a vector space. More precisely, one demands, for all r €
X(r)y = 1, A(r) = r, and A"(1) = 0 for n > 1. Additionally, there are operations for addition and
multiplication of elements in the ring. These can essentially be read off from the accompanying rules for how
direct sums (for the additive + operation of R) and tensor products (for the multiplicative x operation of
R) of vector spaces decompose under exterior powers. In the case of the ring Z, there is a unique A available
and the statement is that for each ¢ € Z, \"(¢) = (ﬁ), i.e., the binomial coefficient. Note that this makes
sense even when ¢ < 0.
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to introduce a set of translation operators:
Tysp 1 L — 7, (22.7)

which enacts “transport” from one prime p to another prime p’ as follows. For ¢ = p™¢,
with ged (¢, p) = 1, we define:

Ty (¢) = mp'p™ ' o, (22.8)

More symbolically, we write this as:

d
Ty = p’d—p, (22.9)
in the obvious notation. Note in particular, that for the prime p, this indeed maps p — p/,
and for higher powers we are simply mimicking the derivative rule for d/dz on a polynomial
ring R[z].
Motivated by this, we shall also introduce the derivative operator d/dp which acts on ¢

in the expected way:'%°

d¢ _
dp

Note also that if ged(¢, p) = 1, then the derivative with respect to p is zero.

mp™ L pg. (22.10)

This notion of derivative is not quite what we encountered in our discussion of the Zariski
cotangent space in Appendix D. Further note that compared with the p-derivation 9,, we
see that we do not preserve “approximate linearity” in any sense. As an extreme example,
consider,

=p=1+4+..41, 22.11
¢p=p (22.11)
p times
since d1/dp = 0, linearity is badly violated.

That being said, observe that for a product of integers, i.e., ¢¢' with ¢ = p™¢pg and

¢ = p™ ¢ with ¢y and ¢, both relatively prime to p, we have:

d(¢¢) (m+m) ., do  do
b - ¢¢—¢dp .

+¢ (22.12)

i.e., we still have a product rule. As far as we are aware, this notion of “differentiating
primes” has not been developed in the literature, but in defining an action on Spec Z, it
appears to serve our present purposes better.

Much as in our discussion of the affine line and cylinder in characteristic p, it will be

100This notion of differentiating with respect to a prime has appeared in reference [296] (see also [297]).
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helpful to also introduce some related notions of a derivative. We also introduce:

D,p = pj—z =mp™ =m¢ and Dyp=0 for p' #p, (22.13)

as well as:

dlogp _ ¢dp 1 dlogp

dl d dl
080 _ P gb*m and Og¢50 for p' #p. (22.14)

Geometrically, the choice of derivative depends on whether we are considering maps from
the affine line to the affine line (¢ : A — A), from the cylinder to the affine line (¢ : A*— A),
or from a cylinder to a cylinder (¢ : A*— A™):

do .
% (p:A—A) (22.15)
Dy, (¢p: A= A) (22.16)
dlog ¢ X "
oz p (p: A"— A™). (22.17)

In each of these cases, then, we can clearly speak of a “kinetic energy term” by taking the
square of a derivative, just as we did in other cases.

To illustrate, we now define a kinetic energy functional for these different notions of
derivative. Here we list the corresponding action for each of our choices of derivative:

Slel=>_ (Z—i) (for ¢ : A — A) (22.18)

S[gl = (Dy¢)*  (for ¢ : AX— A) (22.19)
dlog ¢ 2 o «

Slel=>" (dlogp) (for ¢ : AX— A). (22.20)

The most important feature of these expressions is that only a finite number of terms actually
contribute to each sum. This is our primary rationale for adopting this notion of derivative
rather than the “arithmetic analogue” defined by the p-derivation §,.'%"

It is also of interest to introduce a potential energy term, much as we did in our discussion
of characterisic p field theories. Here, we face the challenge of specifying what we could mean

101That being said, there are also some drawbacks to our notion of derivative. Perhaps the most pressing
is the way that the second order and higher-order derivatives have to be defined. The issue can already be
seen by evaluating the derivative of ¢ = p™. While our rule produces:

do —1
= mpm 22.21
= ( )

a second application of the derivative will depend on whether p divides m, i.e., we apply d/dp to (d¢/dp).
Of course, formally we can simply define a new higher-derivative ignoring the contributions from m, i.e., we
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by an “evaluation map” ev : R[x] — R when R[z] is itself being treated as Z. We can bypass
this difficulty by introducing V'(z) € Z[z, z~'] and simply evaluating the p-adic norm [V'(¢)|,.
Note that since for a fixed ¢, V' (¢) evaluates to an integer, and so [V (¢)|, # 1 for only finitely
many primes. As such, we can introduce a more general class of actions of the form:

Slel =3 (@)2 — (V@) — 1) (for ¢ A A) (22.23)

dp
Sl6) = > (Do) = (IV(6)l, — 1) (for 62 A% &) (22:24)
Slel = (Zigiﬁ) - <|V(¢)|p - 1) (for ¢ - AX— A). (22.25)

Now that we have an action principle, we would like to build up a path integral, i.e., we
are interested in the same expressions exp(iS[¢|/h) encountered earlier. Recall that in our
previous discussions, we primarily treated i = N/2m as a fixed parameter. In the present
setting where we are explicitly summing over ¢ € Z anyway, this does not appear to make as
much sense. As a simple alternative motivated by our earlier discussions, we instead opt to
write h(¢) = ¢/27 for ¢ # 0. Observe that this also produces a non-trivial phase factor and
so accomplishes the desired goal. In any path integral expression we formally omit ¢ = 0
anyway.

What sorts of operator correlation functions can we build in this setting? A natural set
of choices here is afforded by the “vertex operators”:

O(t) = exp(2mit/9) (22.26)

for t € Z. We can then proceed to define correlation functions much as we did in other
settings:

S exp(iS[o]/A(6))O (1) -0 ()

_ pew

, 22.27
> exp(iS[¢]/h(9)) (2220

pET!

where Z' = Z\{0}, i.e., our path integral is over non-zero values of ¢ € Z.192

It is somewhat challenging to evaluate this expression, but observe that because the t’s
contribute additively in line (22.27), it is enought to actually evaluate the one-point function

define:
d%¢
dp®
which is more in line with the interpretation of “Z = F1[z]” anyway. It also has the important feature that
after finite many applications, the expression always truncates.
1020ne might wish to denote this by Z*, but this is reserved for the multiplicative group generated by 1
and —1.

m(m — 1)p™ 2, (22.22)

»
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(O (t)). To gain further insight into the structure of this function, we now consider the
Fourier transform of this expression. We keep things concrete for now by taking ¢t € Z.
Introduce:

<6(w)> =Y G ORW) = exp(—2miwt) (O (1)), (22.28)

tez tez

where x, : Z —U(1) is a character with explicit presentation x,(t) = exp(2mwiwt). As
written, w € [0, 1) is permissible, but in all our manipulations, only a countable subset of
values ever return a non-zero value. As such, it is actually more appropriate to view w as
labelling an element of 1/7/, i.e., we take the inverses of the non-zero integers (as labelled
by Z/).

Now, taking the formal Fourier transformation yields:

(Ow)) =Y w0 ) (22.29)

teZ

> exp(iS[0]/h(9))xL(HO()

22 > cxalislol/ (o) (22.30)
% exp<:[¢1/h<¢>> X176 (1)

- 3 exp(iSl 1) (22:31)
> exp(iS[e]/(6))d (w~ §)

- (22.32)

> exp(iS[g]/h(9))

$ez!

where here, we used orthogonality of characters, and in particular the delta function ¢ (w — é)

is only non-zero when w = 1/¢. Observe that as written, the numerator of this expression
is formally divergent since evaluating on w — % yields “§(0) =Vol(Z)”. That being said, we
also must take into account the normalization from the denominator. As we now argue, the
two infinities will wind up cancelling out.

The main point is that the partition sum by itself is divergent, but this divergence again
contributes a factor of Vol(Z). There can also be finite contributions, but at least formally,
we expect to have:

> " exp(iS[¢]/h(¢)) = Vol(Z) + finite. (22.33)

PET

As such, in expressions of the form given in line (22.32), the formally divergent Vol(Z) factors
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cancel out and we are left with:

exp(2miwS[p =w™]) if wel/Z

(Ow)) = { exp(2miwSld = w)) i wé 17 (22.34)

namely we evaluate the action on configurations for which ¢ = w™'. We can then formally
evaluate fourier transforms of the O(t) operators, and as such, compute correlation functions
in the theory.

22.1 Path Integrals and Vol(Z)

We now provide some further justification for the claim that our path intergral evaluates to
Vol(Z) plus a finite term, namely:

Z =Y exp(iS[¢]/h(¢)) = Vol(Z) + finite. (22.35)
pe?!

Said differently, we claim that the sum:

Zreducedzz (exp(zS[gb}/h(@) - 1) (2236)

P

converges.

To keep things concrete, we focus on the special case of a “free field,” as in line (22.20).
For ¢ a non-zero integer, we get a unique prime factorization:

¢ = sen()] [ (22.37)
J
where sgn(¢) appears since we allow both positive and negative entries. Evaluating our

dlog ¢\ * )
> (dlogp) = Zm] (22.38)
p J

Then, for a fixed ¢ # 0, the path integral phase evaluates to:

kinetic term yields:

exp(iS[@]/h(¢)) = exp (%Znﬁ) : (22.39)

The main idea behind establishing line (22.35) is to observe that the arguments in the
exponential are typically rather small, as such, we can expand the exponential. This yields:

o
exp (%Zmi) ~ 1 4 small. (22.40)
J
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The sum over all of the “1’s” yields the factor of Vol(Z), while the sum over the small pieces
yields a finite correction term which is dominated in the correlation function expressions of
line (22.34).

When can we expect an expansion such as that of line (22.40) to hold? The main condition
is that

Zm§ < |9, (22.41)

or, in terms of the explicit prime factorization of ¢:
> oml < ]p (22.42)
J J

Taking logarithms of both sides yields the condition:
log <Zm32> < ij log p;. (22.43)
J J

On the other hand, since log(z + y) < logx + logy for z,y > 1 and m? > 1, it suffices to
consider the stronger requirement on ¢:

Z log m? < ij log p;. (22.44)
J J

Consider any prime in this sum. Observe that we typically have:

logm;

1
< =1 ;. 22.45
w3 108Pi (22.45)
Indeed, for p; > €? this holds simply because the righthand side is greater than one, i.e., for
any prime p > 11. Observe also that in these cases the ratio:

2
ij
g
mj ?
Hpj
J

(22.46)
is actually exponentially suppressed at large m. While this is not quite a proof,'?® it seems
relatively clear that the only source of additional divergences (beyond adding up all the
“1’s”) could occur at p; < 11, ie., p; =2,3,5,7.

Consider first p; = 3,5,7. Observe that the condition of line (22.45) holds for all m;.
Indeed, for m; = 1, the lefthand side is identically zero, and already for m; > 2, the

1031t would of course be interesting to establish a more rigorous set of bounds on convergence, but it seems
quite plausible at this point that the desired property holds.

196



inequality is satisfied. For p; = 2, the same condition is satisfied for m; > 3. Observe also
that as we either increase m; or p;, the inequality becomes stronger and stronger. As such,
the approximation we have been using becomes sharper.

Based on this, we conclude that Zequeeq is finite. It would clearly be interesting to
explicitly evaluate this sum, but it seems challenging to do so.

22.2 Generalization to Q

A natural generalization of the above considerations is to enlarge the scope of our “mor-
phisms” to Q = FracZ, namely the fraction field of the integers. Continuing our formal
analogy with viewing “Z = Fy[x],” this would amount to the generalization “Q = Fy(z).”
Now, the first question we can ask is whether our notion of a kinetic energy term and po-
tential energy term still makes sense in this broader setting. This seems clear. To illustrate,

observe that for ¢ € QQ, we can still consider a factorization into a relatively prime numerator
[I»"
J
11#
k

where the p; and p;, denote primes which are distinct in the numerator and denominator, and

and denominator:

¢ = sgn(¢) (22.47)

the m; and n; are all non-negative, and only finitely many are non-zero. More succinctly,
we can write:

¢ = sen(o)] [p}", (22.48)
J

where the m; are integers, and only finitely many are non-zero. Observe that we can still
compute the derivative with respect to a prime. For example, given ¢ = p™, we have:

do 1
L, 9224
o - (22.49)

With this in mind, nothing obstructs us from extending our correlation functions to another
countable sum:

S™ exp(iS[6]/A($)O (1) .0 (t)

Ot)..0(1,)) = ¥ , 99.50
O -0t S exp(iS[6)/A()) 2250

PcQ

where now we allow the ¢; € Q. The analog of the Fourier transform in line (22.28) also makes
sense, since we can construct characters labelled by the Pontryagin dual Q¥ =Hom(Q, U(1)).
The general expressions still follow, but now with characters y,, which loosely speaking we
can again write as x,(t) = exp(2miwt). For some additional discussion on characters of Q,
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see e.g., reference [298].

Most of the manipulations presented earlier go through as before. Assuming “5(0) =Vol(Q)”
is still the leading divergence in the path integral, we again wind up with the same expression
as in line 22.34, but now with an enlarged domain for w:

~ [ exp(2riwS[p =wl]) if we QX
<O(w)> B { exp(2miwS[p = w™]) if wé¢ QX (22.51)

namely we evaluate the action on configurations for which ¢ = w™!, but now we allow

¢ € Q.
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23 Prime Derivatives

In section 22 we discussed an action defined over Spec Z. This made reference to a spe-
cific notion of “derivative with respect to a prime” which appears to be distinct from the
construction usually presented in the context of arithmetic topology (at least the one from
references [291-294]. Our aim in this section will be to further explore analogies to deriva-
tives of the continuum setting, and, moreover, to explore a proposed analogy between primes
and knots proposed in [299,300]. As far as we understand, this proposed correspondence is
also one of the motivations for the formalism of arithmetic gauge theory proposed in [90-93],
but (as mentioned already) we will not attempt a direct comparison at this stage.

Our plan will be to first consider some different notions of differentiation over Spec Z,
none of which will be entirely satisfactory. In particular, these first attempts appear to be
missing a notion of the Leibniz rule / appropriate linearity. To some extent, p-derivations
provide a reasonable approximation because the “error terms” away from an actual derivation
have decreasing p-adic norm. Since, however, we would like to be able to construct more
“conventional” gauge theories, especially, Chern-Simons-like theories, we will require more.
This will motivate us to lift these coarse considerations to a broader notion of derivation

defined over the formal ring Z[{xz,} = Z|zp], namely we introduce a formal variable

i)
p prime
for each prime and manipulate derivatives with respect to each prime over this larger ring.
In section 24 we use the natural evaluation map Z[xp] — Z given by x,, — p to build actions

over Z[zp] and Spec Z[xp| and then reduce to Z and Spec Z, a task we turn to in section 24.

23.1 Prime Derivatives

In this section we discuss in greater detail some possible ways to differentiate with respect
to a prime number. The emphasis in section 22 was on a particular definition in which one
first takes ¢ € Z presented as ¢ = p™ ¢y with ¢q relatively prime to p:

do 1 m

dp p
From the perspective of the embedding in the p-adics given by Z C Z, C Q,, This notion
of derivative is in line with having a formal series expansion in power of p". Indeed, in
keeping with the interpretation of Q, as a “worldsheet”, one can introdue a polar coordinate
expansion for any A € Q, given by:

A=) Mt (23.2)

where each of the coefficients \,, € U,, namely it has |\, , = 1. From this perspective, there
is clearly a disk of unit norm p-adics which is “orthogonal” to the direction swept out by
increasing / decreasing p. Working over the integers, this can be accessed by simply taking
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the derivative with respect to any other prime factor. In particular, we can now motivate a
more general differential for:

o=TI" 259

given by: -
dig = Zp—fcbdpi, (23.4)

namely we differentiate with respect to one prime at a time. We have introduced the subscript
“1” since we view this class of deformations as moving us away from a fixed prime p. Here,
we have also introduced a formal infinitessimal dp; which is to be viewed as the “variation”
of a given prime. This might suggest that there is actually an infinite-dimensional cotangent
space since we have an infinite number of primes to contend with. Of course, in practice
what we have in mind is fixing a particular prime and then “varying” either with respect to
the prime p, or any of the other primes ¢ which appear. Thus, we can without any ambiguity

cb 3¢
dq 4q.

We view dp as moving along the radial direction of Q, (i.e., along the direction where the

also write:

d+

didl, = (23.5)

p-adic norm changes in size). We view dg as varying along the unit norm p-adics. Indeed,
working in a p-adic expandion for ¢ with coefficients ¢; € {0,...,p — 1},

E (23.6)

then de;/dp = 0, but derivatives with respect to the other primes will typically be non-
zero. By inspection, then, we have now found that for a fixed prime p, we can vary along a
two-dimensional space.

Up to this point we have seem to have invented a story out of whole cloth which makes no
contact with the arithmetic differential geometry developed in [291-294], and in particular
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the structure of a p-derivation:'%

p(0) = : (23.10)

In what follows we shall sometimes adopt the notation:

0 _

5 5,(6). (23.11)

Observe that in our expansion of line (23.6), the coefficients ¢; have non-trivial derivatives
with respect to both ¢, and d,.

Indeed, we now argue that there is a variation in another direction associated with dp.
In keeping with the analogy between primes and knots, it is helpful to recall the motivating
principle of [299], and in particular that the étale fundamental group of X =Spec F, is:

7 (X) = Gal(F,/F,) ~ Z, (23.12)

that is, the pro-finite integers. In this sense, we have an algebraic analog of the fundamental
group for a circle, with the automorphisms o €Gal(F,/F,) serving as winding configurations.
More precisely, we introduce Frobenius automorphisms x — x4 for ¢ = p™, and each such
automorphism defines a winding mode configuration.!'% So, given a fixed prime p, we can

106

interpret Spec I, as a circle. Using the natural embedding Spec I, —Spec Z, this

04Following the discussion in [JEFFRIES], recall that a general p-derivation for a ring R which contains
Z satisfies the following requirements. First, we have 6,(0) = §,(1) = 0. Second, for r, s € R we have:

Op(r+8) = 0,(r) + dp(s) — Z Qrisj. (23.7)
i+j=p p
Third, we have:
Op(rs) = 1P8p(s) + sPp(1) + pPop(r)dp(s). (23.8)

Of course, this leaves open the question as to which rings R actually admit a p-derivation. Provided we

have a suitable lift of a Frobenius map ® : R — R, we can implicitly define a p-derivation via:
5,(r) = "= 2 (23.9)
p
The issue of having a lift of Frobenius is somewhat more delicate (see e.g., [Piotr Achinger, Jakub Witaszek,
and Maciej

Zdanowicz, Global Frobenius liftability I, J. Eur.

Math. Soc. (JEMS) 23 (2021), no. 8, 2601-2648.

MR4269423]), but for example in the case of L an algebraic number field with ring of integers Oy, provided
the extension L/Q is unramified at prime p (see Appendix S), then there is a corresponding p-derivation.
This clearly also extends to the p-adic setting.

105Recall that for an S C C parameterized by exp(if) for 6 € [0, 27), we have a winding mode configurations
exp(if) — exp(iwf) for w € 71(St) ~ Z.

106 A further comment here is that while at the level point set topology Spec F,, consists of a single point
(since I, is a field), this is a locally ringed space, and so it “remembers” that there is a ring F,, attached to
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suggests a natural correspondence between a knot contained in a three-sphere, i.e., K C S3.
Linked knots simply correspond to taking multiple primes. Of course, many aspects of this
correspondence remain a bit mysterious, for example, how to assign a given prime to a knot.
A potential route to making this precise would be to first develop the analog of suitable
knot invariants via a Chern-Simons-like theory, and then comparing the invariants in the
arithmetic setting with the standard topological setting. Given this, we interpret the p-
derivation d,, as a derivative which varies ¢ in a direction along the “knot”.

To make this analogy a bit sharper, we compare two separate p-adic expansions for an
element ¢ € Z,, the p-adic ring of integers. First, we use the same expansion as in line (23.6),
and we compare it with the expansion we would get using Teichmuller representatives:

6= o' (23.13)
6= wila)p'. (23.14)

where we take ¢, € {0,....,p — 1}, a; € F,, and we have the Teichmiiller character w :
FX — Z, which naturally extends to include w(0) = 0 (see also Appendix P). Now, an
important property of the image of the Teichmiiller map is that by construction, we have
(w(a;))” —w(a;) = 0, so in particular the p-derivation ¢, is trivial on these coefficients. On
the other hand, we also have that ¢! — ¢; is typically non-trivial. Observe also that the
p-derivation of p’ itself is:

P = p Py £ 0. (23.15)

This is a good indication that we really have the analog of a three-dimensional geometry in
play. To isolate the fibration structure, observe that in the presentation of line (23.14), the
base of the fibration is locally spanned by dp and dp, while the “fiber” is spanned by local
variations in dg. On the other hand, in the presentation of line (23.13), we observe that
while dg is again purely in the fiber direction, and dp is purely in the base, dp variations
appear in both the fiber direction (each of the ¢; variations) as well as the base (each of
the p' variations). We interpret this as a different choice of fibration to the analog of our
“three-manifold”. See figure 14 for a depiction.

Let us now put everything together, starting first with the standard continuum geometry.
For a knot K in a three-manifold M, observe that a point x € K embeds as a point in M.
The tangent bundle for M at x can be further decomposed as:

TM|, ~TK|, ® Nk, (23.16)

this point.
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Figure 14: Depiction of the local geometry of Spec Z, visualized as a three-manifold. In the
depiction, the original direction specified by a prime p defines a cotangent direction dp, as
induced by a chhoice of p-derivation d,. Additionally, there is the p-derivative d/dp viewed
as differentiation of an element in the p-adic expansion, thus defining a direction dp. Finally,
there is the dq direction, as specified by a motion along the Teichmiiller representative
direction, which we view as being swept out by the unit norm p-adic elements. This provides
three independent directions, in accord with the interpretation of Spec Z as a three-manifold.

and similarly, we have a decomposition of the cotangent bundle as:
T*M|, =~ T*K|: & Ni - (23.17)

Turning to the arithmetic setting, we interpret the variation from d,(¢) as producing a
variation in the direction parallel to the knot, while the variations produced by dp and dgq
amount to variations in directions transverse to the knot. This motivates a further extension
of our differential from line 23.5 which we write as:

d¢ 00} 0)0)
dol, = —0p + —dp + —d 23.18
Py 5,00 g, 5, ( )

= 0ppop + Opdp + Jydq. (23.19)
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From the perspective of a p-adic expansion of an integer, there is a clear interpretation of
dp as running “transverse,” to p, that is, we visualize it as a radial coordinate in the p-adic
expansion. The variation dp also leads to a variation in a direction which is partially along
the “base,” and depending on the presentation of ¢ € Z, (i.e., as in line (23.13) versus line
(23.14)) and partially in the fiber. On the other hand, the variation dg is always in the fiber
direction, and we interpret this as a direction along the knot. This is in accord with the fact
that the Teichmiiller representatives are induced from the natural embedding w : F; — Z
extended to w(0) = 0.

Given this, we propose to interpret the local dg interpretation as most naturally aligned
with a direction cotangent to the knot implicitly specified by a prime p. The other two
directions dp and dp amount to moving this knot around in directions, which in the continuum
geometry case we would associate with the normal bundle Ng_, ;.

So, for a fixed prime p, we can then speak of the local differentials dp, dp and dg, and
write a general element of the implicitly defined module as:

W = wWspdp + wypdp + w,dq (23.20)

for wsp, wp, wy € Z. This makes implicit reference to the fixed prime p, because we must
specify a notion of the local normal bundle and tangent space. With respect to this fixed
framing, we can of course also speak of wedge products, and build a corresponding Z-module.
We refer to this as Q}(p), in the obvious notation. By the same token, we can also introduce
Q2 (p) as well as the space of “top forms” Q3 (p).

What complicates the matter is that in passing to a different prime p, we would clearly like
to have a natural notion of “varying” the coefficients associated with w;,, w,, w,. We return
to this issue later in section 24. Indeed, the analogy to a standard theory of differential
forms and differentiation suffers from some general issues. This analogy is imperfect in
several ways; for example, the variations of primes we have introduced often have non-trivial
“spillover” into other directions, a phenomenon we will shortly analyze in more detail. For
example, a p-derivation of a ring R satisfies, for r, s € R:

P

Op(r +5) = 6p(r) + 6p(s) — > Qrisj, (23.21)
i+j=p
so the additivity rule is not quite in force. That said, the correction terms are suitably
“small” in the p-adic topology so in this sense there is a small deviation into the normal
directions from the 0, variation. Likewise, we view the derivatives in the direction Q, as
telling us about attaching a tubular neighborhood around the prime (p) CSpec Z via the

definition of the p-adic ring of integers as the inverse limit:

Z, = JmZ/p"Z. (23.22)
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This appears to be in line with the general remarks made in the correspondence of reference
[301].
23.2 Moving Frames

So far, we have focussed on the local structure of a differential form near a fixed prime p,
presenting it as in line (23.20). For w € Q% (p), we have written:

W = Wpdp + wpdp + w,ydg, (23.23)

where as before, ¢ refers to a generic direction relatively prime to p. We would now like to
compare this with a value at some other prime p’. We view this as specifying a change of
coordinate system, and so we introduce the following formal transformation on our formal

differentials:

Sp = :;p, 5p (23.24)
dp dp

dp = —dp' + —dq 23.2

D o + o7 (23.25)
dq Jdq .,

dg = —=dp' + ==dg 23.2

q= o + o0 (23.26)

as dictated by matching the different sorts of “infinitessimals” (namely op, dp and dg). On
the other hand, since we are assuming p is relatively prime to p’, we can restrict further to
transformations of the form:

op

= 28 23.2
op 5p,5p (23.27)
dp = %dq’ (23.28)

dq dq
dg = —dp' + —dq . 23.2
q= o + o0 (23.29)

In the above, we have assumed that ¢ is to be treated as a prime distinct from p, and that
¢’ is a prime distinct from p’. One can generalize these statements to ¢ a positive integer
relatively prime to p and ¢ relatively prime to p’, and we do so later in the context of
evaluation maps in section 24.

With this in place, we can now speak of moving the 1-form w € Q}(p) to another prime
p', and we denote this as:

5 0 5, 0
Wpsp = w(sp(;p,tsp +wpap,dq +w (aq,dp + aq,d ) (23.30)
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wgpg Loy + wq%dp + ( pgp, + wng) m (23.31)
Observe that ¢’ may contain contributions from many different sorts of primes. By inspection,
a somewhat unpleasant feature of the above expressions is that there is no suitable notion of
an “inverse transformation” which returns us to the original prime p. This is simply because
our notion of differentiation is too coarse to produce exact multiplicative inverses. That
being said, some of the original geometric flavor of the continuum case is still available.

23.3 Second Order Derivatives

To further quantify the deviations from the standard setting of differential geometry, we now
proceed to compute the commutators of our different derivatives, i.e., second order effects
in the derivatives. This can be viewed as directly measuring the curvature associated with
our coordinate system. The calculation will demonstrate that the sense in which we have
a proper theory of differential forms is somewhat more delicate in the arithmetic setting.
This will in turn require us to make further restrictions on physical “gauge transformations”
when we turn to the formulation of gauge theories in this setting.

Indeed, a quantity of interest is to determine when the “differential squared” actually
vanishes, namely:

00¢  9d¢ d0p  00¢p 006 98
~ \opap ~ pop e T s — - . (23.32
dd¢ (5pap 8p5p) OpAdpt <5p3q aqép) opAdg+ (apaq 900 dpAdg. (23.32)

To extract this information, we calculate the various commutators of derivatives, i.e., we
extract the corresponding curvatures associated with these derivatives. We now proceed to
perform this calculation.

With this in mind, we now evaluate our derivatives for ¢ = p™q¢", where p and ¢ are two
distinct primes. We can in principle extend this to include further primes, but all of this
can be formally absorbed into the way we treat ¢ anyway. We now calculate the different

derivatives:
dgb m— mn
Oy = o mp™ g (23.33)
d
0g9 = —¢ =np"q" ! (23.34)
dgq
¢ pmqn _pmpqnp m—1_n m(p—1) n(p—
0pp = — =p" " (1 — pmeT gl (23.35)

oq p

We now calculate the commutator of the second derivatives. To carry this out, we will need
to also know the prime factorizations for the exponents m and n, so we introduce:

a

m = p%® and n = p. (23.36)
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In situations where m = 0, we formally set the exponents a = b = 0. Likewise, when n = 0,
we formally set the exponents ¢ = d = 0.

23.3.1 The Commutator 6,0, — 9,0,

We now compute 6,0,¢ — 0,0,¢. First, we calculate 6,0,¢:

8p0pp = 8p(mp™ ") (23.37)
— 6p<pa+m—1qn+b) (2338)
a+m—1_n+b _ ,pla+m—1) p(n+b)

U iy a (23.39)

p

-1 — PP
_ b mo —p e (23.40)

p
= p 2(mp — p' PmPeP). (23.41)
Next, we calculate 9,0,¢:

Bp0pd = Bp(p" " (1 = pP= Vg P=D)). (23.42)

Since our “derivatives” do not satisfy an additivity rule, we need to extract the prime factors
of pm=tgn (1 — pm=Dgne=1) jtself. Note that 1 —p™P~Dgn®=1 is relatively prime to p since
reduction mod p yields 1mod p. So, the only prime factors come from p™~!. We therefore

obtain:
By0p0 = (m — 1)p™2¢" (1 —p™ Vg™ D) (23.43)
=p (m—1)(6—¢") (23.44)
=p~2(m¢ — me? + ¢F — ¢) (23.45)

We now compute the difference:

0pOp = Fpbp = p~ (M — p' PP PF) — p~(mg — me? + ¢ — ¢) (23.46)
=p 2 (md? — ¢ + ¢ — p' PmPeP) (23.47)

So, summarizing, we learn that in general the two derivative operations do not commute:
8p0p — Dpbypd = p~2 (MP — ¢F + ¢ — p' PmPeF) . (23.48)

Determining all cases where this vanishes appears to be challenging.

Let us consider some special cases. Setting ¢ = p™ with m = p%q®, the commutator of
line (23.48) yields:
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OpOp — Dyl = mp™P™2 — PP 4 pTE — Py (23.49)

This vanishes for m = 1, but is otherwise non-zero. Observe, however, that as we send
m — 00, the p-adic norm continues to decrease.

As another special case, consider ¢ = ¢" with n = p°q?. The commutator of line (23.48)
yields:
0pOp — Opbpp = p 2 (p— "), (23.50)
which only vanishes when ¢ = 0.

23.3.2 The Commutator 6,0, — 9,9,

We now compute 9,0,¢ — 9,0,¢. First, we compute 0,0,¢:

5paq¢ — 5p(npmqnfl) (2351)
= np™ gl — pppmP—lgp(n=D) (23.52)
= np™ g (1 — el g (=D e—1)) (23.53)
_ pilqiln(ﬁ(l o npfl(bpfl). (2354)
Next, we compute 9,0,¢:
3q5p¢ _ aq(pmflqn (1 . pm(pfl)qn(p71)>). (2355)

Now, since the term (1 —pm(p_l)q”(p_l)) is 1mod g (for ¢ a prime) we conclude that the
derivative with respect to ¢ evaluates to:

0300 = np™'q" " (1 — pmHgrtrm D)) (23.56)
=p g ng (1—¢"7) (23.57)

We now compute the difference 6,0,¢ — 0,0,¢:

0040 — 00p0 = p~ g (1 — PP ) — pTlgTIng (1 — ¢ ) (23.58)
=p ¢ 'ng? (1—n"1), (23.59)

so in general these derivatives do not commute. Observe, however, that when n = 0 and
n = 1 the commutator does vanish (and these appear to be all possible vanishing solutions).
Said differently, when ¢ = p™ the commutator 6,0,¢ — 0,0,¢ vanishes. Note also that for
¢ = ¢" with n = p°¢?, only ¢ = ¢ works.
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23.3.3 The Commutator 0,0, — 9,0,

Lastly, we turn to the commutator 9,0,¢ — 9,0,¢. First, we compute 0,0,¢:

0py® = Op(np™q" ™) (23.60)
= Op (P (23.61)
= (m+c)(p" gt (23.62)
=p g (m+¢)(ng). (23.63)
Next, we compute 9,0,¢:

0y0pp = 0y (mp™'q") (23.64)
— aq(pa-‘rm—lqn—i-b) (2365)
— (n T b (pa+m71qn+b71) (2366)
=p ¢ (n+b)(m). (23.67)

Taking the difference yields:
04 — 0 Opp = p_lq_lgb(n(m +c)—m(n+0b)) (23.68)
= p 'q '¢(nc — mb). (23.69)

Finding all values of ¢ for which this comutator vanishes would be interesting to study
further.

As a special case, consider ¢ = p™ with m = p%¢®. Then, to get a vanishing answer we
also need b = 0, i.e., we get solutions ¢ = p™ and m = p®. Consider next the special case
¢ = ¢" with n = p°¢q?. Observe that this vanishes when ¢ = 0, i.e., for solutions ¢ = ¢" with

d
n = q".

23.4 Squaring Differentials

From the analysis presented above, we conclude that generically, the “curvature” does not
vanish with respect to our derivative. That being said, we have also seen that special values
do lead to a vanishing curvature, in particular ¢ = p has vanishing curvature in this sense.
Note also that the formal differential of line (23.32) evaluated at ¢ = p thus vanishes:

dde|s—p = 0. (23.70)

On the other hand, this differential generically does not vanish for more general values of
¢. To give some interesting examples, consider ¢ = p" with m = p®. Then, since we have:

8p0p® — FpOpdlompm m=ps = mp™"2 — PP 4 p" = — PP (23.71)
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5pang - aq5p¢|¢:pm7m:pa — 0 (2372)
apanb - aq8p¢|¢>=pm,m=pa = 07 (23.73)

so we learn that:
dd| p—pm mpe = (mp™ ™ — PP 4 p" 72— PP 5p A dp. (23.74)

As another interesting example, consider ¢ = ¢" with n = ¢?. Then, since we have:

5pap¢ - ap5p¢’¢=q",n:pd = pm72 - pmp72 (2375)
0p0q® — aqdpgb|<zb=q“,n=pd = p_lq_lncb” (1 — np_l) (23.76)
apanb - aqap(rb’(b:q",n:pd - 07 (2377)
so we learn that:
ddo| gepm mepe = (P2 — ™) dp Adp + p~ g 'ng? (1 — ") dp A dp. (23.78)

We now move to correct some of these deficiencies.

23.5 Derivatives over Z[xp]

An awkward feature of defining arithmetic derivatives directly over Z is that some of the
standard geometric structure such as linearity and an appropriate Leibnitz rule (as suitable
for a derivation) is not really respected. The problem becomes even more pronounced when
attempting to define a suitable gauge theory, since we would like to be able to introduce
gauge fields A and gauge transformations A — A + dA. In particular, we would like to have
an exterior differential which satisfies d?\ = 0 so that local presentations of the curvature
such as F' = dA will be suitably gauge invariant. Since our formal differentials defined over
Spec Z appear to have intrinsic curvature (since they have non-zero curvature) we shall seek
an alternative route to building actions.

The main idea we explore here is to lift a given element of Z to a monomial in Z[{z,}, ;] =

Z|zp|, where we introduce a formal variable for each prime number. In particular, we define
an evaluation map:

evy: Zlxp| = Z (23.79)
evg: T, = p (23.80)

Observe that the evaluation map is a homomorphism of modules over Z. In particular, a
monomial descends to an integer as follows:

wpt gt e ptpt (23.81)
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This map also comes with a natural “section” o : Z — Z[xp|, namely given an integer ¢ with
prime factorization ¢ = sgn(¢)pi"...p;", we can specify a non-trivial lift to a corresponding
monomial sgn(¢)z ...

p1 DL
o: 7 — Z[xp) (23.82a)
o pTl...p;m s l’;l...mgjl (23.82b)
o — Pt e~ (23.82¢)

in the obvious notation. This map is not a module homomorphism since, for example,
14+ 1 = 2 lifts to 2, and not as the element 2 € Z C Z[xp], viewing Z as the subring
defined by degree zero monomials. Conversely, observe that Z[xp] contains more general
elements than just the integers, since we can add and subtract monomials, which also reduce
to elements of Z after applying the evaluation map evy.

The advantage of proceeding in this way is that the derivative operations previously
considered naturally lift to derivatives of monomials in Z[xp|. For example, for a fixed prime
p, we previously spoke of taking a derivative with respect to p, i.e., d¢/dp. Now, we can
instead consider the lift o(¢) and take a derivative with respect to z,. Given a monomial
f(zp) = 2" fo(xp), with fo(zp) relatively prime to z,, the derivative with respect to z,, is:

) — iy folae) = 2 f (o), (2583

Such derivatives are clearly Z-linear. Moreover, commutators between different derivative
vanish since:

0o 0 0o 0
— — =0 23.84
Oz, 0z, (we) Oz, 8xpf(xp> ( )
for any f(xp) € Z[xp|. Assuch, we can borrow much of the standard formalism of differential
forms in this setting. In particular, we can introduce the differential dz,, as well as the
standard wedge operations. We can also introduce the space of 1-forms as all expressions

consisting of finite sums of the form:

QN (Z[zp]) = {prdxp such that w, € Z[x]p]} . (23.85)

p

Similar considerations clearly hold for the space of k-forms QF(Z[zp]), as defined in the
obvious fashion. Observe also that the cohomology defined by d : QF(Z[zp]) — Q1 (Z]xp])
is trivial.

With this in place, we next observe that the evaluation map returns the expected answer
when differentiating with respect to a prime. Given ¢ € Z and the evaluation map evy :
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Z|rp| — Z as well as the non-trivial section o : Z — Z[xp|, we have:

d do
90 _ o, 3010) (23.86)
dp dz,
But, in contrast to the derivative with respect to a prime over Z, we can now freely add
monomials in Z[zp|, and linearity of the derivation d/dx, is clear by inspection.

The situation with regards to lifting the p-derivation J, is somewhat more subtle. To
frame the discussion to follow, observe that in the ring R = Z[x1, ..., 2], there is a natural
p-derivation as well. Following [295], for f(z1,...,x;) € Z[z1, ..., /], we define:

5 f — flad, ... x)) — f(xl,...,xl)p' (23.87)

p

Observe that this is a well-defined map 5§,R) : R — R since the reduction of the polynomial
mod p satisfies the “freshman’s dream,” namely (z + y)? = 2P + y? mod p. As such, the
difference f(a,...,27) — f(x1,...,2;)? in R is divisible by p. Note in particular that for any
monomial M (xy,...,x;) = ez ..z}, we have:

SSIM (w1, ..., ) = Gp(a) (2 .a]™)P, (23.88)

which vanishes when oo = 1. Note also that when p # 2, §,(a) = 0 for a = —1.

With this in place, we can now speak of 6£R) acting on Z[zp|. Observe that with respect
to the “obvious” embedding Z — Z[xp| given by all degree zero polynomials, 65.3) lifts as
expected. This is not so for the other section o : Z — Z[xp| since in this case each integer
lifts to a monomial of the form +2'™.

Now, although the p-derivation (5;(;R) does not commute with the derivatives d/dz, and
d/dx, (by inspection), observe that something pleasant does happen when we restrict to
elements specified by our explicit lift o : Z — Z[zp]. Indeed, since 5 (o(¢)) = 0, for all
positive integers ¢ = ?m, the commutator on this restricted domain is:

(3702, = 90,00 0(6) = 09,000 = ("2(6) ) =aytm) (22) (2350

Tp

(3900, = 00 ) 0) = 0701,0(6) = 8 (01 ) = g (%

Lq

)p, (23.90)

with ¢ any prime other than p. so in particular, this does vanish when m,. = 0,1, i.e., the
case of ¢ with at most a single power of a prime p;. By inspection, the same result holds for
p # 2, ,(a) =0 for a = —1, we also have that for negative integers ¢ = —?m, and p # 2:

(63790, — 00,57) 6) = 6§20,,0(6) = 5 (“2at)) = ytmy) (22)" 20

Lp
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(800, — 05,60 0(¢) = 6{™0,,0(¢) = 81 (—0(¢)) = 5,(m,) (—

i.e., vanishing of the commutator occurs when m,,, =0, 1.

