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ABSTRACT

In this thesis, we consider two topics in string theory and quantum field the-
ory which are related by the common appearance of one-dimensional pro-
jective geometry. In the first half of the thesis, we study siz-dimensional
(6D) supersymmetric quantum field theories and supergravity at the leading
(tree) approximation and compute the complete S-matrix for these theories as
world-sheet integrals over the punctured Riemann sphere. This exploits the
analytic structure of tree amplitudes which are rational and holomorphic in
the kinematics and naturally related to the geometry of points on the com-
plex projective line. The 6D n-particle S-matrix makes many symmetries and
hidden properties manifest and generalizes the well-studied formulas for four-
dimensional amplitudes in the form of twistor string theory and the rational
curves formalism. While the systems we study are all field theories, they are
in essence low-enerqy effective field theory limits of string theory and M-theory
backgrounds. This includes theories such as those with 6D (2, 0) supersymme-
try which contain U(1) self-dual tensor fields which are difficult to treat from
a Lagrangian point of view. Our formulas circumvent this difficulty and allow
a generalization and unification of a large class of 6D scattering amplitudes
which permit a sensible classical limit, including the abelian world-volume of
the M-theory Five-brane. Dimensional reduction to four dimensions is also

possible, leading to new formulas for 4D physics from 6D.

In the second half of the thesis, we discuss the projective algebraic and geo-
metric structure of the AdS;/CFTy correspondence. In the usual statement
of this correspondence, two-dimensional conformal field theory (CFT) on the
Riemann sphere or a higher-genus surface is holographically dual to features
of topological gravity in three dimensions with negative curvature. Since every
compact Riemann surface is a projective algebraic curve, many constructions
of interest in physics (which a priori depend on the analytic structure of the
spacetime) can be formulated in purely algebraic language. We generalize the
AdS (anti-de Sitter space)/CFT correspondence according to this principle
using projective geometry over the p-adic numbers, Q,. The result is a formu-
lation of holography in which the bulk geometry is discrete—the Bruhat—Tits
tree for PGL(2, Q,)—but the group of bulk isometries nonetheless agrees with

that of boundary conformal transformations and is not broken by discretiza-
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tion. Parallel to the usual holographic correspondence, semi-classical dynamics
of fields in the bulk compute the correlation functions of local operators on the
boundary. Beyond correlators on the p-adic line, we propose a tensor network
model in which the patterns of entanglement on the boundary are computed
by discrete geometries in the bulk. We suggest that this forms the natural
geometric setting for tensor networks that have been proposed as models of
bulk reconstruction via quantum error correcting codes. The model is built
from tensors based on projective geometry over finite fields, IF,, and correctly
computes the Ryu-Takayanagi formula, holographic entanglement and black

hole entropy, and multiple interval entanglement inequalities.

In Chapter 2, we present tree-level n-particle on-shell scattering amplitudes of
various brane theories with 16 conserved supercharges which are generaliza-
tions of Dirac-Born—Infeld theory. These include the world-volume theory of
a probe D3-brane or D5-brane in 10D Minkowski spacetime as well as a probe
Mb5-brane in 11D Minkowski spacetime, which describes self interactions of
an abelian tensor supermultiplet with 6D (2,0) supersymmetry. We propose
twistor-string-like formulas for tree-level scattering amplitudes of all multiplic-
ities for each of these theories, and the amplitudes are written as integrals over
the moduli space of certain rational maps localized on the (n — 3)! solutions
of the scattering equations. The R symmetry of the D3-brane theory is shown
to be SU(4) x U(1), and the U(1) factor implies that its amplitudes are helic-
ity conserving. Each of 6D theories (D5-brane and M5-brane) reduces to the
D3-brane theory by dimensional reduction. As special cases of the general M5-
brane amplitudes, we present compact formulas for examples involving only

the self-dual B field with n = 4,6, 8.

In Chapter 3, we extend this formalism to n-particle tree-level scattering am-
plitudes of six-dimensional N" = (1, 1) super Yang-Mills (SYM) and N = (2, 2)
supergravity (SUGRA). The SYM theory arises on the world volume of coinci-
dent D5-branes, and the supergravity is the result of toroidal compactification
of string theory. These theories have non-abelian interactions which allow for
both even and odd-point amplitudes, unlike the branes of Chapter 2. Due to
the properties of spinor-helicity variables in six dimensions, the even-n and
odd-n formulas are quite different and have to be treated separately. We first
propose a manifestly supersymmetric expression for the even-n amplitudes of

N = (1,1) SYM theory and perform various consistency checks. By consid-
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ering soft-gluon limits of the even-n amplitudes, we deduce the form of the
rational maps and the integrand for n odd. The odd-n formulas obtained in
this way have a new redundancy that is intertwined with the usual SL(2,C)
invariance on the Riemann sphere. We also propose an alternative form of
the formulas, analogous to the Witten—RSV (Roiban, Spradlin, and Volovich)
formulation, and explore its relationship with the symplectic (or Lagrangian)
Grassmannian. Since the amplitudes are formulated in a way that manifests
double-copy properties, formulas for the six-dimensional NV = (2,2) SUGRA
amplitudes follow. These six-dimensional results allow us to deduce new for-
mulas for five-dimensional SYM and SUGRA amplitudes, as well as massive
amplitudes of four-dimensional N' =4 SYM on the Coulomb branch.

In Chapter 4, we consider half-maximal supergravity and present a twistor-like
formula for the complete tree-level S matrix of chiral 6D (2,0) supergravity
coupled to 21 abelian tensor multiplets. This is the low-energy effective theory
that corresponds to Type IIB superstring theory compactified on a K3 surface.
As in previous chapters, the formula is expressed as an integral over the moduli
space of certain rational maps of the punctured Riemann sphere; the new
ingredient is an integrand which successfully incorporates both gravitons and
multiple flavors of tensors. By studying soft limits of the formula, we are
able to explore the local moduli space of this theory, %.
dimensional reduction, we also obtain a new formula for the tree-level S-matrix
of 4D N = 4 Einstein-Maxwell theory.

Finally, by

In Chapter 5, we introduce p-adic AdS/CFT and discuss several physical
and mathematical features of the holographic correspondence between con-
formal field theories on P'(Q,) and lattice models on the Bruhat—Tits tree of
PGL(2,Q,), an infinite tree of p 4+ 1 valence which has the p-adic projective
line as its boundary. We review the p-adic numbers, the Bruhat—Tits tree, and
some of their applications to physics including p-adic CFT. A key feature of
these constructions is the discrete and hierarchical nature of the tree and the
corresponding field theories, which serve as a toy model of holography in which
there are no gravitons and no conformal descendants. Standard holographic
results for massive free scalar fields in a fixed background carry over to the
tree; semi-classical dynamics in the bulk compute correlation functions in the
dual field theory and we obtain a precise relationship between the bulk mass

and the scaling dimensions of local operators. It is also possible to interpret
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the vertical direction in the tree a renormalization-group scale for modes in
the boundary CFT. Higher-genus bulk geometries (the BTZ black hole and its
generalizations) can be understood straightforwardly in our setting and their

construction parallels the story in AdS3 topological gravity.

In Chapter 6, we consider a class of holographic quantum error-correcting
codes, built from perfect tensors in network configurations dual to Bruhat—
Tits trees and their quotients by Schottky groups corresponding to BTZ black
holes. The resulting holographic states can be constructed in the limit of
infinite network size. We obtain a p-adic version of entropy which obeys a
Ryu—Takayanagi like formula for bipartite entanglement of connected or dis-
connected regions, in both genus-zero and genus-one p-adic backgrounds, along
with a Bekenstein-Hawking-type formula for black hole entropy. We prove
entropy inequalities obeyed by such tensor networks, such as subadditivity,
strong subadditivity, and monogamy of mutual information (which is always
saturated). In addition, we construct infinite classes of perfect tensors directly
from semi-classical states in phase spaces over finite fields, generalizing the
CRSS algorithm. These codes and the resulting networks provide a natural
bulk geometric interpretation of non-Archimedean notions of entanglement in

holographic boundary states.



x1

PUBLISHED CONTENT AND CONTRIBUTIONS

The work in this thesis is adapted from original research papers. Chapters 2,

3,4,5

, and 6 are based on [1, 2, 3, 4, 5], respectively, with some modification.

All are available as arXiv preprints; where appropriate, the published version

also has a DOI available. These works are a collaborative process and all

authors have contributed equally.

1]

2l

3]

4]

[5]

Matthew Heydeman, John H. Schwarz, and Congkao Wen. “M5-Brane
and D-Brane Scattering Amplitudes”. In: JHEP 12 (2017), p. 003. DOTI:
10.1007/JHEP12(2017)003. arXiv: 1710.02170 [hep-th].

Freddy Cachazo, Alfredo Guevara, Matthew Heydeman, Sebastian Miz-
era, John H. Schwarz, and Congkao Wen. “The S Matrix of 6D Super
Yang-Mills and Maximal Supergravity from Rational Maps”. In: JHEP
09 (2018), p. 125. DOI: 10.1007/JHEP09(2018) 125. arXiv: 1805.11111
[hep-th].

Matthew Heydeman, John H. Schwarz, Congkao Wen, and Shun-Qing
Zhang. “All Tree Amplitudes of 6D (2, 0) Supergravity: Interacting Ten-
sor Multiplets and the K3 Moduli Space”. In: Phys. Rev. Lett. 122.11
(2019), p. 111604. DOI: 10.1103/PhysRevLett . 122.111604. arXiv:
1812.06111 [hep-th].

Matthew Heydeman, Matilde Marcolli, Ingmar Saberi, and Bogdan Sto-
ica. “Tensor networks, p-adic fields, and algebraic curves: arithmetic
and the AdS3;/CFTy correspondence”. In: Adv. Theor. Math. Phys. 22
(2018), pp. 93-176. DOI: 10 .4310/ATMP . 2018 .v22 .nl . ad. arXiv:
1605.07639 [hep-th].