In the special case where p = 2 observe that we have:
§iR) <a (-?m» —q (_7m> . (23.93)

As such, we get:

(85902, — 02,087 0(6) = 67 01,0(8) = Dra0(9) (23.94)
= (22a(0)) - (o) (23.95)
— 5, (m2) (@) - "oy (23.96)
() s () m)
(8570,, = 0,,08) 0(8) = 04"0,0(6) = Dur0r(9) (23.98)
= 3" (?—ja(cb)) - 20(9) (23.99)
— 6, (m,) (”Z))Z) - T;—:a(gb) (23.100)

- (%?) (52 (my) (Uifj)) = mq) . (23.101)

For such commutators to vanish, one would need the second factor to vanish. We summarize

(52 (M) (U<¢>> - m2> ~ 0 (23.102)
(52 (my) (Uy) ) . mq> —0. (23.103)

q

this as:

Consider for example the vanishing condition of line (23.103), i.e. the case of “generic” ¢ (the
case of prime 2 is similar). For this expression to vanish, we need o(¢)/z, to be constant,
actually a constant.!®” This in turn would mean (sign we assumed we had a negative integer)
that o(¢) = —xz,. Observe, however, that then m, = 1 and so 5 (m,) = 0. As such, only the
trivial solution remains. These difficulties with the prime 2 can be bypassed by restricting
ourselves to positive integers, or (as we do later) making some restrictions on the form of

1070One could in principle consider evaluating back in Z, but this is somewhat anti-thetical to the main idea
of formulating a theory of differentiation over Z[?], so we leave this possibility to future work.
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the path integral / gauge choices for vector potentials.

23.6 Differentials

We now formulate a broader notion of exterior differential on Z[zp|. For f(xp) € Zlxp], we
define the “exact” differential as:

df = (54 fox, + 0y, fdz,), (23.104)

namely compared with our definition near line (23.85), we have also included another formal
infinitessimal dx,,.

By the same token, we can introduce more general 1-forms in the natural way:

w= Zwap(hp + wpdxy, (23.105)

p

for wsp,w, € Z[xp]. Throughout, we demand that this is really a finite sum, i.e., only a
finite number of differentials have a non-zero coefficient. We denote the space of 1-forms
constructed in this way as Q' (Z[zp]). The 2-form specified by dw is then given by:

dw = ZZ((SSR)WP — Oy, Wsq)0Tq N dxy + (Op,wp — Opwy)dxg N da,. (23.106)
P g

We can formulate higher degree differential forms in a similar fashion, and we denote these
as Q% (Z[zp]), in the obvious notation. For example, a general 2-form 7 € Q2 (Z[zp]) is given
by:

n= Zanp,(;qéxp NOxy + Nsp g0y A dxy + 1y odx, A dzg, (23.107)

p q

for Nsp.sqs Nop.qs Mp.g € Z[zp], and only finitely many non-zero coefficients. Likewise, a general
3-form ¢ € Q3 (Z[xp]) is given by:

Eop5q.or0Tp N 0 g N 0Ty + E5p 5q.00%p N 0Ty A dy
_ 04, 04, 23.108
‘ Engq:z; ( +&op,qr0Tp N dxg N dx, + & g rdr, N dzg A d, ’ ( )

with only finitely many non-zero coefficients.

Observe that in general, for f € Z[zp], d*f # 0, so in this sense our exterior differential
is only an imperfect analogy with the “standard” geometric case. That being said, observe
that for monomials of the form M(zp) = Z™ with all m, = 0,1 we also have:

d(dM) =0, (23.109)
as follows from lines (23.89)-(23.92). These considerations almost extend to monomials
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M (zp) = i?m, but we again face the fact that the prime p = 2 creates some complications.
For M (xp) = — 7™ we have:

adm) =Y (M (”’)> (52 (m,) (M) - mp) 515 A dey. (23.110)

T T
p p p

23.7 Evaluation Map

We now turn to the evaluation map which takes our differentials of Q*(Z[zp]) and sends
them to integers. In the continuum setting, we would identify this with a composition of
two maps, one given by a pullback, and then a further map specified by integrating over
a differential form. The situation here is a bit more coarse since we do not really have a
“manifold” to integrate over once we perform a pullback. Additionally, while we do have a
notion of a pullback supported at a point p, moving frames from prime to prime appears
more challenging.

Indeed, the immediate problem we face is how to make sense of wedge products, and
the structure of localization at a particular prime. At present, we do not have a general
prescription, and will instead simply attempt to evaluate differential 3-forms for Q3(Z[zp]).
To begin, we first fix a prime ¢ and define an evaluation map

evy : O (Z[zp)) — Z. (23.111)

Our aim here is to have some semblance of integrating a differential three-form over a three-
manifold, and so we also introduce a “test function” f(xp) € Z[xp|. We shall be interested in
defining how this evaluation map when acting on elements of the form f(xp)dz, A dz, Adx,,
f(xp)oxy, Ndxg Nda,, f(xp)dz, Ndx,Ndz,, f(zp)dr, Ndx, Adz,. First of all, in keeping with
our expectation that Spec Z is locally characterized by a choice of knot and normal bundle,
we demand that most of the differentials evaluate to zero. In particular, we demand:

evy (f(zp)dx, A dxy Adx,) =0 (23.112)
evy (f(xp)ox, A dz, Ndz,) =0 (23.113)
evy (f(zp)dxy, Adxy ANdx,) =0 (23.114)
evy (f(xp)oz, Ndxy Ndr,) =0 for p#qgandp#r. (23.115)

Now, for the remaining case with differential elements of the form f(zp)dx,Adx,Adz, for p #
q, we seek to mimic the condition that total derivatives integrate to zero, i.e., we have Stokes’
theorem on a manifold without boundary. The way we enforce that in the present setting
is that we require there is no w € Q?(Z[xp]) available such that dw = f(zp)dz, A dz, A dz,.
Observe that since we are working over the integers, formal integrations of polynomials will
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in general fail.!® Assuming this is the case, we define:

evy (dw) =0 for w € Q*(Z[wp)). (23.116)
evy (f(zp)dx, Ad, Adx,) = evy (F(T)) for p#q. (23.117)

All other possibilities following from the wedge product being anti-symmetric. This is in
accord with having a local decomposition of the 3-form into the differential for the direction
cotangent to the “knot” and the directions conormal to it.

With this in place, we can now specify an evaluatian map on a general 3-form & €
O3 (Z[zp)) given by:

Eop5q.0r0Tp N 0%y N 0%y + Egp 5q.r0Tp N 0Ty A d,
= - Y . 23.118
¢ ;;z ( +E&5p.qr0Ty A dxg A dx, + & g rda, N\ drg A d, ( )

We define:

evy(§) = ZZ (evz (Esppgdxp Ndry, A dxy) — evy (Espgpdty Adxg ANdz,)),  (23.119)

D qFp

where the sum on the righthand side ranges over only a finite number of terms, in accord
with the way we defined more general differential forms on QF (Z[zp]).

Since we will later be interested in computing expectation values of Wilson-line type
observables, we also need to have a suitable notion of how to define an evaluation map for
1-forms. With this mind, consider the evaluation of a 1-form w € Q'(Z[zp]) at a prime p,
with:

W= wepdy + wyd,. (23.120)
p
There is clearly a natural choice to make in evaluating the terms associated with the prime
p itself. We define:

vl (82,) = op (23.121)
ev? (dz,) = dp. (23.122)

So, in the special case where there is no sum over primes, i.e., a 1-form A = A\spd0z, + \dx,,
there is a natural answer we can give:

ev(Zp) (A) = evz (Asp) Ip + evz (N,) dp, (23.123)

in the obvious notation.

108 A5 an example, consider solving the equation 0,9 = f for f,g € Z[x]. For f = x, the natural solutions
in Q[z] are g = %xQ + ¢, for ¢ € Q. Observe, however, that g ¢ Z[z].
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It is course tempting to extend this definition to also discard all of the remaining primes
q # p which might entire a more general sum such as that appearing in line (23.120). One
reason not to discard such terms, however, is that we expect there to also be a topological
notion of “linking” which becomes manifest inside of Spec Z, at least if we wish to pursue the
analogy to the topology of three-manifolds and knot invariants. As such, we return to our
discussion in section 23.2 to consider the transport of the local tangent bundle to a different
prime p. The main issue we need to contend with is what to do with the evaluation of all
the terms ws 02, + wydz, for ¢ # p. Our proposal is to write:

dq
v (da,) = 57 (23.124)
ev? (dz,) = dg, (23.125)

in accord with the discussion in section 23.2, and equation (23.31). So, returning to line
(23.120), the evaluation at prime p is then:

ev? (w) = evy(wsp)dp + evz(w,)dp (23.126)
5 /
+ Zevz(w(gp/)£5p (23.127)
p'F#p
+ ) eva(wy)dg, (23.128)
p'F#p

as expected for a pullback map Q! (Z[xp]) — QL (p). We leave a full construction of this
map for future work, and for now simply trust that these formal manipulations will render
a sensible end result.

Lastly, let us comment that one encounters more significant obstacles in defining evalu-
ation maps for 2-forms, an issue we leave for future work.!%”

109Tndeed, there are a few obstacles which one immediately encounters in attempting to proceed in a
“natural way”. To illustrate, suppose we attempt to specify an evaluation map for a general differential
1—form

w= Zw(;pézp + wpdzy. (23.129)

p

One then might wish to introduce an evaluation map for 1-forms:

vz (W) = 3 (evz (wsp) 6p + evz (wp) dp) (23.130)

p

The immediate difficulty with this definition is that it still makes reference to an infinite sum of primes
and thus a formally infinite-dimensional cotangent space for Spec Z, even though we expect to behave more
as a 3-manifold. This is the reason we gave our alternate, and better-behaved definition:

v (w) = evy (wsp) Op + evz (w,) dp, (23.131)

in the obvious notation.
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24 Path Integrals with Z[{z,} | = Z[zp)

p prime

In section 22 we presented some examples of field theories formulated over Spec Z, but
also encountered some limitations due to issues connected with formulating a theory of
differentiation. We discussed some ways to rectify these shortcomings in section 23 by
» prime) = Zlzp]. We now
turn to the construction of a path integral formalism associated with this broader theory of
differentiation. The main idea will be to lift each integer ¢ € Z to a monomial of the form
a7 via the section map of lines (23.82a)-(23.82¢):

lifting some of these considerations to “Hat” structures on Z[{z,}

P
o: 7 — Z[xp) (24.1)
o N S A e e (24.2)
o —pitept e gt (24.3)

Much as in section 22, the path integral over a scalar degree of freedom will be formulated
as a sum over the non-zero integers:

S exp(iS[o]/A(6))O (1) -0 ()

S (24.4)

> exp(iS[¢]/h(9))

o’

The main difference compared with our treatment in section 22 is that we specify our action
by first lifting each ¢ to o(¢) € Z[xp], and then passing back down to Z. To illustrate by
way of example, consider the action:

S[g] = zﬂ;neevz (dg—;f)) 2 . (24.5)

Now, in this case, equation (23.86) gives us back the same kinetic term already encountered

The complications are more pronounced in setting up an evaluation map for a 2-form given by:

= ZZU‘Squ(sxP N dxg + 1pgdrp A drg. (23.132)
P oq

We can attempt to introduce an evaluation map on the differentials which we might attempt to extend by
linearity. Here we encounter more significant difficulties because we need to be able to treat a broader sum
over primes ¢ possibly distinct from p. In particular, it is not clear to us what the appropriate notion of
summing different dg’s should be. Note also that this issue is not present for 3-forms since then we are
dealing with a top-form and can truncate such infinite sums “by hand.” So to summarize, there appears to
be an appropriate notion of an evaluation map for Q!(Z[7']) and Q*(Z[7']), but there are some complications
for Q2(Z[Z]) which would be interesting to address in future work.
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in section 22:

2 2
Sl = - evs (dgif)> D> <Z—z) | (24.6)
p prime p prime

But now that we have a more suitable notion of a derivative, we can also consider more
general sorts of fields and action principles. With this in mind, we now attempt to formulate
a Chern-Simons-like action. Rather than begin directly with a gauge field A, we start with a
scalar and apply an exterior differential. As we have already mentioned, proceeding directly
with differentiation in Spec Z meets with various obstacles, so we shall proceed a bit more
indirectly, first considering the lift of ¢ € Z to o(¢) € Z[zp], where we then specify an
exterior differential. Along these lines, consider a monomial M (zp) € Zlxp] of the form
M(zp) = £ ™. In this case, the formal differential dM defined by line (23.104) is:

dM = 850 (M6 + >0y, Mz, (24.7)
p

since 6§R)(M ) = 0 for p # 2. We are interested in formulating a gauge theory constructed
from a gauge field A, and subject to gauge transformations such as A — A + dM. One can
in principle enlarge this to a broader class of polynomials in Z[zp|, but since we ultimately
wish to retain contact with the embedding of Z in Z[xp| via monomials, it will suffice for
our present purposes to restrict to just monomials M. With this in mind, we introduce the
gauge field:

A=Y"Agdr, + Aydz,, (24.8)

p

where we assume that only a finite number of terms are non-zero, and each coefficient
Asp, Ay € ZL[zp).
Observe that applying the evaluation map of line (23.123) on a prime p yields:

ev? (A) = evz (As,) Op + evz (4,) dp, (24.9)
For the curvature dA we have, via line (23.106):

5 A5, — 5,(,R)A5q> Sy A bz,

A= > | + (804, — 0., As,) b2, Ay |- (24.10)
PN H(0n, Ay — On, Ag)day A du,
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As a result, the Chern-Simons-like integrand A A dA € Q3(Z[zp|) expands to:

(Aragm Agp — AT(SJE,R)A(;Q) dz, A 81, A 6z,
+ (A58 As, — A58 As, ) S 1 G2g N b,
ANdA=YY Y| (A0 A4y = Av, Asy) dae A Szy Ny | gy

poa o |+ (A(;rééR)Ap - A(;T@rpA(;q) 5, A Sy A d,

+ (A(;r@qup — Agr(?prq) oz, Adzg N dz,
+(Ar0p, Ay — Ar0y, Ag)da, A dag A di,

Applying the evaluation map of line (23.119) now yields:

R R
A8 A, — ASSP A,
evz(ANdA) =D evy | +A,0:,Asp — ApDs, Asy | - (24.12)
P a#p +Asp0r, Ap — AspOa, Aq

So far, we have worked at a broad level of generality. However, in order to mimic the
continuum geometry setting, we would like to ensure that our action is, in a suitable sense
“gauge invariant.” It is unclear to us what the most general gauge invariance principle ought
to be in the Spec 7Z setting, so for now we simply impose some restrictions to produce a
working definition. With this in mind, our first condition is that under gauge transformations
such as A — A+ dM for M(xp) € Z[zp] that dA — dA is invariant. There is a natural class
of M’s which accomplish this task; we simply take monomials such that 51(,R)M = 0 for all
p.11% We denote the collection of all such monomials by:

ker 6 = ﬂ ker 51(01%)‘ (24.13)
p

Observe that for M € ker 6 we have d(dM) = 0. The gauge transformation is of the form:

A— A4 dM, (24.14)

which in components is:
A(gp — A(;p (24.15)
Ay — Ay + 0., M. (24.16)

This set of definitions works for any A € Q' (Z[xp]). On the other hand, there is clearly
a special class of gauge fields where the components A, and Ajs, are also the same sort of

10T hig includes, for example all monomials of the form M(Z') = apt..xt. Provided we do not include

the prime p = 2, this also includes monomials of the form —az7*...27. Note also that applying the evaluation

map, we learn that evy (ker ) (R)) consists of all the non-negative integers and all the odd negative integers.
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monomials. To have some semblance of the continuum world remain intact, we will actually
make the further demand that our gauge fields are always of the form:

A=Y Apdr, + Aydz, for Agsy, A, € ker o), (24.17)

p

Let us now turn to the construction of a Chern-Simons-like path integral. First, we fix a
“fractional level” N € Z. We then introduce the path integral phase factor:

expiS[A]/h = exp (%GVZ(A A dA)) : (24.18)

and perform a path integral over all of the A,’s appearing in line (??). In particular, we can
specify a partition function via:

7 = > exp iS[A]/h, (24.19)

Asp,Ap€Z]xp] mod gauge

where we have been schematic about the precise definition required to gauge fix the path
integral. Compared with the standard abelian Spin-Chern-Simons action where we have:

Scg = E/A A dA, (24.20)
47

we observe that the level seems to be inverted, i.e., something akin to what we would do in a
phenomenological analsis of the fractional quantum Hall effect.!'! In many related theories
this can be accommodated by a formal rescaling from U(1) to Z/NZ fields (see e.g., the
treatment of BF theories as examples of this sort) so at least in some cases there are ways
to address this issue.

Let us now investigate it for the present theory. We would like to understand what
happens to our action of line (24.18). Recall that the gauge transformations we entertain
are given by eclements M(xp) € Z[xp] such that 659 M = 0 for all p, so d(dM) = 0. In
particular, under A — A+ dM we have dA — dA. Turning to evz(AAdA), let us determine
how it changes under such gauge transformations:

eVz(A VAN dA) — eVz((A + CZM) N dA) (2421)
We begin by expanding out dM A dA:

AM NAA =" " (00, MOy, Ase — 00, M6y, Ag) day A divg A b, (24.22)
P q T

H1Gee e.g., [302] for a review.
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mp M&qu(;T derAq)
: ZZZ ( (M4, 00, Asr — My, 6,, Ay) ) day A dzq Aowy. (24.23)

Since we are restricting to gauge fields annihilated by the p-derivations, we have d,, A, = 0
and 9., A, = 0. So, the whole expression collapses to:

AM NAA =3 " (0y, (MO, Asy) — My, 0, Ay ) daxy A dy A S (24.24)

Next, observe that the set of terms M0, 0, As.dx, A dx, A dx, will vanish because we sum
over p and ¢, and dx, A\ dxy = —dx, N dx,. So, we end up with:

AM NAA =3 "0, (M0,,As) dzy A dzy A bz, (24.25)

As it stands, this is non-zero; invoking anti-symmetrization in dz, A dz, = —dz, A dz, will
still produce non-zero results. Returning to our discussion of the evaluation map in section
23.7, we now observe that we have a total derivative, i.e., d(M A dA). As such, equation
(23.116) tells us that

evy (dM N dA) = 0. (24.26)

This in turn establishes that our Chern-Simons-like action evz(A A dA) is invariant under
gauge transformations of the form A + dM, and that similar considerations apply to gauge
transformations of the form A — dM .12

We can also introduce operators and compute correlation functions. Taking our cue from
the world of knot invariants, we would like to have a notion of a Wilson line observable.
Since we are dealing with an abelian Chern-Simons-like theory, we can specify a Wilson line
by first choosing a “knot,” and also a choice of representation, i.e., a charge. Now, in our
arithmetic setting, we have interpreted a choice of prime p € Z as specifying a point in Spec
Z, and this in turn comes with the finite field F,. We are thus interested in “integrating” the
gauge field A of line (?7?) over the I, direction. From our use of the Teichmuller character
w: F} — Z;, we previously argued that the dg direction naturally aligns with the cotangent
direction of the knot associated with IF,,. For this reason, we seck out the dq fluctuations in
Spec Z. Returning to our evaluation map of line (23.126), this yields:

(Ay)dg (24.27)

6 /
eV(Zp) (A) = evz (Asp) Op + evz (4,) dp + ZGVZ(AW) (5};

p'#p

so the natural geometric pairing will be to the dg component of the gauge field, i.e., we

H12We have to exercise some caution in considering both A — A+dM and A — A —dM gauge transforma-
tions. The reason is that given an element of M € ker () we may not have —M € ker 6(®). The culprit is
the p-derivation (51(,R) at p = 2. That being said, if we simply allow signed gauge transformations (as stated
here), then we can indeed be cavalier with the gauge transformation rules.
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project onto the terms:

A=) evz(Ay), (24.28)

/

K(p) p'#p

where the notation on the lefthand side is meant to convey the intuition that we are “inte-
grating along the knot” K(p) cut out by the prime p.

At this point, there appear to be two “natural” ways to build an operator. On the

one hand, we can continue to work with the integer specified by [ A and build characters

K(p)
associated with the group Z/NZ. On the other hand, since our notion of a knot makes

explicit reference to the étale fundamental group 7¢*(Spec ), it is of course also tempting
to work mod p, namely we build characters associated with the group Z/pZ. Since we expect
that we can vary the level / coupling of our field theory independent of how we define our

Wilson loop observables, we shall opt for this definition:!3

Wolp] = exp %Q / Al =exp (?QZeVZ(APr)) (24.30)

K(p) p'#p

where () € Z is an integer which specifies the charge / representation of the Wilson line
supported on the “knot” K(p) and in the second equality we used the definition of line
(24.28).

At least formally, then, we can start to construct correlation functions / observables
associated with such decorated Wilson lines. We define:

Y.  expiS[A]/h Wa,[p1]-- Wa,. [Pm]

{A}/gauge
S expiS[Al/h ’
{A}/gauge

Wa [pi]-- W, [pml) =

(24.31)

in the obvious notation.

Another way to package the same expectation value is in terms of a path integral with
respect to a prescribed source. Along these lines, introduce:

ZJ) = ) expiS[A,J]/h. (24.32)
A/gauge
13The alternative give by
Alternative Attempt: Wq[p| = exp <2NerVZ (Ag,;)) , (24.29)

where () € Z is an integer naturally involves a “division by N” operation, as inherited from our definition
of h. The issue with this treatment is that in standard Chern-Simons-like theories, the level does not really
appear in this way in defining the operators of interest.
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with:
o
expiS[A, J]/h = exp <%6VZ(A ANdA —2AN J)) : (24.33)

The source term of interest for Wilson line correlators is set by:

J

N NQm
= Qlda:pl NOTp, + ...+ ¢
P1 Pm

To motivate this answer, consider a single knot associated with a prime p. Varying with

dz,,, N6z, € Q*(Qlzp]). (24.34)

respect to A, i.e., any A, with p’ a prime distinct from p yields (in a semi-classical approx-
imation, which we assume to be valid provided N < p):

47 47

7 (On,Asp = 5MA,) = ?Q. (24.35)
Rearranging this equation yields:
O, Asp — 6 A, = Q]TN. (24.36)
Comparing with line (X.4) we identify:
J = Nngd:cp A bz, € O (Q[rp)), (24.37)

as claimed, with the source term associated with our single knot. Again, in the continuum
setting we would also include a delta function support, but presumably this is unnecessary in
the present case where everything is already “discretized enough.” The extension to multiple
knots then follows, namely we have:

N NQy,
J = %dmm NOTp, + ... + pQ dz,,, Aoz, € Q*(Qlzp]). (24.38)
1 m
We write this general J as:
T = jpepday A6z, (24.39)

p

in the obvious notation.

With all of this setup, we can equivalently present the Wilson line correlator as:

Wq, [p1]-- Wa,.[pm]) = %, (24.40)
with J as in line (24.38).

Can we actually evaluate such correlation functions and what would such an evaluation
tell us? In the continuum setting, abelian Chern-Simon theory provides a way to compute
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simple knot invariants, as well as the Gauss linking form between knots (see in particular
[303,304]). The natural way to proceed in that case is to introduce a suitable delta-function
localized source, and then integrate out the gauge fields to obtain a formal Gaussian in the
sources. This does not work so well in the present setting, since we our two-form sources
J € QF(Z[xp]) do not obviously localize on knots.

It is also tempting to proceed via a saddle point analysis, localizing the path integral
on stationary phase field configurations. The difficulty with this approach in the arithmetic
setting is that it is unclear (at least to us) whether we have a suitably “dense” collection of
gauge field configurations to achieve this approximation. Appendix X summarizes one such
approach, and the difficulties encountered in proceeding in this fashion.

We thus proceed more directly, and make a few approximations along the way. Returning
to line (24.32), instead attempt to directly evaluate the path integral. The first observation
is that the source term reduces to:

—evz(2ANT) = =) ) “eva(24gpa)- (24.41)

D q#p

Second, the term quadratic in A is of the form:

Ay Ay — Ay, A
evaln ) = 35 e (A~ 0 ), (24.42)
P q#p L prp=d

where we used the fact that all components of the gauge field are (by assumption) annihilated
by 51(,R) for all p. Since we have a formal integration by parts available, we can equivalently
present the terms quadratic in the gauge fields as:

evz(ANdA) =2) ) “evy (Asp (On,Ap — O, Ay)) - (24.43)

D q#p

Now, proceeding to the summation over different values of As, in the path integral, we expect
the path integral to localize on gauge field configurations where:

Fpy = 0., Ay — 05, Ay = 0, (24.44)

i.e., we have a vanishing flux condition. See Appendix Y for a general discussion of candidate
solutions. To this level of approximation, we need therefore need to evaluate:

4

Z[J| ~ Z exp ( ZZGVZ oJp.op ) : (24.45)
Aq st Fpg=0 P q#p

What are the admissible gauge field configurations satisfying F,,? From Appendix Y, we

first specify a partition A of the primes P into a finite collection of subsets of primes, which
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we denote as Sy, ...,S;. We can build a “zero flux” configuration by specifying a gauge field
which is pure gauge gauge over Q[zp], but not over Z[zp|, i.e., we write:

A, = 0,,a for some a € Q[zp]. (24.46)

To see how such configurations are constructed, consider one such subset, call it S =
{p1, ..., pr}. Introduce a monomial:

M(ap) = %(:cpl...xpk)m € Qla). (24.47)

Then, A, = 0,,Ms specifies a non-trivial gauge field configuration. Since each subset S;
involves distinct formal variables, the monomials constructed in this way are relatively prime,
and so we get a polynomial:

a=> Ms(xp). (24.48)

Se#

Now, in general summing over all possible choices of partitions is somewhat unwieldy, and
we present a brief sketch of how such an evaluation might proceed in Appendix Z. Rather
than go this route, we shall opt with a far cruder approximation scheme.

24.1 Low Degree Approximation

We now proceed to perform an approximation of the path integral appearing in line (24.45).
For a more precise (and unwieldy) treatment, see Appendix Z. The main approximation
we make is similar to that carried out in our other path integral schemes: We expect that
the lowest degree polynomials will provide a reasonable approximation, while higher degree
terms capture more “UV data.” In the present setting where we effectively have the arith-
metic analog of a TFT anyway, capturing the IR features (i.e., the lowest non-trivial degree
terms) seems reasonable. With this in mind, we shall now assume that in the gauge field
configurations appearing in:

Z[J] ~ Z exp (‘%ZZGVZ(AJPW) : (24.49)

Aq st Fpg=0 P q#p

it suffices to just take all of the A, to be constant. A potential concern is that constant gauge
field configurations like this are really “pure gauge.” Note, however, that we have already
enforced the condition that we have zero flux, i.e., we have already imposed an on-shell
condition. As such, we must treat these configurations differently. As supporting evidence,
we find a posteriori that the partition sum does indeed treat these configurations differently.
Higher order terms can in principle be incorporated, and we sketch how a more complete
treatment ought to proceed in Appendix Z.
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Restricting to the lowest degree non-zero terms, we only consider A, = 0,1 for all ¢ # p.
Since we demand this for all gauge fields, it suffices to run our sum over fields satisfying:

A, € {0,1} for p prime. (24.50)

i.e., we build a sequence of 0’s and 1’s indexed by the primes. So, the evaluation of the path

integral reduces to:'*

Z~ Y exp( Amt Y eva dm,) (24.51)

Ape{0,1} P q#p
471 )
S EEL0 3 DR ASENAE) PR OL
Ape{0,1}

where in the second line we rearranged the expression so as to have an unrestricted sum.

A choice of zero flux gauge field configuration A, amounts to a sequence of mostly 0’s
with a few 1’s. To track this combinatorics, it is helpful to introduce a collection of fermionic
oscilators ¢, indexed by the primes satisfying the anti-commutation relations:

{c, q} Opg» (24.53)

with all other anti-commutators vanishing. Then, we can view a particular choice of A, as
specifying a state in our multi-particle Fock space, i.e., a particular sequence of 0’s and 1’s
just corresponds to the state:

{4ah= 11 4o, (24.54)

ps.t. Ap=1

in the obvious notation. With respect to the Hilbert space spanned by this set of states, our
path integral thus reduces to a trace:

4 ~
Z[J] ~ Trexp ( WZZZ Opq)evz, <qup>> ) (24.55)
where we have introduced the number operator:
N, = cle,. (24.56)

q

To proceed with the combinatorial analysis, we single out the primes where we have a

14We use two squiggles in ~ to emphasize that we are waving (at least) two hands.
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source term, i.e., those primes p for which j,s, # 0. We denote this by:
P; = {p prime such that j,s, # 0}. (24.57)

Observe that the occupation number for the primes is formally infinite, but we can neverthe-
less break it up as a product of independent unoccupied and occupied states in the Hilbert
space. As such, we learn that:

4mi | 47
Z[J] ~ H (1 + exp (—Wytot)) < | (1 + exp (ng,g,,)) : (24.58)
q prime pEP;
where:

jtot = ij,&p- (2459)
p

The first factor is formally infinite, but the important quantity is actually the normalized
path integral:

Z[J] -~ 1 +exp (_%jtot)
7o~ 1 ( 2 )

q prime

11 (1 + exp (%jp,gp)) : (24.60)

pEP;

Now, the first factor given involves a product over all primes. Observe that:

1 + cos Aot

4rmi 2
1+ exp (=2 jiot) _ N (24.61)
2 - '

2

with saturation of the upper bound only if 47jit /N € 277Z. Since we are taking a prod-
uct over an infinite number of primes, we conclude that the path integral vanishes unless
2jtot/N € Z. Assuming that is the case, we next observe that the rest of the expression
collapses to a finite product:

2 (1o (00)) o

peP;
2me 2me 21

= H exp <_W]p,5p> X H <eXP (Wﬂpﬁp) + exp (_W]pﬁp)) (24.63)

peEP; peP

21y | 21 . 21 .
= exp (—thot> X H (exp <ij,5p) + exp (—ij,(;p)> (24.64)
pEP;
271 2mi
= iPGHP exp ij,&p + exp _ij,(sp , (2465)
J

where we get a + sign if 2jit /N is even, and a — sign if 2j;/N is odd.
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Returning to the case of interest where the j,’s are specified by Wilson line insertions as
in line (24.38) with:

N NQn
= ﬁdwm NOTp, + ... + @
b1 Pm

J

dz,,, Adx,, € QO (Qlrp)), (24.66)

we learn that the expectation value for our Wilson lines is:

Worlpa)-Worlon)) = ST] (exp (QWi%) +exp (—m%)) (24.67)

n Pn

n=1

where the factor S is specified by:

S=0 if Z% ¢ 7 (24.68)
n=1 Pn
. |
S=+41 if Z— an even integer (24.69)
n=14"
S=-1 if i% an odd integer. (24.70)
1 Pn

We view this as specifying a quasi-physical definition of linking between Wilson lines /
primes in Spec Z via our Chern-Simons-like action. Observe that there is no linking per se
when S = 0, i.e., we need the charges / primes of the Wilson lines to be “compatible.” The
individual factors appearing in the product over n are more or less independent, and it is
tempting to interpret these as the individual expectation values associated with the unknot
of the continuum geometry case. Higher linkings appear possible from the general structure
found in Appendix Z, but we leave the full analysis of this to future work.
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Part V
The End
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25 Conclusions and Further Speculations

In this note we have studied a class of physical systems in which the degrees of freedom are
discretized. At some broad level, this can be phrased as taking a different choice of “natural
units” in which the reduced Planck constant is instead set to the value A = N/27 with
N an integer, which we view as a highly quantum regime of a physical system. From this
starting point, we have shown that when N = p a prime number, that the resulting physical
system can be understood in terms of arithmetic geometry in characteristic p. Additionally,
we have seen that this same structure persists when N is a more general integer. We have
developed the analog of bosonic and fermionic degrees of freedom, and have also sketched
how more general field theories can be written in characteristic p. This allowed us to present
a (speculative) physical interpretation of the Hasse-Weil Zeta function. An additional feature
of our considerations is that some well-established algebro-geometric correspondences appear
to have close characteristic p analogs. This in turn suggests that the highly quantum regime
of a string compactification may simply involve relaxing the choice of algebraic field. We
have also seen that in suitable limits, more refined topological structures appear to emerge.
For example, a suitable analytification procedure allows us to adapt much of the machinery
of the Archimedean string to the p-adic analytic setting. In the remainder of this section,
we discuss some further speculations, as well as possible areas for future investigation.

We have taken some first steps in understanding the structure of loop corrections. As
one might have expected, the discretized nature of our computations leads to well-regulated
expressions in which a number of loop corrections identically vanish. We have also indicated
that more general loop corrections are indeed possible, again indicating evidence for a non-
trivial quantum theory. Along these lines, it would be quite interesting to investigate the
structure of renormalization, and in particular the content of renormalization group flow
across discretized parameters. One way to set up such an analysis would be to explicitly
start integrating out some of the coefficients appearing in our mode expansions, and tracking
the resulting effect on correlation functions of the theory.

One of the elements we have hinted at but have not fully developed is the structure of
cohomological theories as specified by supersymmetric field theories in characteristic p. It
would seem worthwhile to develop this further.

We have also presented a general expectation that some of the characteristic zero corre-
spondences between gauge theories defined on algebraic varieties and singular local Calabi-
Yau spaces extend to characteristic p. This is particularly intriguing in light of the physical
formulation of the geometric Langlands program, which relies heavily on a topological twist
of N'= 4 Super Yang-Mills theory [195]. From the perspective of geometric engineering, it
is natural to ask whether there is a characteristic p analog of this gauge theory which could
be geometrically engineered. Very speculatively, one might use this to provide a physical
underpinning for some aspects of the Langlands program. This would be in line with our
other remarks that we can formulate a notion of a gauge theory over arithmetic surfaces
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with reduction along each fiber producing a corresponding characteristic p Hitchin system.

Indeed, reference [72] noted that at least for suitable flux compactifications and their
relation to arithmetic Calabi-Yau threefolds, there is a notion of modularity which might
persist based on the associated Zeta functions (see also [73]). In the present note we have
provided some additional physical motivation for such structures. It would seem interesting
to develop this further.

Perhaps more directly, we also sketched how geometric engineering can be used to pro-
vide an operational definition of certain gauge theories on an arithmetic surface. Indeed,
suitable reductions over a prime in this setting return us to the case of a Hitchin system in
characteristic p, so it would seem natural to study the structure of physical notions such as
S-duality and its action on electric and magnetic surface operators (perhaps along the lines
of [195]).

Continuing in the vein of possible mathematical applications, we have seen that at least
when N is a prime number p, that some physical structures can be formulated in terms of
the geometry of schemes defined over the finite field F, or some extension thereof. Writing
p = 27h, it is natural to ask whether the physical limit # — 1 has any bearing on questions in
arithmetic geometry. This sort of limiting procedure is sometimes mentioned in the context
of what could possibly be meant by the finite field F,, namely, the field with “one element”
(see e.g., [305] for a recent discussion). It would be interesting to see whether physical
considerations provide a new perspective on these questions.

In terms of “practical applications,” it has been well appreciated for some time that el-
liptic curves over finite fields can be used to build examples of public-key encryption schemes
(see e.g., [306-308]). One of the (at least original) motivations for the present work was to see
whether the families of elliptic curves used in F-theory compactifications can be transported
to the realm of finite fields, thus providing a specific class of encryption schemes involving
higher-dimensional varieties defined over finite fields. It would be interesting to revisit some
of the classic constructions of F-theory backgrounds with such an application in mind.

The discretization of a physical theory immediately raises additional questions in the con-
text of quantum gravity. For example, in reference [14] it was argued that Newton’s constant
might be quantized in units of 1/f2, with f, a mass scale of a non-linear sigma model and in
references [15-17], it was argued that the Fayet-Iliopoulos parameter of a supergravity theory
might be quantized in units of 2. An additional hint at the quantization of fundamental
parameters appeared in [309], which argued that in appropriate decoupling limits, quantities
such as O‘c_;%JT of a Grand Unified Theory (GUT) might also be discretized. The present note
has taken some steps at understanding some examples of this sort, including an analysis of
Planckian scale FI parameters. It would be interesting to see whether the discretization of
other physical parameters can also be understood using methods from arithmetic geometry.

At a practical level, the construction we have presented has the merit of dealing with
systems with discretized degrees of freedom. This in turn means that numerical computations
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should be possible as well. Since, however, we have mainly had to work with complex phases
(at least in the characteristic p > 0 case), there is no guarantee that the resulting sums will
be numerically stable. On the other hand, we also saw how to setup a statistical field theory
formulation, especially in the p-adic and p-adic analytic case. It would be interesting to
examine the numerical stability of such computations, especially in comparison with lattice
field theories defined in Euclidean space.

A related comment is that while we have emphasized that our field theories typically
involve discretized spacetimes and target spaces, the space of morphisms is still infinite. It
would be very interesting to consider in detail the matrix model approximation obtained by
just working with point set maps. We expect that in this case, there is some loss of fidelity
which is only truly recovered in the large matrix limit.

Some of our physical picture can be interpreted in terms of quantum error correcting
codes. As a potential practical application of our considerations, it is natural to ask whether
our path integral formalism implicitly performs a sweep over candidate quantum error cor-
recting codes. It would be interesting to see whether the resulting quantum error correcting
codes are “optimized” in any practical sense.

Our construction of field theories also highlighted that there is a characteristic p analog
of the graviton, which we associate with a family of symmetric bilinear forms. We also
saw that in characteristic p, there is little meaning to the “signature” of a metric since
there is no ordering of elements in F,. Interpreting the characteristic p limit of a string
compactification as the highly quantum regime of gravity, this suggests that in this discretized
setting, distinctions between Lorentzian, Euclidean or more general spacetime signatures
evaporate.

An intriguing feature of the present considerations is that one can view our construction
at its most primitive level as specified by a Grothendieck topology for a suitable category
where this a notion of “quasi-locality” even in characteristic p. From this, we saw how the
structures of classical and quantum error correcting codes emerge from a suitable adaptation
of a path integral defined in characteristic p. We have also sketched how standard continuum
physics could emerge from these discretized considerations in a suitable large N limit, both
in terms of its connection to p-adic formulations of physics, as well as standard formulations
over the real numbers.

Along these lines, we have introduced a new notion of p-adic strings in which worldsheets
are associated with p-adic analytic spaces. This appears to retain far more of the structure
present in the Archimedean case, and suggests a general template for analyzing the onset of
non-local structures in string theory. It is also tempting to generalize beyond the “Berkovich
string” to an object such as the “Perfectoid string” (in the sense of Scholze [310], see [311]
for an early survey). We do not know how to do this, but it is a natural thing to try next.

One element which the analytification procedure helps to clarify is the sense in which
other celebrated structures from the Archimedean setting such as closed strings, open string
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Chan-Paton factors, as well as D-branes can be taken into account in the non-Archimedean
setting. Moreover, we sketched how, through a sequence of ensuing “coarsening” operations,
we can then return all the way to characteristic p > 0 geometries. We expect that filling
out this procedure more completely would help to bolster / refine some of the other specu-
lations presented elsewhere throughout this note. For example, in the context of geometric
engineering of quantum field theories via string compactification, the localized degrees of
freedom of the quantum field theory arise from D-branes wrapped on collapsed cycles. With
an improved characterization of D-branes in such p-adic analytic spaces, one could more
directly track the resulting degrees of freedom.

As we briefly discussed, a curious feature of many topological quantum field theories is
the ubiquitous appearance of phase factors in Q/Z (namely, complex phases given by a root
of unity). Moreover, in many bordism computations, one also finds that the computation
is often p-local over a finite number of primes. We sketched how to build quasi-topological
actions in the characteristic p > 0 setting, so it is natural to expect that in the p-adic
analytic setting we can develop the requisite topological field theories as well, including the
corresponding cobordism theories.

Concerning S-matrix observables, a related comment here is that recently it was conjec-
tured that much of the mathematical structure of flat space observables such as the S-matrix
of quantum field theory can be understood in the general framework of tame functions [312]
(for applications in the context of physics, see also [313-316] and for a review of the relevant
mathematical structures, see reference [317]). The general line of argument establishing this
is to first show that scattering amplitudes are in fact (at least to reasonable loop order)
characterized by period integrals of a Calabi-Yau space [318-320,312,321] (see also [322]).
Since these period integrals are in turn governed by a Pichard-Fuchs differential equation,
it is clear, a la Dwork / Candelas and de la Ossa and its generalizations that the same
structure carries over to the p-adic setting as well. In particular, it is tempting to reinterpret
the appearance of tame geometry as the requirement that relevant observables of quantum
gravity remain well-behaved under a change of ground field.

This suggests another avenue of investigation which would be exciting to explore.

Indeed, the present algebro-geometric perspective suggests a somewhat different starting
point for understanding the physical origins of p-adic strings and p-adic holography, and the
potential implications for physics defined over the reals. It would be interesting to develop
this further.

We also consider a further set of generalizations concentrated on moving away from a fixed
choice of prime p. Our first approach to this involved simply fibering the entire discussion
over SpecZ, and observing some suggesting connections to zeta functions, and L-functions.
It would be interesting to make these connections much more explicit, and especially to give
a more physical treatment of working over all primes at once.

Along these lines, we also presented some constructions of physical field theories defined
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directly over Spec Z, and implicitly, this also provides a general procedure for defining phys-
ical field theories over any commutative ring. We begin with the case of a free scalar, and
then turned to the case of how to specify a Chern-Simons-like path integral. This entailed a
few speculative leaps concerning the appropriate theory of differentiation one ought to use in
Spec Z. As throughout, our considerations have been guided more by physical requirements
than sharp “well-behaved” mathematical structures. That being said, we did attempt (and
have not recorded here) a number of false starts and eventually settled on a set of structures
which appear to mimic the continuum geometric structure. There are indeed many spec-
ulations concerning analogies between the primes and knots in three-manifolds [299], and
this has motivated attempts to define arithmetic field theories, as in [90-93]. We have not
attempted to make direct contact with this work, but we hope that the considerations we
have presented will be of use in such considerations as well. Here, our focus has been on
attempting to define in physical terms the analog of Wilson line expectation values, which
at least in the continuum setting provide a way to characterize knot and linking invariants.
Our main focus has been on the case of abelian Chern-Simons-like theories, but it would of
course be quite interesting to formulate non-abelian versions of these same structures. A first
question along these lines would of course be to decide what a suitable choice of “non-abelian
group” ought to be. A first approach might be to use a group such as SL(2,7Z) to mimic the
celebrated case of SU(2) Chern-Simons theory, but this might instead be interpreted as the
arithmetic analog of SL(2, R) Chern-Simons, which defines a rather different sort of physical
system.

That being said, one might instead view SL(2,Z) as implicitly specifying a sheaf of
groups. Indeed, reducing mod p at each prime p we can introduce SL(2,F,) and simply
use SL(2,7Z) to “glue” the answer together across different primes. This sort of formulation
would be more in the spirit of the discussion carried out in part III, but it would nevertheless
be interesting to unify these different motivations / considerations.

Another class of questions of particular physical interest is the appearance in Chern-
Simons-like theories of chiral edge modes, i.e., when we place the 3D theory on a manifold
with boundary. Presumably the same sort of structure can be viewed here as fixing a prime,
or some collection of primes, and simply allow suitable polar terms for all fields at this prime.
Indeed, there is a natural candidate for a lower-dimensional “edge mode system,” i.e., one
could simply take our previously considered physical field theories in characteristic p, or in
mixed characteristic as the starting point for how to couple the bulk fields of SpecZ to these
boundary modes. It would be interesting to study this possibility further.
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But that is enough speculation for one note.
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A 1D Lattice Systems

In this Appendix we present a brief analysis of some discretized 1D systems modulo N.
We anticipate that similar formal manipulations are available in more general field theories,
which would be amenable to a numerical analysis. Although we have emphasized that the
proper framework for doing our computations is based on integrating over the moduli space
of morphisms between schemes in characteristic p, for “practical purposes” calculating with
respect to a fixed lattice field theory formulation should provide an adequate approximation
for many purposes. The more general formulation seems necessary to fully capture the
arithmetic geometry associated with these systems. Before proceeding, we should of course
remind the reader that what is frequently done in lattice approximations to field theory is
to consider discretizing spacetime, but to allow continuum valued fields. Here, we are asking
a slightly different question since we are discretizing both the source and the target spaces
right from the start.

With all of this in mind, we now consider a lattice formulation for a 1D system with a
discretized time direction in which the reduced Planck constant satisfies:

N

:%_

h (A.1)
As we have already mentioned in section 3, this sort of discretization also impacts the time
evolution operator, restricting us to discretized spacetimes. Our plan in this section will be
to analyze a few explicit lattice systems where we take the time direction t € Z/NZ.

Throughout our analysis we shall implicitly assume 2 does not divide N so that 2 is
an element of the group (Z/NZ)*, the multiplicative group of integers modulo N. This is
mainly for ease of exposition; one can relax this assumption at the expense of not writing

expressions such as 1/2 in the definition of the action.'®

So, we take as our action:

t€Z/NZ.
with:
L=T-YV, (A.3)
where the kinetic term is given by:
1 N g
T= Z SLu(0)o(7). (A.4)
1<i,j<N

and for now, we do not specify the potential V' (¢). To make things concrete, we shall assume

15WWe do this to maintain contact with the “standard” presentation of Lagrangians, but we caution that
its meaning in the arithmetic setting is somewhat different; the expression 1/2 is represented by the integer
(N +1)/2.
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that I' is an N x N matrix which takes the form of a specific 1D lattice Laplacian with
boundary conditions at the ends of the lattice:

2 -1
-1 2 -1
I = —1 .. -1 . (A.5)
-1 2 -1

-1 2

Where to illustrate the main ideas we have chosen I' so that that it does not have zero modes.
This case is helpful because we can bypass various subtleties having to do with zero modes.
That being said, we can of course make more general choices.

Our plan will be to analyze some aspects of this system. We mainly focus on the case of
N = p a prime number, but also discuss a generalization to N = p®, which would correspond
to a “fat point” of SpecZ.

We first consider the case of a D = 1 massless free scalar, and then turn to some cases with
a potential switched on. Most of the manipulations we use are covered in standard quantum
mechanics and quantum field theory textbooks (see e.g., [323-325,324,326,327,147,328]). We
include these computations here for the reader unfamiliar with these sorts of manipulations.
The main subtlety we encounter will have to do with obtaining a propagator, and analyzing
the resulting correlation functions.

A.1 The D =1 Free Scalar

We start with a 1D free scalar reduced modulo N = p%, namely we set V' = 0. To evaluate
correlation functions, we introduce a source term J(¢) and study the generating function for
correlators:

A= 3 o 3 e (%( > %rij¢<i>¢<j>+ZJ<t>¢<t>>). (A.6)

1)€Z/NZ  $(N)EZ/NZ 1<ij<N t=1

A general comment here, already remarked upon in the main body of the text, is that
the path integral here clearly truncates to a finite sum, as befits a lattice approximation.
In the main body, we have emphasized the important role of having an infinite number of
morphisms, but this of course complicates the evaluation and regulation of the accompanying
infinite sums. We view expressions such as equation (A.6) as an approximation to the other
actions / path integrals studied in the main body.

Now, in characteristic zero, it is natural to expand in “Fourier modes.” This presents
some complications, especially when reducing mod p®. Rather than follow this route, we will
instead stick to position space.
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The first point we want to make is that the determinant of I" is:
detI'=N +1=1modN. (A.7)

So the inverse matrix with entries in Z/NZ makes sense.

We now can write the action with a source term added as:

lFz‘j(sb(i) + T3 J())(0(7) + T 7(57) — 1FZ]-IJ(Z')J(J% (A.8)

Sl¢l = 5 :

where in the above, we have summed over repeated indices. In the above expression we have
introduced the inverse matrix I'"!, which is being computed in Z/NZ. In particular, we are
viewing the entries of Fi_jl as being in Z/NZ rather than NLHZ C Q. This is the “natural”
choice to make because all of our other quantities, including ¢(i) and J(i) are valued in

7/NZ.

The integrand of the generating function Z[.J] now takes the form:

2mi (1 , 1 g . 1 Lo 0.
exp (257 (S0 + TRIEON0) + TG - STG0I0) ) (A
The point is that for each ¢(i), we sum over all entries anyway, so the shift by I';;' J(i) is
“harmless”. So, we can write the generating function as:

Z17] = Z[0] exp (% <—%FU1J(i)J(j)>) | (A.10)

just as we would in characteristic zero. We caution, however, that this similarity is somewhat
deceptive since, for instance, the inverse of I" is computed in Z/NZ rather than Q.

Evaluating correlation functions superficially proceeds as in characteristic zero by taking
functional derivatives of the sources:

1 h o h ¢
(p(t1)...0(tm)) = (Z[O] 757 tl)..;&](tm)Z[J])JO. (A.11)
As an example, we have, for 1 < s,t < N:
h N
(9(s)o(t)) = —;Fs}l = _%F;&l' (A.12)

But such expressions are, by themselves, ambiguous because operators such as ¢(t) can be
viewed as taking values in the integers, rather than Z/NZ. We can, however, replace these
expressions by correlation functions such as:

(exp(2miap(s)/N) exp(2mifp(t)/N)) = exp <——aﬁFst1> . (A.13)
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Similar considerations hold for higher point correlation functions, via a simple application

of Wick’s theorem.

It is also interesting to directly analyze the behavior of the propagator I'"! for different

choices of N. To keep things manageable, we compute the inverse for N a prime number.

To illustrate, here are the first few inverses:

0
p=3:T"1=1|2
1

[0

4
p=5:I"'=13
2

1

[ 0

6

5

p=T7:T"'= 1|4
3

2

1

N = OO~ W Ot N~ Wk N~ DN

W OO Nt = WOl W kW O N

T L G T2 S SO G NUY JU R SO

Tt W = Tt N O W O k= Wi+~

S Ot W = O =N

S O U W N

1
~1
0
-1 -2 2 1]
-2 1 -1 2
1 -1 1 =2
-1 1 -2 -1
2 -2 -1 0 |
[0 -1 -2 -3 3
-1 -2 3 1 -1
-2 3 1 -2 2
-3 1 -2 2 =2
3 -1 2 -2 1
2 -3 -1 1 3
1 2 3 -3 =2

-2
-1

As an example where N is not a prime number, here is the propagator over N = 3%

N =3%:

|

A.2 Adding a Mass Term

= N W k= Ot o) 1 0o O

N =~ O 00 /= W Ot J

W OO W o O Ww ot

= 00 W I b OO O W oD

Tt —m O DN 1 DN Oy — Ot

DD W OO W o
N Ot W O O Ww ooy Ww

O J Ot W = 00 O = N

S 0 N O Tk W N

(A.14)
(A.15)
|-
2
3
3 |. (A.16)
—2
~1
0
(A.17)

A common deformation of the free scalar involves adding a quadratic term in the physical

fields. Let us consider adding a perturbation such as:

V(o)

1
2
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which is just a mass term for the scalar. All this does is modify the diagonal entries of the
kinetic term operator so that we now have:

It turns out that the structure of I' can be quite sensitive to the choice of perturbation.
To see why, we again ask about the eigenvalues of our matrix I', as determined by the roots
of its characteristic polynomial. For example, reference [329] finds:

det()\]INxN - P) = UN (% - ].) s (A20)

where Uy(z) is a Chebyshev polynomial of the second kind.!'6 Restricting to A € Z/NZ,
we can tabulate when this polynomial vanishes. This gives a sense of how frequently a mass
parameter will end up generating a zero mode “by accident.” We give the number of zeros
for N = p® for p and a “small numbers”:

#zeros | p=3 | p=>5|p=T7|p=11|p=13 | p=17
p! 1 3 3 5 7 9
p? 1 1 1 1 1 1 (A.21)
p? 1 3 3 5 7 9
p? 1 1 1 1 1 1

So, we see that for N = p a prime number, nearly half of the possible deformations produce
a zero mode! We note that this pattern appears to also persist for N = p® for a odd.

A.3 Adding a ¢” Potential

To analyze some additional structures in this setting, we now specialize further to the case of
N = p a prime number. We can consider adding a perturbation by a potential energy term.
While we expect a full analysis may be difficult, there are a few simplifications which occur
for specific sorts of perturbations. To illustrate, we now switch on a non-trivial potential:

V(9) = A, (A.22)

Now, in characteristic zero, this is a challenging system to study, and a common strategy
is to resort to perturbation theory in the parameter A. In characteristic p, however, note
that all elements of F,, satisfy:

@ =¢ for ¢eF, (A.23)

16Recall that the Chebyshev polynomials of the second kind are defined inductively via the following
recursion relation: Begin with Up(z) = 1, and Uy(z) = 2x. Then, Upy1(x) = 22U, (2) — Up—1(x) for
m > 1. For additional details and review, see e.g., [330] as well as [331].
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So, assuming that ¢ € [F,,, we can simplify this potential to:
V(p) = Ao. (A.24)

We emphasize that here we are again assuming the “lattice approximation” is in effect; such
a simplification is not available if we treat ¢ as a a genuine morphism between schemes.

The generating function for correlation functions is also straightforward to evaluate.
Adding a source term as in our previous example, the action is:

§ = S STu6 () 6) + 3 (=20(0) + 0(1) (), (A.25)

So if we view the \’s as specifying a constant function A(i) = A for all 4, we can complete
the square as before:

S = 1Fz‘j(<z5(i) +T5 (J(@) = M) (0() +T55 () = A(") = %Fi}l((](i) = A@)(J () = AG))-

2
(A.26)
So in other words, we can just make the substitution J — J — A,

A.4 Another Simple Potential: ¢"*!

Let us again work in the special case N = p. Here we consider a few additional examples of
potentials which where we can compute in exact terms the associated correlation functions.

As a first example, consider switching on the non-trivial potential:
V() = APt (A.27)

Again assuming that we are working in the lattice approximation so that we can treat ¢ as
valued in ), we observe that since ¢ = ¢, we have:

PPt =¢* for ¢ €T, (A.28)

In particular, this means that adding such a potential interaction amounts to just adding
a mass term, a case we already considered in section A.2. A particularly amusing case to
consider is p = 3, for which we observe that “¢* theory” collapses to the case of a free field
theory. Of course, for more general values of the prime p, no such simplification is available.
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A.5 A Deceptively Simple Potential: gbm(p_l)

As a seemingly “trivial” example, consider again the special case N = p, but now with the

potential:
V(g) = Ag™7 Y, (A.29)

where m € Z is a positive integer. In this case, we observe that for any non-zero ¢ € IF,

we have:
¢t=1 for ¢peF). (A.30)

So in these cases, V(¢) evaluates to A. On the other hand, when ¢ = 0, V(¢) evaluates
to zero. In the end, then, this case turns out to not be entirely trivial, in spite of initial

appearances.
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B Lattice versus Hasse Derivatives

In this note we have alluded several times to the intuition that we can replace lattice deriva-
tives for physical fields with derivatives of polynomials in characteristic p. In this sense, we
can always view the lattice formulation as providing an approximation. We emphasize, how-
ever, that the space of polynomials retains further smooth structure which is often absent in
lattice field theory. In this Appendix we discuss some further aspects of various notions of

derivative in this setting.''”

For ease of exposition, we focus on the case of a degree M polynomial in a single variable
¢(t) € Z[t], and its reduction modulo N = p® a prime power. For now, we do not restrict the
degree of the polynomial ¢(t) so in principle we can allow the polynomial to have degree larger
than N. Recall that in the lattice formulation, we consider evaluations of the polynomial
at a generic point « € Z/NZ, and construct suitable finite differences. We can also see the
appearance of derivatives of polynomials via the Taylor expansion:

m

ot +x) =Y DIg(t) - 2", (B.1)

r=0

where D) refers to the rth Hasse derivative,''® which acts on a monomial ¢” with 0 < r < n
as:

n!

D g (B.2)

~orl(n—1)!
and yields zero when r > n. The key point for us is that for each monomial, there is at least

one Hasse derivative which is non-zero. Scanning over the different values of x, we get a set
of linear relations between the values of ¢(t + x) and the Hasse derivatives:

B(t) 1 J1 0 0 0 1T [ DO¢t) T
ot +1) 1 1t 1M1 IR DWg(t)
: = |1 2! oM—1 oM :
ot + N —2) : : : : DM=D (1)
L o(t+N-1)] L1 (N-1) (N=DM (N=DM™ ] | DMg(t) |
(B.3)
or more succinctly:
M
ot +7) =Y CpD7e(t), (B.4)
r=0

where C}, are the entries of the N x (M +1) matrix implicitly defined by equation (B.3). The
key point for us is that given the collection of Hasse derivatives, we can finite differences, as

17 Again, compared with standard lattice field theory, here we are discretizing both the source and target

spaces.
H8See e.g., [332].
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would be associated with the lattice derivative. For example, the first lattice derivative at ¢
is given by:

Dia(t) = o(t + 1) — (1), (B.5)

and the second lattice derivative at t is given by:!?

Diy(t) = o(t +1) = 26(1) + ¢(t — 1). (B.6)

Similar considerations hold for the higher lattice derivatives. The important point for us is
that these lattice derivatives always make reference to a finite set. Indeed, strictly speaking
when we discuss lattice derivatives, t is no longer a formal variable, but is to be viewed as
being evaluated at a specific point of Z/NZ.

Turning the discussion around, we can also ask whether we can start from a collection
of finite evaluations and reconstruct the full set of Hasse derivatives, and thus implicitly the
full polynomial ¢(t). If M > N, then there are in general more Hasse derivatives than finite
differences. This illustrates that beyond a certain point, our lattice approximation will not
work, but the formulation of physical fields as morphisms will still apply.

If, however, M = N, there is a chance that we can still reconstruct all the available Hasse
derivatives directly from finite differences. As we now explain, this works when N = p, but
for N = p® for a > 1, more care is needed since we cannot take inverses in (Z/NZ)*, the
multiplicative group of integers modulo N.

To establish this, we observe that C' is an example of a Vandermonde matrix :

1 oz 22 ... !
1 x 22 .. M
Vand(zy,...,zn) = | . . o _ ) (B.7)
1 oay 2% . 2
and in our case, we have x; = j for j = 0,...,M. Now, the determinant of a general
Vandermonde matrix is given by:
det Vand(z1, ...,zx) = H (x; — ;). (B.8)

0<i<j<M

9Tt would of course have been more pleasant to define a lattice difference via the more symmetric expression
“Dp(t) = @p(t+1/2) — p(t —1/2)” since one could then consistently iterate to produce the higher derivatives,
e.g., “D%¢(t) = Do(t + 1/2) — Do(t — 1/2) = ¢(t + 1) — 24(t) + ¢(t — 1)”. Unfortunately, while “1/2”
does indeed make sense when working over (Z/NZ)* for N relatively prime to 2, the meaning of 1/2 is
rather different than in the case where we equip Q with the standard Euclidean norm. Indeed, working in
(Z/NZ)* we have the integer representative 1/2 = (N + 1)/2, which is “halfway around the world”. For
these reasons, we have opted to make do with this cruder set of definitions which adhere to more standard
lattice considerations.
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So in our case, we obtain:

detC= [ G-, (B.9)

0<i<j<M

or, expanding out the product, we can instead write:

M
det C' = HmM+1_m. (B.10)

m=2

We now observe that in this product, all the individual entries are non-zero modulo N. In
particular, this means that for N = p a prime, the product reduces modulo p to an element
of F, so an inverse does indeed exist. We can then invert the matrix C' and extract the

appropriate finite differences.

But when N = p“ the same reasoning shows that the inverse of det C' does not exist
in Z/NZ. Indeed, recall that (Z/NZ)”, the multiplicative group of integers modulo N is
specified by integers in the set {1, ..., N — 1} which are relatively prime to N. In our product
formula for det C', we observe that every single integer between 1 and N — 1 appears in the
product, so unless N is prime, it will not have a well-defined inverse in |(Z/N Z7)* ’, and
so we cannot view C~! as a matrix with entries in Z/NZ. Of course, we can compute the
inverse of C' over Q, and then clear denominators, though this is also not without its own
difficulties. This provides a possible workaround to reconstructing all the Hasse derivatives,
but it illustrates that additional care is needed in such cases.

Similar considerations clearly apply if we work with N a more general positive integer.
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C Finite Fields

In this Appendix we briefly review some aspects of finite fields. We cannot hope to provide a
full review of this material, and so instead refer the interested reader to an abstract algebra
textbook for further details, for example [333,334].

To begin, we recall that in abstract algebra, a field K has both a commutative addition
and multiplication operations such that its elements form a group under addition, and after
deleting 0, the identity of the additive group law, the remaining elements K* form a multi-
plicative group with identity 1. Common examples include the rational numbers Q, the real
numbers R and the complex numbers C. More abstractly, one can consider fields such as
Q(t), R(t), C(t), with elements given by ratios of polynomials in a formal variable ¢. All of
these examples have an infinite number of elements and specify characteristic zero fields.

One can also construct finite fields by observing that Z/pZ, the integers modulo p a prime
number also satisfies all the requirements to be an algebraic field. This field is denoted as [F,,.
We will shortly introduce additional finite fields F, with ¢ = p". The most important feature
of all these fields is that they have characteristic p, meaning p = 0 in the field. Another
important consequence for any characteristic p field is that we have the “Freshman’s dream”
equation:

(@ +y)’ =a + 4" (C.1)

This follows from expanding out the polynomial and observing that all but two coefficients
are equal to zero modulo p. We also have “Fermat’s little theorem” which tells us that for
m € Z:

mP = m mod p, (C.2)

The Frobenius map is defined by taking elements of a ring R (and thus also a field) and
multiplying p times:

F:R— R

r 7P,

aa

Note that for the field I, all elements are fixed under this map. Consequently, we can speak
of the Frobenius field endomorphism (namely one which respects addition and multiplication
of the field):

F:F,—F,. (C.5)

We now introduce the finite fields [F;. In the spirit of Galois theory, we look for the roots
of irreducible polynomials over a field K. Adjoining these solutions to our original field, we
obtain a field extension L, which we can view as a vector space with coefficients in K. For
example, C = R(i) where i® + 1 = 0.
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Given an irreducible degree n polynomial P,(¢) in the ring IF,[t], solving the equation:
P.(t)=0 (C.6)

will produce a field extension of F, when n > 1. Indeed, the condition that P,(t) is irreducible
means that we can build a bigger field by adjoining the roots of P,(t) to F,. Denoting one
such root by « so that P,(«) = 0, observe that F'(«) = o is also a root, since:

Fr(a”) = (Fu(@))" =0, (C.7)

where we used the Freshman’s dream. Note also that only elements of IF,, are fixed under
Frobenius conjugation, so F'(«) is distinct from «. Indeed, it turns out the Frobenius map
generates the Galois group Gal (F,,(«)/F,) ~ Z/nZ, the cyclic group with n elements. Viewed
as a vector space, we can treat elements of this new field as n-component vectors. But since
each component has p possible entries, the total number of possible entries is p™. This is the
number of elements in the finite field F, with ¢ = p". We can again ask how the Frobenius
endomorphism acts on this field. In this case, it turns out that only elements of F, remain
invariant. It is convenient to work in terms of a basis spanned by the images of our root «

under the Frobenius map, so we can write a general element y € F, as:'*

y = yoo +ya? + ... + Yo 1 F"Ha), (C.8)

where the y; € F), for j = 0,...,n — 1. Observe that any element of this bigger field satisfies
the equation:

Yyt =y, (C.9)
which follows from the fact that F' has order n on F,.

Continuing in this way, we can construct field extensions of F, as well. We denote by F,,
the algebraic closure of FF,,. We note that this field also has characteristic p, but it clearly has
an infinite number of elements. In this case, the Frobenius automorphism also has infinite
order. One can also construct infinite order fields in characteristic p such as [F,(t), or more
generally, the field of functions for a variety.

One feature we have used in our analysis is that we can work with V' a dimension n vector
space over [F,, and interpret the action of a “dot product” in terms of an algebraic operation
on F,. To see how this works in detail, fix a choice of a non-degenerate symmetric bilinear

1200More generally, we can invoke the normal basis theorem of Galois theory, which asserts that for a Galois
extension L/ K, there exists an element § € L such that {g(8)|g € Gal(L/K)} forms a basis of L when viewed
as a vector space over K. To give a perhaps more familiar example, consider C = R(y/—1) as a quadratic
extension of R, where the Galois group acts by v/—1 — —+/—1. Then, the 8 in question is § = 1 + /—1,
since its conjugate is 1 — v/—1. Observe also that in contrast to the characteristic p case one cannot simply
take 8 to be v/—1, since that would not span the vector space.
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form: 2!

B:VxV—F, (C.10)
(v, w) = B9vw;. (C.11)

Note that for any element y € IF,, we have an expansion in terms of powers of o as well as
its Frobenius conjugates:

y=1yoa+y1a” + ...+ y, 1 F"(a) (C.12)
F(y) = yp_1a + yoa? + ... + 4o F" ) (C.13)
(C.14)
F' U (y) = yra + a0 + ...+ yo " Ha), (C.15)
so by linear algebra on F,, we can invert this relation to write:
yi = My F(y), (C.16)

for a matrix M;; determined only by a. Now we can rewrite our “dot product” as a pairing:

B:F,xF,—F, (C.17)
(v, w) + BY My F¥ (v) M, F7 (w), (C.18)

where we have abused notation in treating v and w as elements of IF,.

121 Here we are not using the physicist convention for upper and lower indices. We do this to avoid confusion
with raising a given element to some power.
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D Geometry in Characteristic p

In this Appendix we briefly discuss some aspects of geometry in characteristic p. We refer
the interested reader to standard texts in algebraic geometry such as [107] for further details.
Our discussion will also follow the lectures [335].

To set the stage, we recall that in algebraic geometry, we first specify a commutative ring
R, and then build up an affine patch of the geometry from Spec R, the set of all prime ideals
in R.'?? To illustrate, the affine complex line A! can be thought of as Spec C[z]. Indeed, the
prime ideals of Clz] are generated by polynomials of the form (z — ¢) for ¢ € C. Each of
these values of ¢ specifies a point on our affine line. As a somewhat less intuitive example,
one can even consider SpecZ which consists of the ideals generated by the prime integers,
as well as the element 0.

There is also a notion of localizing at at a given element of Spec R. Given a prime ideal
p, we define R, by first constructing the complement p¢ = R\p. Then, we are free to take
inverses of p¢ inside R, building a new ring:

R, = (#) ' R. (D.1)

One can think of this as allowing us to build fractions from objects inside R.

We are now ready to construct the cotangent space. Our discussion follows the notes
of reference [335]. Given a prime ideal p CR, we get a point [p] € Spec R. We can then
construct R, the localization of the ring at this point. This new ring has a maximal prime
ideal pR, = m. Observe that [pR,| is a point of Spec R,. From this data, we can construct
the residue field:

k= R,/m, (D.2)

as well as a vector space V = m/m2 over the field k. The vector space V is the Zariski
cotangent space at [p], and we write T X to denote the cotangent space of a scheme X at a
point x.

This notion of cotangent space is actually quite flexible. As a particularly counter-
intuitive example, we can consider Spec Z and calculate the derivative of integers at different
primes. For example, given 40 = 2% x 5, we see that it vanishes at both the point [2] and
the point [5]. Computing the derivatives at these two points yields:

d

m40 = 40 mod 2% = 0 mod 4 (D.3)
d

mz}(} — 40 mod 52 = 15 mod 25. (D.4)

122Recall that an ideal I C R is defined by the properties that as an additive group, it is a subgroup of R,
and that for r € Rand m € I, rm € I. A prime ideal P is one for which if a,b € R and ab € P, then either
a or b is an element of P.
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Our discussion so far has focused on notions from “classical” algebraic geometry. This is
enough for us to start equipping our space with appropriate sheaves, and a notion of local
structure.

Even in characteristic p, there is a notion of a local analytic isomorphism as associated
with a diffeomorphism. These are known as étale morphisms [162]. There are several equiv-
alent ways to phrase this condition more precisely. We refer to a morphism of schemes
f: X — Y as étale if it satisfies the condition that f is flat,!?? locally of finite presenta-
tion,'?* and for every y € Y, the fiber f~!(y) is the disjoint union of points, each of which
is the spectrum of a finite separable field extension of the residue field x(y). We found the
entry [338] helpful in providing additional definitions.

Giving a full treatment would carry us to far afield from our main developments, but there
is one important “moral point” to emphasize. Perhaps the most important observation is
that in characteristic zero, the notion of an étale map matches up well with the condition of a
map being analytic. Closely following the discussion in [339], for a map ¢ : X — Y of locally
finite type C-schemes, the associated map of complex-analytic spaces ¢** : X" — Y*" is a
local isomorphism if and only if ¢ is étale. In characteristic p, the main issue is in specifying
the analog of the inverse function theorem.

More generally, we can speak of smooth morphisms of schemes f : X — Y. A morphism
f is smooth provided it is flat, finitely presented, and specified by the condition that for all
y €Y, f7!(y) is a smooth scheme over the residue fields x(y). One can also view smooth
morphisms f : X — Y as defined by the condition that locally, they factor through an étale
map X A% — Y, where here A% is affine n-space over a scheme S. In characteristic zero
differential geometry, the smooth morphisms specify smooth submersions.

Curves in Characteristic p

We now briefly discuss curves in characteristic p. As we already mentioned, one choice is to
just take F, = A!, the affine line. This clearly has ¢ distinct points. One can also consider
the affine line given by the zero set of the equation:

r+y=0 (D.5)

for z,y € F,. Again, this is an affine line and one can verify that this also has precisely
q points. More generally, we can consider cutting out a one-dimensional subspace from a

123Essentially quoting from [336], recall that an R-module M is called flat if whenever Ny — Ny — N3 is
an exact sequence of R-modules, the sequence M ® g Ny - M ®r No — M ®pg N3 is also exact. A ring map
R — S is called flat if S is flat as an R-module. Continuing in this way, we can specify a flat morphism by
its actions on the underlying defining rings.

124Namely, if we consider local neighborhoods U of X and V' O f(U) of Y, then Ox(U) is a finitely
generated Oy (V)-algebra. For additional discussion see for example [337].
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hypersurface equation such as:

fz,y) = Zfijxiyﬂ' =0, (D.6)

for f(x,y) € F,|x,y] a polynomial in two variables. Even more generally, we can add more
coordinates and consider additional intersections of hypersurfaces. Observe that as we do
this, the number of points in the ambient geometry, namely F;* also grows, becoming ¢™ in
order. This illustrates that even in characteristic p, discretization need not mean that we
are stuck with just the affine line.

It is often easier to work with hypersurfaces in a projective space. For example, for a
curve in a projective space P?, we can write it as the zero set of the equation:

{f<x7y7 Z) = wakxzyjzk = 0} C P27 (D7)
irjok
where f(x,y, z) is a homogeneous polynomial in three variables.

The notion of a genus can be specified in much the same way as in characteristic zero.
Indeed, for a projective curve X we can introduce the canonical sheaf Ky, and then use the
Riemann-Roch theorem to calculate the genus:

R (Ks) — h'(Kg) = 29 — 2. (D.8)

As a simple example, note that a plane curve of degree d has genus g = (d — 1)(d — 2)/2.
In most well-behaved situations with a polynomial with integer coefficients reduced modulo
p, this genus behaves just like its characteristic zero counterpart, though there are some
notable exceptions. As a pathological example, note that the equation y = ¢ + = = 2z for
xz,y € F,.

One can also ask about the number of points in this curve. For a curve ¥ defined over
IF,, there is also an important Hasse-Weil bound on the number of solutions (see e.g., [24]):

[#E(Fq) — (¢ + D] <294 (D.9)
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E Grothendieck Topologies

In this Appendix we briefly review some aspects of Grothendieck topologies. We refer the
interested reader to [340] for further elaboration on the subject. For our purposes, the main
point of these notions is to provide a suitable generalization of covering spaces which can
produce a non-trivial cohomology theory, even in the discretized situation present in defining
varieties over finite fields. Essentially quoting from [340], one defines a topology or site T as
a category cat(T)) of a set of coverings cov(T') defined as families of morphisms {U; 2 U}ie;
in cat(7") such that the following three properties hold:

e (T1) For {U; — U} in cov(T) and a morphism V' — U in cat(7T), all fiber products
U; xy V exist and {U; xg V — V'} is again in cov(T).

o (T2) Given {U; — U} ecov(T'), and a family {V;; — U;} €cov(T) for all ¢ € I, the
family {V;; — U} obtained by composition of morphisms also belongs to cov(T').

e (T3) If ¢ : U' — U is an isomorphism in cat(T') then {U’" % U} €cov(T).

Again, the point of these notions is to have a sense of open coverings as one has in
standard topology, but in which the emphasis is on the morphisms rather than the sets
themselves. Standard notions of presheaves and sheaves can be defined in this setting as
well. For example, letting C denote a category of products (which can include the case of
the category of abelian groups or the category of sets), and 7" a topology, we can define a
presheaf on T" with values in C as a contravariant functor F' : T" — C. We can then speak
of a sheaf on T as defined by the condition that if for every covering {U; — U} in T, the
following diagram is exact:

FU) = [[FW) = [[FU: <0 Uy), (E.1)

i,J

namely the diagram of line (E.1) is an equalizer.'® In the above, U; X U; is the standard
fiber product as specified by the commutative diagram:

Ui XU Uj

Uj
J (E.2)
U

U

where the structure of the exact sequence of line (E.1) now follows since F' is a contravariant
functor.

125Recall that for sets X and Y and maps f : X — Y and g : X — Y, the equalizer Eq(f,g) = {z €
X suchthat f(x) = g(z)}. One can extend this in the obvious way to any collection of maps from X to Y.
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The main usage of this formalism for us is in defining the various étale topologies. In
particular, given a scheme X, we can specify the category of étale X schemes, denoted by
Et/X. The (small) étale site (i.e. topology) of X is denote by X, where cat(Xe) is just
Et/X and the space of coverings cov(Xg) is the set of surjective families of morphisms in
Et /X . One can also speak of a big étale site, but at the level of cohomology, these distinctions
are often not important, and we will not elaborate on this further.

The notion of a crystalline site also implicitly appears in our discussion. From [341], if X
is a scheme over a field k, then the crystalline site of X relative to W,,, denoted Cris(X/W,,),
has as its objects pairs U — T consisting of a closed immersion of a Zariski open subset U
of X into some W,,-scheme T defined by a sheaf of ideals J, together with a divided power
structure on J compatible with the one on W,,.

Given a suitable notion of global sections for sheaves, we can construct the associated
cohomology theory via right-derived functors of the global sections. Given a sheaf F' and
open cover {U; — Ul}icr, we consider the left-exact functor F +— H°({U; — Ulicr, F).
Then, the right-derived functor provides a definition of the higher degree cohomology groups:
HI(U,F) = R(U,F) (see e.g., [340]). Using the sheaf property, we can then extend to X.

For our purposes, the utility of introducing the étale topology is that we also have the
Artin comparison theorem [342], which states, for an algebra A given for example by either
a finite field F,, the p-adic ring of integers Z,, or the p-adic numbers Q, (and suitable
generalizations thereof) that:

H*(Xu, A) ~ H*(X™, A), (E.3)

where X'?" refers to the analytification of X over C, i.e., we interpret our variety as defined
over C and then equip it with the standard topology of an analytic space.
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F Codes

In this Appendix we review some aspects of classical and quantum codes alluded to earlier.
For a review of linear and non-linear codes, see for example the thesis [343]. For a review
of algebraic geometry codes, see for example reference [344]. For a review of how quantum
codes can be obtained from algebraic codes, see reference [345]. Our plan will be to first
review some aspects of classical coding theory, and in particular the relation to algebraic
curves over finite fields. We then turn to quantum codes obtained from these classical codes.
As throughout, we let ¢ denote a power of some prime p.

F.1 Classical Algebraic Codes

To set the stage, let us recall that the main idea in much of classical coding theory is to send
messages over a noisy channel. Our discussion will follow that given in reference [343]. More
precisely, one has in mind the following schematic diagram:

[Source] — [Transmitter] — [Receiver] — [Sink]. (F.1)
Ir;)rut Ou‘t;ut

The “source” and “sink” may consist of k different possible messages which are then encoded
in a larger set of n “codewords” for the transmitter and receiver.!?® Denote by V the set of
input words and by C' the set of possible codewords. A passed message will be denoted as

C(v) forv e V.

The main idea is that by a suitable embedding of £ possible messages in the codewords,
random errors in the transmission can be minimized. Of course, one way to proceed is to
encode all information in a string of 1’s and 0’s, but more generally, our basic alphabet may
consist of a ¢g-ary code with ¢ different possible letters, as for example would occur if we use
the finite field F,. A code is then some collection of different codewords of length n.

Now, in passing a message from the transmitter to the receiver, there may be some noise,
i.e., errors may be generated. This amounts to flipping some of the entries in our codeword.
Much of the art of the subject revolves around finding efficient ways to protect messages so
that even when errors are present, the message can be decoded. Along these lines, We refer
to the redundancy of a code as n — k and the information rate of a code as:

1
R= - log, |C]. (F.2)

We can speak of the weight of a codeword as the number of entries which are different from
zero. Given a code C', we can also specify the distance d by computing the Hamming distance
of elements in the image set C'(V') as specified by taking an input word in V' and encoding

126 Clearly, here k refers to a positive integer rather than a field. We have begun to exhaust the limits of
the English alphabet.
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it in C:

d(C) = 51;15/1 {distgam (C'(v), C(v")) with v,v" € V'}, (F.3)

where disty,, is the “Hamming distance”, i.e., we view our words as elements of IF;‘ with
respect to a fixed basis and count the number of entries over which the two vectors are
different. When the context is clear, we shall often just write C' to denote the code space.

Specializing further, we can build a large set of codes by assuming the various words
and codes are built from vectors in vector spaces over IF,. In this case, the source is just
a k-dimensional vector space V =~ F’; and the code space is an n-dimensional vector space
W ~TF}. We can speak of the embedding V' — W as specifying a code C, i.e., it is just the
image set of V inside W. In this case, we can view errors as elements e € W so that for a
codeword C(v) € W, the error is just given by C'(v) + e, i.e., it flips some of the entries.

Given a linear code C, we can also specify the distance d by computing the Hamming
distance of elements in the image set C'(V), just as we did in line (F.3). Note that d(C') does
not depend on this choice of basis since we always minimize over all vectors in the image
anyway. We refer to a linear [n, k, d], code where d(C) = d is the minimum distance of the
code. In this case, the information rate is just R = k/n.

One can also introduce a notion of non-linear codes. Treating each codeword as an
element of Fy with respect to a fixed basis, we can view this as defining a set Cyy C Fy,
where the subscript serves to remind us that this is not a vector space. We refer to the
kernel of this space as K (Chy):

K(Cy) = {v € Cy with M + Cyy = Cyy for all X € F,}, (F.4)

which is a vector space. The rest of the codewords can then be obtained by adding appro-
priate vectors, i.e., by suitable affine transformations:

t

C’1’11 = U (K(Onl) + Ui) ) (F5)

=1

that is, we introduce t coset vectors vy, ..., v; to build the rest of the codewords.

Algebraic varieties over finite fields provide a way to build examples of codes, a topic we
now review following [344]. Intriguingly, the additional geometric structure present in this
class of examples often provide a way to build “good” examples in the sense that certain
information theoretic quantities can be handled analytically. We cannot hope to provide a full
characterization of the subject, but we can at least explain how these geometric ingredients
emerge.

To keep things as concrete as possible, we fix X a smooth, projective irreducible curve of
genus g over the finite field F,. We begin by introducing two sets of points which we write
as Pp,...,P, and Qq,...,Q,,. From these, we can form the divisors D = P, + ... + P, and
G=0Q1+ ..+ Q. We can then introduce the Riemann-Roch vector space associated with
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this divisor:

L(G)={fe€F,(X) suchthat (f)+G>0}U{0}. (F.6)

At this point, it is helpful to recall that for a plane curve in P? defined by the equation
h(z,y,z) = 0 with x, y, 2 homogeneous coordinates, the space of functions is given by ratios
of the form p(z,y, 2)/q(z,y, z) where h does not divide either p or ¢q. This property ensures
that £(G) is finite dimensional.

We note that £(G) is also just the space of global sections for a line bundle, and in this
case it is customary to denote it as H°(X, Ox(G)). This defines a vector space which we
denote by ¢(G) = k. We can introduce a basis which we write as {f,} for a = 1,.., k. Given
these functions, we can produce a code by evaluating at all n points of D:

evp : L(G) — F] (F.7)

Doing so, we get an n X k matrix as specified by f,(FP;) where a = 1,....k and i = 1,...,n.
The resulting code is often denoted as C.(D,G). We note that if degG < n, then this
specifies an [n, k, d], linear code with n set by the number of evaluation points, k = [(G) the
dimension of the linear system, and d = n — deg G the minimal distance between codewords.