Matthew Heydeman, Matilde Marcolli, Sarthak Parikh, and Ingmar
Saberi. “Nonarchimedean Holographic Entropy from Networks of Per-
fect Tensors”. In: (2018). arXiv: 1812.04057 [hep-th].


https://doi.org/10.1007/JHEP12(2017)003
http://arxiv.org/abs/1710.02170
https://doi.org/10.1007/JHEP09(2018)125
http://arxiv.org/abs/1805.11111
http://arxiv.org/abs/1805.11111
https://doi.org/10.1103/PhysRevLett.122.111604
http://arxiv.org/abs/1812.06111
https://doi.org/10.4310/ATMP.2018.v22.n1.a4
http://arxiv.org/abs/1605.07639
http://arxiv.org/abs/1812.04057

xii

TABLE OF CONTENTS

Acknowledgements . . . . .. .. .. L iv
Abstract . . . . . . . . vii
Published Content and Contributions . . . . . . . .. .. ... .. ... xi
Table of Contents . . . . . . . . . .. .. .. xii
List of Illustrations . . . . . . . . . . . .. ... .. ... ... Xiv
Chapter I: Introduction . . . . . . . .. ... ... ... ... ..... 1
1.1 Overview and Motivation . . . . . . . . ... ... ... .... 1
1.2 Review of Perturbative String Theory and D-Branes . . . . . . 6
1.3 Yang—Mills Amplitudes in 4D and Twistor String Theory . . . 13
1.4 Holography, AdS/CFT, and p-Adic Algebraic Curves . . . . . . 24
Chapter II: Amplitudes on the World Volume of M5 and D-Branes . . 30
2.1 Introduction . . . . . . ... ... ... 30
2.2 Symmetries, Conserved Charges, and Supermultiplets . . . . . 34
2.3 Four-Particle Amplitudes . . . . . . ... ... L. 43
2.4 n-Particle Amplitudes of the D3 Theory . . . . . . . ... ... 48
2.5 n-Particle Amplitudes of the M5 Theory . . . . . . . . .. ... 52
2.6 n-Particle Amplitudes of the D5 Theory . . . . . . . ... ... 72
2.7 Conclusion . . . . . . . ... ... 75
Chapter III: The S-Matrix of 6D Super Yang—Mills and Supergravity . 77
3.1 Introduction . . . . . . .. ... .. ... 7
3.2 Rational Maps and Connected Formulas . . . . . . ... .. .. 81
3.3 N =(1,1) Super Yang-Mills: Even Multiplicity . . ... ... 91
3.4 N = (1,1) Super Yang-Mills: Odd Multiplicity . . . . . . . .. 100
3.5 Linear Form of the Maps . . . . . . .. ... ... ... .... 120
3.6 Various Theories in D< 6 and N' = 4 SYM on the Coulomb
Branch . . . . . . .. . 130
3.7 Conclusion and Discussion . . . . ... ... ... ... .... 148
Chapter IV: Half Maximal Chiral Supergravity: 6D (2,0) Supergravity
and the K3 Moduli Space . . . . .. ... ... ... ... ... .. 157
4.1 Imntroduction . . . . . . . . ... ... 157
4.2 6D (2,0) Supergravity . . . . . ... 163
4.3 The K3 Moduli Space from Soft Limits . . . . . ... .. ... 166
4.4 4D N = 4 Einstein-Maxwell Theory . . . . . . ... ... ... 169
4.5 Discussion and Conclusion . . . . . ... ... ... ... ... 170
Chapter V: Projective curves and p-adic AdS/CFT . . . ... ... .. 172
5.1 Introduction . . . . .. .. ... ... ... ... 172
5.2 Review of Necessary Ideas . . . . . .. ... ... ... .... 174
5.3 p-adic CFT and Holography for Scalar Fields . . . . . ... .. 189

5.4 Entanglement Entropy . . . .. . ... ... ... ... 205



xlil

5.5 p-adic Bulk Geometry: Schottky Uniformization and Non-Archi-

medean Black Holes . . . . . ... .. ... ... ... ... .. 211

5.6 Conclusion . . . . . .. ..o 218
Chapter VI: Non-Archimedean Holographic Entropy and Tensor Networks221
6.1 Introduction . . . . .. . .. ... 221
6.2 Background . . . ... ... 228
6.3 Entanglement in p-adic AAS/CFT . . ... . ... ... .... 241
6.4 p-adic BTZ Black Hole . . . . ... .. .. ... ... .... 256
6.5 Von Neumann Entropy and Inequalities . . . . . . . .. .. .. 269
6.6 Geometric Properties of the Tensor Networks . . . . . . .. .. 305
6.7 Outlook . . . . . . . . .. 309
Bibliography . . . . . . . .. 312
Appendix A: Appendices for Chapter 2 . . . . . . . ... ... ... .. 335
A.1 Further Technical Details . . . . . ... ... ... ... ... .. 335
A2 R-Symmetry . . . . . ... 339
Appendix B: Appendices for Chapter 3 . . . . . . .. .. ... .. ... 343
B.1 Symmetry Algebra . . . . .. ... 343
B.2 Details of the Soft-Limit Calculations . . . . . . ... ... .. 346
Appendix C: Appendices for Chapter 5 . . . . . . . . ... .. ... .. 363
C.1 p-adic Integration . . . . . . . .. ... ... L. 363
C.2 p-adic Differentiation . . . . . . . ... ... .. ... ... .. 364
Appendix D: Appendices for Chapter 6 . . . . . . .. . ... ... ... 367

D.1 The Three-Qutrit Code . . . . . . . .. .. ... .. ... ... 367



LIST OF ILLUSTRATIONS

Number

1.1

1.2

1.3

A rough figure of the twistor string for four dimensions. An ab-
stract internal space representing a D1 brane with coordinate
2z € CP' wraps a holomorphic curve in CP?. The holomor-
phic maps are schematically of the form \*(z) = ZZ:O pezk and
N (z) = Zizo p2z*. Punctures correspond to insertions of on-
shell fields in the form of U(N) open B-strings, and for n particles
the degree of the maps and amount of helicity violation are given
by d + d=n—2and d—d = Ah, respectively. The amplitude
is obtained by integrating the correlator of these punctures over
the moduli of positions z; and maps p, p into the target. This
integral is totally localized and is equivalent to an expression ob-
tained in field theory using Feynman diagrams. A very similar
picture holds true for the six-dimensional versions of the twistor
string discussed in this work, and the kinematics of 6D scattering
amount to a correct choice of target space and parametrization
of thecurves. . . . . . . ...
Euclidean AdS; and a Euclidean BTZ black hole obtained as a
quotient. The interior metric has constant negative curvature
and the boundary is a torus. . . . . . ... ... ... ... ..
A p-adic BTZ black hole obtained by a quotient of an infinite
tree. This parallels the construction in 3D topological gravity,
but now the bulk is discrete. The boundary is a genus-one curve
over ,. Certain simple features of AdS/CFT still hold for this
kind of geometry. (There exists a black hole like this for every
prime p— as pictured, p=3). . . . ... ...

Xiv

Page

22

26



2.1

2.2

4.1

5.1

Exchange diagrams contributing to the 6 B, amplitude. The
internal line may be any of the three states, and we sum over all
the factorization channels as well. It is important to note that
these diagrams do not come directly from Feynman rules as there
is no covariant action available for the M5 theory; instead, they
represent the factorization of the amplitude at the poles where
Sk — 00 L
Diagrammatic expression of the local term for a six-particle am-
plitude. In the example where all external particles are B,
this local term vanishes, and the exchange diagrams are the only
contribution to the total amplitude. . . . . . . ... ... ...
On-shell diagrams contributing to the 2-supergraviton, 2-tensor
supermultiplet amplitude in Eq. (4.8). Wavy lines denote a prop-
agating (2,0) supergravity multiplet, and straight lines denote
tensor supermultiplets with SO(21) flavor symmetry. Vertices
represent the 3-point amplitudes, and not the 3-point couplings
in the Lagrangian. At tree level, the amplitude is fixed by these
pole diagrams. . . . . . . . ...
The standard representation of the Bruhat—Tits tree. The point
at infinity and the center are arbitrary as the tree is homoge-
neous. Geodesics such as the highlighted one are infinite paths
through the tree from oo to the boundary which uniquely specify
elements of Q,. This path as a series specifies the digits of the
decimal expansion of x € Qy in this example. At the nth vertex,
we choose either 0 or 1 corresponding to the value of x,, in the
p"th term of z. Negative powers of p correspond to larger p-adic

norms as we move towards the point co. . . . . .. ...

XV

69

70

160



5.2

9.3

5.4
9.5

An alternative representation of the Bruhat-Tits Tree (for p = 3)
in which we have unfolded the tree along the 0 geodesic. The ac-
tion of elements of PGL(2,Q,) acts by translating the entire tree
along different possible geodesics. In this example we translate
along the 0 geodesic, which can be thought of as multiplication
of each term in a p-adic decimal expansion by p. This map has
two fixed points at 0 and oco. In this “unfolded” form, a point in
P'(Q,) is specified by a geodesic that runs from oo and follows
the 0 geodesic until some level in the tree where it leaves the 0
geodesic towards the boundary. The p-adic norm is simply p to
the inverse power of the point where it leaves the 0 geodesic (so
leaving “sooner” leads to a larger norm, and later to a smaller
NOTTIL. .« o o v v e o e e e e e e
A helpful figure reproduced from 1.4. The Fundamental domain
and quotient for the Euclidean BTZ black hole. Compare with
the p-adic BTZ geometry, shown in Figure 5.7. . . . . . . . ..
Fundamental domains for the action of 'on H3. . . . . . . ..
A drawing of Z, (p = 2 for simplicity). Here k = p~*. The
marked fractions at vertices indicate contributions to {kz}, which

are summed along the geodesic ending at . . . . . . . . .. ..

XVvi

180

184
186



0.6

5.7

5.8
5.9

6.1

Boundary-anchored geodesics in 7}, have a natural interpretation
in terms of the p-adic norm. Once the arbitrary position of the
center C' is fixed, the norm of open sets in Q, is given by p~¢,
where d is the integer number of steps from C required before the
path to the endpoints splits. In this example, |z —y/, is described
by the red geodesic and the value is p~2. The set corresponding
to the green geodesic has a smaller norm by a factor of p because
the vertex is 1 step further down the tree. As in the case of real
AdS, the length of the geodesic is formally infinite because an
infinite number of steps is required to reach the boundary. One
may introduce a cutoff corresponding to truncation of the tree
at a fixed distance, then take the limit as this cutoff goes to zero.
It should be apparent that the (formally infinite) red geodesic is
longer than the green one by two steps. Up to constant factors,
the length of any boundary-anchored geodesic is an infinite term
minus d. This explains the logarithmically divergent scaling of
geodesic length with p-adic norm. . . . .. ... .. ... ...
The p-adic BTZ black hole, reproduced from 1.4. (As pictured,
P=3)
Drinfeld’s p-adic upper half plane and the Bruhat-Tits tree.

The action of a rank-one Schottky group (translation by ¢ along
a fixed geodesic) on the Bruhat-Tits tree. As pictured, n = h =
A finite part of the infinite Bruhat-Tits tree is shown in red,
with the nodes labeled v;. The graphical representation of the
dual graph for the finite red subgraph is shown in black. The
Bruhat-Tits tree in (b) is obtained by acting on the Bruhat-Tits
tree in (a) with a PGL(2,Q,) transformation fixing the vertex
vo. Equivalently, the dual graphs in (a) and (b) correspond to
two different choices of incidence relations for bonds on the dual
graph, subject to the two requirements mentioned in definition
3. In the infinite graph limit, the geometry of the Bruhat—Tits
tree is represented by the Schlifli symbol {oco,p + 1}, while the
dual graph is given by the Schlafli symbol {p + 1,00}. . . . ..

xXvil

210

214
216

2.217



6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

The construction of the holographic tensor network for the cutoff
Bruhat-Tits tree. In this example, we have used perfect tensors
of rank eight. The construction shown here corresponds to the
parameters p = 3, A = 2, and r = 7. Hereafter we will suppress
showing the free uncontracted/dangling legs displayed in (b).

Two pictures of the Bruhat-Tits tree for P'(Qy), emphasizing
either the action of the multiplicative group Q3 or the Patterson—
Sullivan measure. . . . . . . . ... Lo
The region at the boundary of the dual graph “in between”
boundary points vg and v; for two choices of planar embedding
for the dual graph, depicted in blue. . . . . . ... ... .. ..
(a) The set of vertices on the dual graph marked in blue form a
“connected region”. (b) The set of blue vertices form a “discon-
nected region” which can be specified by a set of four boundary
points. Note that for the given set of boundary points and a cho-
sen planar embedding, another choice of disconnected regions,
shown in black circles, is possible. . . . . . . ... ... .. ..
The p-adic BTZ black hole, obtained here for p = 3 by a quotient
of the Bruhat-Tits tree by a Schottky generator with log, [q, =
6. The geometry is locally indistinguishable from the Bruhat-
Tits tree, but the presence of the horizon signifies the boundary
interpretation will be very different. In the tensor network anal-
ysis we will find the boundary state of this geometry will have a
thermal entropy proportional to 6logp. . . . . . . ... .. ..
The quotient construction of the dual graph tensor network (in
black). As pictured, p =3 and ord,(¢) =5. . . ... ... ...
The genus 1 tensor network after tracing out the vertex behind
the horizon. One should imagine the two sides corresponding to
|1) and (7|, and the total state being the mixed density matrix
which has von Neumann entropy proportional to the number of
shared bonds. We postpone the explanation of the graphical
rules and the computation of the entropy until Section 6.5, but
the reader might be reminded of the 2-sided BTZ black hole.