In the literature on algebraic geometry codes, it is also customary to discuss the space of
meromorphic one forms:

O(G — D) = {w e QX) such that (w) > G — D} U{0}. (F.9)

In this case, one specifies a code by computing the residues of w at the marked points. In
other words, the evaluation map in this case is given by:

evp : (G — D) — Ty (F.10)

w > (respw, ...,resp w), (F.11)

and the corresponding linear code is denoted by Cq (D, GG). Let us note that there is a duality
between the codes Cr(D,G) and Cq(D, G) which is often written as:

C:(D,G) = Cq(D,G)*, (F.12)

where we have implicitly used a notion of orthogonality as induced by introducing a pairing
on F7 given by:

F" x F* — F, (F.13)

(a,b) » a-b= Zaibi, (F.14)
i=1
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and for a vector space V' C Fy, we define
Vt={w € I, such that w-v =0 forall v eVv}. (F.15)

Now we can see why equation (F.12) is true; We can consider any f € L(G) and any
w € Q(G). The dot product between the two is, in the obvious abuse of notation:

n

(f,w) = zn:f (P;) respw = Zresﬂ.fw =0, (F.16)
i=1

=1

where the last equality follows from the fact that we are summing over all the residues of a
compact curve.

Though we will not be too concerned with “practical applications,” some important
properties of algebraic codes include the fact that infinite families of codes [n;, k;, d;], can
be constructed such that the information rate R; = k;/n; and relative distance ¢; = d;/n;
remain finite and non-zero as ¢ — oo.

The above considerations can also be extended to produce a class of non-linear codes
which again have good asymptotic coding properties. Following [346] we next consider a
stable vector bundle E over the curve X. Stability is defined in essentially the same way
as in characteristic zero; we first change base to the algebraic closure Fq and then specify
the slope as pu(E) = deg(F)/rk(E), where deg(E) denotes the degree and rk(E) = r the
rank of the vector bundle. We refer to a bundle as being stable if and only if, for every £’
a subbundle of E, we have u(E") < p(E). Now, the important point for us is that for any
point x € X, we can consider the stalk F, which is just a copy of F} ~ Fq, with @ = ¢". We
can then proceed much as we did in the line bundle case: we simply consider the evaluation
map at n different points of the global sections of F:

ev: H'(X,E) - @PEp, ~F} (F.17)
=1

v (V(P), ..., v(By)). (F.18)

Observe that this need not define an g linear code, but we do get an [Fy-linear subspace of
F3. Note that if the evaluation map is injective, then the size of the code is K = g’ B,
the dimension of the non-linear code is k = logg K, and since our code space is Fy-linear, d

is just the minimal weight of a non-zero codeword.

Specifying codes is in some sense the “easier” part of the story. Indeed, the utility of a
given code also requires one to be able to efficiently decode a given signal, and there is again
a vast literature centered around how to do this. We will not dwell on this point since it is
beyond the scope of the present considerations.
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F.2 Quantum Error Correcting Codes

Let us now turn to the case of quantum error correcting codes generated from algebraic
codes. Our discussion follows reference [345]. To begin, we recall that a g-ary quantum code
of length n is specified as a dimension k& complex subspace () C ((Cq)®n. We can adopt a basis
of states |uy, ..., u,), where each u; € F, specifies a single qudit register. We can introduce
a set of unitary operators F; which serve to encode possible errors made in transmitting
information. There is then an orthogonal decomposition of (C4)*" as:

(C)*" ~ PEQ, (F.19)
1=0

where Fj is the identity, and ¢t = ¢"~% — 1.

Given a quantum code @ with basis [i1), ..., |1x), we have a notion of errors £ and F
being “correctable” if they are distinguishable, namely if the following conditions are met:

<¢i|ETF|¢j> =0 and <¢i’ETFW@'> = <¢j|ETF|¢j> . (F-QO)

for all 7, j.

A basis of error operators can be specified as follows. Begin by considering the special
case where n = 1. Then, we note that for some m > 1, we have ¢ = p™ and F, is a vector
space over F,. Introduce a,b,u € F,. Given a state |u) € C9, we have the qudit operations:

T,|u) =|u+a) and R, |u) =0 |u), (F.21)

where ¢ is a primitive pth root of unity. Here, we have again used the trace map Tr: F, — IF,
to ensure that all phases have unit modulus. We can then define an “error operation”
E., =T, Ry, and the span of these operators constitute the set of errors on a single qudit.

Next consider the case n > 1. By abuse of notation we let a = (ay, ..., a), b = (b1, ..., by)
and u = (uy, ..., u,). Then, we can introduce error operators:

Ep=T,R; (F.22)
where:
Ta:Tal ®®Tan and Rb:Rb1 ®®Rbn; (F23)
N———— N————
and we have the error basis:
En={Ew=T,R, with a,beF}}, (F.24)
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and the error group:
Gn={¢{'Ey with a,be Fy and 0<i<gqg—1}. (F.25)

We can also speak of the weight of an error £ E,;, as the number of operations different
from the identity, i.e.:
Wt(E'Ey) =n — [{i 1 a; = b; = 0}, (F.26)

and thus, can speak of the minimum distance of a quantum code @) as the maximum weight
of error operations which can be corrected

d(Q) = | §I|I%XC {d such that (u|v) =0 and wt(E) < d — 1= (u|EJv) = 0}. (F.27)
u),|v)e
Eeg,

We can now refer to a quantum code of length n, dimension k£ and minimum distance d as
an [[n, k, d]], code.

F.2.1 Stabilizer Codes and Algebraic Curves

Let us now specialize a bit further. Our aim will be to introduce quantum stabilizer codes
and how to construct them using algebraic curves over finite fields. For disussion of quantum
stabilizer codes, see reference [347].

The stabilizer of a given a subgroup of S C G, provides a possible quantum analog to
linear codes. We define a ¢g-ary quantum stabilizer code C of length n as the joint eigenspace
of operators, i.e.:

Q = Stab(S) = {|u) € (CH)®" with M|u) = |u) forall M € S}. (F.28)

The interesting point for us is that algebraic curves over finite fields provide a natural
way to specify subgroups of S C G,, and consequently, give us a way to build quantum
stabilizer codes. This is often referred to as the CSS construction, after references [114,115].

To begin, introduce a quadratic field extension Fp2 = F,(w) over F,. We can take as
basis vectors w and w? = @ and present elements of ]FZ2 as linear combinations wa + wb for
a,b € Fy. Given this, we can perform the following composition of maps:

L g g, F.29)
wa + wb — (a;b) — Egp. (F.30)

~~

So, given a suitable linear code subspace C' C Fg”, the image space g(C) gives a collection of
error correction operations. The stabilizer () = Stab(g(C')) then defines a quantum stabilizer
code.
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To make use of this in explicit constructions, we can introduce a notion of an orthogonal
dual, as specified by making a choice of bilinear pairing. Two canonical options are a
symplectic pairing and a Hermitian pairing. For the symplectic pairing, we use IFZQ ~ Fg”

and assume u = wa + wWb and v = wa’ + @Wb'. Then, we can specify the product as:

(wa + wb) *4 (wa' +wb") = Tr <Zaib; — bmé) : (F.31)
i=1

Given u,v € IFZQ, we denote the Hermitian pairing as the F, valued expression:

Ukp U = En:uivf = zn:u,v_z (F.32)
i=1 i=1

Observe that orthogonality in the Hermitian pairing implies orthogonality with respect to
the symplectic pairing.

Given a vector space C' C Fg”, we can then consider, for each choice of pairing, the space
of vectors which are “orthogonal” to C' with respect to the symplectic pairing as:

c® = {veF? suchthat vx,c=0foralceC} (F.33)

Given a vector space C' C Fle, we can reference the space of vectors which are “orthogonal”
to C with respect to the Hermitian pairing as:

oW = {veF) suchthat vs,c=0foralceC}. (F.34)

An important general result due to reference [116] is that with ¢ = p™ and for C' C an
an IF,-linear code of order p” which is self-orthogonal with respect to the x, product, namely
C C C, then any eigenspace of the CSS map ¢(C) is a [[n,n — £, d(C*\CO)]], code. Note
that we implicitly have r/m an integer, and in many applications one makes the further
assumption that C' is an F,-linear code, defining a vector space of dimension k = r/m.

There are various immediate corollaries of this result. For example, we can now specify
two linear codes C and C5 of length n and respective dimensions k; and ks with C; C Cj.
Then, using the standard dot product of line (F.14), we construct the dual space Cy-. We can
then produce a subspace C' = wC; +wCy C Flz. Observe that f (C) = D is self-orthogonal,
with f : IFZQ — IFZ” defined in line (F.29). This can be used to prove that the eigenspace
of g(D) is in fact a quantum stabilizer code, and implicitly specifies an [[n, k, d]], code with
k = ko — ky and d = min{d(Cy\C), d(C{-\Cy)}.

We can obtain a similar set of assertions using the Hermitian pairing and a classical ¢?-ary
linear code [n, k, d] 2, where we assume that the associated vector space C'is self-orthogonal
with respect to the Hermitian pairing. Denoting this orthogonal space by C™, the resulting
quantum code constructed from this data is an [n,n — 2k, min{wt(C*\C)}]], code.
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Having seen how to build quantum stabilizer codes from classical codes, we next observe
that classical algebraic codes provide a way to generate many examples of such quantum
stabilizer codes. Additionally, some of the conditions implcitly used, such as the condition
that we find two linear codes C; and C5 such that C} C Cy simply amount to specifying
line bundles in the appropriate fashion. For example, using the fact that for divisors A < B
(namely B — A is effective) we observe that the line bundles satisfy £(A) C £(B), and so we
also have Cr(D, A) C Cr(D, B) for the corresponding linear codes, where D = P, + ... + P,
is the divisor given by our “evaluation points”.

Summarizing, we have discussed a few ways to generate quantum stabilizer codes. In fact,
the interesting feature of these examples is that we also establish the existence of families of
quantum codes, since we already have families of classical linear codes.
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G Partition Function for a Free Field

In this Appendix we study the partition function for a free field defined on the punctured
affine line A*. Our Lagrangian is given by:

L[¢] = £Du¢ D¢, (G.1)

and our task will be to evaluate the corresponding path integral:

Z[A] =) exp (@sm) : (G.2)

3 p

We comment here that when we turn to fermionic and supersymmetric systems, we introduce
a separate notion of a partition function as associated with the Hasse-Weil Zeta function.
The interpretation of the two is somewhat different, but the context should also make clear
quantity we are considering.

Now, to carry out the evaluation of the path integral, we make use of the mode expansion:

o(w) =) dmu™ € Fylu,u™'] C Fyllu,u™]), (G-3)

and we observe that the u™ are eigenfunctions of the differential operator D? with eigenve-
nalues m?2. So, we get the momentum space expression:

Slo] =" — kmndundmdn, (G.4)

m,n

where 0,4, is the modified delta function which only enforces m + n = 0mod (p—1).
Compared with the characteristic zero answer, we see the same subtlety encountered in our
evaluation of correlation functions: we have to contend with the “winding modes” present
in the characteristic p setting since the delta function only enforces a milder version of
momentum conservation.

Proceeding much as in section 8, we introduce (see equation (8.18)):
oy, modes: m e {1,..,p—1} and «a€Z, (G.5)

as well as vectors puy, with:
«

f, = (M — ), (G.6)
which we write as ﬁm, namely a vector in the v index. Then, the action is given by:
p—1

Slel =

=1

& (T &) (A &), (G.7)
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in the obvious notation. Here, we permit the same abuse of notation to allow the index

m” to go out of range.

Recall that in our analysis of correlation functions we first isolated the contributions from
the zero modes. Here, we must perform a similar analysis, and consequently need to also
split up our analysis according to whether ﬁm . ﬁm # 0 or ﬁm . ﬁm = 0. Returning to our
discussion in section 8, we have the expansion:

G = an PO+ DT, (G.8)

10

in which: N

The range of values for a,, are the p distinct values in the finite field F,. These are the
propagating degrees of freedom in the model. Moreover, when ﬁm . ﬁm # 0 we can also set
70 = ﬁm Our expression for the action is therefore given by:

S[g] = ,,Z — Ky (VO -7 (@O, . 7). (G.10)

To proceed further, observe that in our path integral, we wish to sum over all possible

values of a,,. Consider fixing a value of a,,. Then, there exists a unique b,, € F, such that

by, = am(7$2) . 79), and so instead of summing over a,,, it is enough to sum over b,,.

With this in place, we can now proceed to the evaluation of the path integral sum. Precisely
because the path integral splits up as a sum over the different ¢ ,, modes, we get:

- Zexp <%Z — kK <7m ) ?m) (7—7% : ?—m)) (G.ll)
$om

m=1
- 2mi 2mi 4
= |F,|” x Z Z exp Z KmOp 1-m | — —Ka, 4 |, (G.12)
a1€Fp ap_1€F, m=1 p

where the prefactor |F,|” is the contribution from the zero modes. This is formally infinite,
but serves to remind us that most of the path integral sums are trivial. Here, we have also
used the identity ay—1_, = a_p, form=1,...,p—2 and a__1) = a,_1.

We can also further simplify the sum over a,,a,_,,. Indeed, we have:

iamap n= g+ Z ((am”” ’”)2 = (@)j . (G.13)

m=1
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We can re-index these variables to produce a new basis to sum over:

_ —1
N T (G.14)
2 2
— —1
P s L Y S (G.15)
2 2
so that our path integral sum becomes:
O (p—1)/2
ORI I SHD Db SEID S LS SIS
ap— 1€Fp01€]Fp CP‘QAEFP d1€Fp dP‘QJGFp k=1

(G.16)

At this point we recognize that each sum over a a,_1, ¢, and dj, is producing a standard

Zexp (ﬁm > (G.17)

We have the well-known relation for x not divisible by p # 2:

quadratic Gaussian sum:

9(k;p) = (g) 9(L;p), (G.18)

where <§) is the Legendre symbol.'?” Moreover, we have:

L VP if p=1mod4
9(1729)—{ Livp il p—3modd | (G.19)

Putting everything together, we conclude that our partition function is simply a formal
product over quadratic Gaussian sums. Indeed, returning to equation (G.16) we can now
write:

Z [AX] = [F,|" x g(—r:p) x (g(k:p)g(—r;p)) "2, (G.20)
o -1/2 , 1\ (P+1)/2
2wl =< (3) 0 (5) ey (G.21)

Let us comment that generalizing to the contribution with a background source term
follows in a similar manner. Indeed, returning to our discussion in section 8, we simply need

127Recall that the Legendre symbol (%) is, for p an odd prime and k non-zero mod p, given by 1 if x is a

quadratic residue mod p and —1 if x is not a quadratic residue mod p. The Legendre symbol (%) is zero if

& vanishes mod p. Here, “quadratic residue” simply means there exists an x such that 22 = x mod p.
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to add in the contribution from the vev of Oy:

.p—1
Oy =exp (%Z?m . E)m) ) (G.22)
m=1

In the obvious notation, we have:
Z [A*,J] = Z [A"] x(0,), (G.23)

where, (O) is given in equations (8.41) and (8.42)).
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H Alternative Action on A~

In the main body of this paper we have presented a proposal for constructing and evaluating
actions. The main idea in this approach is to view the field configurations as rational
morphisms ¢ : X --+ Y between characteristic p varieties, and to use an explicit evaluation
map to sum over the geometric points of the “support spacetime X”. For example, the
action of a free Gaussian field on the punctured affine line A* can be written as:

S8l = > evuek Dy Dy, (H.1)

TEAX

for ¢ € Fplu,u '] and D, = ud,. Now, in our discussion of section 8 we also saw that
there is also a mode expansion available which parallels the mode expansions encountered
in characteristic zero. One of the distinct features of working in characteristic p, however, is
that the resulting action only led to a milder form of orthogonality. Indeed, evaluating on a
finite point set, we found that there are many additional contributions since ™7 = z™. It
is therefore natural to ask whether one could “do better” by using a different technique for
constructing actions.

At least in specialized situations such as A*, there is indeed a natural generalization
availalable which hews more closely to the characteristic zero treatment. The reason we
have not adopted this perspective throughout is that it is not clear to us that it naturally
extends to geometries such as the affine line, or more general genus g curves. We return to
this point after first providing additional details on this “alternative treatment”.

The alternative method for proceeding is to simply introduce a map on Oyx = Fp[u, u™!]
given by evaluation on the degree zero terms:

n: OAX — Fp (HQ)
> dmu™ = . (H.3)

Observe that in evaluating on the kinetic term D,¢D, ¢ as well as various interaction terms,
this returns:

N (DudDud) = Y = m* ¢ (H.4)
n(¢) = Y Inbudrds. (H.5)
m~+n+r+s=0

All of this closely parallels the characteristic zero case, and the notion of conservation of
momentum also carries over as well.

Why then, have we not adopted this treatment in the main body of this paper? There
are at least a few difficulties which make it difficult to generalize this construction to other
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settings. Let us now enumerate some of these difficulties.

First, there is the issue of how to define the analog of n : Oy« — I, for more general
varieties X. One can already see the issue in comparing the coordinate ring for the affine
line Op1 = Fplu], with that of Oy« = Fplu,u™"]. On F,lu], restricting to degree zero terms is
extremely restrictive, and would not lead to a particularly natural notion of a kinetic term or
interaction term. One might attempt to instead consider a canonical pairing (via a suitable
application of Serre duality) to construct a pairing Qg1 x Op1 — [, in which only terms
of the same degree are kept. But this is also a bit awkward, especially when one turns to
general interaction terms, where a pairing is not always available.

Second, there is the question of whether the characteristic zero intuition should just
be carried over completely from the start. We have remarked many times that one of the
intriguing features of characteristic p geometry is the fact that 2 = z for x € F,. In
particular, we have argued that this implicitly imposes important truncations on physically
distinct configurations, serving as a generalized cutoff on the UV degrees of freedom in
our system. Attempting to implement a map such as 1 : Oy« — F,, goes counter to this
philosopy, since it treats each mode number as wholly independent, rather than correlated.

Finally, there is the issue as to how we should generalize this to other geometries. At
least when we evaluate on geometric points of X, there is a notion of explicitly returning an
element of IF,,. In the broader setting where we need to match up explicit “Fourier modes”,
one faces the related question as to whether one has secretly made use of a preferred basis of
functions. This is not much of an issue in “simple” geometries, but it is worth remembering
that at least in characteristic zero, the choice of preferred mode expansion basis can be quite
sensitive to the local geometry.

All that being said, it would of course be interesting to study further actions constructed
in this way, though as we have already mentioned, it is unclear to us that it fruitfully
generalizes.
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I Inverse Limits

In this Appendix we briefly review the notion of an “inverse limit”. This material can be
found in standard abstract algebra textbooks, including for example [334,348]. As we are
mathematical dilettantes, we will content ourselves to closely follow reference [349].

We begin with a collection of groups A; indexed by ¢ € I such that there is a directed
ordering < on the partially ordered set I. For our purposes, we can typically take this to
just be the natural numbers N. For ¢ < j, introducing “bonding maps” given by group
homomorphisms:

fij Ay = A (I.1)
where we demand that f; is just the identity and f;; o fjr = fir with i < 57 < k. This
collection of data defines an inverse system. This readily generalizes to other algebraic /
topological structures.

To construct an inverse limit, we consider the direct product over all the A; as well as

7 e]]A (1.2)

el

sequences:

We denote by a; the component of the vector in A;. The inverse limit for this system is
then specified by the condition that these components of the vector are compatible with the
bonding maps, i.e., we have a; = fi;(a;). The resulting set of sequences are the elements of
the inverse limit:
liLnA,- = {E) € HAi suchthat a; = f,-j(aj)} . (1.3)
iel el
The same sort of construction holds for more general sorts of maps, including ring and field
homomorphisms. Since it is often clear from the context, we often leave the indexing set
implicit, as we have done in the main body of the text.

An important example of an inverse limit includes the construction of Z,, the p-adic
ring of integers from the rings Z/p"Z. In this construction, one takes a sequence of integers
(my,ma...,) = {m;}ies such that m; = m; mod p’ for i < j. This can also be equipped with

the product topology, with open sets given by cylinder sets.!?

Let us also remark that the inverse limit also extends categorically, i.e., we have lim" =

“—
R"lim, where R" denotes the nth right-derived functor on a category with a notion of lim.
«— —

128The cylinder sets are defined as follows. Begin with a Cartesian product as indexed by some set S:

X =] (L.4)
ses
and consider the projections:
ms: X — Y (L.5)

. A cylinder set in X consists of intersections of the pre-images of these projections.
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J The Etale Fundamental Group

In this Appendix we briefly review some aspects of the étale fundamental group of a scheme
X. Some of what we describe is reviewed in [350] as well as the notes [351]. For a general-
ization to higher homotopy groups, see, e.g., Appendix E of reference [132].

We first introduce a scheme X and fix a geometric point x, which in the topological case
we would view as the base point for our loops. The definition of 7*(X, z) follows from taking
an inverse limit of Galois covers X; — X, i.e., we first consider finite étale schemes X; — X,
along with a projective system {X; — X;|i < j € I'} for some ordered indexing set I. Then,
we build the étale fundamental group as the inverse limit:

(X, ) = I‘LnAutX(Xi). (J.1)

i€l

One can visualize this as the group of deck transformations on a covering space. The reason
we need to introduce an inverse limit is that the notion of a “universal cover” may not be
available in the more general setting. What this means in practice is that when the standard
fundamental group of a topological space exists, the étale fundamental group is a profinite
completion of the standard fundamental group.'?”

To illustrate the general idea, consider the case where the scheme X is just Spec K, with
K a field. Geometrically, this describes a single point (since a field has a single geometric
point), so even though “topologically” we might view this as having a trivial fundamental
group, its loop space is still quite non-trivial. Indeed, in this case, our Galois covers really
are just Galois extensions of K, and the inverse limit is obtained from a separable algebraic
closure of K, which we denote by K. Then, we can write:

7 (Spec K, ) = Gal(K /K), (J.3)

namely the absolute Galois group of K. To be more concrete, we can also specialize to the
case of K = F,. Then, the étale fundamental group is:

7" (SpecF,, z) = Gal(F,/F,) ~ Z, (J.4)

namely the profinite completion of the integers, i.e., the profinite completion of the funda-

129Recall that a profinite completion of a group G is specified by first considering the inverse system built
from all quotients G/N with N a normal subgroup of G of finite index. These quotients form an inverse
system because the normal subgroups form a partial ordering under inclusion. Then, the profinite completion
is defined by:

~

G = limG/N. (J.2)
—
For example, Z the group of profinite integers, is obtained from the inverse limit on Z/nZ for n € N, where

the partial ordering (and thus inclusion) proceeds via the embedding Z/nZ — Z/mZ for m|n. We comment
that Z is the absolute Galois group for any finite field.
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mental group of a topological circle, namely an S'. The generator of this group is just the ¢*®
Frobenius map ¢ — t?. Continuing the analogy further, once can view I, as specifying a cir-
cle in Spec Z, which is then interpreted as an arithmetic analog of a topological three-sphere,
namely an S? (see e.g. [300,92]).

Similar considerations hold for the projective line P!(K), since in this case the functions
of a local system are captured by rational functions of polynomials. In this case, we have

(PY(K),z) = Gal(K (t)/K(t)) ~ Gal(K/K). (J.5)
In particular, in the case where we specialize to K = F,, we get:
n (B (F,), z) ~ Z, (3.6)

so it is sensible to view this as specifying a notion of “winding numbers” in the characteristic
p setting.

In the case of the affine line A'(K), the computation of the étale fundamental group
is somewhat more complicated because there are now far more non-trivial étale coverings
available. For a recent account of some of the issues involved, see for example reference [352].
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K Some Zeta Functions

In this Appendix we collect a few examples of Zeta functions. To begin, we fix our ground
field to be F,, and assume (as usual) that ¢ is odd for simplicity. As a first example,
consider the variety A", i.e., affine n-dimensional space. Counting points in this setting is

straightforward, and we get:
1

- 1—qnz

Zpn 4(2) (K.1)

The case of projective n-dimensional space is similar, and gives:

1
(1—2)(1—gqz2)...(1 —qnz2)

Zpn 4(2) = (K.2)

As a somewhat more involved example discussed in reference [157], we next consider the

elliptic curve E defined as a zero set in P?:130

Y27 = X*+ X272, (K.3)

in the obvious notation. The Zeta function in this case is:

1 —az + qz*
(1—2)(1 —qz)

where the number a is implicitly fixed by the relation:

Zgq(2) = = (1 —az+ q2*) Zp 4(2), (K.4)

#([E)=—a+1+gq, (K.5)

where #(E) is the number of points in E defined over [F,. Note also that the denominator
is the same as that of Zp1 ,(2). An additional remark here is that for this curve, the rigid
cohomology group is [157,158]:

dx

dx
Hrlig(E) = @q? D qu?7 (K.6)

where Q, with ¢ = p" denotes the degree n unramified extension over the p-adics Q,, i.e.,
we have Gal(Q,/Q,) ~ Gal(F,/F,) ~ Z/nZ.**

One can also consider the affine case, i.e., by setting Z = 1 in equation (K.3) and
excluding y = 0. This yields [157]:

Zp,gq(2) = Zrq(2)(1 — 2)2(1 — 22), if g=—1mod4 (K.7)
Zpara(2) = Zpq(2)(1 = 2)%, if ¢=+1mod4. (K.8)

130T here is an unfortunate clash of notation between the projective coordinate and the Zeta function. It
should be clear from the context which is meant.
131Gee Appendix O for a brief review of Q, and Q.
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L Real and Complex Spacetime Twistors

In this Appendix we review some aspects of the geometry of real and complex twistors
[353,354], and their use in the study of Lorentzian signature spacetimes. Twistor methods
are helpful in addressing a number of Euclidean signature issues, for example, in generating
self-dual solutions to Yang-Mills theory [355].12 Our emphasis here will be on the usage of
physical twistors in characterizing the conformal structure of spacetime. By recasting this

as a problem in algebraic geometry, we can then consider varying the ground field.!3?

The main idea in this approach is to emphasize the conformal structure of a spacetime.
We denote by RM four-dimensional Minkowski space, and CM its complexification. The
conformal compactification of each space is denoted by RM# and CM#. The space CM* is
characterized by a quadric in CP°. To see how this comes about, introduce six independent
homogeneous coordinates for CP° which we label as R*® where o, 3 = 1,...,4 and R*® =
—RP. Raising of the indices is accomplished via the ¢ tensor:

1

§€a575Ra”8 = Rvg. (L.l)

The quadric corresponding to CM* is then:

1
556,5751%051%75 = RsR" =0. (L.2)

The important point for us is that this discussion makes no reference to an explitic metric.
A real slice of this quadric defines RM* via the coordinate substitution:'3*

V2
(Y +iX), R* =V -W (L.4)

R?=_-(V4+W), R® = —(Y —iX), R" = —=(T + 2) (L.3)

DO | —
5l-
[\

) 1
R23:LZ—T,R24:—
BT

where the variables T, V, W, X, Y and Z are real coordinates of R*»%. In terms of these

132 A curiosity of twistors is that physics in Kleinian signature (+,+, —, —) is “better-behaved” than one
might initially suspect. For example, many analytic aspects of scattering amplitudes and supersymmetric
structures persist and have novel properties in this setting, see e.g., references [144, 356, 143,357, 358] and
references therein for discussion on various aspects of these applications.

133The following references provide some additional context and details [140-142,359]. Some notions of
p-adic twistor space have been discussed for example in reference [360]. Here, we are considering what
happens to physical twistors when varying the ground field. The point of view in [360] is more in line with
its application to questions in Euclidean signature systems where one is often interested in tracking the local
variation of families of complex structures. There is then an analogous variational problem one can formulate
p-adically. Our interest and point of view is somewhat different.

134T the context of working over a finite field, the appearance of v/2 and i is potentially in poor taste. We
can, of course, absorb these factors into the definitions of the coordinates. Observe that in Fp there is no
such issue, though the interpretation is of course somewhat different in characteristic p.
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coordinates, equation (L.2) becomes:
T+ V- W? - X?-Y? - 72 =0. (L.5)

The spacetime RM# has topology S' x S3, which is the same as the Euclidean signature
Einstein Universe.

Deleting an appropriate subspace from RM# yields de Sitter space (dS), Anti de Sitter

space (AdS) and Minkowski space via the restrictions:!?°

ds: T =1 (L.6)
AdS: W =1
Minkowski: V — W = 0.

In the complexified setting, the subspace to be deleted from CM™ is:
IR =0 (L.9)

where the bitwistor I,5 is sometimes referred to as the “infinity twistor”. For the three
spacetimes in question, the tensor I,z satisfies:

2
dS: Izl = B (L.10)

2
AdS: 1" = — (L.11)
Mink: I,5I*" = 0. (L.12)

Explicit representatives for each spacetime are:

0 0 0 —1
1 {0 0 1 0
gas) _ 2 v L.13
T 1y210 10 0 (L.13)
1 0 0 0
01 0 0
(aas)y 1| =10 0 0
L7 =71 0 o o iy (L.14)
0 0 +35 0

1350bserve that these restrictions make manifest the SO(1,4), SO(2,3) and SO(1,3) symmetries of these
spacetimes since the defining equations are invariant under these group actions.
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00 0 O

an |00 0 0

ls =100 o +1 (L.15)
00 -1 0

One of the advantages of working with respect to the conformal compactification is that it
makes manifest the asymptotic behavior of the spacetime in question. In subsequent sections
we shall further review this behavior.

We now turn to the characterization of these spacetimes in terms of twistor space. First,
observe that the quadric equation is automatically satisfied by making the substitution:

RP = zoWP — ZPwe (L.16)

where Z® and W are homogeneous coordinates of two points in (complex) projective twistor
space PT®, which we view as a copy of CP?. Said differently, a pair of points in twistor space
yields a single point in spacetime.

Conversely given a point in CM™, this defines a CP' in PT® via the incidence relation:

RP 7z = (L.17)
which is equivalent to the condition:
RapZ° = 0. (L.18)
Written out as a matrix, we have:
0 R34 _ R Rp2 71
4 14 1 2
—szui’ _;14 RO _R]?; g:s = 0. (L.19)
_R® RB  _R12 74

Although this is four equations, only two are actually independent. Indeed, treating R,z as
a 4 x 4 matrix, we observe that the determinant is:

det Raﬁ = (EOC’B'Y(S]%OﬁRWs)2 = 0. (LQO)

Since R,p is anti-symmetric, we conclude that R,z is a rank two matrix. In other words, the
incidence relation defines two divisor equations inside of CP* = PT*®, and their intersection
defines a CP', specified by R*”.
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jJr

?

Figure 15: Penrose diagram for 4D Minkowski space, with metric ds* = dt* — dr? — r2d3,
where —oo < t < oo and 0 < r < oo and dQ2% denotes the metric for a unit radius S? (we
hope our choice of sign conventions for the metric is not too distracting). Each point in
the interior represents an S?. We have spatial infinity at :°, timelike future infinity at i*,
timelike past infinity at ¢~. Future null infinity is at #* and past null infinity is at .#~.
There is only a coordinate singularity at » = 0, so one can extend to a bigger region as
specified by a square.

L.1 Minkowski Space

Let us now turn to a further discussion of Minkowski space. Topologically, this spacetime is
given by R x R3. There are a few special regions “at infinity”, as captured by the Penrose
diagram. We have timelike future infinity +* and timelike past infinity i~. We also have
spatial infinity °. The segment joining i® to i (resp. i~) defines future (resp. past) null
infinity .#* (resp. .# ). Future null infinity has the topology of R x S2. In RM#, i°, i+, i~
are all identified with a single point, which is referred to as the “point at infinity” which we

denote by i*°. See figure 15 for a depiction of the Penrose diagram.

All of the points at infinity are characterized by the hyperplane V' — W = 0. The point
1*° is distinguished as the unique point of V' — W = 0 which has tangent space equal to
the quadric of equation (L.5). Indeed, the unique differential element for the two defining
equations is:

AF yuadric = 2(TdT + VAV — WdW — XdX — YdY — ZdZ) (L.21)
dFy_y = dV — dW (L.22)
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which are parallel at the point T =X =Y = Z = (V — W) = 0. The points of #* and .~
correspond to those points on the intersection of V' — W and the quadric which are distinct
from this point of tangency.

Let us now turn to a twistor characterization of the points at infinity for Minkowski
space. The locus of points to be deleted is

Delete: I\ R* = 2R™ = 0. (L.23)
Along this locus, the quadric equation reduces to:
R* =0and detr = R®R* — R"R* =0 (L.24)

where we have introduced the 2 x 2 matrix:

14 _ pl3

= | po _pn (L.25)
To deduce which points of twistor space are to be deleted, it is helpful to write out the

incidence relation matrix equation in terms of two component spinors. In this case, writing
(71, 7%, 73, 7%) = (W', w?, 7y, ), we have:

R¥4wA = rA 1y (L.26)
R%my = (et r- e)Z,A w? (L.27)

where the matrix € is: . X
5:{_1 *E) } (L.28)

Let us first consider the twistor lift of i°°. This is a single point of RM*, and so lifts to a
CP' ¢ PT. The point of tangency is defined by the conditions R** = 0 and » = 0. In other
words, equation (L.26) is trivially satisfied and equation (L.27) reduces to:

R127TA/ = 0. (L29)

Since all of the other R*” vanish at this point and we are in projective space, R'? # 0 and
we must require 7 = 0 and Ty = 0. We denote this distinguished CP' as CP'(c0):

CP*(c0) = {7y = mp = 0} (L.30)
Next consider the twistor lift of the remaining points at infinity, namely .#* and 4.

These are defined as all points on the quadric such that £3* = 0, but r # 0. Returning to the
quadric equation, this enforces the condition that r is a non-zero matrix but with detr = 0.
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Such 2 x 2 matrices can be written as an outer product:
rAA =AY (L.31)
for some ¢# and p*’. The incidence relations now reduce to:'38

[p,m] =0 (L.32)
R127TA/ = pa <C, w> . <L33)

So, the two component vector 74 is parallel to p,. Hence, each point of .#* and .#~ lifts
to a CP' which intersects CP*(00).

Let us now turn to the characterization of the points which are not at infinity in Minkowski
space so that R®* # 0. In this chart, it is helpful to introduce a 2 x 2 position matrix 244’

with entries:

Z = iR34r - Z R24/R34 _R23/R34 (L34)
In this patch, Minkowski space is represented as the paraboloid:
12
— +detx =0 (L.35)

R34

as follows from substitution into the quadric equation. In these variables, the incidence
relation is:

wA =iz 7y, (L.36)

The limit R** — 0 corresponds to x — oo, which lifts to the “line at infinity”.

Along the real slice of the complexified spacetime, the matrix x satisfies:

(L.37)

11 R4 R 11 [ R4 —R3
=i | | =i |-

iRH | —RB —R® | i RM| R —R®

L.2 Anti de Sitter Space

Let us now turn to a similar characterization of Anti de Sitter space. Topologically, Anti de
Sitter space is given by an S' x R3, though we shall work with the covering space, which
is topologically equivalent to R x R®. The points at infinity in RM* are those along the
real quadric with W = 0. The Penrose diagram is quite different from Minkowski space. In
this case, it is given by an infinitely long strip (it is also helpful to view it as an infinitely
long cylinder). The line on the left is conventionally defined to denote the center of AdS,
while the line at the right defines the “boundary” of AdS space. Spacelike infinity i and

1361t is customary in the scattering amplitudes literature to denote symplectic pairings (via the appropriate
¢ tensor) of left- and right-handed spinors as (e, e) and [e, e].
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null infinity .# are given by the same timelike three-surface, which we denote by .#. The
subspace .# has topology S? x R. Timelike future infinity i™ and past infinity i~ correspond
to two points disjoint from .# and sit midway between the center of AdS and .7, infinitely
far in the past and future of the infinite strip.

In this case we observe that along the hyperplane W = 0, there is no distinguished point
which shares the same tangent space vectors as the quadric. This already means that there
is no “distinguished” spacelike point at infinity, as in the case of Minkowski space. The locus
of points to be deleted from CM¥ satisfy:

1

Delete: 13" R*% = B2 — SR =0. (L.38)
The quadric equation now reduces to:
12 Lo L say2
R” - SR =0and§(R )"+ detr =0 (L.39)

where the 2 x 2 matrix r is the same as in the case of Minkowski space:

R14 _R13
r= [ R _p ] . (L.40)

The zero set of equation (L.39) consists of the branches R3* = R'? = (0, while the other has
R R £ 0.

Along the branch R'?2 = R3 = 0, we have detr = 0, with r # 0. Hence, the matrix r
can be written as the outer product:

rAA = A (L.41)
The incidence relation then reduces to the two spinor equations:
[, 7] = ((,w) =0. (L.42)

Next consider the locus of points with R3* # 0. By the projective scaling symmetry, it is
enough to set R12 = 1, R3* = 2. The matrix r then satisfies detr = 2, and so in particular is
invertible. Since only two of the incidence relations are independent, it is enough to consider

wl 1 R14 _R13 Ty
_1 . L.43
=g e e ] (L3
where R?R'3 — RBR? = 2.

Let us next turn to the incidence relation for points not at conformal infinity. The

the incidence relation:
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admissable points on the quadric satisfy:

R" §R34 =1 (L.44)
In this case, the quadric equation becomes:
1
3 (R34)2 +1- R* +detr = 0. (L.45)

Solving for R** and R'? then yields:

R* =~ 4+ V12— 2detr (L.46)
R = % (z + V2~ 2det r) (L.47)

where both signs are admissable. When [? > 2detr, the incidence relations can then be
written as:

’
A _TAA 7TA/

T IFVE—2detr

2 -1 ... T/ A
o= 2T g (L.49)
|+ VI 2detr

for 12 — 2detr > 0. Note that when one denominator vanishes, the other remains finite.

w (L.48)

L.3 De Sitter Space

Finally, we turn to de Sitter space. De Sitter space is specified by the slice through RM#
which satisfies T' = [. In other words, we are instructed to delete the subspace T'= 0. The
Penrose diagram of de Sitter space is a square, but with sides parallel to the page. This
spacetime has topology R x S3. The left edge of the Penrose diagram defines the north pole
of the S3, and the right edge defines the south pole. The bottom edge corresponds to past
null infinity .#~, and the upper edge corresponds to future null infinity #*. See figure 16
for a depiction of the Penrose diagram.

The locus of points to be deleted from CM? satisfy:

l

Delete: I'% R = — (R? — R') = 0. L.50
af \/i ( ) ( )

Along this locus, the quadric reduces to:
(R™)? 4 detr =0 (L.51)
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North Pole
South Pole

Ve

Figure 16: Penrose diagram for 4D de Sitter space. Each interior point denotes an S?, and
each horizontal line denotes an S®. The north pole of the S? is specified on the left and
the south pole of the S? is specified on the right. Future null infinity is at .#*, and past
null infinity is at .# . A signal sent from the south pole to the north pole takes an infinity
amount of time (bottom right to upper left vertices of the square).

where as opposed to the case of Minkowski space and AdS, here the matrix r is given by:

R12 R24
r= [ R13 R34 } : (L.52)

The incidence relations can be expressed as:

R¥pu® = 127\ (L.53)

R¥N\g = (" or- 5)aT'a TS (L.54)

where we have introduced a different basis of spinors A\, and pu®:

M/ Z4 1 Z2
o2 e =] 2 (L.55)
)\2/ A % Z
Let us now study the locus of deleted points. Consider first the branch R4 = R?3 = 0
and detr = 0. In terms of the original real variables, this condition is:

2detr =V -W? - X?-Y?=0. (L.56)

284



Due to the projective condition, r is non-zero, and so can be represented as the outer product:
r = ¢y (L.57)

The corresponding twistor line is then:
¢"ta = X Ao = 0. (L.58)

Next consider the locus R* = R* # (. In this case, we have detr # 0, and the incidence
relation becomes: )
ot /\a’

,Lta = W <L59)

We now turn to the incidence relation for the points which are a part of dS. For these
points, we have R% = R — i1/2l. The quadric reduces to:

(R™)* —iv/2l - R™ + detr = 0 (L.60)
so that R and R? satisfy:

[ £/ 1 2det
R™ = \/+§ ar (L.61)

IFVI2+2detr

R® = —j L.62
5 (L.62)
The incidence relations can now be written as:
—i\/92 aa’/\a/
a i (L.63)

T LRt odetr

/9 e T T, a
)\a’ — Z\/_(8 r E)a oM (L64)

lF VP2 +2detr

L.3.1 Observers on the S

To conclude our discussion, we consider the twistor associated with an observer sitting at
the north and south poles of the S3. With respect to the coordinate system satisfying the
quadric equation:

VW X2+ Y2+ 22 =1 (L.65)

the north and south poles are taken to be situated at X =Y = Z = 0. By convention, we
take:

Wnorth =4V 2 + V2 <L66)
Wsouth = -V [? + V2. (LG?)
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At finite times in global coordinates.

Let us now consider in more detail the twistor line for the north and south poles at
infinity. This is given by X =Y =7 =0and V = £W. In terms of the R coordinates, this
is the point:

Na: R # 0 all other R* = 0. (L.68)
Seo: R3* #£ 0 all other R* = 0. (L.69)

Plugging these values into the incidence relations, the north pole and south pole of the S*
are respectively given by:

CPy (00) : {Z° = Z* =0} (L.70)
CPg(c0) : {Z' =2 =0}. (L.71)

A very interesting feature of these two CP'’s is that they do not intersect. This is simply
the twistorial lift of the statement that a signal sent from the south pole takes infinite time
to reach the north pole.

Next consider the twistor lift of the south pole at finite global times. Such points satisfy
X=Y=Z=0and T = 1. Hence, W, ppin, = +V 12+ V2 and Wouin, = —VI? + V2. In terms
of the R coordinates we have:

1
RY (V VT v2) R =0, R =" (L.72)

1
T2 V2

1
R = —%, R =0, R =V V21 V2 (L.73)

Solving the incidence relations, the corresponding twistor lines are, as a function of V', given
by:

CPL, (V) : {(V + \/m) 7%+ V212t = <V + \/m) ARSNG) V2. o} (L.74)
CPL(V) : {(V — \/m) 72— V212" = (V = \/m) ARG Y . o} . (L.75)

Let us note that sending V' — —V interchanges the two twistor lines.

In the limit of infinite V| we obtain:

CPyN(V — 00) : {Z" = Z* = 0} = CP}y(c0) (L.76)
CP4(V — o0) : {Z° = Z* = 0} = CPg(0). (L.77)
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M Alternative Supersymmetric Action

In the main body of this note we discussed a physically motivated choice for Frobenius
conjugation on fermionic fields. In this Appendix we briefly discuss the structure of the
“other choice” where we instead enforce the condition:

F(xy) = F(X)F(¥) = x¢, (M.1)

that is, we do not reverse the order of multiplication for products of fermion after Frobenius
conjugation. This leads to some algebraic simplifications in the construction of various
actions. The price we pay, however, is that there are now some new minus sign factors which
must be taken into account.

We now construct an example of a 1D supersymmetric action in characteristic p, but
in which our fermion products are invariant under the Frobenius automorphism. With this
in mind, we now consider a single F, valued bosonic field ¢(t) and a pair of F, valued
Grassmann variables x(t) and 1(¢). We also introduce an F, valued auxiliary field f(¢) and
a superpotential W (¢) which will be a polynomial in the ¢ variable with coefficients in F,.
We denote the derivatives of W with respect to ¢ as W’ and W”. Our Lagrangian is:

L= 200 + X0 — 3>+ W'+ Wxw. (M.2)

«s
1

Observe that there are no factors of and the products of fermions are invariant under
Frobenius conjugation. An important comment is that the sign of the quadratic term of
the auxiliary field has flipped sign compared with our treatment in the main body. This
does not really mean the theory has a problematic potential since one could instead write
—1 = (p—1). Indeed, we have already mentioned that notions such as the signature of a

“metric” lose their meaning in characteristic p anyway.

We now verify that this Lagrangian is supersymmetric. We introduce the two variations:

610 =, 0 =0, ix=—(0d+f), 0f=-0% (M.3)
620 =X, O0op=—(0p—[), dax =0, b&of =+0ix. (M.4)

Consider first varying with respect to d;. This yields:

0L = (8t¢> (&ﬂﬁ) + <_6t¢ - f)aﬂﬂ - (‘&ﬂﬁ)f (M-5)
+ W) f + W (=0) (M.6)
+ W (=0 — ) (M.7)
=0, (=W'). (M.8)

Observe that we have a “total derivative,” which as we already mentioned, will be dropped
(since it specifies an exact differential form).
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Next, consider varying with respect to d5. This yields:

oo L = (9;9) (Oix) — Ou(—0rp + f)x — (+0:x) f (M.9
+ W) f +W'(+0ix) (M.10
- W"(=0i¢ + f)x (M.11
= 0y((0i9) x — fx + W'x), (M.12

which is again a “total derivative.” Integrating out the auxiliary field f, we arrive at a
potential for the field ¢ given by:

V(g) = —WW, (1)

which has a sign flip relative to the characteristic zero case. This is in some sense immaterial
because “positive and negative” have little meaning in the characteristic p setting. For
example, we could view the “negative number” —1 = p — 1 as actually a “positive number.”
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N Evidence for Quantized FI Parameters

In this Appendix we present some evidence that quantization of FI parameters is compatible
with string theory considerations. This issue has been studied using the formalism of 4D
N = 1 supergravity in references [15-17]. These considerations do not constitute a full
construction, and amount to consistency conditions which would be needed in order to make
sense of any putative effective field theory. Indeed, because the size of these quantized
parameters is near the Planck scale, effective field theory arguments are not fully justified.
Our analysis will be similarly limited since we will be making use of notions from effective field
theory, but applying them in a regime where mass scales are extremely large. Nevertheless,
we find it encouraging that this analysis is compatible with such considerations.

The main idea will be to consider the U(1) gauge theory associated with the worldvolume
of a probe D3-brane in type IIB string theory on a spacetime of the form M, x Mgy so
that M, refers to the macroscopic spacetime and Mg to the small internal directions. As
the subscripts suggest, M, is taken to be a four-manifold and Mg is taken to be a six-
manifold. The configuration of branes we consider consists of a D9- / anti-D9-brane pair,
and a D7-brane filling M, and wrapping an internal four-cycle Squr. We assume that Sgur
is contractible and is threaded by non-zero NS two-form flux and that the volume of Mg is
suitably quantized in flux units as set by the D9- / anti-D9-brane pair.

In the decoupling limit of the D7-brane gauge theory, this leads to a non-commutative
gauge theory on the internal directions of Sgyr, as in references [361,309]. On the Higgs
branch of the D3-brane probe theory, the D3-brane dissolves as an instanton, which corre-
sponds to an anti-self-dual field strength in the internal directions of M,. We assume that
the B-flux has been chosen so that it is self-dual. In other words as explained in [362], the
D3-brane sees a background of anti-D3-branes. In this case, the small instanton limit is
absent, and there is instead an FI parameter £ in the probe D3-brane, which is set by the
value of the B-field.

Our first task is to estimate the value of £. At the origin of moduli space, the energy
density for this system is:
2
E= —g‘éMg?. (N.1)
We can also attempt to evaluate this directly in the brane configuration: The energy density
is that of a D3- / anti-D3-brane annihilation. Our admittedly crude estimate of this will be
to simply sum the tensions for a D3-brane and anti-D3-brane, which should really be viewed

as a lower bound:*’

RN
Js (2ﬂ->3 (a,)g-

The gauge coupling for a single D3-brane is also fixed by the DBI action to be g2, = 27gs.

E:TD3+Tﬁ:2X (NQ)

137"We provide a mild “improvement” on this estimate in section N.1.
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We therefore obtain our value for &:

1 1 1
£=2x PRI (N.3)

We now relate this value to the 4D reduced Planck mass. Recall that the 10D Newton’s
constant is given by:
167G 1Y) = (27)7g% ()" (N.4)

Compactifying on a six-manifold, we obtain the 4D Newton’s constant:

(27m)"g2(e')"

167Gy =
N Vol(Ms)

(N.5)
Now, in the present setup with a D9- / anti-D9-brane pair, we can compute the volume
Vol(Mjs) in units associated with switching on a non-trivial flux in the M, directions which
induces a Euclidean D5- / anti-D5-brane pair wrapped over Mg. Hence, the natural scaling
of Vol(Ms) is set in units of D5-brane tension:

1 1 1 1

———— = Nps (Tps + Tiz) = 2N —— N.
Vol(agy) 1o (Toe - Ts) = 2000 o oy o

where Npjs is a positive integer. Plugging in, we obtain the value of the 4D Newton’s constant:

2
167GSP) = 2Nps x (2m)2g,(a’) = 2Nps X z (N.7)

or:

4
§ = Nps X T = 2Nps x M} (N.8)
s

Gy
where Mgl =1/ SWG%D). We note that it is appropriate to consider a D5-brane background
rather than some other (p, q) five-brane because in the duality frame being considered, D5-
branes are the lowest tension five-branes available.

Let us now generalize this to FI parameters of a d-dimensional gauge theory, for d = 2k.
In this case, a similar argument yields the relations:

@ 1 1
].67TGN =(gs X 2ND(9—d) X (27T)2_d (a/)@*d)/? (N9>
£ =4xT? ><(27ra’)2:4><i>< L1 (N.10)
(d—1) g2 " (2m)24 (a,)(d—z) )
which in turn implies:
1 1 1
£=2x —x X (N.11)
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or: 1

—_ (N.12)
87TGS\C]l)

§ =2Np—_a) X

So, we see that the quantization of £ is again in even steps of 1/ SWGE\?).

N.1 Issues and Workarounds

The main weakness in this line of argument is that we are working in the limit of large field
ranges, and so cannot really rely on effective field theory reasoning, as we have implicitly
done in matching parameters of the supersymmetric effective field theory of a D3-brane. An
additional concern is that to estimate various energy densities, we made the crude approx-
imation given by summing the individual tensions of the branes, with little regard for the
formation of non-perturbative bound states. That being said, the estimate is “not as bad”
as one might initially think. To see why, suppose that we return to line (N.2) and allow for
an overall constant which parameterizes our ignorance of brane annihilation:

1 1 1
E = T; Tsz) = 2X —————. N.13
s 2 (oo o) =00 X 20 o (e )
We would then get a different value for the FI parameter:
E=+/ ><2><1 L1 (N.14)
=/ — —. :
b3 gs (2m)% o/

Let us further assume that in our volume estimate based on D5- / anti-D5 annihilation,
a similar constant appears. Then, returning to line (N.6) would yield:

1 1 1 1
—_— = X Nps (T Tsz) = X 2Nps X ———F——. N.15
Vol (M) €D5 p5 (Tps + T55) = €ps D5 7 (21) (a/)g ( )
Recomputing the relation between the 4D Newton’s constant and the FI Parameter now
yields:
2
167GUP) = D5 % 9N x (27)2g5(a) = —22 % 2Nps X =, (N.16)

NG e 3

i.e., to have quantization of the FI parameter, we would need the following relation to hold:

ED5
X Nps € Z. N.17
Veps (N.17)

It is unclear to us whether this is satisfied, but if it holds, then one can proceed as before
(where we set the €’s to one). While this is still quite speculative, we find it encouraging.
We defer these issues to future investigations.
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O Brief Review of Q,, @p and C,

In this Appendix we present a brief review of the p-adic numbers, @,.'*® We also discuss
the related fields @p and C,. This material is entirely standard, and can be found in many
places. For an exposition which is “physicist friendly”, see for example [12] and references
therein.

Now, we have already given one definition of this number system by first constructing
the ring of integers Z, as the inverse limit of Z/p"Z, namely:

Z, = imZ/p"Z. (0.1)

One can then define Q, as the field of fractions for Z,, with induced topology set by the
inverse limit system.

A perhaps more direct way to define the p-adic numbers is to begin with the rational
numbers Q and introduce a corresponding p-adic norm |- » + @ = Ry by the rule that for
x = a/b a rational number with a and b integers such that a = agp™ and b = byp™ with ag
and by both relatively prime to p, the p-adic norm of x is given by:

2|, =p"" (0.2)
The p-adic norm satisfies the following properties:

[z, >0 forall z (
|z, =0 if and only if 2 = 0 (
2], lyl, = [zy|, for all z and y (
|z +yl, < max (|x|p : ]y|p> for all z and y. (

The last condition is known as the “strong triangle equality”, and from it, one can derive the
standard triangle inequality [z + y[, < |z],+ |y, The strong triangle inequality defines what

is referred to as a non-Archimedean norm. It is also customary to interpret the standard
Archimedean norm as being obtained from “the prime at p = c0”.

The topology defined by the p-adic norm is rather different from the Archimedean case.
For example, consider any series of the form:

a= meajpj, (0.7)

Jj=0

with |aj|p =1 for all j. This converges, and has p-adic norm p~™. An especially important

138To our knowledge, the p-adic numbers were first introduced in reference [363].
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subset is the ring of integers Z, as defined by the ball of unit radius:
L, = {m €Q, suchthat [z], < 1} . (0.8)

Starting from Z,, observe that there is a maximal prime ideal generate by p itself. Taking
the quotient Z,/pZ, results in the residue field F,,.

In the case of the real numbers R, the algebraic closure is given by the complex numbers
C, which is also metrically complete. For the p-adics, the separable algebraic closure @p
also has a p-adic norm, which can be defined by extension of the one defined over ,. For a
Galois extension K of Q,, we can treat K as a vector space over Q,. In particular, for any
a € K, we can consider the product over all the Galois conjugates. Call this Normpg /g, (c).
By construction, Normg /g, («) is an element of Q,, and so we can also take its p-adic norm.
The extension of the p-adic norm to K is then given by taking:

1/n
P )

al, = |Normpq, (a)| (0.9)
where n = [K : Q] is the degree of the field extension. As a point of notation, we shall often
denote by Q, the unramified field extension of degree n, with ¢ = p™.'*°

Proceeding to @p, the algebraic completion of @, one can show that @p is not metrically
complete. Indeed, one can construct Cauchy sequences which do not converge in @p. Fol-
lowing [364], one way to establish this is to apply the Baire category theorem [365], which
tells us that every metrically complete space is a Baire space.!4? To establish the claim, it is
enough to show that @p is not a Baire space. Here, we have the fact that the algebraic closure
has countably infinite dimension. Moreover, for every fixed d € N, there are a finite number
of degree d field extensions of Q,. As a consequence, @p cannot be metrically complete. We
note that the argument fails (as it must) in the case of Q. = R since the algebraic closure is
a degree two extension of R, namely C = R(y/—1). A perhaps more direct way to establish
the same claim is to consider the collection of partial sums:

K

ar =Y plmta). (0.10)

n=1

We observe that for a fixed K, the corresponding ax resides in a finite field extension of
Qp, namely we adjoin numbers such as p'/" for n = 1,..., K. On the other hand, the limit
K — oo does not converge in @p.

The metric completion of @p is known as C,, and this space is both algebraically closed
and metrically complete. A helpful comment here (especially when we turn to the p-adic log-

139For a brief account of ramification, see Appendix S. The unramified extension has the pleasant feature
that the residue field for Q, is just Fj,.

140Recall that a Baire space is one for which for every countable set of dense open sets U, for n € N, the
intersection over all the U, is still dense.
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arithm) is that C, admits a decomposition as follows (we follow the discussion and notation
in [366)):
C, = {p'wu with r€Q, weW ueU}=p?x W x U, (0.11)

where p¥ denotes all rational powers of p, W is the group of all roots of unity in C,, and U
is the disk centered at 1 of unit radius:

U={u—-1], <1 with u € C,}. (0.12)

One can also construct non-canonical isomorphisms between C,,, C, and thus also between
C, and C,, for p and p’ distinct primes. As explained in footnote 75, this follows from the
fact that C and C, have the same degree of transcendence over Q. A non-trivial consequence
of this fact is that we can also extend the p-adic norm to the complex numbers (see e.g.,
[367,263]). Indeed, given a field isomorphism:

p:C—=C, (0.13)
we can assign a p-adic norm to elements z € C as follows:
|2]p = [¢(2)],- (0.14)

By the same reasoning, the converse also holds; we can assign Archimedean norms to elements
of C,. The use of this in the physical setting is more elusive; one is often considered with
various analytic properties, and the map ¢ is not even continuous. That being said, if
one continues to work at the level of algebraic structures and morphisms (as we have been
advocating throughout this note) then many structures carry through.
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P Witt Vectors

In this Appendix we briefly discuss some aspects of Witt vectors [368]. We saw the appear-
ance of these in our brief discussion of crystalline cohomology in subsection 13.2, and again
in section 16 when we discussed reduction of an integer valued action mod N. Again, as we
are mathematical dilettantes, we will content ourselves to closely follow reference [369]. For
additional discussion of Witt vectors and their applications, see reference [370].

Given a prime number p and a commutative ring R, we denote a Witt vector as (X, ..., Xy, -..)
with X; € R. Next, introduce the Witt polynomials:

Vi = ZpiFi(Xi% (P.1)
i=0

where F(X) = X7 is the Frobenius morphism. We define a ring of Witt vectors on the V(")’s
These are also known as the “ghost components”There is an essentially unique way to make
the space of Witt vectors into a commutative ring such that addition and multiplication
occur componentwise. In terms of two Witt vectors U and V', we have:

U+WV)D =y® 4 y®
(V) =yy®, (P.3)

—~
o
[\

~—

Given two Witt vectors (Xo, X1,...) and (Yp, Y1, ...) the explicit formulas for the first few
entries of addition and multiplication are:

(Xo, X1, ...)+ (Yo, Y1,...) = (Xo+ Yo, X + V1 + (X§ + Y)Y — (X0 + Y0)?/p),...) (P4)
(Xo, X1, ...) x (Yo, Y1, ...) = (XoYo, XoY{" + X{V1 +pXi Y3, )

where the appearance of “division by p” in the addition rule is just a formal way of condensing
the notation for expanding out the binomial sum (no inverse powers of p appear in the final
expressions).

For the purposes of this note, the main case of interest is the special case where R actually
refers to a finite field such as F, or F,. In the case of I, the ring of Witt vectors is just the
p-adic integers Z, written in terms of Teichmiiller representatives, and in the case of F, it is
the unramified extension of degree n of Z,.'4!

Let us explain how this works in more detail for the special case of Z,, the p-adic ring of
integers. Recall that this space is just the elements of the p-adic numbers with p-adic norm
less than or equal to one. Each such element ¢ € Z, can be written as a power series:

x = Z:Eipi, (P.6)

M1 For a brief discussion of ramification (or lack thereof) for local fields, see Appendix S.
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with z; € {0,...,p—1}. Now, an undesirable feature of this expansion is that the coefficients
x; do not respect the addition and multiplication rules of the Witt vectors. To get a suit-
able presentation, we instead use Teichmiiller representatives. We first introduce a group
homomorphism:

w:Fy =7, (P.7)

in which, for a € F,, w(a) is given by the (p — 1) root of unity in Z, which is congruent
to @ mod p. As opposed to the expansion in line (P.6), we instead use the Teichmiiller
representatives, i.e., the coefficients are given by the solutions in Z, to 27 — x (namely, the
(p — 1)™ roots of unity and zero). We can then present

Algorithmically, we begin with a p-adic integer = as in equation (P.6) and build a new
representative:

T = Zw(@)pi, (P.8)

which converges in the p-adic metric to the original sum. This presents x as a Witt vector in
(F,)Y, namely we introduce a sequence of elements {a;};ey for a; € F,, and then construct
the Teichmiiller lift w,, .

The algorithm forbuilding these representatives follows from Hensel lifting / Newton’s

algorithm.!4?

Rather than present this in full detail, we just illustrate with an example of the algorithm
in practice, closely following the exposition in [369]. The first term in the sequence is:

w(To) = xo. (P.9)

After this, we construct w(7;) by finding the unique solution of 2P~! — 1 = 0mod p? such
that © = xo mod p. Call this solution w(Z;). Next, we compute 2! —1 = 0mod p* such that
r = w(T1) modp?. Observe that these representatives do not necessarily belong to the set
{0,1,...,p—1}. They do, however, have the important property that w(Z;)? = w(Z;) mod p'*,
which is what makes them more suited to an analysis which respects Frobenius conjugation.
As an example, the first few entries of the Witt vector for w(2) with respect to the prime
p=>5are (2,7,57,...).

142 This follows from Hensel’s lemma (see [371,372]). Following [373], a “basic version” of this lemma
asserts that for f(t) € Z,[t] and a € Z, such that f(a) = 0 mod p and f’(a) # 0 mod p, then there is a
unique « € Z, such that f(o) =0in Z, and o« = 0 mod p. This can be extended in various ways to more
abstract settings. See e.g., reference [373] as well as [374] for additional discussion.
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Q Exponential Function on the p-adics

In this Appendix we briefly review the convergence of the p-adic exponential function. Recall
that for a series such as:

chx” (Q.1)

n>0
the radius R of convergence is given by:
1
R=————. (Q.2)
lim sup |c,,|
n—oo

We are specifically interested in the case of the exponential function, as specified by the

power series:
n

exp(a) = Y . (Q3)

n>0

interpreted as a sum in either Q, or C,. In our case, it is enough to determine the values of
t such that:

n
lim
n—oo

n!

<L (Q.4)

p

Our discussion closely follows the one given in reference [375] (see also [376]). We begin
by estimating the p-adic norm for n! in the large n limit, which we write as:

[nt], = poirt, (Q.5)

where we have introduced the p-adic order of n!, as denoted by ord,(n!). To begin, we count
the number of powers of p which appear in n!. To this end, we observe that this can be

ondy o) = 3= | 5] (Q6)

k>1

written as:

namely, we divide by powers of p and round down. This works because in n!, we are counting
how many integers up to n are divisible by p, and then by p?, and so on. With this step in
place, we introduce the p-adic expansion of n:

n=ay+ap-+..+ap. (Q.7)

So, we see that the sum over k in equation (Q.6) actually ranges from k = 1 up to k = r.
Moreover, we have, for 1 < k < r:

L%J =ap+...+ap " (Q.8)

297



Performing the sum over k£ and regrouping terms with common values of a;, we have:

; L%J =ar+a(l+p)+..+a(l+p+..+p 7 (Q.9)
_ :pil (ax(p— 1) + as(p — 1) + oo+ a,(p" — 1)) . (Q.10)

so in other words we get:
ord,y(nl) = —— (n — (ap+ a1 + ... +av)). (Q11)

p—1
From this, we can clearly bound ord,(n!) as:

1 n

p— (n—(r+1)(p—1)) <ordy(n!) <p—1' (Q.12)
On the other hand, we also have that:
pr<n<ptt (Q.13)
so we have:
r<log,n <r+1. (Q.14)
Consequently, the inequalities of line (Q.12) can also be expressed as:
n | n
1 (log,n +1) < ord,(n!) < PR (Q.15)
Dividing by n and taking the limit n — oo, we establish:
|
lim &) L (Q.16)
n—00 n p— 1

Next, we return to equation (Q.4). The condition for the exponential series to converge
is that:

x
lim |——-—~| <1 A7
B G|, <1 @Q17)

or equivalently:
x|, < p~ /7Y, (Q.18)

As an additional comment, we observe that as p becomes large, we have:

lim p~ /=D = 1, (Q.19)

p—o0

so the radius of convergence is greatly reduced from the complex case.
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R Logarithm Function on the p-adics

In the previous Appendix we discussed the exponential function on the p-adics. Here, we
discuss a similar analysis in the case of the logarithm function. To begin, we recall that we
have the standard power series expansion:

log(1+z) = Z(—l)"“x—n. (R.1)

n
n>1

This series converges on the p-adics for |z| » < 1, as follows immediately from an application
of the ratio test. Far more non-trivial is that much as in the complex case where we can
define a logarithm function log : C* — C, there exists an extension of the power series to a

function:4?

log,: C; — C, (R.2)

which satisfies the conditions:
log,(ab) = log,(a) +log,(b) for a,b€ C;. (R.3)

Following [376,377,366|, the main idea behind the extension to all of C, is to first write a
general element x € C) in the form (see equation (O.11)):

x = p wu, (R.4)

where r € Q, |w|, = 1, and |u—1|, < 1. A canonical choice in extending the logarithm
is then to require log,(p) = 0, and in this case, the evaluation of the logarithm is specified
hy: 14

log, v = log, u. (R.5)

This is sometimes referred to as the Iwasawa logarithm.!4

As one might hope, the p-adic logarithm log,, behaves as the inverse function to the p-adic
exponential. The only subtlety here is that we must ensure the appropriate domain of support
for the various arguments to make sense. Assuming, for example, that |z|, < p~ Y@= then
we have:

log, (exp, ) = , (R.6)

and also:
exp,(log,(1+x)) =1+ x. (R.7)

1430ne notational comment: the subscript here clearly refers to working with the prime p, it is not (as
in the setting over the real numbers) specifying the base of the logarithm. Indeed, shortly we will take
log,,(p) = 0, quite different from the “usual” case!

44 Namely, we also require log,, w = 0.

1451t is perhaps not obvious, but one can make different choices for the extension of the logarithm function
depending on the value of log, (p). We have opted for the “simplest and canonical” choice.
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In this way, we can also specify a general p-adic power:
x” = exp,(zlog, v), (R.8)

provided the domains of support make sense.

The logarithm plays an important role in many areas of quantum field theory, especially
in terms of non-analytic structure in scattering amplitudes. In that context, there are other
generalizations which become prominent at higher order in a loop expansion. For example,
one often encounters polylogarithms (see e.g., [378] and references therein):

Lij(z) = Zi—:, (R.9)

n>1

where log(z) = —Li;(1 — ). There is a similar treatment of analytic continuation of the
polylogarithms available, and this can also be given a geometric presentation for rigid analytic
spaces using Coleman’s theory of p-adic integration [379], to which we refer the interested
reader for additional details.
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S Ramification for Algebraic and Local Fields

In this Appendix we present a brief review of ramification theory. We begin with a brief
review of the case of algebraic number fields, namely finite field extensions of @, and then
turn to the case of local fields, where our main set of applications will involve finite field
extensions of Q,. Again, we proceed mainly as a tourist and so will be content to provide a
summary at the level given in reference [380] for algebraic number fields, and reference [381]
as well as the notes of reference [382] for local fields. For a more comprehensive introduction
to some of these notions, see e.g., reference [383].

To begin, suppose we have an algebraic number field K, i.e., a finite field extension of
the rational numbers Q. We can then consider the ring of integers'*® Ok, as well as a prime
ideal of Ok, call it p. Now, suppose we have some finite field extension L/K. We can then
consider the ring of integers Oy, as well as the ideal generated by pOp. Rather importantly,
it could be that inside O, p may have a different factorization. In general, for prime ideals
p; of O, we have a factorization:

pOL = p1* ..o O, (S.1)

and we say that the prime p has ramification index a; at prime p;, whenever a; > 1. We also
say that the ramification is tame when all a; are relatively prime, and otherwise we say the
ramification is wild.

To give an example of ramification which we will make use of later, consider the cyclotomic
extensions of Q, as obtained by adjoining an Nth root of unity, namely solutions to £V = 1.
Call this field extension L = Q(¢). In this case, we have Gal(L/Q) = (Z/NZ)*. Taking
N = p a prime number, and ¢ # p some other prime number, we observe that there is no
ramification over . There is, however, ramification over the prime p. To establish this,
consider the roots of the polynomial 27 — 1. We have:

2’ —1=(z—1)(x—&)..(x— &), (S.2)
Dividing both sides by  — 1, we get the p'" cyclotomic polynomial:
PP b l= (&) (- 7). (S.3)
Next, evaluate at x = 1. Then, we obtain the relation:

p=01-&..(1-¢). (S4)

146Recall that for an algebraic number field K, the ring of integers consists of all elements in K which are
also roots of a monic polynomial with integer coefficients, i.e., ™ + cp_12" ' +... 4 co = 0, for some ¢; € Z,
and n > 0. For example, the integers Z = Og and the Gaussian integers Z[v/—1] = OQ(\/jl).
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Next, we observe that for ¢ > 1, we have:

1-¢
1=¢

which in turn means that 1 — £’ is in the ideal generated by (1 — &) in Or. Returning to

=1+.. +&71 (S.5)

equation (S.4), we conclude that since there are precisely p — 1 such factors we get:
pOL = (1 -0, (5.6)

so in other words p has ramification degree p — 1 in Op. Note that this also means p =
u(l — &€)P~1 for some a unit u of O.117

Consider next the case of a local field, namely we now assume we are given K a field
with a valuation vg : K — R,® so that this valuation defines a locally compact topological
field. In this Appendix we make the additional assumption that vy is discretely valued, that
is to say, for K* the non-zero elements of K we can consider the multiplicative subgroup
v (K*) € R*, and we assume that this subgroup is generated by a single element m €
v (K). Tt is common practice to assume that the valuation is normalized in the sense that
vg(m) = 1. Observe that the standard p-adic norm on Q, with valuation —log, |e| is indeed
normalized, and the uniformizer is just p.

Suppose next that we also have L a Galois extension of K.' The valuation extends
to L, and we denote this as v;. For both L and K, we can speak of the corresponding
ring of integers O and Ok. In fact, an important fact is that for some o € L, we have
the ring isomorphism Opla] = Ok (as follows from Hensel’s lemma, see footnote 142).
Correspondingly, we can construct the residue fields obtained by quotienting both O and
Ok by their maximal prime ideals p; and pg. This results in residue fields s, and kg, and
in particular, k7 is a Galois extension of kx. The subject of ramification theory for local
fields involves measuring the possible “mismatch” between the Galois groups Gal(L/K') and
Gal(kr/kK). As a first approach, we can introduce two numerical invariants which measure
the appearance of possible branch cuts. We refer to the inertia degree f,x as the degree of

the Galois extension of kr, /kg:°

fryx = [KL kK] (S.7)

147Recall that u is a unit of a ring R provided there exists a multiplicative inverse v in R, i.e., we have
uv = vu = 1.

148Recall that a valuation behaves very much like a logarithm, since for a,b € K, we demand that v(a) = co
if and only if a = 0, and v(ab) = v(a) + v(b). For example, for the p-adics Q,, we can take our valuation to
just be v(a) = —log, |pl, in the obvious notation.

149Viewing L as a vector space over K, the condition that we have a Galois extension means that Aut(L/K)
leaves K fixed.

150Recall that the degree of a Galois extension is just the order of the Galois group.
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We also introduce the ramification index:

er/k = VL(Tk), (S.8)

which detects whether we are taking various roots of the original uniformizer on K in ex-
tending to L. An important property of these two numbers is that the degree of the Galois
extension L/K is given by:

[L . K] = fL/KeL/K. (89)

We say that an extension L/K is unramified when ey x = 1, namely f1/x = [L : K|. We
say that an extension L/K is totally ramified when fr/x = 1. More group theoretically, we
have the short exact sequence:

1= Ik — Gal(L/K) — Gal(kp/rkg) = 1, (S.10)

where Iy is the “inertia group” for the field extension L /K. Observe that the field exten-
sion L/K is unramified when the inertia group is trivial.

The inertia group can be thought of as specifying the first stage of a sequence of filtrations
of ramification groups. For i > 0, we consider the subgroup G; C Gal(L/K) which leaves
Opr/p! invariant. The resulting nested sequence of normal subgroups is then given by:

G_1=Gal(L/K)D>GyD G D ... (S.11)

This sequence trivializes after a finite number of steps. We refer to G as the inertia group,
G as the wild inertia group, and Gy/G; as the tame inertia group. In terms of these groups,
the case of Gy trivial means L/K is unramified, and the case of G, trivial is sometimes
referred to as tamely ramified.

303



T Approximate Monodromy

In section 17 we discussed our physical expectations that there is a p-adic notion of mon-
odromy which should act on the cohomology groups associated with BPS states in 4D N = 2
systems, as associated with a corresponding Seiberg-Witten curve. In this Appendix we spell
out some additional details on the structure of monodromy.!%

To be concrete, fix K a non-Archimedean local field (which we always take to be a field
extension of Q,), and consider the family of elliptic curve given by the Tate curve:

Ex = K*/¢", (T.1)

where here, ¢ € K* such that |q| < 1, and ¢Z is the subgroup of K* generated by taking
all powers of ¢.152 We remark that this is a sensible way to construct a p-adic analog of an
elliptic curve. To illustrate, we observe that in the complex analytic setting, we also get an
elliptic curve if we consider C*/¢” with ¢ = exp(27i7), and the condition |¢| < 1 simply
means we are taking the analog of 7 to be (in the complex analytic case) in the analog of
the upper half-plane.

The Tate form has the desirable feature that we can present the elliptic curve in so-called
Tate form:
y? +ay = 2° + ayx + ag, (T.2)

where the coefficients a4 and ag admit g-expansions (see e.g. [384]):

(T.3)

n 5 3
B 3 q B ™m°>+5n° ¢
CL4——E on m and CL@——E 12 1—q”

n

The j-invariant of the Tate curve can be read off in the standard fashion from its g-expansion:
j=q '+ 744 + 196884q + ..., (T.4)

where convergence of all sums is evaluated p-adically. Note, that the analog of “large complex
structure” associated with a type I,, fiber corresponds to taking ¢ to have small p-adic norm,
for example ¢ = p™ for n very large.

We are interested in studying the action of the monodromy group action on the coho-
mology of the Tate curve. For illustrative purposes, we confine our discussion to f-adic
cohomology, though we expect a similar set of statements to hold in the case of rigid coho-
mology (also known as p-adic cohomology). With this in mind, let K = Q, and denote by K

151\We thank A. Huang for several patient explanations. The example we present is closely based on these
discussions.

152There is an unfortunate clash of notation with the convention of labelling finite field extensions of F,, as
F,. Here, we defer to the standard usage in the theory of elliptic curves and modular forms, where we have
a corresponding g-expansion. The context should make clear the sense in which we are using the variable q.
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a separable algebraic closure of K. Then, we can consider the elliptic curve over the closed
field L, and we can attempt to compute the cohomology group:

Hl(EF’ Zf)a (T5)

where ¢ is a prime distinct from p.

In the present context, “monodromy” involves determining the group action on H'(E#, Z;)
from the inertia group I K defined implicitly through the short exact sequence:

1= I/ — Gal(K/K) — Gal(kg/kK) — 1, (T.6)

where kg ~ I, and kg Fp denote the residue fields of K and K, respectively.

Since we are dealing with an elliptic curve, we can exploit the fact that it comes with a
group law. Indeed, from our definition in equation (T.1), we see that the elliptic curve forms
a group under multiplication inherited from K ™. It turns out that the cohomology group
H'(Ew,7Z,) is dual to H,(E%,Z,), which can in turn be written as the inverse limit on n:

H\(Ex, Ze) = limEg (7). (T.7)

Here, E% (N) is interpreted as a multiplicative subgroup of Fr = K" /% defined by the
conditions:

Ez(N)={e € Ex suchthat e =1}, (T.8)

namely the N-torsion points of the elliptic curve. The inverse limit involves the further
refinement that we work with N = ¢". So, to track the action of monodromy, it is enough
to study how it acts on the space of N-torsion points.

Our plan in this Appendix will be to carry out this computation in a “leading order”
approximation for a specific set of illustrative choices. To thisend, wefix p =3, =2, n =2
(so that N = 4), and ¢ = 3. Moreover, rather than work with the full separable closure of
K = Q3, we shall instead confine our analysis to the finite extension L = Qs(w, ), where
w? =1 and i* = 1. Our first task is to compute the various terms in the short exact sequence
of line (S.10):

1 = Ik — Gal(L/K) = Gal(kp/kk) — 1. (T.9)

First, we calculate Gal(L/K). The Galois group is generated by the transformations
w— w? and ¢ — —i, and we have:

Gal(L/K) ~ Z/2Z x 1.)2Z, (T.10)

in the obvious notation.

Next, we calculate Gal(ky,/kx). Now, recall that in Q, (1 —w)? is ramified at 3. Letting
v = (1 —w), we see that it is enough to compute the residue field of L at place (1 —w), but
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this just reduces to “dropping” the contribution from w altogether:
Gal(kp/kk) = Gal(L,/kk) ~ Gal(Fs(i)/F3). (T.11)

Note, however, that under Frobenius conjuagation, we have i — i* = —i, so Gal(F3(i)/F3) ~
Z,/27 is just one of the factors appearing in equation (T.10). Returning to the form of our
short exact sequence, we conclude that the inertia group is given by:

Ik = (we w?) ~Z/2Z. (T.12)

We now ask how the inertia group I,k acts on the Tate module Hy(Eg, Zy) = limEg ({7),
—

at the level of approximation already mentioned. In particular, we just consider the action

of It/ on the N = 22 = 4-torsion points of Ey, i.e.:

where we view E7(N) as a module over Z/NZ. For 4-torsion points, we claim that such a
basis is provided by:
1 —w
by = —— d b,=1. T.14
1 1+ w an 2 =1 ( )
First of all, we observe that i* = 1, so this means by is a 4-torsion point.
Next, consider b;. Observe that (b1)2 is actually an element of K, since under the action

w — w? of Gal(L/K), we have:
2 [(l—w 2 1—w! 2_ w—1 2_ 9
(by) (H—w) H(Hw—l =\oz1) ~ 0 (T.15)

In fact, we also have:
1—w)?
__ 7)) =-3 T.16
<1+w> , (T.16)

so in particular, we have that b, satisfies:
b)'=9¢ K (T.17)

Since we are working in the quotient group Ep = L*/q%, we see that for ¢ = 3, (b1)4 =1in
E;.

To complete the discussion, we finally consider the action of the inertia group I x ~
(wr w?) on EL(N). As already mentioned, by + bo. As for by, we have by — —b; =
bi(by)?. Writing this out as an additive group law (rather than the multiplicative group
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action inherited from L*), we can instead write this as:

{Z;]HH ?HZ;} (T.18)

which we recognize as the monodromy associated with an I, singularity of an elliptic fibration!
Observe that because we are just working with 4-torsion points (instead of the full inverse
limit), then we return to the original basis vector after two applications of the inertia group
(i.e., since 4 = 0 mod 4). As we already remarked in section 17, this is very suggestive,
and strongly suggests that similar monodromic structure will persist in the full action of the
inertia group I, as well as as for different choices of the underlying parameters such as
p, £ and q.
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U Aspects of Berkovich Spaces

In this Appendix we present a brief account of the Berkovich spectrum. For further details,
we refer the interested reader to [32] as well as the readable account in [269]. Again, in
keeping with the informal flavor of these notes, we shall appeal to [385] for our account. To
make these notions a bit more concrete, we then present the main examples discussed in the
main body of these notes, involving AL, Pk, and Hpeyy.

To begin we recall that for a ring A, we can specify a seminorm as a map || : A — Rxq
satisfying the conditions:

0 =0 (U.1)

1] =1 (U.2)
1f+gl < |fI+ 9] (U.3)
[fal < 1flgl- (U.4)

We say the seminorm is multiplicative if |fg| = |f||g|, and if |f| = 0 implies f = 0, we
say that we have a norm. Assuming A is a ringed norm space with norm ||-||, then we can
construct the Berkovich spectrum M(A) as given by the space of multiplicative seminorms
bounded by the norm.

In general, the Berkovich topology is the weakest one such that for any f € A, the map:

o] — |/

is continuous.

At this point, it may appear somewhat jarring to formulate the relevant points in terms
of the “space of seminorms,” but we can see how the standard notions of points can be
associated to each such seminorm. To illustrate, we now fix K and consider a ball of radius
r centered at a point a € K, which we define as:

By ={z€ K suchthat |z—a|<7}. (U.7)

Now, the point is that for each such ball, we can define a corresponding seminorm on K|x].
To see how this comes about, we simply define this seminorm |- Bl by specifying its values
on all f € K[z] by the condition:

Fls,., = sup ). (U8)

ZeB(a,r)

Observe that the special case where r = 0 gives us back just the usual points of K, but
that now we also include finite sized disks which also include this initial point. In fact,
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Berkovich’s theorem tells us that every point = € Aj,, can be viewed as a nested sequence
of disks B(ai, 1) 2 B(ag,r2) 2 ... 2 B(ay,m,) 2 ... which conveges in the sense that (see
e.g., [32] as well as Theorem 1.3.1 of reference [269]):

’f’x = lim |f’B(an,rn) : (Ug)

n—oo

Further, two such nested sequences define the same point if and only if each intersection:
e Case a: Each has a nonempty intersection, and their intersections are the same;

or:

e Case b: Both have empty intersection, and the sequences are cofinal.!53

So in other words, we can associate to each point z a corresponding intersection B =
NB(an,r,). In this case, the points of the affine line split into four distinct types. These are
given by:

e Type [: B is a point of K

e Type II: B is a closed disk with radius belonging to |K*|

e Type III: B is a closed disk with radius not belonging to |K*|
e TypelV: B=g

So, in particular, we get the points of K, but also more. In the above, | K*| just denotes
the possible norms of elements of K*.

By a similar token, we can extend the Proj construction of algebraic geometry to append
a point at infinity. This gives us Ph,. Lastly, we can speak of Hpenx = Ppo \Pheg (K)
which we can think of as a “hyperbolic space”. We refer to HE,, as the space of type II or
III points in Hge, and ngrk as the space of type II points in Hpe.