Geodesics in the BTZ black hole geometry. Moving y to 3’ leads
to a “‘jump” of the minimal geodesic to a path wrapping the other

side of the horizon. . . . . . . . . . . ...

xXviil

245

247

250

262

263



6.10
6.11

6.12

6.13

6.14

6.15

6.16

6.17

Computation of (¢|v). . . . . . ..o
A schematic representation of the bipartite entanglement entropy
calculation for the cases shown in figures 6.12 and 6.13b, here
(a) and (b) respectively, to emphasize the parallel with the usual
story over the reals. The disconnected region A = A; U A is
shown in black, while the minimal geodesics homologous to A is
shown in blue. . . . ... .. ... ... ...
The setup for the bipartite entanglement calculation for a dis-
connected region, in the case when the cross-ratio u(z1, xq, 3, T4)
defined in (6.99) is strictly less than one. Left: The holographic
state with the region marked in blue. Right: Computation of the
reduced density matrix, and the depiction of the minimal surface
homologous to the boundary region. See the main text for the
detailed explanation of the figure. . . . .. ... ... ... ..
The case of a disconnected region with cross-ratio u(z1, xq, 3, T4)
defined in (6.99) greater than or equal to 1. . . . . . . . .. ..
Boundary anchored bulk geodesics on the Bruhat-Tits tree and
the boundary point configuration such that u(xy, zq, x3,24) < 1.
Boundary anchored bulk geodesics on the Bruhat-Tits tree and
the boundary point configuration such that u(xy, zo, x4, 25) < 1
and wu(zs, x4, 21,75) < 1. Up to relabelling, this is the most
general configuration of five boundary points at the terminus of
the Bruhat-Tits tree. . . . . . . . .. ... ...
The density matrix associated to the thermal state on the bound-
ary of a BTZ black hole tensor network. . . . . .. .. ... ..
A schematic depiction of the three topologically distinct cases of

minimal geodesics for a connected region A. . . . . . . ... ..

289

290

292

295

299

302



Chapter 1

INTRODUCTION

1.1 Overview and Motivation

The last quarter century of theoretical high energy physics has been a time of
great unification of seemingly disparate physical and mathematical concepts.
Much of this interplay has come about both from a better understanding
of quantum field theory, which describes all known elementary particles and
forces, as well as the emergence of superstring theory and M-theory as a con-
sistent theory of quantum gravity which seems to unify the laws of nature.
Quantum fields and strings not only imply, but in fact require, a dramatic
departure from our familiar notions of matter, space, time, and even observ-
ables; the laws of modern physics appear at times subtle and geometrical with
a great deal of hidden structure and interconnectedness. Additionally, mathe-
matical concepts and disciplines which were once thought to be disjoint from
the physical world now play an essential role in how we describe these theories

quantitatively.

These patterns and structures in the laws of nature appear again and again,
and often great progress can be made by utilizing these connections. In my
opinion, it is both pragmatic and fascinating to maintain broad theoretical
interests; one never knows what tools or ideas might be powerful when viewed
in a new light, or what “coincidences” might hint at a deeper, more general
truth.

In the spirit of these ideals, this thesis is about several distinct but ultimately
related ideas involving quantum field theory, string theory, and the mathemat-
ical tools with which we can make sense of these theories. It represents the
culmination of my graduate work and the publications |1, 2, 3, 4, 5, 6, 7], many
of which have been adapted more or less directly for this dissertation. Because
the available topics are varied, I have chosen a loose and admittedly somewhat
artificial theme of “one-dimensional projective geometry”, a classical branch of
mathematics which is both general and powerful enough to be very useful for
the physical theories we describe. While the mathematics is very beautiful, my

ultimate emphasis in this work is how these structures inform our understand-
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ing of physics, therefore some of the original works have been adapted to fit
this theme. Beyond this introductory chapter, the thesis splits into two main
parts. Chapters 2, 3, and 4 discuss how we can use symmetry principles and
the geometry of the Riemann sphere to understand scattering amplitudes in
six-dimensional supersymmetric quantum field theories and gravity. In some
cases, these theories have resisted a concise description before the introduction
of our techniques. Chapters 5 and 6 focus on holographic duality, p-adic projec-
tive geometry, conformal field theory (CFT), and the emergence of spacetime

from quantum entanglement.

We now briefly introduce the important physical concepts which are central
to the thesis.

Perturbative Quantum Field Theory (QFT) is the physical and mathematical
framework which appears to describe all elementary particles and their interac-
tions. This celebrated framework unifies two of the most important ideas of the
early 20th century— the Special Theory of Relativity and Quantum Mechanics.
In the standard path integral approach, one begins with a classical field theory
Lagrangian which is local and invariant under the Lorentz transformations of
relativity as well as other global and gauge (spacetime dependent) symme-
tries. To promote this classical theory to a quantum theory, it is necessary to
identify the elementary field excitations as particles and then account for the
interactions of these particles order by order in a perturbative expansion using
the Feynman rules. This procedure is not always possible for some quantum
field theories, including a large class of conformal field theories (CFT) which
have conformal transformations as an enhanced spacetime symmetry. CFT’s
do not necessarily have particles, but they will play a major role later in the
thesis. For now we focus on perturbative QFT in a setting where we can talk

about scattering of particles.

In a QFT as we have described, there are no longer definite trajectories and
outcomes for individual particles, but observables such as transition probabil-
ities between initial and final states may be computed to fantastic accuracy
in theories for which the standard framework applies. The transition proba-
bility amplitude (the complex distribution whose square is the probability) is
a basic observable which we call the scattering amplitude A associated to the
S-matriz between initial and final states. By construction, this object depends

only on gauge invariant information in which all asymptotic particles are physi-
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cal and satisfy the mass-shell relation p?> = —m?2. This makes sense in Lorentz
invariant local field theories with a weakly coupled limit, where asymptotic
states can be taken to be products of one-particle states which satisfy their
appropriate free equation of motion. Additionally, local symmetries such as
the gauge symmetries of the electromagnetic, weak, and strong forces as well
as the diffeomorphisms of Einstein’s General Relativity must still satisfy some
fixed boundary conditions at spacetime infinity (though they are redundancies
of the description in the interior of spacetime). For this reason, amplitudes
can detect the elementary short distance dynamics of a quantum theory while

still only depending on physical asymptotic data.

For a given theory with a choice of external particles and boundary condi-
tions, the amplitude is gauge invariant and annihilated by all global charges.
However, the individual Feynman diagrams (built out of manifestly local infor-
mation) are typically not gauge invariant on their own. Only the sum is, and
this fact represents a general rule of quantum mechanics; unitary evolution is

not usually associated with a specific semi-classical process or diagram.

In the case of perturbative scattering amplitudes, this strategy of composing
elementary interactions between particles and then summing over all histories
a la Feynman is often very successful though technically difficult, and it can
also hide important physical and mathematical structures present in the final
answers. Much of the modern program of amplitudes is to find alternative
formulations of QFT which expose these structures. Perhaps an even bigger
reason to find an alternative to perturbative QFT comes from the fact that
it is difficult to address Einstein’s theory of general relativity as quantum
corrections lead to a breakdown of the theory at short distances. Beyond
scattering amplitudes, non-perturbative objects such as black holes naively
violate the unitary evolution of quantum mechanics; the resolution seems to
require holographic features of quantum gravity in which information is not

quite local. This all suggests that an even deeper structure is necessary.

One possibility for a deeper structure is string theory and M-theory, which has
emerged as a framework in which it is possible to unify particles, forces, and
gravity in a unique and consistent way. This is a vast and complex topic, but
simply stated, in string theory we replace the point-like particles of quantum
field theory with extended one-dimensional objects called strings. It is outside

the scope of this thesis to explain all the implications of this simple sounding
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idea, but string theory has led to many remarkable insights in both high energy
theoretical physics and mathematics.! This has led to a new understanding
of gravity at short distances, as well as black holes, supersymmetric particle
physics, the holographic and emergent nature of spacetime, and even pure
mathematics in geometry, topology, and number theory among many other
disciplines. Additionally, string theory has provided new ways to compute
the S-Matrix of ordinary QFT and gravity without the use of a Lagrangian,
and also makes many hidden properties manifest (this was actually the starting
point of the subject, before string theory was shown to imply quantum gravity).
It is thus of great theoretical interest to study string theory both as a candidate
for a unified theory of nature, but also as a rich mathematical tool to explore
other areas of physics. The latter motivation is compelling even if string theory

turns out to not be realized in nature.

In the first half of this thesis, we study the interplay between string theory
and scattering amplitudes in several interconnected ways. At the basic level,
all the scattering amplitudes we present will be those of quantum field theories
at the leading (tree) order of approximation. However, the formulas for the
amplitudes themselves are not based on the ordinary techniques of perturbative
QFT, but instead are more similar to the machinery of perturbative string
theory. This allows us to obtain the complete n-particle S-matrix and makes
certain properties manifest that were invisible in QFT. Importantly, the field
theories we are able to address are in some cases difficult to treat with standard
techniques. In fact, M-theory and string theory dualities have predicted the
(mathematical) existence of very special kinds of interacting field theories in six
spacetime dimensions. While we only discuss the tree amplitudes, in principle
all the theories we discuss have an ultraviolet completion as systems in M-

theory.

So far, we have mostly discussed perturbative quantum field and string theo-
ries in which all coupling constants are small and spacetime is approximately
flat. This is the situation in which perturbative QFT and strings are most
successful, but it clearly cannot be the full story. The real world is rich with
non-perturbative physics, such as bound states and black holes. Analogous
situations appear in superstring theory, and it is natural to ask what we can

learn about physics in the strong coupling or large curvature regimes. Re-

1See [8, 9, 10, 11] for an introduction to this subject.
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markably, in certain cases powerful dualities may relate perturbative and non-
perturbative physics. While it is generally hard to do exact computations (of
amplitudes, for example) at strong coupling or curvature, sometimes a dual

description may lead to a better understanding.

Of these fascinating dualities, perhaps the most striking is the celebrated
AdS/CFT correspondence [12|, which is the equivalence of string theory in
negatively curved anti-de Sitter space (AdS) to a conformal field theory liv-
ing at the boundary of the space. The details of this correspondence will be
discussed later, but here we will say that this correspondence gives a way to
translate questions about gravitational physics in AdS into ordinary (though
strongly coupled) questions about the dual CFT. Likewise, quantum mechan-
ical properties of the CFT may be translated into properties of semi-classical
general relativity. This duality is one of the main triumphs of string theory as
a theory of quantum gravity, as it allows us to directly answer questions about

quantum gravity in curved backgrounds.

Despite these successes, there remain many mysteries about how exactly this
duality works in detail. In the “bulk” AdS space, which is higher dimensional,
it is hard to give a precise microscopic description in terms of string geometry.
Because of this, it is helpful to seek out toy models in which exact computations
are possible, while still preserving some essential features. Models of this type
can sometimes expose interesting physical and mathematical structures which

are essential for understanding more complicated and realistic theories.

The second half of this thesis is devoted to one proposal for a model of
AdS/CFT in which the projective and algebraic geometry plays an essen-
tial role, but where many subtleties of the full holographic duality are absent.
This model is based on the p-adic numbers, which is a classical number sys-
tem in mathematics parallel to the real numbers. The p-adics are naturally
discrete, but still have a version of conformal symmetry. Perhaps surprisingly,
we find that certain physical, algebraic features of AdS/CFT are still captured
by quantum field theories over p-adic geometries. We give a more complete

introduction to this proposal in Section 1.4.

In Section 1.2 we review perturbative string theory and some of the back-
ground of world-sheet techniques for amplitudes. We also discuss some non-
perturbative features of string theory including D-branes, dualities, and the

interesting case of six-dimensional field theory. In Section 1.3 we discuss mass-
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less scattering in four dimensions and the twistor string theory. In Section 1.4,
we introduce AdS/CFT and the proposal for a p-adic version of this duality.
Subsequent chapters are based on the original papers and are a presentation

of our results.

1.2 Review of Perturbative String Theory and D-Branes

The early days of QFT saw the success of the theory of Quantum Electrody-
namics, which describes the interaction of fundamental electrons and photons.
However, in the 1960s many new strongly interacting particles dubbed hadrons
were discovered; these massive particles had high spin and did not appear to be
fundamental. The tools of perturbative QFT which were highly successful in
the theory of Quantum Electrodynamics seemed inapplicable to these strongly
coupled particles, and in principle the scattering amplitudes with exchanged
higher-spin hadrons has bad high energy behavior. Lacking the microscopic
explanation in terms of Yang—Mills theory in which hadrons are not fundamen-
tal, but instead strongly interacting bound states, an early approach at the
time were the so-called “dual models” of hadrons (see the introduction of [§]

for a historical overview).

The spirit of dual model school of thought was to de-emphasize the role of
the apparent higher spin “fundamental particles” which could be exchanged
in interactions, and instead try to directly construct an amplitude with the
correct properties. The goal would be to determine the scattering matrix of
asymptotic states from consistency conditions; symmetries such as the Lorentz
invariance of special relativity, the unitarity of quantum mechanics, and the
apparently local nature of fundamental interactions. This S-Matrix or boot-
strap approach promised to constrain or potentially even solve the general
problem of hadron scattering. While this approach was eventually replaced
by Yang-Mills theory, many ideas developed during this time were essential
to the discovery of string theory. We will only review some essential technical

highlights which serve as motivation for this thesis.

One of the most striking and unique examples of a scattering amplitude pro-
duced by the S-matrix program is the now famous Veneziano Amplitude [13].
This describes the scattering of four external particles (2 incoming — 2 outgo-
ing), and with ‘Regge type’ exchanges involving infinite towers of higher-spin

particles. These infinite towers of particles were suggested by the pattern of
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hadronic resonances. It was only later discovered that the Veneziano Ampli-
tude describes the scattering of not point-like particles, but strings, and in fact
four tachyons in open string theory [14, 15]. The infinite tower of particles is
interpreted as the infinite set of string modes which can be exchanged and
regulate the amplitude at high energies. The tree-level amplitude which is

leading in perturbation theory is given (depending on convention) by:

M(—a/s —1)I'(=a't — 1) ! / /
A 1) = 2 — 2 doo™® s—2 1— —a't—2 1.1
a(s,t) =g T(—a/(s + 1) — 2) g9 /0 oo (1-o0) . (L1
Here g is the coupling constant, o is the Regge slope which is the inverse
tension of the string, s, t, u are the usual Mandelstam variables which serve

as Lorentz-invariant combinations of the external momenta,

s =—(; +P2)27 t=—(ps +p3)2, u=—(p +p3)2 ) (1.2)

and ['(z) is the usual Euler Gamma Function. The last inequality in which
the amplitude is written as the integral over a coordinate o is a key idea in
this work. This is in fact a gauge-fixed integral over the moduli space of four
punctures o;, i = 1,...4 on P}(R), the boundary of a disk world-sheet. This
punctured disk is equivalent via a conformal transformation to a spacetime
process involving two open strings combining and then again splitting into
two open strings. Once we pick a given cyclic ordering for the strings on the
disk, the boundary conformal group SL(2,R) is used to fix the positions of
three punctures to oy, 03,04 = 0,1,00. This SL(2,R) symmetry is the group

of real unit determinant 2 x 2 matrices which act on coordinates as

<a b): U_}ow_—l—b) ad —bc=1. (1.3)
c d co+d

This is the familiar fractional linear transformation, which is the symmetry
group of the projective line. It plays a critical role in virtually every aspect of
this thesis, and in general we refer to this kind of transformation as SL(2, K)
for some field K.

This interpretation of the four-particle amplitude as scattering on the disk
has a generalization to n-particle/string scattering in the form of the Koba-
Nielsen formula for open string tachyons [16, 17|. Unlike the usual method
of computing scattering amplitudes using Feynman diagrams, which rapidly

grow in complexity as the number n of particles increases, the string amplitude
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has a single general expression as an integral over the gauge fixed moduli of

the disk:

An = gn—Z/ dO‘g N dO’n_Q
0

<ol <Lop—2<1
n—2

o/ (p1-ps

||\U¢! (P1-pi)
=2

For 4-particles, this reduces to the Veneziano amplitude after using the tachyon

mass squared m? = —,.

1— Ui’a’(m-pn—l) H ‘U]. _ O,k‘a’(pj-pk) . (1.4)
2<j<k<n—2

The abstract form of this amplitude is shared by virtually all formulas which

are found later in this thesis, and will be repeatedly emphasized:

Au(ps) = /dunwi)zn@i,a». (1.5)

As written this formula is somewhat formal, but this generality is by design a
virtue. Depending on the precise theory and definition of the measure du and
integrand T, (1.5) may describe the scattering of tachyons, gluons, gravitons,
open and closed strings, four-dimensional N’ = 4 supersymmetric Yang—Mills,
and (as we will uncover over the course of this thesis), exotic self-dual gauge
fields which arise in M-theory and appear difficult to treat using standard

perturbative QFT techniques such as path integrals and Feynman diagrams.

In string theory and superstring theory, the measure is typically taken to be
a functional integral over the target space coordinates X* (o, ) describing the
embedding of the string with complex coordinate ¢ in spacetime. External
states which carry definite spacetime momentum p; are inserted at positions
o; on the world-sheet traced out by the string, and we integrate over the posi-
tions of these o; in the measure as well. We also integrate over all metrics g,
of the two-dimensional internal space traced out by the strings up to diffeo-
morphisms. The topology of the internal space and domain of the coordinates
o; may be a disk, a sphere, or higher-genus surface possibly with boundary,
depending on the choice of open/closed strings and order in perturbation the-
ory. This choice also effects whether o; are real or complex, and also if the
amplitude potentially depends only holomorphically on the positions of the
punctures. We must additionally fix the global conformal symmetry of the
string world-sheet, which amounts to fixing a SL(2,R) or SL(2,C) redun-

dancy acting on the coordinates o;.
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Another interesting feature of (1.1) and (1.4) is the relationship to special
automorphic functions such as the Gamma function. In the spirit of what will
come later in Chapter 5, one could imagine evaluating this integral not over
marked points on P*(R), but instead over the p-adic projective line, P*(Q,),
where p is any prime. Readers not familiar with p-adic numbers will find
a review in that chapter, but we comment that this number system is an
alternate way to metrically complete the rational numbers with respect to an
ultrametric norm. The Veneziano and Koba-Nielsen amplitudes make sense in
this more exotic setting, and in fact have some remarkable number theoretic

properties; this is the subject of p-adic string theory [18, 19].

Returning to (1.5), besides the measure, the other important object is the
integrand. In the two-dimensional CFT of the string world-sheet, the integrand
is the quantum correlation function of vertex operators V;(o;) representing the

emission or absorption of external physical string states,

To(pi, 0i) ~ (Vi(01)Va(02) ... V(o)) (1.6)

In the case of tachyons, a local insertion of a vertex operator
V(o) =:exp(ip- X(0)) : (1.7)

corresponds to the emission of a tachyon with spacetime momentum p; which
satisfies a wrong sign mass-shell relation. The :: notation means the operators
inside are normal ordered [9]. Evaluation of this correlation function leads
to (1.4).

Fortunately, more physical particles do appear in string theory with the local
vertex operators essentially being dressed versions of these tachyon operators.
The identification of external (coherent) states with local operator insertions
follows from the famous state operator correspondence of conformal field the-
ory. One family of operators corresponds to deformations of the spacetime
metric, and this plays an important role in string perturbation theory which
may describe the consistent interaction of gravitons. With the extension of
supersymmetry, the tachyon may be removed from the theory. This along
with many other insights such as high energy consistency of the S-matrix has
led to the compelling proposal that superstring theory is a candidate for a

consistent theory of quantum gravity [20].? However, at the time of writing it

2An incomplete selection of classic papers on the development of string theory is [21,
22, 23, 24, 25, 26, 27].



10

is not known if string theory is truly realized in nature.

String amplitudes such as the Veneziano Amplitude have a characteristic mass
scale o for the stringy effects to become important. These degrees of freedom
are important for the UV consistency of the theory, but should essentially be
absent at distances long compared to the string scale. In the limit o/ — 0, the
scattering amplitudes computed in string theory must reproduce the known
results for point-like particles. As an example, the scattering of three gluons
with momenta p; and polarizations e; in D spacetime dimensions is computed

in string theory as

A;(M = ig(QW)DdD <sz> (61 “(p2 —p3)ea-ez+ex- (p3—pr)es- e

Oé/

+e3-(p1 —p2)er - ex+ Se (p2 — p3)ea - (p3s — p1)es - (p1 — pQ)) . (1.8)

Here, we have picked a cyclic ordering and have omitted the gauge theory color
factors which label the adjoint representation element of the gauge group G
carried by the external gluons. This omission is common in the amplitudes
literature and are known as color-stripped amplitudes. In the o/ — 0 limit, this
and higher-point amplitudes would be produced by the standard Yang—Mills

action,

1 17
S = “iF dPr Tr (F,,F"), (1.9)

where F' = dA + A N\ A is the Yang—Mills field strength tensor associated to
the connection A of a G-principal bundle. This theory has a supersymmetric
extension 28] which we will later study as a QFT in Chapter 3. However, at
linear order in o this action is deformed by a cubic term ~ o/ Tr(F?) which is
responsible for the additional term in the scattering amplitude. Higher-point
amplitudes will reveal more string scale corrections, even in the case of a U(1)
gauge theory. The complete string corrected effective action in the abelian case
will be of considerable interest in Chapter 2, where we construct the complete
classical S-matrix of the supersymmetric completion; this is an extension of
the so called Dirac-Born-Infeld theory (DBI). The DBI theory describes the

fluctuations of extended objects in string theory called D-branes.

This is our first encounter with D-branes, but they play a central role both
in our study of amplitudes and in the original derivation of the AdS/CFT

correspondence. D-branes are extended non-perturbative objects in string
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theory on which open strings may end. These solitonic objects were shown by
Polchinski [29, 10| to be stable objects which are required for the consistency
of string theory. A Dp-brane traces out a p + 1 dimensional world-volume in
spacetime and also carries a U(1) world-volume gauge field. The flat space
effective action may be derived from open string theory (see a review in [30]),

and has the (diffeomorphism fixed) bosonic part

S, =-T, /dpﬂx \/—det (Muw + 0,0°0,¢" + 21’ F),,) . (1.10)

Here 1 = 0,...,p is a world-volume Lorentz index with standard metric 7, .
¢ are a number of scalar fields corresponding to the transverse position of the
brane, and 7}, is the tension whose precise form is unimportant, but contains
a factor of the string coupling ¢g. This action should also be supplemented by
fermions as dictated by supersymmetry.® The six dimensional version of this

brane theory is studied from an amplitudes point of view in Chapter 2.