153Recall that for a subset B C A of a preordered set (A, <),'*we say that B is cofinal with respect to <
when, for every a € A, there exists a b € B such that a < b. In the case at hand, we take B and A to be the
sets specified by the corresponding sequences, and < is specified by the containment relation C of the disks.

154n a preordered set (A, <) we have, a < a for all @ € A (reflexivity) and a < b and b < ¢ implies a < ¢
for a,b,c € A. Having a partial order involves the slightly stronger condition that a < b and b < a implies
a=h.
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V  Tropicalization

In this Appendix we briefly summarize some aspects of tropicalization of a p-adic analytic
space. To set the stage, we recall that in the physics literature, tropical geometry often
appears in the study of (p,q) webs of branes, and their close connection to toric geometry
(see e.g., [386,387]). Here we wish to discuss the case of a p-adic analytic space X,, and its
associated tropical geometry Trop(Xay).

Our discussion follows that in [273]. To begin, we recall that for a p-adic variety X over

a field k, we can specify a moment map to a d-dimensional split algebraic torus T' via a

morphism: !5

p:X —1T, (V.1)

Under analytification, we then get a moment map:
Man : Xan —> Tan‘ (V'Z)

We can specify a tropical map for our analytic torus as follows (with a small abuse of
notation):

Trop: T,, — R?

(’Zh "'7Zn> = (_log |21’ PR _log ’Zd‘) )

<=
)

where the z; denote local coordinates on the torus, i.e., writing it as the group scheme
T = Specy, k[Ty, Ty, ..., Ty, T '], we compose with a suitable evaluation map. We denote by
Tirop = Trop(T,,) the image set of the tropical map. Then, using our moment map fta,, we
see that we can extend this to a tropicalization map fuyop : Xan — R”, and specify the image
as Trop(Xan) = Xtrop-

This tropicalization serves as the “skeleton” for the analytic space, and moreover, there is
a natural section and embedding available. To illustrate, the section s : Ti,;op — Ton is given
by specifying, for every (ti,...,%4) € Tirop, a seminorm as implicitly defined by the condition
that for every ¢ € k[Ty, Ty ", ..., Ty, T; '] written as:

Y= ngme, (V.5)
we have:
lo (s(ty,....tq))| = max |om| exp(—=maty + ... — mgty). (V.6)

In particular, s(0) is the usual “Gauss point” of T,,. This also means there is a natural
notion of the skeleton Xi,,, embedding in X,,.

1%5Namely, we introduce the ring R = k[Ty, T, ", ..., T,,, T;1], and we identify T with the group scheme
Spec, R. In the more common setting of a toric variety, this would just be identified with the standard
complex torus (C*)" which acts on the coordinates of a toric variety.
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Let us also mention that we can view Berkovich space as the inverse limit of all possible
tropicalizations. This is demonstrated in reference [254] (see also [388]).

It is interesting to consider the tropicalization map as applied to some affine curves. To
this end, consider the case of the hyperelliptic curve ¥ over C, embedded in affine space A%:

=2ty T+ o =[] —e) (V.7)
where the e; € C, are just the roots of our degree N polynomial in z. To construct the
image set Xiop(C,), we first observe that:

—logly| = — (log |z — e1| + ... + log |z — en]) . (V.8)

So in particular, we see that there are distinguished rays for each |z —¢;| — 0 fori =1,..., N
which tend to (—logle;|, +0o) in R% These are all connected up along a graph to the
additional ray (—oo,—00) as associated with the region (z,y) — (00, 00), the “point at
infinity” in A2
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W  Evaluating a Berkovich Amplitude

In this Appendix we evaluate some p-adic amplitudes. One interest will be in the limit
n — oo, which we view as providing an increasingly accurate estimate with the worldsheet
given by Berkovich space. For Q, some degree n unramified extension of Q,, we will be
interested in evaluating the integral:

By (a,b) = /dx z|* 1 — ) (W.1)
Qp

for a,b € C, where here, the measure factor is just the expected one for Q,, viewed as an
n-dimensional vector space over QQ,, and we have also extended the norm, as appropriate.
We shall aim to express this in terms of suitable combinations of the p-adic Gamma function,
defined as:

Iy(s) = [ do (o) ol (W2
Qp

for s € C, where x : Q, — C is the character on the additive group (Q,,+). We remark
that in the p-adic setting, we have:

1 — psfl
Ip(s) = 1_ — (W.3)
Additionally, we have the identity:
Ly(s)Ip(l—s)=1. (W.4)
There is also the identity:
ol =Ty (a) [ du ) ful ", (W5
Qv

as well as its generalization to Q,. For additional relations which are closely related, see for
example reference [278] and references therein.

We begin by reviewing the “standard case” of Q, and we then turn to a similar evaluation
for a degree n unramified extension Q,.

W.1 The Case Q,

J

Let us begin with an evaluation of the “standard case,” as obtained by evaluating equation

(W.1) in the special case Q, = Q,. Using our relations for the Gamma function, we can first
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write:

Bla,b) —/dx 2P [ — 2t (W.6)

— T, (a)T, (b) /dazdudv x4+ o(1 —2)) [u]® |o (W.7)

=T, (a)T, (b) / dedudv x(z(u—v) +v) |u|™ |v]™° (W.8)

B(a,b) =T, (a) T, (b) /d:cdudv x(@(u—0)x () [u]™* |o]™°. (W.9)
Qp

Next, perform the integral over x. This leaves us with a Dirac delta function, evaluated over
the p-adics:

B(a,b) =T, (a) T, (b) /dud’u §(u —v)x () Ju]™* |v]™" (W.10)
Qv
=I,(a)l,(0)Tp(c) with a+b+c=1 (W.11)

We remark that this is just the formula obtained in [35], which exhibits the necessary crossing
symmetries expected of the p-adic string amplitude.

W.2 The Case Q,

Consider next the case of an unramified extension of @Q,. There is an analagous set of
manipulations we can perform in this case, which relies on used the g-extension of the

Gamma function given by:
1 — qs—l
Ly(s) =

In particular, we have, for the degree n field extension:

. 12
1 — q—s (W )

By(a,b) = /dx 2| "1 — 2" =Ty (a/n) Ty (b/n) Ty(c/n) with a+b+c=1, (W.13)
Qq

the only change being that we replaced p with ¢ and rescaled a,b,c. More explicitly, we

have: ,
1_pa—n1_p—n1_pc—n )
B(a,b) = TR p—— —— with a+b+c=1. (W.14)
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And so, in the large n limit, we get:

. 1 1 1 )
nh_g)loB”(a’b) = e g with a+b+c=1 (W.15)

Based on this, we make the further assertion that on AL_, . we have:

1 1 1
pel—pPl—pe

B(a,b) = / de |z|" "1 -z = = (W.16)

1
ABerk

W.3 Reinterpretation as a Contour Integral

In section 20 we proposed a contour integral prescription for evaluating open string ampli-
tudes in Berkovich spaces. Here we show how to recast the standard integral over Q,, as an
approximation of a contour-like integral. To begin, we start with:

B(a,b) = /dx 2" 1 — 2 (W.17)
Qp
We break up this integral into shells of fixed |z| = p™. Observe also that the “volume” of
the ball B, with |z| < p™ is:
Vol(B,,) = / da = p™, (W.18)

B

so the volume of S,,, a fixed radius shell with |z| = p™ is then:
Vol(S,,) = /d:p =p" —pmh (W.19)
S’m

With this in place, we observe that we can split up the sum into the contributions |z| < 1,
|z] =1, and |z| > 1:

Bla,b) :/dx 71— g (W.20)
Qp
— /da: S R L (W.21)
o<1
+ /d:p z|*7 1 — 2! (W.22)
=1
+ /dm 2o 1 — 2t (W.23)
>1
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For |z| # 1, each integral can in turn be broken up into fixed radius shells:

1— —1
[ e el = = ool ) = (W.24)
2| <1 m<0
do |2[*7H 1 =27 =) Vol(S,,) (p") T = B el (W.25)
N m)\P o 1— pa+b—1 ' :
2|>1 m>0

The evaluation for the shell |z| = 1 is conveniently handled by decomposing = = 2o+ y, with
2o € {0,...,p— 1} and |y| < 1. In this case, then, we can write:

p—1
/dm - = 3 /dy =z — g, (W.26)

z0=0|

lz|=1 y|<1

which again can be split up into the contributions from zy # 1 and zy = 1 as:

/ de |e* 1 — 2" = (p—2) / dy + / dy [yl (W.27)

lz|=1 ly|<1 ly|<1
— (-2t - - . (W.28)
P D e )

Before proceeding further, let us verify that this produces the expected formulae for the
standard p-adic open string. We indeed find:

1 — a—1 1— b—1 1— c—1
B(a7b): 1 pfa p—b pfc
—p*1l=—p71-p

: (W.29)

witha+b+c=1.

We would now like to interpret this as a “contour integral”. To this end, introduce:
T =P" Y =p" (W.30)

as well as the finite difference:

m m—1

Az, =p" —p" ", Ay, =p" — pmL (W.31)

For the regions |z| < 1 and |z| > 1 we can equally well write:

S A [ 1 = = /dx 2P 1 — 2t /dac 21— 2 (W32)

meZ lz|<1 |z|>1

For the region || = 1, more care is required because, as we have seen, it is simplest to split

315



the contributions up as = zo+y with zy = {0,...,p — 1} and |y| < 1. In this case, we have:

ZAym lym|” ™+ (p — 2) / dy = / de |z)* M1 — 2"t (W.33)

m<1
lyl<1 |z|=1

So, at least as this level, the discretized sum over the z,, and the y,, is quite close to that of
the p-adic Euler Beta function:

B(a,b) = 3 At 1" 1= 2+ 3 A gl + (0 — 2) / dy.  (W.34)

meZ m<1
lyl<1

The first two terms appear as “contours” in the sense that the one over x,, is along the
analog of the radial line, and the one over y,, encircles the region |x| = 1. This leaves us
with the remainder term over |y| < 1, the open ball. Let us also note that this contribution
is independent of a and b. So in other words, at least as far as the momentum dependence
of the amplitude goes, for both the z,, integral and the vy, integral, there is a local ordering
(as indexed by m € Z), which we can write as:

Bla,b) = /dz |z|“_1|1—z|b_1+/dz 2 = 2 (W.35)
Yrad Y1

13 7

where the refers to terms independent of a and b.

Let us now generalize this sort of integral. Along these lines, we now consider the integral
over T = tny1:

Blay, . an) /dm | g — o] — | (W.36)
Qp

Suppose first that the ¢; are distinct. In this case we can order the t; according to their
norms, i.e., |t1] < ... < |ty|, and then we can perform a similar decomposition of the z
integral into the regions || < |t1], || = |t1],..., |x| = |tn| and |z| > |tx|. In this case, we
again see that there is a quite similar decomposition in terms of contour integrals, one which
runs along the “radial axis”, and one for each of the t;. So in other words, at least as far as
the a; dependence is concerned, we can write a formal “contour”:

Y= Yrad t 71+ ... + YN, (W37)

and then we can write this as:

B(ay,...,ay) = /dz |2 — 1| =t T e — | T 4 (W.38)

Y
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« 7

where again, the is independent of the a;’s.

Suppose next that some of the ¢; have the same norm, for example |t;| = |t;41] for some ¢,
with the same ordering otherwise. Now when we evaluate our integral over x, the “residue”
picked up at this circle involves a contour ; ;11, as associated with ¢; +t,,;. More generally,
if we have two or more ¢; of the same norm, we can introduce the contour ;. ; as the
one associated with the point ¢;, 4 ... +¢;,. Continuing in this way, we can again present a
contour integral formula interpretation.
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X Difficulties with Arithmetic Saddle Points

In this Appendix we illustrate some difficulties in proceeding with a saddle point approxima-
tion to the arithmetic Chern-Simons-like action discussed in section 24, and in particular the
evaluation of the path integral with sources, Z[J] defined in line (24.32) which we reproduce

here:
Z[Jl= > expiS[A,J]/h. (X.1)
A/gauge
with: .
expiS[A, J]/h = exp <%6VZ(A/\dA— 2A/\J)> . (X.2)

We attempt to work in semi-classical approximation, where we expect to be valid pro-
vided the “coupling constant ” N is small relative to the other parameters of the theory,
in particular p. So, we shall assume that N < p. Working directly in Spec Z appears
challenging, so we shall instead opt to initially work in Q*(Z[zp]).

Along these lines, we return to Q*(Z[zp]) and introduce an arbitrary source term J €
O?(Z[zp]) into our action:

-
expiS[A, J]/h = exp <%ZGVZ(A/\CZA— 2A/\J)> . (X.3)

Then, the equations of motion obtained by varying with respect to A yields:

dA = J, (X.4)
in the obvious notation. Assuming we can invert the differential operator d, we get a formal
solution: 1

Acrit — EJ’ (X5)
and so the on-shell action action evaluates to:
2m 1
exp iS[Aeit, J|/h = exp (%evz (_JEJ)> . (X.6)

Since we have already demanded that A satisfy equation (X.5), we can also write this as:
) 211
exp 0S| Aerit, J]/h = exp (WGVZ (Acrit A dACm)) , (X.7)

namely we evaluate our action about a particular class of gauge field configurations.
We are interested in the evaluation of this for a Wilson line type source of the form given
in (24.34):

NQI NQm
= dx, Nox, + ..+
D1 P o Pm

J dz,, Aoz, € O (Qlap)), (X.8)
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which we write as:

J = ijdxp NOx). (X.9)

p

We now attempt to evaluate the on-shell action. We face an immediate difficulty since
we also need to compute %lJcrit. We seek all Ay € Q' (Z[xp]) which solve the equation:

dAcrit - J (XlO)

Since we have a specific form structure for J, we demand:

O, AT — S A = (X.11)
Oy AT — 0, AT = 0. (X.12)

Now, by assumption, we are only considering gauge field configurations such that 5,§R)A;rit =
0. So, the first differential equation admits solutions of the form:

At = jyay + hap, (X.13)
where hg, is a constant of integration. Since our path integral is over gauge field configu-
rations with A§* € Z[zp], we demand that j,, hs, € Z. Otherwise, no solution exists.'™
Consider next the class of solutions satisfying c%pAgrit — &Tqufit. The solutions of interest

are of the form:

ATt =9, G+ hy, (X.14)

where G € Z[zp] and h, € Z. The relevant critical points of the path integral then appear
to be:

Acic = Y _jptp0y + (05,G + hy) day. (X.15)
p

At this point, we encounter an impasse. We have already demanded that (in order to
maintain gauge invariance) that our gauge fields have components annihilated (52(,R) for all
p. On the other hand, by inspection the above formal solution for A.; has components
for its gauge field which do not satisfy this condition. One might wish to argue that since
we are looking at saddle point configurations, it is acceptable to consider “off-shell” field
configurations which are not valid on-shell. While this sometimes works (surprisingly well)
in treatments of continuum path integrals, it is rather unclear to us that this method will
work in the present setting. While it would certainly be interesting to salvage such an
approach, we leave it as a question to be addressed in the future.

1561t is of course tempting to relax our conditions on A4 to entertain “off-shell” saddle point configurations
valued in Q. While this is is a strategy which works (surprisingly well) in the path integral approach to
quantum gravity, it is unclear whether it is valid here. So, we shall instead make do with this (perhaps) less
flexible approach. It would nevertheless be interesting to consider a more general saddle point analysis / a
full treatment of these path integral expressions.
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Y F,, =0 Configurations

)

In this Appendix we discuss in more detail “zero flux” configurations discussed in section

24, namely those for which the components of the gauge field A € Q!(Z[zp|) satisfy:
F,, =0 forallp,q, (Y.1)

where here,
Fpy =0,y Ay — 0,4, and A, =0 for all r. (Y.2)

We neglect the 0z, contributions to the gauge field since they do not contribute to the £,
components of the field strength.

Now, since we are dealing with polynomials over Z[zp|, the solutions of interest, it suffices
to consider “exact” 1-forms A € Q'(Z[zp]) which can be written as:

A, =0,a with A€ QY (Z[zg)) Nkerd™ and a € Qlzp). (Y.3)

It is important to note that here that we are taking a € Q[xp] with rational coefficients and
do not a priori restrict to monomials. In particular, this means that the solutions produced

)

in this way are not “pure gauge,” even when restricted to monomials.
To illustrate the basic class of solutions, consider some subset of primes, say S =
{p1, .-, px}. We can build a monomial of the form:

Ms(p, , ..., Tp,) = szt ..., (Y.4)
with ag € Q. To have an admissible gauge field configuration, we need all 5}(,R) to vanish.
This in turn means that we need m; = ... = my = ms, and ag = 1/mg. In particular, this
means that we could equally well have introduced a monomial fs(z) € Q[z] given by:

1

where the monomial Ms(x,,, ..., z,,) arises from the substitution x +— x,,...z,,, i.e.:

1 1 .
fs(z) = m—Sx S Ms(xpy,y ooy Tpy) = . (@py.op,)" (Y.6)

We formally set f = 0 for mg = 0. In the case mg = 1, observe that this would count as
“pure gauge” from the point of view of evaluating the path integral. Since, however, we are
not really fixing a gauge, we shall allow ourselves to include this sort of configuration. We
view this as similar to the treatment in lattice gauge theories, where the price of not fixing
a gauge involves a volume of a gauge group (raised to the power of the number of links).

Suppose next we have two subsets of primes, say S; and S,. Provided they share no
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common elements, i.e., S; NSy = {}, then we can introduce independent monomials, as
specified by a choice of mg, and ms,. The corresponding a appearing in equation (Y.3) is
given by:

a = Mgl + MSQ. (Y?)

Since the two monomials share no common factors, we still solve F,, = 0 for all p, ¢, and
moreover, the analysis performed for a single monomial carries over to this case as well.
Continuing on, we see that given a partition A of P into a finite collection of subsets, i.e.,
S1,...,Sr, we specify a positive integer ms,, ..., mg, for each subset. Then, the polynomial:

a = Mgl —|— —I— MSL (Y8)

again satisfies the condition that it produces an admissible gauge field configuration with
F,

vg = 0.

What is the gauge field A produced from this procedure? For a fixed prime p, observe
that it only appears in one subset in a fixed partition, so we refer to it as S. There is a
corresponding integer associated with each S, i.e., the product over all primes appearing in
the subset:

S = Hp. (Y.9)

peES

From this, we conclude that:
Sm
€evy (Ap) =, (YlO)
p

and, moreover, we also lower the corre-

)

i.e., the derivative cancels the “division by msg,’
sponding power of the prime p. To set notation, we refer to the component of the gauge field
set by a choice of m and S as:
Sm
evy (AlM®)) = —. (Y.11)
p
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Z Sketch of an Arithmetic Path Integral

In this Appendix we provide a sketch of how to evaluate the general path integral encountered
for our Chern-Simons-like arithmetic path integral given in section 24, which we reproduce
here for the convenience of the reader:

4mi .
Z[J] ~ Z exp (—WZZeVZ(quW;p)> : (Z.1)
Aq st Fpg=0 P q#p

The path integral over admissible gauge field configurations involves the following steps:

e First, pick a partition A of the primes IP into a finite collection of subsets, i.e., Sy, ..., S,
(as per our discussion of zero flux configurations in Appendix Y).

e Next, assign a positive number mg,, ..., ms, to each such subset, and a corresponding
monomial in Q[zp], as specified by equation (Y.6).

e Perform the corresponding sum over admissible partitions and integers.
Let us see how far we can go in performing an explicit evaluation of our path integral.

To begin, we observe that the sum breaks up into independent contributions from distinct
subsets of a partitions. So, our original path integral takes the form:

Z[7] =Y T2l (Z.2)

A SeA

where the restricted path integral on a partition S € A is:

> 4 ‘ .
ZolJ] =1+ exp (‘WZGVZ(AS”’S) (oot = yp,ap») , (2.3)
m=1

peES

where:

Jiot = _Jpop- (Z4)

peP
Consider now a subset S which contains a prime p such that j,;5, # 0. Observe that for

m > 1, S™/p is divisible by p. In particular, since j, s, = NQ/p, this means:

1
NevZ(AZ(,m’S)jp,(;p) €Z for m>1. (Z.5)
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Consequently, the path integral over the subset S now becomes:

47y S . , = 47y S™ o
Zs[J] =1+ exp <_WZE<Jtot - ]p,ép)) + Z exp <_WZ - t) (2.6)
m=2

pES pES p
47 STtot 41 S ip.sp
=zlJ] +exp| ——) —— exp | +—) —— ]| —-1], 7.7
o1 p( o) (e (415 (27)
PES peES
where we have introduced:
- 471 = S ot

J=1 S — 7.8
al] =143 e ( o) (25)

i.e., it only depends on the total current sourced by the knots.

The resulting form for our path integral is fairly close to the treatment in section 24.1, but
the combinatorics here is somewhat more challenging. We leave a more complete treatment
of the resulting evaluation to future work.

323



References

1]
2]

3]

[10]

[11]

[12]

C. Vafa, “The String Landscape and the Swampland,” arXiv:hep-th/0509212.

H. Ooguri and C. Vafa, “On the Geometry of the String Landscape and the
Swampland,” Nucl. Phys. B 766 (2007) 21-33, arXiv:hep-th/0605264.

J. J. Heckman and C. Vafa, “Fine Tuning, Sequestering, and the Swampland,” Phys.
Lett. B798 (2019) 135004, arXiv:1905.06342 [hep-th].

E. Verlinde and H. Verlinde, “Black Hole Entanglement and Quantum Error
Correction,” JHEP 10 (2013) 107, arXiv:1211.6913 [hep-th].

A. Almbheiri, X. Dong, and D. Harlow, “Bulk Locality and Quantum Error Correction
in AdS/CFT,” JHEP 04 (2015) 163, arXiv:1411.7041 [hep-th].

A. Milekhin, “Quantum Error Correction and Large N,” arXiv:2008.12869
[hep-th].

E. Verlinde and H. Verlinde, “A Conversation on ER = EPR,” arXiv:2212.09389
[hep-th].

B. Swingle, “Entanglement Renormalization and Holography,” Phys. Rev. D 86
(2012) 065007, arXiv:0905.1317 [cond-mat.str-el].

B. Swingle, “Constructing holographic spacetimes using entanglement
renormalization,” arXiv:1209.3304 [hep-th].

F. Pastawski, B. Yoshida, D. Harlow, and J. Preskill, “Holographic quantum
error-correcting codes: Toy models for the bulk/boundary correspondence,” JHEP 06
(2015) 149, arXiv:1503.06237 [hep-th].

Y. I. Manin and M. Marcolli, “Holography principle and arithmetic of algebraic
curves,” Adv. Theor. Math. Phys. 5 (2002) 617-650, arXiv:hep-th/0201036.

S. S. Gubser, J. Knaute, S. Parikh, A. Samberg, and P. Witaszczyk, “p-adic
AdS/CFT,” Commun. Math. Phys. 352 no. 3, (2017) 1019-1059, arXiv:1605.01061
[hep-th].

M. Heydeman, M. Marcolli, I. Saberi, and B. Stoica, “Tensor networks, p-adic fields,
and algebraic curves: arithmetic and the AdS3/CFTy correspondence,” Adv. Theor.
Math. Phys. 22 (2018) 93-176, arXiv:1605.07639 [hep-th].

E. Witten and J. Bagger, “Quantization of Newton’s Constant in Certain
Supergravity Theories,” Phys. Lett. B 115 (1982) 202-206.

324


http://arxiv.org/abs/hep-th/0509212
http://dx.doi.org/10.1016/j.nuclphysb.2006.10.033
http://arxiv.org/abs/hep-th/0605264
http://dx.doi.org/10.1016/j.physletb.2019.135004
http://dx.doi.org/10.1016/j.physletb.2019.135004
http://arxiv.org/abs/1905.06342
http://dx.doi.org/10.1007/JHEP10(2013)107
http://arxiv.org/abs/1211.6913
http://dx.doi.org/10.1007/JHEP04(2015)163
http://arxiv.org/abs/1411.7041
http://arxiv.org/abs/2008.12869
http://arxiv.org/abs/2008.12869
http://arxiv.org/abs/2212.09389
http://arxiv.org/abs/2212.09389
http://dx.doi.org/10.1103/PhysRevD.86.065007
http://dx.doi.org/10.1103/PhysRevD.86.065007
http://arxiv.org/abs/0905.1317
http://arxiv.org/abs/1209.3304
http://dx.doi.org/10.1007/JHEP06(2015)149
http://dx.doi.org/10.1007/JHEP06(2015)149
http://arxiv.org/abs/1503.06237
http://dx.doi.org/10.4310/ATMP.2001.v5.n3.a6
http://arxiv.org/abs/hep-th/0201036
http://dx.doi.org/10.1007/s00220-016-2813-6
http://arxiv.org/abs/1605.01061
http://arxiv.org/abs/1605.01061
http://dx.doi.org/10.4310/ATMP.2018.v22.n1.a4
http://dx.doi.org/10.4310/ATMP.2018.v22.n1.a4
http://arxiv.org/abs/1605.07639
http://dx.doi.org/10.1016/0370-2693(82)90644-X

[15]

[16]

[17]

[18]

[19]

[21]

[22]

23]

[24]

[25]

[26]

[27]

[28]

N. Seiberg, “Modifying the Sum Over Topological Sectors and Constraints on
Supergravity,” JHEP 07 (2010) 070, arXiv:1005.0002 [hep-th].

J. Distler and E. Sharpe, “Quantization of Fayet-Iliopoulos Parameters in
Supergravity,” Phys. Rev. D 83 (2011) 085010, arXiv:1008.0419 [hep-th].

S. Hellerman and E. Sharpe, “Sums over topological sectors and quantization of
Fayet-Iliopoulos parameters,” Adv. Theor. Math. Phys. 15 (2011) 1141-1199,
arXiv:1012.5999 [hep-th].

Doring, A. and Isham, C.J., “A Topos foundation for theories of physics. I. Formal
languages for physics,” J. Math. Phys. 49 (2008) 053515, arXiv:quant-ph/0703060.

Doring, A. and Isham, C.J., “A Topos foundation for theories of physics. II.
Daseinisation and the liberation of quantum theory,” J. Math. Phys. 49 (2008)
053516, arXiv:quant-ph/0703062.

Doring, A. and Isham, C.J., “A Topos foundation for theories of physics. III. The
Representation of physical quantities with arrows,” J. Math. Phys. 49 (2008) 053517,
arXiv:quant-ph/0703064.

Doring, A. and Isham, C.J., “A Topos foundation for theories of physics. IV.
Categories of systems,” J. Math. Phys. 49 (2008) 053518, arXiv:quant-ph/0703066.

Doring, Andreas and Isham, Chris, ““What is a Thing?’: Topos Theory in the
Foundations of Physics,” Lect. Notes Phys. 813 (2010) 753-937, arXiv:0803.0417
[quant-ph].

C. J. Isham, “Topos Methods in the Foundations of Physics,” arXiv:1004.3564
[quant-ph].

A. Weil, “Numbers of solutions of equations in finite fields,” Bull. Amer. Math. Soc.
55 no. 5, (05, 1949) 497-508.

P. Deligne, “La conjecture de Weil : 1,” Publications Mathématiques de I'IHES 43
(1974) 273-307.

E. Witten, “Constraints on Supersymmetry Breaking,” Nucl. Phys. B 202 (1982)
253.

E. Witten, “String theory dynamics in various dimensions,” Nucl. Phys. B443 (1995)
85-126, arXiv:hep-th/9503124.

M. Bershadsky, K. A. Intriligator, S. Kachru, D. R. Morrison, V. Sadov, and C. Vafa,
“Geometric Singularities and Enhanced Gauge Symmetries,” Nucl. Phys. B481
(1996) 215-252, arXiv:hep-th/9605200.

325


http://dx.doi.org/10.1007/JHEP07(2010)070
http://arxiv.org/abs/1005.0002
http://dx.doi.org/10.1103/PhysRevD.83.085010
http://arxiv.org/abs/1008.0419
http://dx.doi.org/10.4310/ATMP.2011.v15.n4.a7
http://arxiv.org/abs/1012.5999
http://dx.doi.org/10.1063/1.2883740
http://arxiv.org/abs/quant-ph/0703060
http://dx.doi.org/10.1063/1.2883742
http://dx.doi.org/10.1063/1.2883742
http://arxiv.org/abs/quant-ph/0703062
http://dx.doi.org/10.1063/1.2883777
http://arxiv.org/abs/quant-ph/0703064
http://dx.doi.org/10.1063/1.2883826
http://arxiv.org/abs/quant-ph/0703066
http://dx.doi.org/10.1007/978-3-642-12821-9_13
http://arxiv.org/abs/0803.0417
http://arxiv.org/abs/0803.0417
http://arxiv.org/abs/1004.3564
http://arxiv.org/abs/1004.3564
http://dx.doi.org/10.1016/0550-3213(82)90071-2
http://dx.doi.org/10.1016/0550-3213(82)90071-2
http://dx.doi.org/10.1016/0550-3213(95)00158-O
http://dx.doi.org/10.1016/0550-3213(95)00158-O
http://arxiv.org/abs/hep-th/9503124
http://dx.doi.org/10.1016/S0550-3213(96)90131-5
http://dx.doi.org/10.1016/S0550-3213(96)90131-5
http://arxiv.org/abs/hep-th/9605200

[29] S. H. Katz and C. Vafa, “Matter from Geometry,” Nucl. Phys. B497 (1997) 146-154,
arXiv:hep-th/9606086.

[30] S. H. Katz, A. Klemm, and C. Vafa, “Geometric engineering of quantum field
theories,” Nucl. Phys. B 497 (1997) 173-195, arXiv:hep-th/9609239.

[31] J. Tate, “Rigid Analytic Spaces,” Inventiones Mathematicae 12 no. 4, (1971)
257-289.

[32] V. G. Berkovich, Spectral theory and analytic geometry over non-Archimedean fields,
vol. 33 of Mathematical Surveys and Monographs. American Mathematical Society,
Providence, R.I., 1990.

[33] Y. Manin, “The Partition Function of the Polyakov String Can Be Expressed in
Terms of 6 Functions,” Phys. Lett. B 172 (1986) 184-185.

[34] P. G. Freund and M. Olson, “NONARCHIMEDEAN STRINGS,” Phys. Lett. B 199
(1987) 186-190.

[35] P. G. Freund and E. Witten, “Adelic String Amplitudes,” Phys. Lett. B 199 (1987)
191.

[36] V. Vladimirov and I. Volovich, “P-ADIC QUANTUM MECHANICS,” Commun.
Math. Phys. 123 (1989) 659.

[37] V. Vladimirov and I. Volovich, “Vacuum State in P~adic Quantum Mechanics,”
Phys. Lett. B 217 (1989) 411-415.

[38] V. Vladimirov and I. Volovich, “P-ADIC SCHRODINGER TYPE EQUATION;,”
Lett. Math. Phys. 18 (1989) 43.

[39] P. Ruelle, E. Thiran, D. Verstegen, and J. Weyers, “QUANTUM MECHANICS ON
P-ADIC FIELDS,” J. Math. Phys. 30 (1989) 2854,

[40] A. Zabrodin, “Nonarchimedean String Action and Bruhat-tits Trees,” Mod. Phys.
Lett. A 4 (1989) 367-374.

[41] E. Zelenov, “p-Adic path integrals,” J. Math. Phys. 32 (1991) 147-152.

[42] S. S. Gubser, M. Heydeman, C. Jepsen, M. Marcolli, S. Parikh, I. Saberi, B. Stoica,
and B. Trundy, “Edge length dynamics on graphs with applications to p-adic
AdS/CFT,” JHEP 06 (2017) 157, arXiv:1612.09580 [hep-th].

[43] S. S. Gubser, C. Jepsen, S. Parikh, and B. Trundy, “O(N) and O(N) and O(N),”
JHEP 11 (2017) 107, arXiv:1703.04202 [hep-th].

326


http://dx.doi.org/10.1016/S0550-3213(97)00280-0
http://arxiv.org/abs/hep-th/9606086
http://dx.doi.org/10.1016/S0550-3213(97)00282-4
http://arxiv.org/abs/hep-th/9609239
http://dx.doi.org/10.1016/0370-2693(86)90833-6
http://dx.doi.org/10.1016/0370-2693(87)91356-6
http://dx.doi.org/10.1016/0370-2693(87)91356-6
http://dx.doi.org/10.1016/0370-2693(87)91357-8
http://dx.doi.org/10.1016/0370-2693(87)91357-8
http://dx.doi.org/10.1007/BF01218590
http://dx.doi.org/10.1007/BF01218590
http://dx.doi.org/10.1016/0370-2693(89)90070-1
http://dx.doi.org/10.1007/BF00397056
http://dx.doi.org/10.1063/1.528468
http://dx.doi.org/10.1142/S0217732389000447
http://dx.doi.org/10.1142/S0217732389000447
http://dx.doi.org/10.1063/1.529137
http://dx.doi.org/10.1007/JHEP06(2017)157
http://arxiv.org/abs/1612.09580
http://dx.doi.org/10.1007/JHEP11(2017)107
http://arxiv.org/abs/1703.04202

[44] A. Bhattacharyya, L.-Y. Hung, Y. Lei, and W. Li, “Tensor network and (p-adic)
AdS/CFT,” JHEP 01 (2018) 139, arXiv:1703.05445 [hep-th].

[45] S. S. Gubser and S. Parikh, “Geodesic Bulk Diagrams on the Bruhat-Tits Tree,”
Phys. Rev. D 96 no. 6, (2017) 066024, arXiv:1704.01149 [hep-th].

[46] P. Dutta, D. Ghoshal, and A. Lala, “Notes on Exchange Interactions in Holographic
p-adic CFT,” Phys. Lett. B 773 (2017) 283-289, arXiv:1705.05678 [hep-th].

[47] S. S. Gubser, M. Heydeman, C. Jepsen, S. Parikh, I. Saberi, B. Stoica, and
B. Trundy, “Melonic Theories over Diverse Number Systems,” Phys. Rev. D 98
no. 12, (2018) 126007, arXiv:1707.01087 [hep-th].

[48] M. Bocardo-Gaspar, H. Garca-Compean, and W. Zuniga-Galindo, “On p-adic string
amplitudes in the limit p approaches to one,” JHEP 08 (2018) 043,
arXiv:1712.08725 [hep-th].

[49] S. S. Gubser, C. Jepsen, Z. Ji, and B. Trundy, “Continuum Limits of Sparse Coupling
Patterns,” Phys. Rev. D 98 no. 4, (2018) 045009, arXiv:1805.07637 [hep-th].

[50] S. S. Gubser, C. Jepsen, Z. Ji, and B. Trundy, “Higher Melonic Theories,” JHEP 09
(2018) 049, arXiv:1806.04800 [hep-th].

[51] F. Qu and Y.-h. Gao, “Scalar fields on pAdS,” Phys. Lett. B 786 (2018) 165-170,
arXiv:1806.07035 [hep-th].

[52] C. B. Jepsen and S. Parikh, “p-adic Mellin Amplitudes,” JHEP 04 (2019) 101,
arXiv:1808.08333 [hep-th].

[53] S. S. Gubser, C. Jepsen, and B. Trundy, “Spin in p-adic AdS/CFT,” J. Phys. A 52
no. 14, (2019) 144004, arXiv:1811.02538 [hep-th].

[54] M. Heydeman, M. Marcolli, S. Parikh, and I. Saberi, “Nonarchimedean Holographic
Entropy from Networks of Perfect Tensors,” arXiv:1812.04057 [hep-th].

[55] L.-Y. Hung, W. Li, and C. M. Melby-Thompson, “Wilson line networks in p-adic
AdS/CFT,” JHEP 05 (2019) 118, arXiv:1812.06059 [hep-th].

[56] C. B. Jepsen and S. Parikh, “Recursion Relations in p-adic Mellin Space,” J. Phys. A
52 no. 28, (2019) 285401, arXiv:1812.09801 [hep-th].

[57] S. S. Gubser, C. B. Jepsen, Z. Ji, B. Trundy, and A. Yarom, “Non-local non-linear
sigma models,” JHEP 09 (2019) 005, arXiv:1906.10281 [hep-th].

[58] H. Garcia-Compean, E. Y. Lopez, and W. Zuniga-Galindo, “p-Adic open string
amplitudes with Chan-Paton factors coupled to a constant B-field,” Nucl. Phys. B
951 (2020) 114904, arXiv:1909.09312 [hep-th].

327


http://dx.doi.org/10.1007/JHEP01(2018)139
http://arxiv.org/abs/1703.05445
http://dx.doi.org/10.1103/PhysRevD.96.066024
http://arxiv.org/abs/1704.01149
http://dx.doi.org/10.1016/j.physletb.2017.08.042
http://arxiv.org/abs/1705.05678
http://dx.doi.org/10.1103/PhysRevD.98.126007
http://dx.doi.org/10.1103/PhysRevD.98.126007
http://arxiv.org/abs/1707.01087
http://dx.doi.org/10.1007/JHEP08(2018)043
http://arxiv.org/abs/1712.08725
http://dx.doi.org/10.1103/PhysRevD.98.045009
http://arxiv.org/abs/1805.07637
http://dx.doi.org/10.1007/JHEP09(2018)049
http://dx.doi.org/10.1007/JHEP09(2018)049
http://arxiv.org/abs/1806.04800
http://dx.doi.org/10.1016/j.physletb.2018.09.043
http://arxiv.org/abs/1806.07035
http://dx.doi.org/10.1007/JHEP04(2019)101
http://arxiv.org/abs/1808.08333
http://dx.doi.org/10.1088/1751-8121/ab0757
http://dx.doi.org/10.1088/1751-8121/ab0757
http://arxiv.org/abs/1811.02538
http://arxiv.org/abs/1812.04057
http://dx.doi.org/10.1007/JHEP05(2019)118
http://arxiv.org/abs/1812.06059
http://dx.doi.org/10.1088/1751-8121/ab227b
http://dx.doi.org/10.1088/1751-8121/ab227b
http://arxiv.org/abs/1812.09801
http://dx.doi.org/10.1007/JHEP09(2019)005
http://arxiv.org/abs/1906.10281
http://dx.doi.org/10.1016/j.nuclphysb.2019.114904
http://dx.doi.org/10.1016/j.nuclphysb.2019.114904
http://arxiv.org/abs/1909.09312

[59] A. Huang, B. Stoica, S.-T. Yau, and X. Zhong, “Green’s Functions for Vladimirov
Derivatives and Tate’s Thesis,” arXiv:2001.01721 [hep-th].

[60] A. Huang, B. Stoica, and X. Zhong, “Massless p2-brane modes and the critical line,”
arXiv:2110.15378 [hep-th].

[61] B. Stoica, “Closed form expression for the 5-point Veneziano amplitude in terms of
4-point amplitudes,” arXiv:2111.02423 [hep-th].
p p p

[62] A. Huang, B. Stoica, and X. Zhong, “Quadratic reciprocity from a family of adelic
conformal field theories,” arXiv:2202.01217 [hep-th].

[63] H. Garcia-Compean and E. Y. Lopez, “Towards non-Archimedean superstrings,”
Nucl. Phys. B 984 (2022) 115941, arXiv:2202.02425 [hep-th].

[64] C. B. Jepsen, “Adelic Amplitudes and Intricacies of Infinite Products,”
arXiv:2211.01611 [hep-th].

[65] D. Ghoshal and A. Sen, “Tachyon condensation and brane descent relations in p-adic
string theory,” Nucl. Phys. B 584 (2000) 300-312, arXiv:hep-th/0003278.

[66] G. W. Moore, “Arithmetic and attractors,” arXiv:hep-th/9807087.

[67] R. Schimmrigk and S. Underwood, “The Shimura-Taniyama conjecture and
conformal field theory,” J. Geom. Phys. 48 (2003) 169, arXiv:hep-th/0211284.

[68] R. Schimmrigk, “Emergent spacetime from modular motives,” Commun. Math. Phys.
303 (2011) 1-30, arXiv:0812.4450 [hep-th].

[69] S. Kadir, M. Lynker, and R. Schimmrigk, “String Modular Phases in Calabi-Yau
Families,” J. Geom. Phys. 61 (2011) 2453-2469, arXiv:1012.5807 [hep-th].

[70] K. Kanno and T. Watari, “Revisiting arithmetic solutions to the W = 0 condition,”
Phys. Rev. D 96 no. 10, (2017) 106001, arXiv:1705.05110 [hep-th].

[71] Y. Enoki and T. Watari, “Modular forms as classification invariants of 4D N = 2
Heterotic-ITA dual vacua,” JHEP 06 (2020) 021, arXiv:1911.09934 [hep-th].