We have already observed that open string amplitudes are described by an
effective field theory involving gauge fields. When multiple D-branes coincide,
new massless string states appear corresponding to open strings stretched be-
tween different branes. In the simplest situation with N parallel coincident
branes, these new massless states fill out precisely what is required for a U(N)
(supersymmetric) Yang—Mills theory. We study the scattering amplitudes of
this theory in 6D language in Chapter 3. Coincident branes also provide the
physical mechanism for the AdS/CFT correspondence, and in the case of the
D3 brane, the CFT side is precisely the 4D U(N) N =4 SYM theory; this is

outlined in 1.4.

One final comment about D-branes involves the lift to M-theory, which we
discuss in much greater detail in Chapter 2. M-theory is the conjectural non-
perturbative completion of string theory introduced by Witten [36, 37|, com-
bining the results of many authors about string theory dualities up to that
point. The low-energy effective field theory is eleven-dimensional supergrav-
ity [38], but the full quantum theory is unknown because of the lack of any
expansion parameter or coupling constant g. There is strong evidence that the
various strings and D-branes of string theory all arise from what are called M2

and M5 branes in M-theory. Analogous to D-branes and Yang—Mills, multiple

3The supersymmetric action is what we study in this thesis, but the form is somewhat
complicated. See [31, 32, 33, 34, 35].
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coincident Mb5-branes lead to a strongly coupled superconformal field theory
with 6D (2,0) supersymmetry [39]. This theory is not believed to have any
Lagrangian at all, and thus no classical limit or scattering amplitudes (see 3.7
for a discussion.) Even a single M5 brane is difficult to describe in perturbation
theory due to the existence of a chiral self-dual U(1) three-form gauge field
H = dB on the world-volume. The free equation of motion is H = xH, and
the analog of 1.10 would involve higher powers of H which are difficult to write
a Lagrangian for. We discuss these difficulties in Chapter 2 and proposing a

resolution for the scattering amplitudes by bypassing the Lagrangian entirely.

So far, we have mostly discussed the scattering of open strings via amplitudes
on the disk with our related digression into D-branes. Much of the above rea-
soning also applies to closed string amplitudes which include the scattering of
gravitons. Instead of the disk boundary, we integrate the vertex operators over
the coordinates o; of the Riemann sphere up to the global conformal group
SL(2,C). A surprising fact about the closed string spectrum and tree ampli-
tudes is that they can be written as the square of an open string amplitude
at tree level. The intuition is that a pair of open string disk amplitudes may
be glued together to give a closed string amplitude on the sphere. This is
made precise in what is known as the KLT copy after the authors of [40]. The

simplest example (which holds more generally at tree level) is:
AZTY — AYM 5 ATM (1.11)

(This is not a group-theoretic product, but an ordinary product of the two
amplitudes with pairs of polarization vectors replaced by symmetric traceless
tensors.) The leading terms in o/ of these amplitudes reproduce the expec-
tation from general relativity, and corrections correspond to specific higher
curvature terms which modify Einstein’s theory at short distances. As with
the corrections to Yang—Mills, it is unlikely that the existence or absence of
these stringy effects will be determined by experiment any time soon. Never-
theless, the general formalism of string amplitudes and KLT copies has been
fruitful even in the study of ordinary QFT. For us, the KLT copy will play an
essential role in Chapters 3 and 4 where gravity amplitudes will be obtained

by combining simpler ingredients.
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1.3 Yang—Mills Amplitudes in 4D and Twistor String Theory

We have already presented a basic result for the tree-level scattering of three
gluons. This and other simple processes such as 2 — 2 gluon scattering may
by straightforwardly computed by summing diagrams, but the computation
for more general processes involving more particles requires a rapidly growing
number of diagrams. For instance, the six-gluon amplitude in Yang-Mills

theory famously requires over 200 diagrams!

While we will not have much to say about this, amplitudes such as these
are phenomenologically relevant in colliders due to the asymptotic freedom of
quantum chromodynamics. Thus in principle and in practice, there is great
theoretical interest in understanding the general structure of amplitudes. This
includes not just efficient techniques for computation beyond Feynman rules,
but also a global understanding of how symmetry principles constrain the form
of the general final answer. By now, a wide range of vibrant techniques and
approaches has been developed with applications ranging from phenomenology

to combinatorics. For a review of some of these developments, see [41].

In order to describe the scattering of massless particles with spin, it is useful to
introduce spinor-helicity variables which algebraically solve the on-shell con-
straint p? = 0 using spacetime spinor variables. An important consequence of
this is that massless particles may only travel on null trajectories in Minkowski
space. Spinor-helicity and also twistor variables [42] are tools for parametriz-
ing the space of these null trajectories. For the most part we will be concerned
with six-dimensional spinor helicity [43], but we begin with a brief review of

this construction for massless particles in four spacetime dimensions.

The four-dimensional Lorentz group will be taken to be Spin(3,1) with the
standard isomorphism Spin(3,1) ~ SU(2) x SU(2). For the tree-level am-
plitudes considered in this work, the amplitudes are holomorphic functions of
the external kinematics. This means we can be somewhat flexible with our
metric signature, and generally we will complexify all kinematics for techni-
cal reasons. This complexified Lorentz group is SL(2,C) x SL(2,C)*, and
the finite-dimensional representations are pairs of half integers for the usual
spin under each SL(2). For example, a generic four-vector transforms as the

bi-spinor (2, 2) representation.

4 Alternatively, the Lorentz group will depend on the metric signature and the reality
properties; a “split” signature metric with independent real spinors would give SL(2,R) x
SL(2,R), and a Euclidean metric would give SU(2) x SU(2) with pseudoreal spinors.
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For a massless particle with four-momentum p, obeying the on-shell condition
p? = 0, it is possible to algebraically solve this constraint by introducing spinor-
helicity variables. (For an n-particle process we will typically label particles
with the subscript i = 1,...,n.) By explicitly mapping the momentum four-
vector to a bi-spinor using the appropriate Dirac matrices o, one may recast

the mass-shell condition as
e =otp, pi =0 det(pf?) =0, a,a=1,2. (1.12)

In this representation, the momentum can be seen to be a 2 x 2 rank 1 matrix.
This rank 1 condition implies that any null vector is not just a bi-spinor, but
actually a product of two spinors of opposite chirality. Therefore, we intro-
duce A* and A%, which transform as 2 and 2 representations of the Spin(3,1)

Lorentz group and give the null momentum of any massless particle as:
P = AN (1.13)

The above formula shows that a given null momentum can only determine the
spinors up to a scaling, and this redundancy is corroborated by the counting of
degrees of freedom, which should properly be 3 on both sides for a null ray in
four dimensions. Explicitly, a null vector is invariant under a transformation of
the form A — tA, A — ¢t~*\. This action is the essential little group of Wigner,
SO(D — 2). The little group is the stabilizer of a given null ray, which means
it acts as rotations on the transverse polarization vectors. In four dimensions,
the group we will use is typically SO(2) ~ U(1), though sometimes it will
be convenient to extend this to GL(1). If we restrict to real momenta in
Minkowski signature, this redundancy can be fixed by requiring the A and A
to be complex conjugates of each other. Therefore, it is conventional to call
the negative chirality A* the holomorphic spinor, and the A% is the positive
chirality anti-holomorphic spinor. These carry h = F1/2 units of helicity
under the U(1) little group, respectively.

In addition to the massless momenta, the spinor variables also naturally carry
information about the on-shell spin state of each external particle. An example
is an unnormalized plane-wave solution of the massless four-dimensional Dirac
equation for a particle of spin (1/2,0) under SU(2) x SU(2):

(@) ~ A% exp (ixadkaﬂ"") : (1.14)
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This may be generalized for particles of arbitrary spin. An on-shell particle
of a given helicity is generally characterized by the number of positive and
negative spinors. This includes the important example of the h = F1 helicity
self-dual and anti-self-dual gluon field strengths F*? ~ X\*\? and F @B NGNB,

We remark that in the six-dimensional version of this construction, we may still
use ordinary spinors of the larger Lorentz group, but the little group becomes
non-abelian in an interesting way which will allow for surprising chiral theories.
However, this also introduces new complications for constructing amplitudes

which had to be overcome over the course of this thesis work.

As usual in 4D, we may raise and lower the two-dimensional spinor indices
using the anti-symmetric Levi-Civita tensor. This allows us to construct the

Lorentz-invariants:
<)‘1)‘j> == €a13>\ia)\§ y [5\15\J] = 6@65\?5\][3 . (115)

Note that these are anti-symmetric in their arguments and depend on a con-
traction between two different spinors. One of the great virtues of the spinor-
helicity formalism is that amplitudes may typically be written in a very com-

pact way in terms of these kinds of Lorentz invariants.

So, with the kinematics in hand, we may now seek to construct amplitudes
in terms of these convenient variables. We first focus on the case of gluon
amplitudes in Yang-Mills theory, which already turn out to have surprising
properties. These may be generalized to supersymmetric Yang—Mills, and
in particular the maximally supersymmetric N/ = 4 SYM theory which has
already appeared in our discussion of D-branes and AdS/CFT.

Since all the on-shell information is contained in the momenta and helicities
of external particles, we can write the scattering amplitude for ¢ = 1,...n
particles abstractly as a function (with the convention that all momenta are

incoming unless otherwise specified):

Ay = AL AL L, A, Ay ) = (2m)46° (Z mi) A, Ai, hi) . (1.16)

Depending on the context, we often omit normalizing factors and powers of
the coupling constant. Above, we have explicitly displayed the momentum
conserving delta function, which sometimes we will also omit. In the six-
dimensional models we study later, the amplitudes will have additional con-

served quantities such as supersymmetries and R symmetries. These may
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appear explicitly as the appropriate delta functions and are thus manifest
symmetries. However, generally it is impossible to make all such symmetries

manifest.

The simplest and most famous example of the utility of the spinor-helicity
formalism is the case of an n-gluon amplitude with 2 negative helicity gluons
and the rest positive (we take n > 3 as cubic amplitudes are a special case
due to degenerate kinematics). As with the open string amplitudes discussed
in Section 1.2, tree-level Yang—Mills amplitudes depend on a cyclic ordering
and carry group theory factors Tr(71T5 . .. T,) which we will usually omit. The
color-stripped amplitude should thus depend on a particular cyclic choice of

the kinematics.

Amplitudes with 0 or 1 gluon of a given helicity can be shown to vanish, and
those amplitudes with only 2 negative (positive) helicity gluons and (n — 2)
positive (negative) gluons are known as Mazimally Helicity Violating, or MHV
(anti-MHV). For the MHV amplitude, the remarkably simple result is the

famous Parke-Taylor formula [44, 45]:

PT 4 12)4
A (= —+,...,+) =6 (;M) <12><2<3> > ) (1.17)

Here we have used a further shorthand (\;\;) = (ij). The Parke-Taylor for-

mula was found by the difficult direct computation of Feynman diagrams, but

the final form is simple and general enough that it suggests hidden proper-
ties of n-particle amplitudes which are not obvious from the Lagrangian point
of view, (1.9). This amplitude has the correct homogeneity in the spinors,
and also depends only on the A, so it is holomorphic in the sense mentioned
above. Finally, the anti-MHV amplitude AYT(+, 4+, —, ..., —) may be obtained
from (1.17) by replacing all angle brackets with square brackets. These two ex-
pressions agree for n = 4 upon using momentum conservation; the four-point
amplitude is both MHV, anti-MHV, and in the middle helicity sector. We

sometimes speak of MHV* sectors to denote the amount of helicity violation.