[72] S. Kachru, R. Nally, and W. Yang, “Supersymmetric Flux Compactifications and
Calabi-Yau Modularity,” arXiv:2001.06022 [hep-th].

[73] R. Schimmrigk, “Flux Vacua and Modularity,” arXiv:2003.01056 [hep-th].

[74] S. Kachru, R. Nally, and W. Yang, “Flux Modularity, F-Theory, and Rational
Models,” arXiv:2010.07285 [hep-th].

328


http://arxiv.org/abs/2001.01721
http://arxiv.org/abs/2110.15378
http://arxiv.org/abs/2111.02423
http://arxiv.org/abs/2202.01217
http://dx.doi.org/10.1016/j.nuclphysb.2022.115941
http://arxiv.org/abs/2202.02425
http://arxiv.org/abs/2211.01611
http://dx.doi.org/10.1016/S0550-3213(00)00377-1
http://arxiv.org/abs/hep-th/0003278
http://arxiv.org/abs/hep-th/9807087
http://dx.doi.org/10.1016/S0393-0440(03)00030-5
http://arxiv.org/abs/hep-th/0211284
http://dx.doi.org/10.1007/s00220-010-1179-4
http://dx.doi.org/10.1007/s00220-010-1179-4
http://arxiv.org/abs/0812.4450
http://dx.doi.org/10.1016/j.geomphys.2011.04.010
http://arxiv.org/abs/1012.5807
http://dx.doi.org/10.1103/PhysRevD.96.106001
http://arxiv.org/abs/1705.05110
http://dx.doi.org/10.1007/JHEP06(2020)021
http://arxiv.org/abs/1911.09934
http://arxiv.org/abs/2001.06022
http://arxiv.org/abs/2003.01056
http://arxiv.org/abs/2010.07285

[75]

[76]

[77]

[78]

[79]

[87]

3]

K. Kanno and T. Watari, “IW = 0 Complex Structure Moduli Stabilization on
CM-type K3 x K3 Orbifolds:—Arithmetic, Geometry and Particle Physics—,”
arXiv:2012.01111 [hep-th].

Y. H. J. Lam, “Calabi-yau threefolds over finite fields and torsion in cohomologies,”
arXiv:2009.09951 [math.AG].

Y. H. J. Lam and A. Tripathy, “Attractors are not Algebraic,” arXiv:2009.12650
[math.NT].

Y. H. J. Lam, “The Attractor Conjecture for Calabi-Yau variations of Hodge
structures,” arXiv:2010.02063 [math.NT].

H. Jockers, S. Kotlewski, and P. Kuusela, “Modular Calabi-Yau Fourfolds and
Connections to M-Theory Fluxes,” arXiv:2312.07611 [hep-th].

P. Candelas, X. de la Ossa, and F. Rodriguez-Villegas, “Calabi-Yau manifolds over
finite fields — I,” arXiv:hep-th/0012233.

P. Candelas, X. de la Ossa, and F. Rodriguez Villegas, “Calabi-Yau manifolds over
finite fields — I1,” Fields Inst. Commun. 38 (2013) 121-157, arXiv:hep-th/0402133.

P. Candelas and X. de la Ossa, “The Zeta-Function of a p-Adic Manifold, Dwork
Theory for Physicists,” Commun. Num. Theor. Phys. 1 (2007) 479-512,
arXiv:0705.2056 [hep-th].

P. Candelas, X. de la Ossa, B. van Geemen, and D. van Straten, “Lines on the Dwork
Pencil of Quintic Threefolds,” Adv. Theor. Math. Phys. 16 no. 6, (2012) 1779-1836,
arXiv:1206.4961 [math.AG].

P. Candelas, X. de la Ossa, M. Elmi, and D. Van Straten, “A One Parameter Family
of Calabi-Yau Manifolds with Attractor Points of Rank Two,” JHEP 10 (2020) 202,
arXiv:1912.06146 [hep-th].

P. Candelas, P. Kuusela, and J. Mcgovern, “Attractors with Large Complex Structure
for One-Parameter Families of Calabi-Yau Manifolds,” arXiv:2104.02718 [hep-th].

P. Candelas, X. De La Ossa, and D. Van Straten, “Local Zeta Functions From
Calabi-Yau Differential Equations,” arXiv:2104.07816 [hep-th].

P. Candelas, X. de la Ossa, P. Kuusela, and J. McGovern, “Flux Vacua and
Modularity for Z, Symmetric Calabi-Yau Manifolds,” arXiv:2302.03047 [hep-th].

S. L. Adler, “Quaternionic Quantum Field Theory,” Commun. Math. Phys. 104
(1986) 611.

329


http://arxiv.org/abs/2012.01111
http://arxiv.org/abs/2009.09951
http://arxiv.org/abs/2009.12650
http://arxiv.org/abs/2009.12650
http://arxiv.org/abs/2010.02063
http://arxiv.org/abs/2312.07611
http://arxiv.org/abs/hep-th/0012233
http://arxiv.org/abs/hep-th/0402133
http://dx.doi.org/10.4310/CNTP.2007.v1.n3.a2
http://arxiv.org/abs/0705.2056
http://dx.doi.org/10.4310/ATMP.2012.v16.n6.a4
http://arxiv.org/abs/1206.4961
http://dx.doi.org/10.1007/JHEP10(2020)202
http://arxiv.org/abs/1912.06146
http://arxiv.org/abs/2104.02718
http://arxiv.org/abs/2104.07816
http://arxiv.org/abs/2302.03047
http://dx.doi.org/10.1007/BF01211069
http://dx.doi.org/10.1007/BF01211069

[39]

[90]
[91]

[92]

[93]

[100]

[101]

[102]

[103]

L. N. Chang, Z. Lewis, D. Minic, and T. Takeuchi, “Galois Field Quantum
Mechanics,” Mod. Phys. Lett. B 27 (2013) 1350064, arXiv:1205.4800 [quant-ph].

M. Kim, “Arithmetic Chern-Simons Theory I,” arXiv:1510.05818 [math.NT].

H.-J. Chung, D. Kim, M. Kim, J. Park, and H. Yoo, “Arithmetic Chern-Simons
Theory II,” arXiv:1609.03012 [math.NT].

M. Kim, “Arithmetic Gauge Theory: A Brief Introduction,” Mod. Phys. Lett. A 33
no. 29, (2018) 1830012, arXiv:1712.07602 [math.NT].

H.-J. Chung, D. Kim, M. Kim, G. Pappas, J. Park, and H. Yoo, “Abelian Arithmetic
Chern—Simons Theory and Arithmetic Linking Numbers,” Int. Math. Res. Not. 2019
no. 18, (2019) 5674-5702.

R. Schmidt, Arithmetic Gravity and Yang-Mills Theory: An Approach to Adelic
Physics via Algebraic Spaces. PhD thesis, Munster U., 2008. arXiv:0809.3579
[hep-th].

S. H. Shenker, “Another length scale in string theory?,” arXiv:hep-th/9509132.

M. R. Douglas, D. N. Kabat, P. Pouliot, and S. H. Shenker, “D-branes and short
distances in string theory,” Nucl. Phys. B485 (1997) 85-127,
arXiv:hep-th/9608024.

A. M. Turing, “On computable numbers, with an application to the
entscheidungsproblem,” Proceedings of the London Mathematical Society 2 no. 42,
(1936) 230-265.

J. J. Heckman, “Statistical Inference and String Theory,” Int. J. Mod. Phys. A 30
no. 26, (2015) 1550160, arXiv:1305.3621 [hep-th].

A. Bedroya, R. Brandenberger, M. Loverde, and C. Vafa, “Trans-Planckian
Censorship and Inflationary Cosmology,” arXiv:1909.11106 [hep-th].

A. Bedroya and C. Vafa, “Trans-Planckian Censorship and the Swampland,”
arXiv:1909.11063 [hep-th].

T. D. Brennan, F. Carta, and C. Vafa, “The String Landscape, the Swampland, and
the Missing Corner,” PoS TASI2017 (2017) 015, arXiv:1711.00864 [hep-th].

E. Palti, “The Swampland: Introduction and Review,” Fortsch. Phys. 67 no. 6,
(2019) 1900037, arXiv:1903.06239 [hep-th].

M. van Beest, J. Calderén-Infante, D. Mirfendereski, and 1. Valenzuela, “Lectures on
the Swampland Program in String Compactifications,” Phys. Rept. 989 (2022) 1-50,
arXiv:2102.01111 [hep-th].

330


http://dx.doi.org/10.1142/S0217984913500644
http://arxiv.org/abs/1205.4800
http://arxiv.org/abs/1510.05818
http://arxiv.org/abs/1609.03012
http://dx.doi.org/10.1142/S0217732318300124
http://dx.doi.org/10.1142/S0217732318300124
http://arxiv.org/abs/1712.07602
http://dx.doi.org/10.1093/imrn/rnx271
http://dx.doi.org/10.1093/imrn/rnx271
http://arxiv.org/abs/0809.3579
http://arxiv.org/abs/0809.3579
http://arxiv.org/abs/hep-th/9509132
http://dx.doi.org/10.1016/S0550-3213(96)00619-0
http://arxiv.org/abs/hep-th/9608024
http://dx.doi.org/10.1142/S0217751X15501602
http://dx.doi.org/10.1142/S0217751X15501602
http://arxiv.org/abs/1305.3621
http://arxiv.org/abs/1909.11106
http://arxiv.org/abs/1909.11063
http://dx.doi.org/10.22323/1.305.0015
http://arxiv.org/abs/1711.00864
http://dx.doi.org/10.1002/prop.201900037
http://dx.doi.org/10.1002/prop.201900037
http://arxiv.org/abs/1903.06239
http://dx.doi.org/10.1016/j.physrep.2022.09.002
http://arxiv.org/abs/2102.01111

[104] N. B. Agmon, A. Bedroya, M. J. Kang, and C. Vafa, “Lectures on the string
landscape and the Swampland,” arXiv:2212.06187 [hep-th].

[105] J. J. Heckman, C. Lawrie, L. Lin, J. Sakstein, and G. Zoccarato, “Pixelated Dark
Energy,” Fortsch. Phys. 67 no. 11, (2019) 1900071, arXiv:1901.10489 [hep-th].

[106] D. Kadoh, “Recent progress in lattice supersymmetry: from lattice gauge theory to
black holes,” PoS LATTICE2015 (2016) 017, arXiv:1607.01170 [hep-lat].

[107] R. Hartshorne, Algebraic Geometry. Graduate Texts in Mathematics. Springer New
York, 2010.

[108] R. Steinberg, Lectures on Chevalley Groups, vol. 66 of University Lecture Series.
American Mathematical Society, 1967.

[109] J.-P. Serre, “Un théoreme de dualité,” Comm. Math. Helv. 29 (1955) 9-26.

[110] M. Kontsevich and G. Segal, “Wick Rotation and the Positivity of Energy in
Quantum Field Theory,” Quart. J. Math. Oxford Ser. 72 no. 1-2, (2021) 673-699,
arXiv:2105.10161 [hep-th].

[111] E. Witten, “A Note On Complex Spacetime Metrics,” arXiv:2111.06514 [hep-th].

[112] R. Fowler and J. J. Heckman, “Misanthropic entropy and renormalization as a
communication channel,” Int. J. Mod. Phys. A 37 no. 16, (2022) 22501009,
arXiv:2108.02772 [hep-th].

[113] J. Chandra and T. Hartman, “Coarse graining pure states in AdS/CFT,”
arXiv:2206.03414 [hep-th].

[114] A. Calderbank and P. W. Shor, “Good quantum error correcting codes exist,” Phys.
Rev. A 54 (1996) 1098, arXiv:quant-ph/9512032.

[115] A. Steane, “Multiple particle interference and quantum error correction,” Proc. Roy.
Soc. Lond. A 452 (1996) 2551, arXiv:quant-ph/9601029.

[116] A. Ashikhmin and E. Knill, “Nonbinary quantum stabilizer codes,”
arXiv:quant-ph/0005008.

[117] C. Agon, V. Balasubramanian, S. Kasko, and A. Lawrence, “Coarse Grained
Quantum Dynamics,” Phys. Rev. D 98 no. 2, (2018) 025019, arXiv:1412.3148
[hep-th].

[118] V. Giovannetti, S. Montangero, and R. Fazio, “Quantum multiscale entanglement
renormalization ansatz channels,” Phys. Rev. Lett. 101 (Oct, 2008) 180503.

[119] B. S. Acharya and M. R. Douglas, “A Finite landscape?,” arXiv:hep-th/0606212.

331


http://arxiv.org/abs/2212.06187
http://dx.doi.org/10.1002/prop.201900071
http://arxiv.org/abs/1901.10489
http://dx.doi.org/10.22323/1.251.0017
http://arxiv.org/abs/1607.01170
http://dx.doi.org/10.1093/qmath/haab027
http://arxiv.org/abs/2105.10161
http://arxiv.org/abs/2111.06514
http://dx.doi.org/10.1142/S0217751X22501093
http://arxiv.org/abs/2108.02772
http://arxiv.org/abs/2206.03414
http://dx.doi.org/10.1103/PhysRevA.54.1098
http://dx.doi.org/10.1103/PhysRevA.54.1098
http://arxiv.org/abs/quant-ph/9512032
http://dx.doi.org/10.1098/rspa.1996.0136
http://dx.doi.org/10.1098/rspa.1996.0136
http://arxiv.org/abs/quant-ph/9601029
http://arxiv.org/abs/quant-ph/0005008
http://dx.doi.org/10.1103/PhysRevD.98.025019
http://arxiv.org/abs/1412.3148
http://arxiv.org/abs/1412.3148
http://arxiv.org/abs/hep-th/0606212

[120] W. Siegel, “Superspace Duality in Low-Energy Superstrings,” Phys. Rev. D 48
(1993) 28262837, arXiv:hep-th/9305073.

[121] W. Siegel, “Two Vierbein Formalism for String Inspired Axionic Gravity,” Phys. Rev.
D 47 (1993) 5453-5459, arXiv:hep-th/9302036.

[122] C. Hull and B. Zwiebach, “Double Field Theory,” JHEP 09 (2009) 099,
arXiv:0904.4664 [hep-th].

[123] G. Aldazabal, D. Marques, and C. Nunez, “Double Field Theory: A Pedagogical
Review,” Class. Quant. Grav. 30 (2013) 163001, arXiv:1305.1907 [hep-th].

[124] D. Radicevic, “The Ultraviolet Structure of Quantum Field Theories. Part 2: What
is Quantum Field Theory?,” arXiv:2105.12147 [hep-th].

[125] Z. Wan, Geometry of Classical Groups over Finite Fields. SciencePress, 2002.

[126] R. Dijkgraaf and E. Witten, “Topological Gauge Theories and Group Cohomology,”
Commun. Math. Phys. 129 (1990) 393.

[127] A. Kapustin and N. Saulina, “Topological boundary conditions in abelian
Chern-Simons theory,” Nucl. Phys. B 845 (2011) 393-435, arXiv:1008.0654
[hep-th].

[128] A. Kapustin and N. Seiberg, “Coupling a QFT to a TQFT and Duality,” JHEP 04
(2014) 001, arXiv:1401.0740 [hep-th].

[129] T. Banks and N. Seiberg, “Symmetries and Strings in Field Theory and Gravity,”
Phys. Rev. D 83 (2011) 084019, arXiv:1011.5120 [hep-th].

[130] H. Hirano, J. Kim, and M. Morishita, “On arithmetic Dijkgraaf-Witten theory,”
arXiv:2106.02308 [math.NT].

[131] P. Putrov, “Q/Z symmetry,” arXiv:2208.12071 [hep-th].

[132] J. Lurie, “Spectral Algebraic Geometry,”.
https://www.math.ias.edu/~1lurie/papers/SAG-rootfile.pdf.

[133] M. F. Atiyah, “Topological quantum field theory,” Publications Mathématiques de
I'IHES 68 (1988) 175-186.

[134] G. B. Segal, “The definition of conformal field theory,” in Differential geometrical
methods in theoretical physics (Como, 1987), vol. 250 of NATO Adv. Sci. Inst. Ser. C
Math. Phys. Sci., pp. 165-171. Kluwer Acad. Publ., Dordrecht, 1988.

[135] M. Levine and F. Morel, “Cobordisme algébrique I,” Comptes Rendus de I’Académie
des Sciences - Series I - Mathematics 332 no. 8, (2001) 723-728.

332


http://dx.doi.org/10.1103/PhysRevD.48.2826
http://dx.doi.org/10.1103/PhysRevD.48.2826
http://arxiv.org/abs/hep-th/9305073
http://dx.doi.org/10.1103/PhysRevD.47.5453
http://dx.doi.org/10.1103/PhysRevD.47.5453
http://arxiv.org/abs/hep-th/9302036
http://dx.doi.org/10.1088/1126-6708/2009/09/099
http://arxiv.org/abs/0904.4664
http://dx.doi.org/10.1088/0264-9381/30/16/163001
http://arxiv.org/abs/1305.1907
http://arxiv.org/abs/2105.12147
http://dx.doi.org/10.1007/BF02096988
http://dx.doi.org/10.1016/j.nuclphysb.2010.12.017
http://arxiv.org/abs/1008.0654
http://arxiv.org/abs/1008.0654
http://dx.doi.org/10.1007/JHEP04(2014)001
http://dx.doi.org/10.1007/JHEP04(2014)001
http://arxiv.org/abs/1401.0740
http://dx.doi.org/10.1103/PhysRevD.83.084019
http://arxiv.org/abs/1011.5120
http://arxiv.org/abs/2106.02308
http://arxiv.org/abs/2208.12071
https://www.math.ias.edu/~lurie/papers/SAG-rootfile.pdf

[136]

[137]

138]

[139]

[140]

141]

[142)

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

M. Levine and F. Morel, “Cobordisme algébrique II,” Comptes Rendus de I’Académie
des Sciences - Series I - Mathematics 332 no. 9, (2001) 815-820.

M. Levine and F. Morel, Algebraic Cobordism. Springer-Verlag, 2007.

H. Hironaka, “Resolution of singularities of an algebraic variety over a field of
characteristic zero: 1,” Ann. Math. 2 no. 79, (1964) 109-203.

H. Hironaka, “Resolution of singularities of an algebraic variety over a field of
characteristic zero: 1i,” Ann. Math. 2 no. 79, (1964) 205-326.

R. Penrose and W. Rindler, Spinors and Space-Time. Vol. 1: Two-Spinor Calculus
and Relativistic Fields. Cambridge Monographs on Mathematical Physics. Cambridge
University Press, 1984.

R. Penrose and W. Rindler, Spinors and Space-Time. Vol. 2: Spinor and Twistor
Methods in Space-Time Geometry. Cambridge Monographs on Mathematical Physics.
Cambridge University Press, 1986.

S. Huggett and K. Tod, An Introduction to Twistor Theory. London Mathematical
Society Student Texts 4. Cambridge University Press, 1985.

E. Witten, “Perturbative Gauge Theory as a String Theory in Twistor Space,”
Commun. Math. Phys. 252 (2004) 189-258, arXiv:hep-th/0312171.

S. J. Parke and T. Taylor, “An Amplitude for n Gluon Scattering,” Phys. Rev. Lett.
56 (1986) 2459.

Y. I. Manin, “New Dimensions in Geometry,” Lecture Notes in Math 1111 (1984)
29-101.

A. S. Schwarz and I. Shapiro, “Supergeometry and Arithmetic Geometry,” Nucl.
Phys. B756 (2006) 207-218, arXiv:hep-th/0605119.

M. Srednicki, Quantum field theory. Cambridge University Press, 1, 2007.

J. Polchinski, String theory. Vol. 1: An introduction to the bosonic string. Cambridge
Monographs on Mathematical Physics. Cambridge University Press, 2007.

P. Dondi and H. Nicolai, “Lattice Supersymmetry,” Nuovo Cim. A 41 (1977) 1.

T. Banks and P. Windey, “Supersymmetric Lattice Theories,” Nucl. Phys. B 198
(1982) 226-236.

F. Cooper, A. Khare, and U. Sukhatme, “Supersymmetry and quantum mechanics,”
Phys. Rept. 251 (1995) 267-385, arXiv:hep-th/9405029.

333


http://dx.doi.org/10.1007/s00220-004-1187-3
http://arxiv.org/abs/hep-th/0312171
http://dx.doi.org/10.1103/PhysRevLett.56.2459
http://dx.doi.org/10.1103/PhysRevLett.56.2459
http://dx.doi.org/10.1016/j.nuclphysb.2006.08.024
http://dx.doi.org/10.1016/j.nuclphysb.2006.08.024
http://arxiv.org/abs/hep-th/0605119
http://dx.doi.org/10.1017/CBO9780511816079
http://dx.doi.org/10.1007/BF02730448
http://dx.doi.org/10.1016/0550-3213(82)90554-5
http://dx.doi.org/10.1016/0550-3213(82)90554-5
http://dx.doi.org/10.1016/0370-1573(94)00080-M
http://arxiv.org/abs/hep-th/9405029

[152]

[153]

[154]

[155]

[156]

[157]

158

[159]

[160]

[161]

[162]

[163]

[164]

[165]

S. Krishna, A. Shukla, and R. Malik, “General N’ = 2 supersymmetric quantum
mechanical model: Supervariable approach to its off-shell nilpotent symmetries,”
Annals Phys. 351 (2014) 558-570, arXiv:1310.0262 [hep-th].

A. Grothendieck, “On the de rham cohomology of algebraic varieties,” Publications
Mathématiques de I'THES 29 (1966) 95-103.

A. Grothendieck, “Crystals and the de Rham Cohomology of Schemes,” in Dix
exposés sur la cohomologie des schémas, no. 3 in Adv. Stud. Pure. Math.,
pp. 306-358. North-Holland, Amsterdam, 1968.

P. Berthelot, Cohomologie Cristalline des Schémas de Caractéristique p > 0, vol. 407
of Lecture Notes in Mathematics. Springer-Verlag, 1974.

P. Berthelot, “Géométrie rigide et cohomologie des variétés algébriques de
caractéristique p,” in Introductions aux cohomologies p-adiques, D. Barsky and

P. Robba, eds., no. 23 in Mémoires de la Société Mathématique de France, pp. 7-32.
Société mathématique de France, 1986.
http://www.numdam.org/item/MSMF_1986_2_23__R3_0.

B. Le Stum, “An introduction to rigid cohomology,”.
https://perso.univ-rennesl.fr/bernard.le-stum/bernard.le-stum/
Documents_files/RigidCohIntroVideo.pdf.

B. Le Stum, Rigid Cohomology. Cambridge Tracts in Mathematics. Cambridge
University Press, 2007.

B. Bhatt, J. Lurie, and A. Mathew, Revisiting the de Rham-Witt Complez. Société
mathématique de France, 2021.

E. Witten, “Supersymmetry and Morse theory,” J. Diff. Geom. 17 no. 4, (1982)
661-692.

L. Alvarez-Gaumé, “Supersymmetry and the Atiyah-Singer Index Theorem,”
Commun. Math. Phys. 90 (1983) 161.

J. Milne, “Lectures on Etale Cohomology,”.
https://www.jmilne.org/math/CourseNotes/LEC.pdf.

)

B. Dwork, “A deformation theory for the zeta function of a hypersurface;’
the Int. Congress of Math., pp. 247-259. Stockholm, 1962.

in Proc. of

B. Dwork, “p-adic cycles,” Inst. Hautes Etudes Sci. Publ. Math. 37 (1969) 27-115.

B. Dwork, “On Hecke polynomials,” Invent. Math. 12 (1971) 249-256.

334


http://dx.doi.org/10.1016/j.aop.2014.09.015
http://arxiv.org/abs/1310.0262
http://www.numdam.org/item/MSMF_1986_2_23__R3_0
https://perso.univ-rennes1.fr/bernard.le-stum/bernard.le-stum/Documents_files/RigidCohIntroVideo.pdf
https://perso.univ-rennes1.fr/bernard.le-stum/bernard.le-stum/Documents_files/RigidCohIntroVideo.pdf
http://dx.doi.org/10.1007/BF01205500
https://www.jmilne.org/math/CourseNotes/LEC.pdf

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

B. Dwork, Lectures on p-adic Differential Equations. Springer-Verlag, 1982.

P. Deligne, “La conjecture de weil : Ii,” Publications Mathématiques de I'IHES 52
(1980) 137-252. www.numdam. org/item/PMIHES_1980__52__137_0/.

M

K. S. Kedlaya, “Fourier transforms and p-adic ‘weil ii’,” Compositio Mathematica
142 no. 6, (2006) 1426-1450, arXiv:math/0210149 [math.NT].

E. Goncharov, “Weil Conjectures Exposition,” arXiv e-prints (July, 2018)
arXiv:1807.10812, arXiv:1807.10812 [math.AG].

M. Atiyah, “Edinburgh Lectures on Geometry, Analysis and Physics,”
arXiv:1009.4827 [math.AG].

P. Fayet and J. Iliopoulos, “Spontaneously Broken Supergauge Symmetries and
Goldstone Spinors,” Phys. Lett. B 51 (1974) 461-464.

7. Komargodski and N. Seiberg, “Comments on the Fayet-Iliopoulos Term in Field
Theory and Supergravity,” JHEP 06 (2009) 007, arXiv:0904.1159 [hep-th].

M. Dine, N. Seiberg, and E. Witten, “Fayet-Iliopoulos Terms in String Theory,”
Nucl. Phys. B 289 (1987) 589-598.

E. Witten, “Phases of N=2 theories in two-dimensions,” AMS/IP Stud. Adv. Math. 1
(1996) 143211, arXiv:hep-th/9301042.

P. Achinger, “A Characterization of Toric Varieties in Characteristic p,”
International Mathematics Research Notices 2015 no. 16, (09, 2014) 6879-6892,
arXiv:1303.5905 [math.AG].

J. J. Heckman, “Lectures on Geometric Engineering,” in Graduate Summer School on
the Mathematics and Physics of Hitchin Systems at the Simons Center for Geometry
and Physics. 2019. http://scgp.stonybrook.edu/archives/25133.

C. Beasley, J. J. Heckman, and C. Vafa, “GUTs and Exceptional Branes in F-theory
- 1,7 JHEP 01 (2009) 058, arXiv:0802.3391 [hep-th].

L. B. Anderson, J. J. Heckman, and S. Katz, “T-Branes and Geometry,” JHEP 05
(2014) 080, arXiv:1310.1931 [hep-th].

L. B. Anderson, J. J. Heckman, S. Katz, and L. P. Schaposnik, “T-Branes at the
Limits of Geometry,” JHEP 10 (2017) 058, arXiv:1702.06137 [hep-th].

D.-E. Diaconescu, R. Donagi, R. Dijkgraaf, C. Hofman, and T. Pantev, “Geometric
transitions and integrable systems,” Nucl. Phys. B 752 (2006) 329-390,
arXiv:hep-th/0506196.

335


www.numdam.org/item/PMIHES_1980__52__137_0/
http://dx.doi.org/10.1112/S0010437X06002338
http://dx.doi.org/10.1112/S0010437X06002338
http://arxiv.org/abs/math/0210149
http://arxiv.org/abs/1807.10812
http://arxiv.org/abs/1009.4827
http://dx.doi.org/10.1016/0370-2693(74)90310-4
http://dx.doi.org/10.1088/1126-6708/2009/06/007
http://arxiv.org/abs/0904.1159
http://dx.doi.org/10.1016/0550-3213(87)90395-6
http://dx.doi.org/10.1016/0550-3213(93)90033-L
http://dx.doi.org/10.1016/0550-3213(93)90033-L
http://arxiv.org/abs/hep-th/9301042
http://arxiv.org/abs/1303.5905
http://scgp.stonybrook.edu/archives/25133
http://dx.doi.org/10.1088/1126-6708/2009/01/058
http://arxiv.org/abs/0802.3391
http://dx.doi.org/10.1007/JHEP05(2014)080
http://dx.doi.org/10.1007/JHEP05(2014)080
http://arxiv.org/abs/1310.1931
http://dx.doi.org/10.1007/JHEP10(2017)058
http://arxiv.org/abs/1702.06137
http://dx.doi.org/10.1016/j.nuclphysb.2006.04.016
http://arxiv.org/abs/hep-th/0506196

[181] D.-E. Diaconescu, R. Donagi, and T. Pantev, “Geometric transitions and mixed

hodge structures,” Adv. Theor. Math. Phys. 11 no. 1, (2007) 65-89,
arXiv:hep-th/0506195.

[182] D.-E. Diaconescu, R. Donagi, and T. Pantev, “Intermediate Jacobians and ADE
Hitchin Systems,” arXiv:hep-th/0607159.

[183] R. Donagi, “Spectral Covers,” arXiv:alg-geom/9505009 [math.AG].

[184] Y. Laszlo and C. Pauly, “On the Hitchin Morphism in Positive Characteristic,”
arXiv:math/0008238 [math.AG].

[185] G. Laumon and B. C. Ng6, “Le lemme fondamental pour les groupes unitaires,”
arXiv:math/0404454 [math.AG].

[186] Ngo, B. C., “Le lemme fondamental pour les algebres de lie,” Publications
Mathématiques de 'ITHES 111 (2010) 1-169, arXiv:0801.0446 [math.AG].

[187] S. Mochizuki, “A theory of ordinary p-adic curves,” Publ. RIMS Kyoto Univ 32
(1996) 957-1151.

[188] K. Joshi, S. Ramanan, E. Z. Xia, and J.-K. Yu, “On vector bundles destabilized by
frobenius pull-back,” Compositio Mathematica 142 no. 3, (2006) 616-630,
arXiv:math/0208096 [math.AG].

[189] N. Ramachandran and J. Rosenberg, “Derived categories of curves of genus one and
torsors over abelian varieties,” arXiv:2212.14497 [math.AG].

[190] R. Donagi and M. Wijnholt, “Breaking GUT Groups in F-Theory,” Adv. Theor.
Math. Phys. 15 no. 6, (2011) 1523-1603, arXiv:0808.2223 [hep-th].

[191] S. Schafer-Nameki and T. Weigand, “F-theory and 2d (0, 2) theories,” JHEP 05
(2016) 059, arXiv:1601.02015 [hep-th].

[192] F. Apruzzi, F. Hassler, J. J. Heckman, and I. V. Melnikov, “UV Completions for
Non-Critical Strings,” JHEP 07 (2016) 045, arXiv:1602.04221 [hep-th].

[193] R. Donagi, “Heterotic / F theory duality: ICMP lecture,” in Mathematical physics.
Proceedings, 12th International Congress, ICMP’97, Brisbane, Australia, July 13-19,
1997, pp. 206-213. 1998. arXiv:hep-th/9802093.

[194] C. Vafa and E. Witten, “A Strong Coupling Test of S-Duality,” Nucl. Phys. B431
(1994) 3-77, arXiv:hep-th/9408074.

[195] A. Kapustin and E. Witten, “Electric-Magnetic Duality And The Geometric
Langlands Program,” Commun. Num. Theor. Phys. 1 (2007) 1-236,
arXiv:hep-th/0604151.

336


http://dx.doi.org/10.4310/ATMP.2007.v11.n1.a2
http://arxiv.org/abs/hep-th/0506195
http://arxiv.org/abs/hep-th/0607159
http://arxiv.org/abs/alg-geom/9505009
http://arxiv.org/abs/math/0008238
http://arxiv.org/abs/math/0404454
http://arxiv.org/abs/0801.0446
http://arxiv.org/abs/math/0208096
http://arxiv.org/abs/2212.14497
http://dx.doi.org/10.4310/ATMP.2011.v15.n6.a1
http://dx.doi.org/10.4310/ATMP.2011.v15.n6.a1
http://arxiv.org/abs/0808.2223
http://dx.doi.org/10.1007/JHEP05(2016)059
http://dx.doi.org/10.1007/JHEP05(2016)059
http://arxiv.org/abs/1601.02015
http://dx.doi.org/10.1007/JHEP07(2016)045
http://arxiv.org/abs/1602.04221
http://arxiv.org/abs/hep-th/9802093
http://dx.doi.org/10.1016/0550-3213(94)90097-3
http://dx.doi.org/10.1016/0550-3213(94)90097-3
http://arxiv.org/abs/hep-th/9408074
http://dx.doi.org/10.4310/CNTP.2007.v1.n1.a1
http://arxiv.org/abs/hep-th/0604151

[196]

[197]

[198]

[199]

[200]

[201]

202]

203

204]

[205]

[206]

207]

[208]

[209)]

[210]

J.-M. Fontaine and W. Messing, “p-adic periods and p-adic étale cohomology,”
Contemporary Math. 67 (1987) 179-2009.

K. Kato and W. Messing, “Syntomic cohomology and p-adic étale cohomology,”
Tohoku Math. J. (2) 44 no. 1, (1992) 1-9.

J. J. Heckman and T. Rudelius, “Top Down Approach to 6D SCFTs,”
arXiv:1805.06467 [hep-th].

P. C. Argyres, J. J. Heckman, K. Intriligator, and M. Martone, “Snowmass White
Paper on SCFTs,” arXiv:2202.07683 [hep-th].

A. Gadde, S. Gukov, and P. Putrov, “Fivebranes and 4-manifolds,” Prog. Math. 319
(2016) 155-245, arXiv:1306.4320 [hep-th].

F. Apruzzi, F. Hassler, J. J. Heckman, and I. V. Melnikov, “From 6D SCFTs to
Dynamic GLSMs,” Phys. Rev. D 96 no. 6, (2017) 066015, arXiv:1610.00718
[hep-th].

S. Gukov, D. Pei, P. Putrov, and C. Vafa, “4-manifolds and topological modular
forms,” JHEP 05 (2021) 084, arXiv:1811.07884 [hep-th].

S. Stolz and P. Teichner, “What is an elliptic object?,” in Topology, Geometry and
Quantum Field Theory: Proceedings of the 2002 Ozford Symposium in Honour of the
60th Birthday of Graeme Segal, U. Tillmann, ed., London Mathematical Society
Lecture Note Series, p. 247-343. Cambridge University Press, 2004.

S. Stolz and P. Teichner, “Supersymmetric field theories and generalized
cohomology,” arXiv:1108.0189 [math.AT].

P. G. Goerss, Topological Modular Forms, Séminaire BOURBAKI, vol. 61. 2009.

J. Lurie, “A survey of elliptic cohomology,” in Algebraic Topology: The Abel
Symposium 2007, N. Baas, E. M. Friedlander, B. Jahren, and P. A. Ostveer, eds.,
pp. 219-277. Springer Berlin Heidelberg, Berlin, Heidelberg, 2009.

D. Gaiotto, T. Johnson-Freyd, and E. Witten, “A Note On Some Minimally
Supersymmetric Models In Two Dimensions,” arXiv:1902.10249 [hep-th].

Y. Tachikawa, “Topological modular forms and the absence of a heterotic global
anomaly,” PTEP 2022 no. 4, (2022) 04A107, arXiv:2103.12211 [hep-th].

Y. Tachikawa and M. Yamashita, “Topological modular forms and the absence of all
heterotic global anomalies,” arXiv:2108.13542 [hep-th].

E. Witten, “Elliptic Genera and Quantum Field Theory,” Commun. Math. Phys.
109 (1987) 525.

337


http://dx.doi.org/10.2748/tmj/1178227370
http://arxiv.org/abs/1805.06467
http://arxiv.org/abs/2202.07683
http://dx.doi.org/10.1007/978-3-319-43648-7_7
http://dx.doi.org/10.1007/978-3-319-43648-7_7
http://arxiv.org/abs/1306.4320
http://dx.doi.org/10.1103/PhysRevD.96.066015
http://arxiv.org/abs/1610.00718
http://arxiv.org/abs/1610.00718
http://dx.doi.org/10.1007/JHEP05(2021)084
http://arxiv.org/abs/1811.07884
http://dx.doi.org/10.1017/CBO9780511526398.013
http://arxiv.org/abs/1108.0189
http://arxiv.org/abs/1902.10249
http://dx.doi.org/10.1093/ptep/ptab060
http://arxiv.org/abs/2103.12211
http://arxiv.org/abs/2108.13542
http://dx.doi.org/10.1007/BF01208956
http://dx.doi.org/10.1007/BF01208956

[211] R. L. Bryant and S. M. Salamon, “On the construction of some complete metrics
with exceptional holonomy,” Duke Mathematical Journal 58 no. 3, (1989) 829 — 850.

[212] B. S. Acharya and E. Witten, “Chiral fermions from manifolds of G(2) holonomy,”
arXiv:hep-th/0109152.

[213] T. Pantev and M. Wijnholt, “Hitchin’s Equations and M-Theory Phenomenology,” J.
Geom. Phys. 61 (2011) 1223-1247, arXiv:0905.1968 [hep-th].

[214] A. P. Braun, S. Cizel, M. Hiibner, and S. Schéfer-Nameki, “Higgs bundles for
M-theory on Go-manifolds,” JHEP 03 (2019) 199, arXiv:1812.06072 [hep-th].

[215] R. Barbosa, M. Cveti¢, J. J. Heckman, C. Lawrie, E. Torres, and G. Zoccarato,
“T-branes and G backgrounds,” Phys. Rev. D 101 no. 2, (2020) 026015,
arXiv:1906.02212 [hep-th].

[216] J. J. Heckman, C. Lawrie, L. Lin, and G. Zoccarato, “F-theory and Dark Energy,”
arXiv:1811.01959 [hep-th].

[217] M. Cveti¢, J. J. Heckman, T. B. Rochais, E. Torres, and G. Zoccarato, “Geometric
unification of Higgs bundle vacua,” Phys. Rev. D 102 no. 10, (2020) 106012,
arXiv:2003.13682 [hep-th].

[218] M. Hubner, “Local G-Manifolds, Higgs Bundles and a Colored Quantum
Mechanics,” JHEP 05 (2021) 002, arXiv:2009.07136 [hep-th].

[219] M. Cvetic, J. J. Heckman, E. Torres, and G. Zoccarato, “Reflections on the Matter of
3d N =1 Vacua and Local Spin(7) Compactifications,” arXiv:2107.00025
[hep-th].

[220] F. Q. Gouvea, p-adic Numbers. Universitext. Springer-Verlag, Berlin, 1997.

[221] K. Mahler, “An Interpolation Series for Continuous Functions of a p-adic Variable,”
Journal fiir die reine und angewandte Mathematik 199 (1958) 23-34.

[222] R. F. Coleman, “Effective Chabauty,” Duke Math. J. 52 no. 3, (1985) 765-770.

[223] V. G. Berkovich, Integration of One-forms on P-adic Analytic Spaces, vol. 162 of
Annals of Mathematics Studies. Princeton University Press, Princeton, N.J., 2007.

[224] B. Dragovich, “Adelic model of harmonic oscillator,” Theor. Math. Phys. 101 (1994)
349, arXiv:hep-th/0402193.

[225] N. Katz, “Travaux de Dwork,” Lecture Notes in Math. 317 (1973) 167-200.

[226] A. Huang, B. Lian, S.-T. Yau, and C. Yu, “Hasse-Witt matrices, unit roots and
period integrals,” arXiv:1801.01189 [math.AG].

338


http://arxiv.org/abs/hep-th/0109152
http://dx.doi.org/10.1016/j.geomphys.2011.02.014
http://dx.doi.org/10.1016/j.geomphys.2011.02.014
http://arxiv.org/abs/0905.1968
http://dx.doi.org/10.1007/JHEP03(2019)199
http://arxiv.org/abs/1812.06072
http://dx.doi.org/10.1103/PhysRevD.101.026015
http://arxiv.org/abs/1906.02212
http://arxiv.org/abs/1811.01959
http://dx.doi.org/10.1103/PhysRevD.102.106012
http://arxiv.org/abs/2003.13682
http://dx.doi.org/10.1007/JHEP05(2021)002
http://arxiv.org/abs/2009.07136
http://arxiv.org/abs/2107.00025
http://arxiv.org/abs/2107.00025
http://dx.doi.org/10.1007/BF01035460
http://dx.doi.org/10.1007/BF01035460
http://arxiv.org/abs/hep-th/0402193
http://arxiv.org/abs/1801.01189

[227]

[228]

229]

[230]

[231]

232]

[233]

[234]

[235]

[236]

[237]

[238)]

239

Y

B. Dragovich, “P-adic and adelic quantum mechanics,” in 1st International
Conference on p-adic Mathematical Physics (p-ADIC MATHPHYS 2003). 12, 2003.
arXiv:hep-th/0312046.

N. Seiberg and E. Witten, “Monopoles, Duality and Chiral Symmetry Breaking in
N = 2 Supersymmetric QCD,” Nucl. Phys. B 431 (1994) 484-550,
arXiv:hep-th/9408099.

N. Seiberg and E. Witten, “Electric - Magnetic Duality, Monopole Condensation, and
Confinement in N = 2 Supersymmetric Yang-Mills Theory,” Nucl. Phys. B 426
(1994) 19-52, arXiv:hep-th/9407087. [Erratum: Nucl.Phys.B 430, 485-486 (1994)].

M. Dierigl, J. J. Heckman, T. B. Rochais, and E. Torres, “Geometric Approach to 3D
Interfaces at Strong Coupling,” Phys. Rev. D 102 no. 10, (2020) 106011,
arXiv:2005.05983 [hep-th].

I. Darago, “On the Arithmetic of Picard-Fuchs equation,”.
https://math.uchicago.edu/~haolee/Nacho_Notes.pdf.

B. M. Dwork, “On p-adic differential equations. the frobenius structure of differential
equations,” in Table ronde d’analyse non archimédienne (Paris, 1972), no. 39-40 in
Mémoires de la Société Mathématique de France, pp. 27-37. Société mathématique
de France, 1974.

Y. André, Period mappings and differential equations. From C to Cp. Mathematical
Society of Japan, 2003.

A. Klemm, W. Lerche, and S. Theisen, “Nonperturbative Effective Actions of N = 2
Supersymmetric Gauge Theories,” Int. J. Mod. Phys. A 11 (1996) 1929-1974,
arXiv:hep-th/9505150.

J. M. Isidro, A. Mukherjee, J. P. Nunes, and H. J. Schnitzer, “A New Derivation of
the Picard-Fuchs Equations for Effective N = 2 Super Yang-Mills Theories,” Nucl.
Phys. B 492 (1997) 647-681, arXiv:hep-th/9609116.

P. Deligne, “Th’eorie de hodge i,” Publications Mathématiques de 'IHES 52 (1980)
137-252. www.numdam.org/item/PMIHES_1980__52__137_0/.

K. S. Kedlaya, p-adic Differential Fquations. No. 125 in Cambridge Studies in
Advanced Mathematics. Cambridge University Press, New York, 2010.

D. Arapuru, “The Monodromy-Weight Conjecture,”.
https://www.math.purdue.edu/~tongliu/seminar/Perfectoid/monod. pdf.

C.-N. Yang and T. D. Lee, “Statistical theory of equations of state and phase
transitions. 1. Theory of condensation,” Phys. Rev. 87 (1952) 404-409.

339


http://arxiv.org/abs/hep-th/0312046
http://dx.doi.org/10.1016/0550-3213(94)90214-3
http://arxiv.org/abs/hep-th/9408099
http://dx.doi.org/10.1016/0550-3213(94)90124-4
http://dx.doi.org/10.1016/0550-3213(94)90124-4
http://arxiv.org/abs/hep-th/9407087
http://dx.doi.org/10.1103/PhysRevD.102.106011
http://arxiv.org/abs/2005.05983
https://math.uchicago.edu/~haolee/Nacho_Notes.pdf
http://dx.doi.org/10.24033/msmf.161
http://dx.doi.org/10.24033/msmf.161
http://dx.doi.org/10.1142/S0217751X96001000
http://arxiv.org/abs/hep-th/9505150
http://dx.doi.org/10.1016/S0550-3213(97)00133-8
http://dx.doi.org/10.1016/S0550-3213(97)00133-8
http://arxiv.org/abs/hep-th/9609116
www.numdam.org/item/PMIHES_1980__52__137_0/
https://www.math.purdue.edu/~tongliu/seminar/Perfectoid/monod.pdf
http://dx.doi.org/10.1103/PhysRev.87.404

240

[241]

[242)

[243]

[244]

[245]

[246]

247]

[248]

[249]

[250]

[251]

[252)

[253]

[254]

T. D. Lee and C.-N. Yang, “Statistical theory of equations of state and phase
transitions. 2. Lattice gas and Ising model,” Phys. Rev. 87 (1952) 410-419.

M. Noguchi, S. Terashima, and S.-K. Yang, “N = 2 Superconformal Field Theory
with ADE Global Symmetry on a D3-brane Probe,” Nucl. Phys. B 556 (1999)
115-151, arXiv:hep-th/9903215.

O. DeWolfe and B. Zwiebach, “String Junctions for Arbitrary Lie algebra
Representations,” Nucl. Phys. B 541 (1999) 509-565, arXiv:hep-th/9804210.

Y. Tachikawa, “N = 2 supersymmetric dynamics for pedestrians,” arXiv:1312.2684
[hep-th].

T. Weigand, “TASI Lectures on F-theory,” PoS TASI2017 (2018) 016,
arXiv:1806.01854 [hep-th].

E. Witten, “Solutions of Four-Dimensional Field Theories via M-Theory,” Nucl.
Phys. B 500 (1997) 3-42, arXiv:hep-th/9703166.

D. Gaiotto, “N = 2 Dualities,” JHEP 08 (2012) 034, arXiv:0904.2715 [hep-th].

B. Casselman, “Geometry of the Tree,”.
https://www.math.ubc.ca/~cass/research/pdf/Tree.pdf.

F. Bruhat and J. Tits, “Groupes r eductifs sur un corps local: I. Données radicielles
valuées,” Publications Mathématiques de 'THES 41 (1972) 5-251.

J. M. Maldacena, “The Large N Limit of Superconformal Field Theories and
Supergravity,” Int. J. Theor. Phys. 38 (1999) 1113-1133, arXiv:hep-th/9711200.

S. Gubser, I. R. Klebanov, and A. M. Polyakov, “Gauge Theory Correlators from
Non-Critical String Theory,” Phys. Lett. B 428 (1998) 105-114,
arXiv:hep-th/9802109.

E. Witten, “Anti-de Sitter Space and Holography,” Adv. Theor. Math. Phys. 2
(1998) 253-291, arXiv:hep-th/9802150.

O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri, and Y. Oz, “Large N Field
Theories, String Theory and Gravity,” Phys. Rept. 323 (2000) 183-386,
arXiv:hep-th/9905111.

)

J. Polchinski, “Introduction to Gauge/Gravity Duality,” in Theoretical Advanced
Study Institute in Elementary Particle Physics: String theory and its Applications:

From meV to the Planck Scale, pp. 3-46. 10, 2010. arXiv:1010.6134 [hep-th].

S. Payne, “Analytification is the limit of all tropicalizations,” arXiv:0805.1916
[math.AG].

340


http://dx.doi.org/10.1103/PhysRev.87.410
http://dx.doi.org/10.1016/S0550-3213(99)00343-0
http://dx.doi.org/10.1016/S0550-3213(99)00343-0
http://arxiv.org/abs/hep-th/9903215
http://dx.doi.org/10.1016/S0550-3213(98)00743-3
http://arxiv.org/abs/hep-th/9804210
http://arxiv.org/abs/1312.2684
http://arxiv.org/abs/1312.2684
http://arxiv.org/abs/1806.01854
http://dx.doi.org/10.1016/S0550-3213(97)00416-1
http://dx.doi.org/10.1016/S0550-3213(97)00416-1
http://arxiv.org/abs/hep-th/9703166
http://dx.doi.org/10.1007/JHEP08(2012)034
http://arxiv.org/abs/0904.2715
https://www.math.ubc.ca/~cass/research/pdf/Tree.pdf
http://dx.doi.org/10.1023/A:1026654312961
http://arxiv.org/abs/hep-th/9711200
http://dx.doi.org/10.1016/S0370-2693(98)00377-3
http://arxiv.org/abs/hep-th/9802109
http://dx.doi.org/10.4310/ATMP.1998.v2.n2.a2
http://dx.doi.org/10.4310/ATMP.1998.v2.n2.a2
http://arxiv.org/abs/hep-th/9802150
http://dx.doi.org/10.1016/S0370-1573(99)00083-6
http://arxiv.org/abs/hep-th/9905111
http://dx.doi.org/10.1142/9789814350525_0001
http://arxiv.org/abs/1010.6134
http://arxiv.org/abs/0805.1916
http://arxiv.org/abs/0805.1916

[255]

[256]

[257]

[258]

[259]

[260]

[261]

262]

[263]

[264]

[265]

[266]

[267]

268

J. Hadamard, “Sur la distribution des zéros de la fonction ((s) et ses conséquences
arithmétiques,” Bulletin de la Société Mathématique de France 24 (1896) 199-220.

C.-J. de la Vallée Poussin, “Recherches analytiques sur la théorie des nombres
premiers,” Annales de la Société scientifique de Bruzelles, Imprimeur de I’Académie
Royale de Belgique 20B, 21B (1896) 183-256, 281-352, 363-397, 351-368.

D. Ghoshal and T. Kawano, “Towards p-Adic string in constant B-field,” Nucl. Phys.
B 710 (2005) 577-598, arXiv:hep-th/0409311.

A. K. Bikulov and A. P. Zubarev, “On one real basis for [*(g,),” arXiv:1504.03624
[math-ph].

R.-b. Zhang, “Lagrangian Formulation of Open and Closed P~adic Strings,” Phys.
Lett. B 209 (1988) 229-232.

G. Veneziano, “Construction of a crossing - symmetric, Regge behaved amplitude for
linearly rising trajectories,” Nuovo Cim. A 57 (1968) 190-197.

S. Albeverio and S. V. Kozyrev, “Pseudodifferential p-adic vector fields and
pseudodifferentiation of a composite p-adic function,” arXiv:1105.1506 [math.MG].

“Are C' and @p isomorphic?,”.
https://mathoverflow.net/questions/23264/are-c-and-barq-p-isomorphic.

M. Hamburg, “Construction of C, and Extension of p-adic Valuations to C,”.
https://wstein.org/129/projects/hamburg/Project.pdf.

Y

M. Jonsson, “Dynamics on berkovich spaces in low dimensions,” in Berkovich Spaces
and Applications, A. Ducros, C. Favre, and J. Ncaise, eds., vol. 2119 of Lecture Notes
in Mathematics, pp. 205-366. Springer, Heidelberg, 2015.

7

M. Raynaud, “Géométrie analytique rigide d’apres tate, kiehl...,” in Table ronde
d’analyse non archimédienne (Paris, 1972), no. 39-40 in Mémoires de la Société

Mathématique de France, pp. 319-327. Société mathématique de France, 1974.

P. Schneider, “Basic Notions of Rigid Analytic Geometry,” in Galois Representations
in Arithmetic Algebraic Geometry (Durham, 1996), vol. 254 of London Math. Soc.
Lecture Note Series, pp. 369-378. Cambridge Univ. Press, Cambridge, 1998.

V. G. Berkovich, “Etale Cohomology for non-Archimedean Analytic Spaces,”
Publications Mathématiques de Ulnstitut des Hautes Etudes Scientifiques 78 (1993)
5-161.

R. Huber, Etale Cohomology of Rigid Analytic Varieties and Adic Spaces. Friedr.
Vieweg & Sohn, Braunschweig, 1996.

341


http://dx.doi.org/10.1016/j.nuclphysb.2004.12.025
http://dx.doi.org/10.1016/j.nuclphysb.2004.12.025
http://arxiv.org/abs/hep-th/0409311
http://arxiv.org/abs/1504.03624
http://arxiv.org/abs/1504.03624
http://dx.doi.org/10.1016/0370-2693(88)90937-9
http://dx.doi.org/10.1016/0370-2693(88)90937-9
http://dx.doi.org/10.1007/BF02824451
http://arxiv.org/abs/1105.1506
https://mathoverflow.net/questions/23264/are-c-and-barq-p-isomorphic
https://wstein.org/129/projects/hamburg/Project.pdf

269

[270]

271]

[272)

[273]

[274]

[275]

[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

M. Baker and R. Rumely, Potential Theory and Dynamics on the Berkovich
Projective Line, vol. 159 of Mathematical Surveys and Monographs. American
Mathematical Society, Providence, R.I., 1996.

A. Chambert-Loir and A. Ducros, “Formes différentielles réelles et courants sur les
espaces de berkovich,” arXiv:1204.6277 [math.AG].

P. Jell, Real-valued differential forms on Berkovich analytic spaces and their
cohomology. PhD thesis, Universitat Regensburg, 2016.

A. Lagerberg, “Super currents and tropical geometry,” arXiv:1008.2856 [math.AG].

A. Chambert-Loir, “Differential forms and currents on Berkovich spaces,”.
https://web.ma.utexas.edu/users/sampayne/pdf/ChambertLoir.pdf.

A. Chambert-Loir, “From complex function theory to non-archimedean spaces: A
number theoretical thread,”. https://webusers.imj-prg.fr/~antoine.
chambert-loir/publications/exposes/ntws-20210602.pdf.

J. Poineau and D. Turchetti, “Berkovich curves and schottky uniformization,”
arXiv:2010.09043 [math.AG].

M. A. Virasoro, “Alternative constructions of crossing-symmetric amplitudes with
regge behavior,” Phys. Rev. 177 (1969) 2309-2311.

J. Shapiro, “Electrostatic analogue for the virasoro model,” Physics Letters B 33
no. 5, (1970) 361-362.

L. Brekke, P. G. Freund, M. Olson, and E. Witten, “Nonarchimedean String
Dynamics,” Nucl. Phys. B 302 (1988) 365-402.

J. Polchinski, “Dirichlet Branes and Ramond-Ramond charges,” Phys. Rev. Lett. 75
(1995) 4724-4727, arXiv:hep-th/9510017.

S. Lang, Introduction to Arakelov Theory. Springer-Verlag, 1988.

M. Bershadsky, A. Johansen, T. Pantev, and V. Sadov, “On Four-Dimensional
Compactifications of F-Theory,” Nucl. Phys. B 505 (1997) 165-201,
arXiv:hep-th/9701165.

R. Donagi and M. Wijnholt, “Model Building with F-Theory,” Adv. Theor. Math.
Phys. 15 no. 5, (2011) 1237-1317, arXiv:0802.2969 [hep-th].

S. J. Arakelov, “Intersection Theory of Divisors on an Arithmetic Surface,”
Mathematics of the USSR-Izvestiya 8 no. 6, (1974) 1167.

342


http://arxiv.org/abs/1204.6277
http://arxiv.org/abs/1008.2856
https://web.ma.utexas.edu/users/sampayne/pdf/ChambertLoir.pdf
https://webusers.imj-prg.fr/~antoine.chambert-loir/publications/exposes/ntws-20210602.pdf
https://webusers.imj-prg.fr/~antoine.chambert-loir/publications/exposes/ntws-20210602.pdf
http://arxiv.org/abs/2010.09043
http://dx.doi.org/10.1016/0550-3213(88)90207-6
http://dx.doi.org/10.1103/PhysRevLett.75.4724
http://dx.doi.org/10.1103/PhysRevLett.75.4724
http://arxiv.org/abs/hep-th/9510017
http://dx.doi.org/10.1016/S0550-3213(97)00393-3
http://arxiv.org/abs/hep-th/9701165
http://dx.doi.org/10.4310/ATMP.2011.v15.n5.a2
http://dx.doi.org/10.4310/ATMP.2011.v15.n5.a2
http://arxiv.org/abs/0802.2969

[284]

[285]

[286]

[287]

[288)]

[289)]

[290]

291]

292]

293

294]

[295]

[296]

1297]

298]

[299]

G. Faltings, “Intersection Theory of Divisors on an Arithmetic Surface,” Annals of
Math. 119 no. 2, (1984) 387-424.

A. Grothendieck, “La théorie des Classes de Chern,” Bull. Soc. Math. France 86
(1958) 137-154.

J. Borger, “The basic geometry of witt vectors, i: The affine case,” arXiv:0801.1691
[math.AG].

J. Borger, “A-Rings and the Field with One Element,” arXiv:0906.3146 [math.NT].

J. Borger, “The basic geometry of witt vectors, ii: Spaces,” arXiv:1006.0092
[math.AG].

D. Knutson, A-Rings and the Representation Theory of the Symmetric Group.
No. 308 in Lecture Notes in Mathematics. Springer-Verlag, 1973.

“Wikipedia Entry on A-Rings,”.
https://en.wikipedia.org/wiki/$\Lambda$-ring.

A. Buium, “Arithmetic Analogues of Derivations,” J. Algebra 198 no. 1, (1997)
290-299.

A. Buium, “Geometry of p-Jets,” Duke Math. J. 82 (1996) 349-367.

A. Buium, Arithmetic Differential Equations, vol. 118 of Mathematical Surveys and
Monographs. American Mathematical Society, 2005.

A. Buium, Foundations of Arithmetic Differential Geometry, vol. 222 of Mathematical
Surveys and Monographs. American Mathematical Society, 2017.

J. Jeffries, “Differentiating by Prime Numbers,” Notices of the American
Mathematical Socity 70 no. 11, (2023) 1772, arXiv:2311.13551 [math.HO].

N. Kurokawa, H. Ochiai, and M. Wakayama, “Absolute derivations and zeta
functions,” in Eztra Volume: Kazuya Kato’s Fiftieth Birthday, Documenta
Mathematica, pp. 565-584. 2003.

J. C. Lagarias, A Note on Absolute Derivations and Zeta Functions, pp. 279-285.
Birkhauser Boston, Boston, MA, 2005.

K. Conrad, “THE CHARACTER GROUP OF Q,”.
https://kconrad.math.uconn.edu/blurbs/gradnumthy/characterQ.pdf.

B. Mazur, “Remarks on the Alexander Polynomial,”.
https://sites.harvard.edu/barry-mazur/older-material/.

343


http://arxiv.org/abs/0801.1691
http://arxiv.org/abs/0801.1691
http://arxiv.org/abs/0906.3146
http://arxiv.org/abs/1006.0092
http://arxiv.org/abs/1006.0092
https://en.wikipedia.org/wiki/$\Lambda $-ring
http://arxiv.org/abs/2311.13551
https://kconrad.math.uconn.edu/blurbs/gradnumthy/characterQ.pdf
https://sites.harvard.edu/barry-mazur/older-material/

300]

301]

302]

303

[304]

305

306

307]

308

309

[310]

311]

[312]

313

314]

[315]

B. Mazur, “Notes on étale cohomology of number fields,” Ann. Sci. Ecole Norm. Sup.
(4) no. 6, (1974) 521-552.

M. Kim, “On Spec(Z) and Three-Manifolds,”. https:
//minhyongkim.wordpress.com/wp-content/uploads/2013/05/baez13-12.pdf.

D. Tong, “Lectures on the Quantum Hall Effect,” arXiv:1606.06687 [hep-th].

A. M. Polyakov, “Fermi-Bose Transmutations Induced by Gauge Fields,” Mod. Phys.
Lett. A 3 (1988) 325.

E. Witten, “Quantum Field Theory and the Jones Polynomial,” Commun. Math.
Phys. 121 (1989) 351-399.

J. Lépez Pena and O. Lorscheid, “Mapping Fi-land: An overview of geometries over
the field with one element,” arXiv:0909.0069 [math.AG].

V. S. Miller, “Use of elliptic curves in cryptography,” in Advances in Cryptology —
CRYPTO 85 Proceedings, H. C. Williams, ed., pp. 417-426. Springer Berlin
Heidelberg, Berlin, Heidelberg, 1986.

N. Koblitz, “Elliptic curve cryptosystems,” Mathematics of Computation 48 (1987)
203-209.

H. W. Lenstra, Jr., “Factoring integers with elliptic curves,” Annals of Mathematics
126 (1987) 649-673.

J. J. Heckman and H. Verlinde, “Evidence for F(uzz) Theory,” JHEP 01 (2011) 044,
arXiv:1005.3033 [hep-th].

P. Scholze, “Perfectoid Spaces,” Publications Mathématiques de I'IHES 116 (2012)
245-313.

P. Scholze, “Perfectoid Spaces: A survey,” arXiv:1303.5948 [math.AG].

M. R. Douglas, T. W. Grimm, and L. Schlechter, “The Tameness of Quantum Field
Theory, Part I — Amplitudes,” arXiv:2210.10057 [hep-th].

T. W. Grimm, “Taming the landscape of effective theories,” JHEP 11 (2022) 003,
arXiv:2112.08383 [hep-th].

T. W. Grimm, S. Lanza, and C. Li, “Tameness, Strings, and the Distance
Conjecture,” JHEP 09 (2022) 149, arXiv:2206.00697 [hep-th].

M. R. Douglas, T. W. Grimm, and L. Schlechter, “The Tameness of Quantum Field
Theory, Part IT — Structures and CFTs,” arXiv:2302.04275 [hep-th].

344


https://minhyongkim.wordpress.com/wp-content/uploads/2013/05/baez13-12.pdf
https://minhyongkim.wordpress.com/wp-content/uploads/2013/05/baez13-12.pdf
http://arxiv.org/abs/1606.06687
http://dx.doi.org/10.1142/S0217732388000398
http://dx.doi.org/10.1142/S0217732388000398
http://dx.doi.org/10.1007/BF01217730
http://dx.doi.org/10.1007/BF01217730
http://arxiv.org/abs/0909.0069
http://dx.doi.org/10.1007/JHEP01(2011)044
http://arxiv.org/abs/1005.3033
http://arxiv.org/abs/1303.5948
http://arxiv.org/abs/2210.10057
http://dx.doi.org/10.1007/JHEP11(2022)003
http://arxiv.org/abs/2112.08383
http://dx.doi.org/10.1007/JHEP09(2022)149
http://arxiv.org/abs/2206.00697
http://arxiv.org/abs/2302.04275

[316] T. W. Grimm, L. Schlechter, and M. van Vliet, “Complexity in Tame Quantum
Theories,” arXiv:2310.01484 [hep-th].

[317] L. P. D. v. d. Dries, Tame Topology and O-minimal Structures. London
Mathematical Society Lecture Note Series. Cambridge University Press, 1998.

[318] A. Klemm, C. Nega, and R. Safari, “The [-loop Banana Amplitude from GKZ
Systems and relative Calabi-Yau Periods,” JHEP 04 (2020) 088, arXiv:1912.06201
[hep-th].

[319] K. Bonisch, F. Fischbach, A. Klemm, C. Nega, and R. Safari, “Analytic structure of
all loop banana integrals,” JHEP 05 (2021) 066, arXiv:2008.10574 [hep-th].

[320] M. Kalmykov, V. Bytev, B. A. Kniehl, S.-O. Moch, B. F. L. Ward, and S. A. Yost,
“Hypergeometric Functions and Feynman Diagrams,” in Antidifferentiation and the
Calculation of Feynman Amplitudes. 12, 2020. arXiv:2012.14492 [hep-th].

[321] C. Duhr, A. Klemm, C. Nega, and L. Tancredi, “The ice cone family and iterated
integrals for Calabi-Yau varieties,” arXiv:2212.09550 [hep-th].

[322] H. A. Chawdhry, “p-adic reconstruction of rational functions in multi-loop
amplitudes,” arXiv:2312.03672 [hep-ph].

[323] C. Itzykson and J. B. Zuber, Quantum Field Theory. International Series In Pure
and Applied Physics. McGraw-Hill, New York, 1980.

[324] S. Weinberg, The Quantum theory of fields. Vol. 1: Foundations. Cambridge
University Press, 6, 2005.

[325] M. E. Peskin and D. V. Schroeder, An Introduction to quantum field theory.
Addison-Wesley, Reading, USA, 1995.

[326] S. Weinberg, The quantum theory of fields. Vol. 2: Modern applications. Cambridge
University Press, 8, 2013.

[327] S. Weinberg, The quantum theory of fields. Vol. 3: Supersymmetry. Cambridge
University Press, 6, 2013.

[328] M. D. Schwartz, Quantum Field Theory and the Standard Model. Cambridge
University Press, 3, 2014.

[329] P. A. Damianou, “On the characteristic polynomial of cartan matrices and chebyshev
polynomials,” arXiv:1110.6620 [math.RT].

[330] T. J. Rivlin, The Chebyshev Polynomials. John Wiley & Sons, 1974.

345


http://arxiv.org/abs/2310.01484
http://dx.doi.org/10.1017/CBO9780511525919
http://dx.doi.org/10.1007/JHEP04(2020)088
http://arxiv.org/abs/1912.06201
http://arxiv.org/abs/1912.06201
http://dx.doi.org/10.1007/JHEP05(2021)066
http://arxiv.org/abs/2008.10574
http://dx.doi.org/10.1007/978-3-030-80219-6_9
http://arxiv.org/abs/2012.14492
http://arxiv.org/abs/2212.09550
http://arxiv.org/abs/2312.03672
http://dx.doi.org/10.1017/CBO9781139644167
http://dx.doi.org/10.1017/CBO9781139644174
http://arxiv.org/abs/1110.6620

[331] P. L. Chebyshev, “Théorie des mécanismes connus sous le nom de parallélogrammes,”

Mémoires des Savants étrangers présentés a I’Académie de Saint-Pétersbourg T
(1854) 539—-586.

[332] D. M. Goldschmidt, Algebraic Functions and Projective Curves. Springer-Verlag,
2003.

[333] M. Artin, Algebra. Prentice Hall, 1991.
[334] D. Dummit and R. Foote, Abstract Algebra. Wiley, 2003.

[335] R. Vakil, “Algebraic Geometry Notes,”.
https://math.stanford.edu/~vakil/725/course.html.

[336] “Flat modules and flat ring maps,”.
https://stacks.math.columbia.edu/tag/00HB.

[337] “morphism of finite presentation,”.
https://ncatlab.org/nlab/show/morphism+tof+finite+presentation.

[338] “Wikipedia Entry on Etale Morphism,”.
https://en.wikipedia.org/wiki/etale_morphism.

[339] B. Conrad, “Etale Topology Notes,”.
http://virtualmathl.stanford.edu/~conrad/Weil2seminar/Notes/L2.pdf.

[340] Giinter Tamme, Introduction to Etale Cohomology. Springer-Verlag, 1994.

[341] “Wikipedia Entry on Crystalline Cohomology,”.
https://en.wikipedia.org/wiki/Crystalline_cohomology.

[342] M. Artin, “The étale topology of schemes,” Proc. Internat. Congress Mathematicians
(Moscow, 1966), Mir (1968) 44-56.

[343] F. Zeng, Nonlinear Codes: Representation, Constructions, Minimum Distance
Computation and Decoding. Universitat Autonoma de Barcelona,, 2014.

[344] T. Hgholdt, J. van Lint, and G. Pellikaan, “Algebraic geometry codes,” in Handbook
of Coding Theory, Vol. 1, V. Pless and W. Huffman, eds., pp. 871-961. Elsevier,
Netherlands, 1998.

[345] J.-L. Kim and G. L. Matthews, “Quantum error-correcting codes from algebraic
curves,” in Advances in Algebraic Geometry Codes, Series on Coding Theory and
Cryptology: Vol. 5, E. Martinez-Moro, C. Munuera, and D. Ruano, eds., pp. 419-444.
World Scientific, 2008.

346


https://math.stanford.edu/~vakil/725/course.html
https://stacks.math.columbia.edu/tag/00HB
https://ncatlab.org/nlab/show/morphism+of+finite+presentation
https://en.wikipedia.org/wiki/etale_morphism
http://virtualmath1.stanford.edu/~conrad/Weil2seminar/Notes/L2.pdf
https://en.wikipedia.org/wiki/Crystalline_cohomology

[346] V. Savin, “Algebraic-geometric codes from vector bundles and their decoding,”
arXiv:0803.1096 [cs.IT].

[347] D. Gottesman, Stabilizer Codes and Quantum Error Correction. PhD thesis, Caltech,
1997. arXiv:quant-ph/9705052.

[348] N. Bourbaki, Algebra I. Springer, 1989.

[349] “Wikipedia Entry on Inverse Limit,”.
https://en.wikipedia.org/wiki/Inverse_limit.

[350] “Wikipedia Entry on Etale Fundamental Group,”.
https://en.wikipedia.org/wiki/etale_fundamental_group.

[351] Corwin, David, “Galois Groups and Fundamental Groups,”.
https://math.berkeley.edu/~dcorwin/files/etale.pdf.

[352] K. S. Kedlaya, “More Etale Covers of Affine Spaces in Positive Characteristic,”
math/0303382 [math.AG].

[353] R. Penrose, “T'wistor algebra,” J. Math. Phys. 8 (1967) 345.

[354] R. Penrose, “Twistor quantization and curved space-time,” Int. J. Theor. Phys. 1
(1968) 61-99.

[355] M. F. Atiyah and R. S. Ward, “Instantons and Algebraic Geometry,” Commun.
Math. Phys. 55 (1977) 117-124.

[356] M. Dunajski, “Antiselfdual four manifolds with a parallel real spinor,” Proc. Roy.
Soc. Lond. A 458 (2002) 1205-1222, arXiv:math/0102225.

[357] J. J. Heckman and L. Tizzano, “6D Fractional Quantum Hall Effect,” JHEP 05
(2018) 120, arXiv:1708.02250 [hep-th].

[358] J. J. Heckman, A. Joyce, J. Sakstein, and M. Trodden, “Exploring 2 + 2 Answers to
3 + 1 Questions,” Int. J. Mod. Phys. A 37 no. 34, (2022) 2250201,
arXiv:2208.02267 [hep-th].

[359] M. Atiyah, M. Dunajski, and L. Mason, “Twistor theory at fifty: from contour
integrals to twistor strings,” Proc. Roy. Soc. Lond. A 473 no. 2206, (2017) 20170530,
arXiv:1704.07464 [hep-th].

[360] P. Scholze, “p-adic geometry,” arXiv:1712.03708 [math.AG].

[361] N. Nekrasov and A. S. Schwarz, “Instantons on noncommutative R* and (2, 0)
superconformal six-dimensional theory,” Commun. Math. Phys. 198 (1998) 689-703,
arXiv:hep-th/9802068.

347


http://arxiv.org/abs/0803.1096
http://arxiv.org/abs/quant-ph/9705052
https://en.wikipedia.org/wiki/Inverse_limit
https://en.wikipedia.org/wiki/etale_fundamental_group
https://math.berkeley.edu/~dcorwin/files/etale.pdf
http://arxiv.org/abs/math/0303382
http://dx.doi.org/10.1063/1.1705200
http://dx.doi.org/10.1007/BF00668831
http://dx.doi.org/10.1007/BF00668831
http://dx.doi.org/10.1007/BF01626514
http://dx.doi.org/10.1007/BF01626514
http://dx.doi.org/10.1098/rspa.2001.0918
http://dx.doi.org/10.1098/rspa.2001.0918
http://arxiv.org/abs/math/0102225
http://dx.doi.org/10.1007/JHEP05(2018)120
http://dx.doi.org/10.1007/JHEP05(2018)120
http://arxiv.org/abs/1708.02250
http://dx.doi.org/10.1142/S0217751X22502013
http://arxiv.org/abs/2208.02267
http://dx.doi.org/10.1098/rspa.2017.0530
http://arxiv.org/abs/1704.07464
http://arxiv.org/abs/1712.03708
http://dx.doi.org/10.1007/s002200050490
http://arxiv.org/abs/hep-th/9802068

[362] N. Seiberg and E. Witten, “String Theory and Noncommutative Geometry,” JHEP
09 (1999) 032, arXiv:hep-th/9908142.

[363] K. Hensel, “Uber eine neue Begriindung der Theorie der algebraischen Zahlen,”
Jahresbericht der Deutschen Mathematiker-Vereinigung 6 no. 3, (1897) 83-88.

[364] “Is the algebraic closure of a p-adic field complete,”.
https://math.stackexchange.com/questions/123925/
is-the-algebraic-closure-of-a-p-adic-field-complete.

[365] R. Baire, “Sur les fonctions de variables r’eelles,” Ann. di Mat. Pura ed Appl. 3
(1899) 1—123.

[366] “Planetmath Entry on p-adic exponential and p-adic logarithm,”.
https://planetmath.org/PadicExponentialAndPadicLogarithm.

[367] F. Bruhat, Lectures on Some Aspects of p-adic Analysis. Tata Institute of
Fundamental Research, 1963.

[368] E. Witt, “Zyklische Kérper und Algebren der Characteristik p vom Grad p™.
Struktur diskret bewerteter perfekter Korper mit vollkommenem Restklassenkorper
der Charakteristik p™,” Journal fiir die Reine und Angewandte Mathematik 176
(1937) 126-140.

[369] “Wikipedia Entry on Witt Vectors,”.
https://en.wikipedia.org/wiki/Witt_vector.

[370] J. Rabinoff, “The Theory of Witt Vectors,” arXiv:1409.7445 [math.NT].

[371] K. Hensel, “Neue Grundlagen der Arithmetik,” Journal fir die reine und angewandte
Mathematik 127 (1904) 51-84.

[372] K. Hensel, Theorie der algebraischen Zahlen. B.G. Teubner, 1908.

[373] Conrad, Keith, “HENSEL’S LEMMA,”.
https://kconrad.math.uconn.edu/blurbs/gradnumthy/hensel . pdf.

[374] N. Bourbaki, Commutative Algebra. Springer, 1972.

[375] Conrad, Keith, “INFINITE SERIES IN p-ADIC FIELDS,”.
https://kconrad.math.uconn.edu/blurbs/gradnumthy/infseriespadic.pdf.

[376] H. Cohen, Number theory, Volume I: Tools and Diophantine equations. No. 239 in
Graduate Texts in Mathematics. Springer, 2007.

[377] “Wikipedia Entry on P-adic Exponential Function,”.
https://en.wikipedia.org/wiki/P-adic_exponential_function.

348


http://dx.doi.org/10.1088/1126-6708/1999/09/032
http://dx.doi.org/10.1088/1126-6708/1999/09/032
http://arxiv.org/abs/hep-th/9908142
https://math.stackexchange.com/questions/123925/is-the-algebraic-closure-of-a-p-adic-field-complete
https://math.stackexchange.com/questions/123925/is-the-algebraic-closure-of-a-p-adic-field-complete
https://planetmath.org/PadicExponentialAndPadicLogarithm
https://en.wikipedia.org/wiki/Witt_vector
http://arxiv.org/abs/1409.7445
https://kconrad.math.uconn.edu/blurbs/gradnumthy/hensel.pdf
https://kconrad.math.uconn.edu/blurbs/gradnumthy/infseriespadic.pdf
https://en.wikipedia.org/wiki/P-adic_exponential_function

[378] M. Spradlin and A. Volovich, “Symbols of One-Loop Integrals From Mixed Tate
Motives,” JHEP 11 (2011) 084, arXiv:1105.2024 [hep-th].

[379] R. F. Coleman, “Dilogarithms, regulators and p-adic I-functions.,” Inventiones
mathematicae 69 (1982) 171-208.

[380] “Wikipedia Entry on Ramification (mathematics),”.
https://en.wikipedia.org/wiki/Ramification_(mathematics).

[381] “Wikipedia Entry on Ramification Group,”.
https://en.wikipedia.org/wiki/Ramification_group.

[382] H.C. Johansson, “Part III - Local Fields (transcribed by D. Chua),”.
https://dec4l.user.srcf.net/notes/III_M/local_fields_trim.pdf.

[383] A. Frohlich and M. J. Taylor, Algebraic Number Theory. Cambridge Studies in
Advanced Mathematics. Cambridge University Press, 1991.

[384] “Wikipedia Entry on Tate Curve,”. https://en.wikipedia.org/wiki/Tate_curve.

[385] “Wikipedia Entry on Berkovich Space,”.
https://en.wikipedia.org/wiki/Berkovich_space.

[386] O. Aharony, A. Hanany, and B. Kol, “Webs of (p,q) Five-Branes, Five-Dimensional
Field Theories and Grid Diagrams,” JHEP 01 (1998) 002, arXiv:hep-th/9710116.

[387] N. C. Leung and C. Vafa, “Branes and Toric Geometry,” Adv. Theor. Math. Phys. 2
(1998) 91-118, arXiv:hep-th/9711013.

[388] E. Katz and S. Payne, “Realization spaces for tropical fans,” arXiv:0909.4582
[math.AG].

349


http://arxiv.org/abs/1105.2024
https://en.wikipedia.org/wiki/Ramification_(mathematics)
https://en.wikipedia.org/wiki/Ramification_group
https://dec41.user.srcf.net/notes/III_M/local_fields_trim.pdf
https://en.wikipedia.org/wiki/Tate_curve
https://en.wikipedia.org/wiki/Berkovich_space
http://dx.doi.org/10.1088/1126-6708/1998/01/002
http://arxiv.org/abs/hep-th/9710116
http://dx.doi.org/10.4310/ATMP.1998.v2.n1.a4
http://dx.doi.org/10.4310/ATMP.1998.v2.n1.a4
http://arxiv.org/abs/hep-th/9711013
http://arxiv.org/abs/0909.4582
http://arxiv.org/abs/0909.4582

	I Introduction and Motivation
	Introduction
	Disclaimers
	Discretized Target Spaces
	Point Particle
	2D Example
	Philosophical Comments


	II Physics in Characteristic p > 0
	Discretization in Characteristic p > 0
	Physics on Fp
	Physics on Fq
	Physics on Fp
	Physics on Varieties in Characteristic p
	Further ``Metric'' Considerations
	Statistical Formulation

	Hilbert Space Considerations 
	Special Case: HBig(A1) vs Hsmall(A1)
	Operators

	Quantum Error Correction
	Quasi-Locality

	Scale Entanglement and an Emergent Bulk 
	Examples of Scale Entangled States

	Mode Expansions and Feynman Diagrams
	Correlation Functions in a Gaussian Model
	Loop Corrections in 4 Theory
	Effective Potential and Higher Dimension Operators
	Winding Modes and Double Fields 

	Green's Function on the Cylinder 
	Symmetries and Currents 
	Target Space Examples
	Spacetime Symmetry Examples

	Topological Actions 
	Physical Twistors and Amplitudes
	Twistor Space
	Zero Modes and Amplitudes

	Fermionic Systems
	Supersymmetry
	A Cohomology Theory
	Zeta Functions

	FI Parameters Revisited
	Geometric Engineering in Characteristic p > 0
	Higgs Bundles and Local Singularities
	6D SCFTs and Topological Modular Forms
	Non-Calabi-Yau Cases


	III Mixed Characteristic and Beyond
	Lifting to the p-adics 
	Action Principles
	Aside on Moduli Spaces
	Quantum Considerations

	State Counting and Period Integrals 
	Periods of an Elliptic Curve
	BPS States and Seiberg-Witten Curves

	Holographic Structures
	Entangled p-adic Numbers

	“Standard” p-adic Physics
	Analytification 
	Topological Refinements
	Building Actions
	Brief Aside on Holography
	Closed Berkovich Strings
	Open Berkovich Strings
	Adding D-branes
	Back to Mixed Characteristic

	More General Arithmetic Structures
	Zeta Functions Revisited
	Geometric Engineering Revisited


	IV Speculations with Spec Z
	A Walk Amongst the Primes 
	Path Integrals and Vol(Z )
	Generalization to Q

	Prime Derivatives 
	Prime Derivatives
	Moving Frames 
	Second Order Derivatives
	Squaring Differentials
	Derivatives over Z[xP] 
	Differentials
	Evaluation Map 

	Path Integrals with Z [{ xp} p prime]Z [xP] 
	Low Degree Approximation 


	V The End
	Conclusions and Further Speculations
	Acknowledgments
	Notes and Version History

	VI Appendices
	1D Lattice Systems 
	The D=1 Free Scalar
	Adding a Mass Term
	Adding a p Potential
	Another Simple Potential: p+1
	A Deceptively Simple Potential: m(p-1)

	Lattice versus Hasse Derivatives 
	Finite Fields 
	Geometry in Characteristic p 
	Grothendieck Topologies 
	Codes 
	Classical Algebraic Codes
	Quantum Error Correcting Codes

	Partition Function for a Free Field 
	Alternative Action on A 
	Inverse Limits 
	The Étale Fundamental Group 
	Some Zeta Functions 
	Real and Complex Spacetime Twistors 
	Minkowski Space
	Anti de Sitter Space
	De Sitter Space

	Alternative Supersymmetric Action
	Evidence for Quantized FI Parameters
	Issues and Workarounds

	Brief Review of Qp, Qp and Cp 
	Witt Vectors 
	Exponential Function on the p-adics 
	Logarithm Function on the p-adics 
	Ramification for Algebraic and Local Fields 
	Approximate Monodromy 
	Aspects of Berkovich Spaces 
	Tropicalization 
	Evaluating a Berkovich Amplitude 
	The Case Qp
	The Case Qq
	Reinterpretation as a Contour Integral

	Difficulties with Arithmetic Saddle Points 
	Fpq=0 Configurations 
	Sketch of an Arithmetic Path Integral 