Given the MHV formula (1.17), there is no obvious generalization to ampli-
tudes with other helicities. However, in a landmark paper [46], Witten intro-
duced a twistor string theory which generalizes the Parke—Taylor formula (and
its supersymmetric extension) to arbitrary helicity sectors using world-sheet
techniques similar to those in Section 1.2. These string theories are appropri-

ate for QFT because the only propagating states are massless— i.e., there are
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no o corrections. These results serve as a major motivation for work in this

thesis.”

Supersymmetric Yang—Mills [28] theories contain additional global fermionic
symmetries which relate particles of different spin to the gluons. Equation (1.17)
applies to gluons, but these can be seen as the vector component of a super-
symmetric vector multiplet with extended supersymmetry. Gauge invariance
of the pure gluon amplitudes greatly restricts their form, and the supersym-
metric completion of these amplitudes leads to a nearly unique expression in
the case of N' = 4 supersymmetry, the maximal supermultiplet in four dimen-
sions with spins < 1. We assume the reader is familiar with supersymmetry
in 4D, and later basic properties of 6D supersymmetry. An introduction to

these topics can be found in most standard texts, such as [48].

In light of the above discussion, an N = 4 supersymmetric extension of the

Parke-Taylor Formula turns out to be [49]:

A=A Nionf) = 6 <2p1> <1g>gé; A?n&zw (1.18)

Here we introduced Grassmann numbers 7/ for each particle to organize the
N = 4 on-shell states. The index I = 1,...,4 denotes the fundamental
representation of the global SU(4) R symmetry of the theory. The combination
Q¢ = Xen! is the on shell supercharge carried by each particle, and the

fermionic delta function implies the conservation
A0 Q) - QAT =0. (1.19)

Like the momentum conserving delta functions, their fermionic counterparts
imply the conservation of 8 the total 16 super-Poincaré symmetries. (This
theory also has conformal and superconformal symmetries; we provide more
details of the superspace formalism in Chapter 2). Here it suffices to say that
various component amplitudes involving specific choices of external particles
may be obtained from Eq. (1.18) by performing a chosen number of Grassmann
integrations over each n!. In this superspace formalism, to recover the Parke—
Taylor formula we may select two particles in the bottom component of the
multiplet and the rest from the top component; these turn out to be the on-
shell photon helicity states A, and A_.

A review of twistor strings and perturbative Yang-Mills may be found in [47].
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The twistor string theory generalizes Eq. (1.18) to arbitrary MHV* helicity
sectors. This drew on the inspiration that the supersymmetric Parke-Taylor
formula can be written as the correlation function of a certain two-dimensional
current algebra [419] on the Riemann sphere, and the situation becomes sur-
prisingly similar to the holomorphic closed string amplitudes discussed in Sec-
tion 1.2. We see that scattering in four dimensions can be understood in terms

of the geometry of the complex projective line with SL(2,C) symmetry.

An intermediate step which we briefly explain is the observation that the MHV
amplitudes may also be written as an integral over the moduli space of degree-
1 curves in twistor space. Twistor space was introduced by Penrose 12, 46,
50], which is essentially the three complex dimensional projective space CIP3.
This space is useful for describing conformally invariant particle wavefunctions
because the 4D conformal group, SO(4,2) ~ SU(2,2) acts linearly on this

space. The complex coordinates are four component spinors:
74 = (N, 1g) - (1.20)

As explained below, the pu, are related to the A by Fourier transform in split
signature (other signatures are possible). In the complex case, the action of
the U(1) little group is Z ~ tZ for t € C*, so we see that the kinematic infor-
mation is equivalent to points in CP?. Z4 itself transforms as a 4 under the
complexified conformal group SL(4, C). We remark here that this structure is
echoed in six spacetime dimensions, since the Euclidean 4D conformal group
SO(5,1) ~ SU*(4) is equivalent to the Lorentzian 6D Poincaré group.

The abstract idea here is that 4D conformal wavefunctions of external gluons
are best represented as points in twistor space representing their null trajec-
tories and helicities in spacetime. Given these external kinematics, the MHV
scattering amplitudes are localized integrals of the current algebra correlator
over curves in twistor space. The ultimate result of this procedure is still the
Parke-Taylor amplitude, but the interpretation in terms of curves will allow a

generalization. We will start by rewriting Eq. (1.17) in the schematic form,

A, Ny hy) = 6* (Z AAZ) N, (1.21)

We may rewrite the momentum conserving delta functions as a position space

integral over the variable x,, which we will identify with the moduli of the
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curve in twistor space. The transformation to twistor space is simplest to
describe in 4+ + —— signature with real A, because it then becomes an ordinary

Fourier transform,

N 0
; | —— 1.22
Ag — Zauo‘ , (1.22)
0
i 1.23
i (1.23)

This series of transformations is straightforward to implement for the MHV

amplitudes due to the holomorphic dependence on A only. The result is

A pi) = [atras T8 un -+ 2as ) FON). (1.24)
j=1
This implies that the amplitude may be written as a localized integral sup-

ported on the solutions to the delta functions,
i + TasA; =0, (1.25)

The linear form of these implies that this is a degree 1 curve, and by solving
for p14 in terms of A* we may see this curve is a copy of CP! with (A\*, \?) as
the homogeneous coordinate. For each choice of x,4, we get a map from this
Riemann sphere to the twistor space CIP? with the projective coordinate Z4 =
(A%, 11g), and all such degree one genus-zero curves in CIP? are of this type.
The amplitude evidently vanishes unless all points lie on this degree one genus-
zero curve, which contains in it the statement of momentum conservation back
in ordinary space. Later, we will discuss different versions of these constraints

which imply and reformulate the on-shell information in different ways.

A critical observation of [46], is that the A/ = 4 extension of the above analy-
sis involves the Calabi-Yau supermanifold CPP?*, which has both bosonic and
fermionic coordinates. The fermi coordinates with the SU(4) R symmetry ac-
tion now describe which on-shell state to scatter, and this leads us to conclude

that the on-shell field theory states are described by points
(Zz4n"), with (Z%0") ~ (tZ2% "), teC, (1.26)

This has the scale-invariant Calabi-Yau measure

1

2=1

eapcpersxnZtdzPdzCdzP dn dn’ dn® dn* . (1.27)
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Being a Calabi-Yau manifold (of a somewhat unusual type due to the fermi
coordinates), CP?*, is an anomaly free target space of the Topological B-
model, which is a topologically twisted N/ = 2 two-dimensional world-sheet
theory. Topological string theory is a vast and fascinating subject which is
outside the scope of this thesis. An interested reader is encouraged to read

some of the original papers [51, 52| as well as reviews [53, 54].

For our purposes, we describe a few important conclusions. For definiteness,
Witten considers the B-model with open string boundary conditions and U (N)
gauge group on the CP3/* target space. The boundary conditions correspond
to filling the target with N space filling branes (topological string versions
of the ones discussed previously). These topological branes enforce the holo-
morphic B-model boundary conditions and must wrap holomorphic curves in
the target space. The physical states of the open B-model with super-twistor
target turn out to be exactly the 1-particle on-shell superfields of NV = 4 super
Yang—Mills. The degree one genus-zero holomorphic curves which support the
MHYV amplitudes are interpreted as D1-branes wrapping holomorphic curves
in the twistor space. These real co-dimension four curves (sometimes called D-
instantons or instanton strings) may be generalized to higher degree and genus
so long as the embedding is holomorphic. The conjecture is that the tree-level
perturbative expansion of N' = 4 SYM is computed by the D-instanton ex-
pansion of the B-model, with the MHV?* sectors appearing as different degrees

of D-instanton.

There is much more that can be said about this B-model construction, but in
the interest of producing explicit formulas for a more general class of theories
and amplitudes, we focus on the work of Roiban, Spradlin, and Volovich (RSV)
who studied concrete versions of the twistor string formula and provided a

useful alternative formulation.

In the Witten-RSV formula, the moduli space to be integrated over contains
components characterized by the degree of the maps and by the number of
disconnected curves in the target space. (RSV) conjectured and gave evi-
dence that by integrating over only maps to connected curves the complete
tree-level S-matrix could be recovered [55]. The Witten-RSV formula then
expresses n-particle amplitudes as integrals over the moduli space of maps
from n-punctured spheres into connected curves in twistor space. The formula

can then be translated into momentum space. Unlike string amplitudes such
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as Eq. (1.4), the Witten-RSV formula is not a true integral as it is totally
localized on rational curves. The result of such an integral will always be
a rational function of the kinematics, which is expected for consistent tree

amplitudes due to unitarity arguments involving complex kinematics.

As a final comment, we will present a version of the Witten-RSV formula
which is somewhat different than the original paper. This form was first found
in [56] and is equivalent to what was discussed above, but is more convenient
for 6D kinematics. Instead of using twistors directly, the key ingredients of the

formula are rational maps from CP! into the null cone in spinor coordinates:
2 = Aa(2)Aa(2), (1.28)

with Ao (z) and A(2) polynomials of degree d and d, respectively, such that

d+ d = n — 2. These have the explicit parametrization,
d B d
N (2) =) et M) =D pt (1.29)

In addition to the moduli of the curve, we must also integrate over the posi-
tions of the punctures o;. The combined integral of bosonic moduli is totally
localized, and we will soon introduce the equations satisfied by the punctures.
We also introduce the notation o;; = 0;—0; which will be convenient; products
of these factors often appear in denominators similar to fermion correlators in

2D CFT.

To incorporate supersymmetry into the formula, we may integrate over fermionic
maps x’(z), X! (z) which impose target space supersymmetry. These fermionic
integrals are Grassmann integrals, and their constraints are fermionic delta
functions similar to the one in Eq. (1.18). These delta functions constitute

part of the integrand discussed in Eq. (1.5).
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T U(N) Open B-model
—

~

Figure 1.1: A rough figure of the twistor string for four dimensions. An
abstract internal space representing a D1 brane with coordinate z € CP*
wraps a holomorphic curve in CP3. The holomorphic maps are schematically
of the form \*(2) = S°0_, pp2* and A (2) = S2¢_, p¢2*. Punctures correspond
to insertions of on-shell fields in the form of U(N) open B-strings, and for n
particles the degree of the maps and amount of helicity violation are given
by d+d=n—2and d —d = Ah, respectively. The amplitude is obtained
by integrating the correlator of these punctures over the moduli of positions
z; and maps p, p into the target. This integral is totally localized and is
equivalent to an expression obtained in field theory using Feynman diagrams.
A very similar picture holds true for the six-dimensional versions of the twistor
string discussed in this work, and the kinematics of 6D scattering amount to
a correct choice of target space and parametrization of the curves.

The amplitude is at first sight somewhat formidable. For completeness, we
display the formula here, but it is our task of Chapters 2 and 3 is to explain
it in much greater detail. For an amplitude involving n particles in the rth

helicity sector, with d = r — 1, the amplitude is:

ANFASN () = U/du PT()u/dﬁﬁg (1.30)

with the measure,

/ /mﬂmmopdm“fwﬁ& s _ X)X )
vol SL(2,C) x GL 100 '

(1.31)

The fermionic integrand dQ%Z is given by

H X d* X H64< w) 54<cj;“ - M) (1.32)

H];ﬁi Tij Hj;éi Tij
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while the Parke—Taylor factor depends on the choice of cyclic ordering and is

given by

PT(12++m) = —+ (1.33)

012023 -+ Opl

It is possible to analytically show that this is equivalent to the Witten—RSV
formula and the curves in twistor space. However, practical evaluation of
higher-point amplitudes outside of the MHV sector is essentially not possible
by hand. However, this formula has all the correct symmetry properties, can
be checked numerically to high point amplitudes, and in principle gives a

complete solution to the classical scattering problem.

Motivated by the success of twistor string constructions in 4D, Cachazo, He,
and Yuan (CHY) looked for alternative formulations, leading to what is now
known as the scattering equations and the CHY formulation [57, 58, 59]. This
formulation opened up world-sheet-like constructions for a large variety of the-
ories in any number of dimensions at the expense of giving up on fermions and
hence supersymmetry. The search for a CFT that reproduced the CHY formu-
las led to the discovery of ambitwistor strings [60, 61, 62] whose development
allowed computations beyond tree-level [63, 64, 65, 66, 67] (for a recent review
see [68]).

In the simplest setting for the CHY formalism, the rational maps A(z), \(z) are
integrated out, leaving only the d"o moduli integral. Since the spinor-helicity
variables are also tied to supersymmetry, the CHY formalism also requires
a specific choice of component amplitudes and the corresponding integrands.
The result are formulas which are applicable for tree level amplitudes in any

dimension.

As with the Witten—RSV formula, the moduli integral over the punctures o;
on CP! is not a true integral; after gauge fixing, the number of integrations
is equal to the number of constraints. Therefore, it is a totally localized inte-
gral, and CHY found the key equations which the punctures must solve, the
scattering equations: )
ij

E; = ; o = 0, (1.34)
where s;; are the Mandelstam invariants. Due to the fractional linear sym-
metry, only n — 3 of these equations are linearly independent. It can also be

shown that there are (n — 3)! solutions. Virtually all amplitudes considered
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in this thesis are localized on the support of the scattering equations in some

way.

The general CHY formula is the prototypical example of Eq. (1.5) and can be

written as [58]:

do-l eor
Aiheory:/él) i-1P%) (Hap@ ) VOII[§L12 C) H‘5 BTV, (135)

where the primed delta function indicates that we must fix three scattering
equations, giving a Jacobian. Also, Zt™ is the theory-dependent integrand
(which may contain information such as polarization vectors or color factors).
Many integrands are possible, but they must have weight —2 under an SL(2, C)
transformation for each puncture for the integral to be well defined. It is
sometimes convenient, but not required, to write the integrand as a product
of ‘left” and ‘right’ factors for use with the KLT copy construction. By now
a large catalog of such CHY integrands is known, and we will introduce them
throughout this thesis. The simplest integrand which has already appeared
in the twistor string amplitudes is the Parke—Taylor factor, and the simplest
CHY amplitude is a product of two such factors. This describes the tree-level
scattering of a scalar ¢® theory in which the scalar transforms in the bi-adjoint
representation of two gauge groups. The bi-adjoint scalar amplitude is given
by 1.35 with Zte™ being the product of two ParkeTaylor factors.

We go into many more details of the CHY formalism in Chapter 3 where it is

useful to define notation and generalize the 4D Witten—-RSV formula.

1.4 Holography, AdS/CFT, and p-Adic Algebraic Curves

This section of the introduction discusses the second major line of research in
this thesis, which involves holographic dualities. While we will use somewhat
similar mathematical tools to those employed for amplitudes in 6D, Chap-
ters 2, 3, and 4 are logically distinct from Chapters 5 and 6. In these lat-
ter chapters, we will introduce lattice models which utilize number theoretic,
algebro-geometric, and information theoretic ideas from mathematics in or-
der to study dual pairs of theories. Once again, one-dimensional projective

geometry plays a critical role, as we will soon explain.

AdS/CFT is a concrete realization of holography in quantum gravity first pro-
posed by Maldacena in the landmark paper [12], and the construction there
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involved N coincident D3-branes in flat space Type IIB string theory. The
low-energy effective theory of open strings on these branes is the 4D U(N)
N = 4 SYM theory, which we have so far discussed in the context of scat-
tering amplitudes. However, in Type IIB string theory, these branes act as
sources for the closed string fields such as the graviton. In the large N near
horizon limit, the gravitational backreaction curves the flat 10D geometry to
AdS5 x S°, an effect that is clear from classical general relativity but not ob-
vious in perturbation theory. By adjusting the parameters, it is possible to
continuously interpolate between a description in which the field theory is valid
and a description in which the supergravity background is valid. This leads to
the now well-established conjecture that N/ = 4 SYM at large N and strong
coupling is equivalent to supergravity on AdS; x S° with stringy corrections
being subleading. Soon after, [69, 70| performed a semi-classical analysis of
AdS bulk perturbation theory which is found to be equivalent to correlation

functions in boundary strongly coupled gauge theory.

A surprising feature about this duality is that it is holographic— the gravity
theory in the interior of AdS is equivalent to a field theory at the boundary,
essentially living in one lower dimension, aka AdS;/CFT,. This has led many
to conclude that AdS/CFT allows gravitational dynamics and perhaps even

spacetime itself to ‘emerge’ from an underlying quantum theory.

By now there are a vast number of generalizations and extensions of this
correspondence, and it has passed many checks. A review of the literature is
far outside the scope of this thesis, but we comment that many quantities can
be matched on both sides of the duality, and this has led to new insights into
topics such as black hole thermodynamics, non-perturbative effects, stringy
and 1/N corrections, and even applications in condensed matter physics and
pure mathematics. Many examples of holographically dual theories have also
been found (see [71] for a review of these developments). For instance, the
mysterious 6D (2,0) large N M5-brane theory is believed to be dual to M-
Theory on AdS; x S*, and this was one motivation for studying the amplitudes
of a single M5-brane in this thesis. A much more tractable example is the case
of AdS3/CFTy. This is because there are no propagating gravitons in three
dimensions, and additionally there are many tools to do exact computations
in 2D CFT (we have already discussed correlation functions in the context of

string amplitudes, which use identical machinery).
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Figure 1.2: Euclidean AdS3 and a Euclidean BTZ black hole obtained as a quo-
tient. The interior metric has constant negative curvature and the boundary
is a torus.

In AdS;/CFT,, one often realizes the boundary conformal field theory as living
on the genus zero Riemann surface P*(C) with the hyperbolic bulk AdS space
as a coset space. Higher-genus bulk and boundary spaces can be seen as
generalizations of the (Euclidean) BTZ black hole [72|. The original BTZ
black hole 73] corresponds to the genus one case, see Figure 1.2. As curves
and cosets, the construction of these spaces is entirely algebraic, and one may
find other spaces by changing the underlying field.° For instance, one might
use R, a finite field IF,, or the p-adics Q,, where p is any prime. Since some
of these ingredients may be unfamiliar, a review is found at the beginning of
Chapter 5.

In [74] it was suggested that certain p-adic algebraic curves coming from the
replacement C — @, such as P'(Q,) and the higher genus Mumford curves
of [75], are suitable boundary spaces for holography where the analog of a 2D
CFT might live. Since some of the objects that exist on the p-adic side have
a discrete, combinatorial nature, one can take advantage of this structure to
carry out computations in a more convenient discretized setting. An attractive
feature of this proposal is that the bulk space is still a coset, but now becomes
the Bruhat-Tits tree [76] (an infinite tree of uniform valence) at genus zero.
This opens up the possibility of studying certain features of AdS/CFT by
passing to a p-adic setting where the bulk and boundary geometry are relatively

simple.

There has been a considerable amount of work over the years concerned with

6Here we mean “field” in the sense of mathematics, an unfortunate collision of nomen-
clature with the physical notion of a field.
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Figure 1.3: A p-adic BTZ black hole obtained by a quotient of an infinite tree.
This parallels the construction in 3D topological gravity, but now the bulk is
discrete. The boundary is a genus-one curve over QQ,. Certain simple features
of AdS/CFT still hold for this kind of geometry. (There exists a black hole
like this for every prime p— as pictured, p = 3).

developing various aspects of physics in a p-adic setting, see for instance the
reviews [77, 78, 79, 80]. In particular, the Bruhat-Tits tree of Q, (the p-adic
numbers) and its boundary P*(Q,) were used in the setting of p-adic string
theory [18, 19, 81, 82, 83]. A major result of this thesis was the introduc-
tion of these p-adic techniques to AdS/CFT in an explicit way, expanding the
early proposals to a more modern understanding of holography. Appropriate
boundary and bulk field theories for p-adic holography were developed inde-
pendently in [84, 4|, where certain essential features such as the holographic
computation of correlation functions in p-adic conformal field theories were
established. Chapter 5 of this thesis explains this correspondence in detail,

following the original paper.

Beyond the discussion included in this thesis, many additional lines of inquiry
were found which parallel the situation in real AdS/CFT, but the discrete
p-adic geometry often makes these models much more solvable. These models
have been explored further in a series of subsequent papers, such as |7, 85, 86,
87, 6, 88, 89, 90, 91]. Much of this work has focused on exploring analogies
between p-adic models and ordinary AdS/CFT, and searching for structures
familiar from the traditional holographic correspondence in the discretized or

p-adic world.
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Beyond holographic correlators, one may look for structures associated to
the bulk geometry directly. One of the current main challenges of ordinary
AdS/CFT and holography is to explain how exactly this bulk space can emerge
from the conformal field theory. Arguments from black hole entropy and the
Ryu-Takayanagi (RT) formula [92, 93] and its quantum and covariant general-
izations |94, 95, 96] suggest that the emergence of semi-classical bulk spacetime
is related to quantum statistical mechanics of the boundary theory. In partic-
ular it is the CFT entanglement entropy which appears to compute the areas
of minimal surfaces and horizons in AdS. These entropic quantities are difficult
to compute on the boundary, and difficult to make microscopic sense of in the
bulk. One can also ask about other basic properties of the boundary entropy,

such as the strong subadditivity property [97] or other entropy inequalities.

The critical role played by quantum information suggests that any holographic
model which captures features of AdS/CFT should at least have the right
pattern of entanglement. The simplest many-body systems in which non-
trivial entanglement can be studied are finite-dimensional systems of quantum
mechanical bits, or qubits. Toy models of these qubits and quantum circuits
built from self-similar tensors or gates are a natural setting to study long range
entanglement. The density matrix in these systems is well defined and may
often be computed exactly. There are by now many tensor network models
which may capture some of the entanglement features of empty AdS spacetime.
Part of the motivation for seeking these models comes from the proposal made
in [98], which pointed out that bulk reconstruction and bulk locality in the
AdS/CFT correspondence bear strong similarities to the properties of quantum
error-correcting codes and tensor networks. This intuition was used in [99] to
construct a family of “holographic” quantum codes, associated to hyperbolic
tilings. In these codes, bulk qubits are thought of as the logical inputs, the
boundary qubits at the periphery of the tiling constitute the encoded state,
and the error-correcting properties of the code mimic features of holography

such as the Ryu-Takayanagi formula.

In Chapter 6, we propose a new kind of tensor network where the elementary
tensors come from algebro-geometric quantum codes based on the geometry of
projective lines over finite fields. These basic building blocks are glued together
according to rules set by the Bruhat-Tits tree and significantly generalize

the toy model of [99] to a p-adic version which can compute a large class of
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entanglement quantities analytically. We find p-adic or ultrametric versions
of the Ryu-Takayanagi formula, the BTZ black hole entropy, multi-interval
entropy inequalities, and several additional quantities previous networks have
failed to compute. In the limit of an infinite network, these quantities can be
shown to exactly match what is expected of p-adic field theory, and there is a

natural geometric interpretation in the bulk of the network.
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Chapter 2

AMPLITUDES ON THE WORLD VOLUME OF M5 AND
D-BRANES

2.1 Introduction

This chapter proposes explicit formulas for on-shell n-particle scattering am-
plitudes in the tree approximation for three massless field theories, each of
which is a maximally supersymmetric matter theory with 16 unbroken super-
symmetries and 16 additional spontaneously broken supersymmetries. The
fermions in these theories are Goldstone particles (or Goldstinos) of the type
first considered by Volkov and Akulov [100] [101]. These three theories arise
naturally in string theory as the world-volume theories of branes, as we have
described in Sec. (1.2). The first theory is the world-volume theory of a probe
D3-brane (of type IIB superstring theory) in a 10D Minkowski-space back-
ground. The second theory is the world-volume theory of a probe D5-brane
(of type IIB superstring theory) in a 10D Minkowski-space background. The
third theory is the world-volume theory of a probe M5-brane (of M theory) in
an 11D Minkowski-space background. We will refer to these theories as the
D3 theory, the D5 theory, and the M5 theory. These three theories are closely
related. Specifically, both of the 6D theories (D5 and M5) can be truncated
(by a procedure called dimensional reduction) to give rise to the 4D theory
(D3). These relationships, which are predicted by string theory, will provide
powerful checks of the results, as well as a role in their derivation. Another
important feature that all three of these theories have in common is that non-
vanishing on-shell scattering amplitudes require an even number of particles,
i.e., n must be even. The generalization of these formulas to odd n for theories
such as super Yang-Mills and Supergravity turns out to be considerably more

challenging, and this is the subject of Chapter 3.

The D3 theory is a 4D Dirac-Born-Infeld (DBI) theory, with N' = 4 super-
symmetry, which some authors call sDBI theory. It is a self-interacting theory
of a massless abelian A/ = 4 vector supermultiplet, which consists of a vector,
four spinors, and six scalars. Its R-symmetry group is SU(4) x U(1). Although
the helicity-conservation property of scattering amplitudes of the D3 theory
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has also been understood previously [102] using the electric magnetic duality
of D3-brane action [103], the additional U(1) enlargement in the R-symmetry
group at tree level has not been noted previously.! The action for the D3 the-
ory was derived in [31] by dimensional reduction of the action for the D9-brane,
which was constructed using string-theoretic techniques. (See [32][33][34][35]
for related work.) The D3 theory has been examined in some detail recently
in [104]. There has been a recent proposal for the tree amplitudes of this the-
ory in [105][106]. Our formulas will take a different form based on techniques
described in Sec. (1.3) of the Introduction.

The action for the D5 theory also can be obtained by dimensional reduction of
the D9-brane action. This theory is a self-interacting theory of a single vector
supermultiplet with (1,1) supersymmetry in 6D. The vector supermultiplet
consists of a vector, four spinors, and four scalars. The R-symmetry group of
the D5 theory is SU(2) x SU(2).

The M5 theory is a self-interacting theory of a single tensor supermultiplet with
(2,0) supersymmetry in 6D. This multiplet contains a two-form field B with a
self-dual field strength (H = dB = xH) as well as four spinors and five scalars.
There is an analog of the Born—Infeld action that describes self interactions
of the B field, which was constructed in [107]. This theory has 6D Lorentz
invariance, though the action only has manifest 5D Lorentz invariance. The
five additional Lorentz transformations that involve a particular (arbitrarily
chosen) direction are not obvious symmetries. These transformations of the
Lagrangian give a total derivative. Dimensional reduction of this theory to five
dimensions gives pure Born—Infeld theory. The action for the supersymmetric
extension of the 6D theory that incorporates the complete (2,0) supermulti-
plet, i.e., the M5 theory, was constructed in [108]. (See [109|[110][111][112]
for related work.) The R-symmetry group of this theory is USp(4). Certain
lower-point amplitudes for the M5 theory have been discussed previously, for
example, in [113][114][115][116][117]. The requirement that they give D3 am-
plitudes after dimensional reduction to 4D will play an important role in our

analysis.

Another feature that these three theories have in common is that they inherit

their symmetries from those of the parent theories, .e., M-theory in flat space

"'We will explain later why the D3 theory has a larger R-symmetry group than N = 4
super Yang—Mills theory. Of course, there are many other differences. For example, the D3
theory is not conformal.



32

and Type I1B superstring theory in flat space. By positioning the probe branes
in the ambient space, some of the symmetries of the parent theory are sponta-
neously broken. Broken symmetries include translations perpendicular to the
branes and half of the supersymmetries. These symmetries are realized non-
linearly in the brane theories. Thus, the scalars and spinors in these theories
are Goldstone particles. As a result, the amplitudes of these theories satisfy
various soft theorems. The vector and tensor gauge symmetries are inherited
from the background NS-NS 2-form of Type IIB and the M-theory 3-form,
respectively [118].

One of the challenges in formulating on-shell scattering amplitudes for these
theories is to make their various required symmetries manifest. As has become
conventional for massless particles, we use twistor-like spinor-helicity coordi-
nates to represent momenta and supercharges. These introduce a little-group
symmetry for each of the scattered particles. As we will explain, this group
is SU(2) x SU(2) for the D5 theory, SU(2) for the M5 theory, and U(1) for
the D3 theory. The use of spinor-helicity variables allows us to construct on-
shell amplitudes with manifest Lorentz invariance even for chiral theories, such
as the M5 theory, which has well-known obstructions to constructing a use-
ful Lorentz-invariant action. In addition to super-Poincaré symmetry, each of
these theories has an R-symmetry group: SU(2) x SU(2) for the D5 theory,
USp(4) for the M5 theory, and SU(4) x U(1) for the D3 theory.

Our formulas for scattering amplitudes in each of the three theories take forms
that are similar to the twistor-string formulation of 4D A = 4 super Yang—
Mills amplitudes (SYM) in Witten’s classic twistor-string paper [46]. This
formula and related discussions were reviewed in Sec. 1.3, and we continue the
discussion here. The twistor-string formulation of 4D N = 4 SYM is given
by the Witten-RSV formula, which was studied in detail in [119, 120, 55]|.
In particular, we associate a coordinate ¢; on the Riemann sphere to the ith
particle in an n-particle scattering amplitude. The formula for the amplitude
is required to be invariant under a simultaneous SL(2,C) transformation of
these coordinates. Following Cachazo et al. [56], in the twistor-string-like
formalism that we use, certain rational functions of o; are associated to the ith
particle. These functions are restricted by delta-function constraints in such
a way that the number of bosonic delta functions is equal to the number of

bosonic integrations. Thus, the formulas are actually algebraic, as they should
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be for tree amplitudes. Furthermore, the delta-function constraints imply the
scattering equations [57], which are > iDi " D Joij = 0, where 0;; = 0, — 0.
We have already discussed the scattering equations in Sec. 1.3, and they will
appear throughout this work. This approach allows us to formulate all of the
amplitudes for the three theories in a uniform way. It also is convenient for

verifying some of their essential properties.

Our main results are general formulas for the n-particle on-shell tree ampli-
tudes for each of the three theories. These formulas make most of the required
symmetries manifest, or at least easy to understand. The exception is the
R symmetry, where only a subgroup is manifest. The supermultiplets are
incorporated by associating four Grassmann coordinates, with specified trans-
formation properties, to each external particle. The key to making the full
R-symmetry group manifest is to carry out a Fourier transformation for half
of the Grassmann coordinates — two per particle. The price that one pays
for making R symmetry manifest is that the formulas become somewhat more

complicated for the 6D theories.

This chapter is organized as follows: We begin in Section 2.2 with a discussion
of general properties, such as symmetries, conserved charges, and on-shell
states, for each of the three theories considered in this chapter. We utilize
the 4D spinor-helicity formalism for the D3 theory and the 6D one for the M5
theory and the D5 theory. To illustrate the structures and ideas, Section 2.3
examines the four-particle amplitudes for these theories. Section 2.4 presents a
general formula for the n-particle amplitudes of the D3 theory. As mentioned
previously, our formulas for scattering amplitudes in each of the three theories
take forms that are similar to the twistor-string formulation of 4D N = 4 super
Yang-Mills amplitudes [46]. This formulation of the D3 theory is somewhat
different from those in the literature. It is more suitable for the generalization
to 6D, which is required for the M5 and D5 theories.

In Section 2.5 we propose a new formula, given in Eq. (2.100), which gives
all of the tree amplitudes of the M5 theory and generalizes the D3 formula in
a way that is consistent with dimensional reduction of A/ = (2,0) in 6D to
N =4 1in 4D. This is our most novel result, providing a mathematical formula
for the complete tree-level S-matrix for a theory whose Lagrangian description
has well-known issues mentioned earlier. This section also describes various

checks of the formula, including symmetries, soft theorems, and factorization.
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Using knowledge of the lower-point amplitudes and factorization, we obtain
compact analytic expressions for certain amplitudes of the self-dual B fields for
n = 6 and n = 8. These agree perfectly with the general integral formula and
give explicit consistency checks. Despite the apparent differences between the
M5 and D5 theories, in Section 2.6 we present a similar integral formula for the
D5-brane amplitudes, which reproduces what one obtains from the D5-brane
action. Finally, our conclusions and remarks concerning future directions are
presented in Section 2.7. Further technical details and an analysis of the R

symmetries are presented in Appendix A.1.

2.2 Symmetries, Conserved Charges, and Supermultiplets

The three theories that we are considering have three types of conserved
charges, which form a nice superalgebra in each case. These charges, are the
momenta p;, supersymmetry charges ¢;, and R-symmetry charges R;, where
the index ¢« = 1,2,...,n labels the n particles participating in an n-particle
on-shell scattering amplitude A,. By treating all of the particles symmetri-

cally as ingoing, conservation of these charges is simply the statement that

Y pi=0, > a=0, Y R =0 (2.1)
=1 i=1 =1

In practice, some of these conservation laws are implemented by including ap-
propriate delta functions in the formula for A,. The other charges are repre-
sented by differential operators and their conservation is achieved by requiring
that A, is annihilated by the appropriate sums of these differential operators.

Lorentz invariance will be manifest in all formulas.

M5 theory

The world-volume theory of a probe M5 in an 11D Minkowski space back-
ground has (2,0) 6D supersymmetry. This theory describes a single massless
self-interacting tensor supermultiplet. This supermultiplet contains a two-
form field B,,, with a three-form field strength H = dB, which is self-dual in
the free-theory limit. Such a field gives rise to three on-shell degrees of free-
dom. The tensor supermultiplet also contains four fermions and five scalars.
Altogether, there are eight bosonic and eight fermionic on-shell degrees of free-
dom. The three multiplicities (1, 4, 5) correspond to representations of the
USp(4) = Spin(5) R-symmetry group, which is an unbroken global symmetry
of the M5 theory. This symmetry can be thought of as arising from rota-
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tions in the five spatial dimensions that are orthogonal to a flat M5 in 11D
Minkowski spacetime. The little group for massless particles in d dimensions
is Spin(d — 2). Thus, in 6D it is SU(2) x SU(2). However, in the special case
of the tensor multiplet all of the on-shell particles are singlets of one of the
two SU(2) factors. Specifically, the self-dual tensor transforms as (3,1), the
spinors, which are also chiral, transform as (2,1) and the scalars transform
as (1,1). Therefore, we shall ignore the trivial SU(2) and refer to the non-
trivial SU(2) as the little group of this theory. In the case of the D5 theory,

considered in the next subsection, both SU(2) factors will be required.

It is convenient to introduce four Grassmann coordinates, such that the entire
on-shell supermultiplet can be described by a single scalar expression. There
are various ways to do this. One obvious choice is to introduce four Grass-
mann coordinates n’, which transform as the fundamental four-dimensional
representation of the USp(4) R-symmetry group. In this way, one can make
the R symmetry manifest, and we first discuss this formulation. However, be-
cause amplitudes for massless particles are labeled by incoming momenta and
little-group indices, in most formulas we will make use of a second description

of the supermultiplet that makes little group symmetry manifest.

For theories involving massless particles, it is also convenient to introduce eight

bosonic spinor-helicity coordinates A2, where A = 1,2,3,4 labels a spinor

ar
representation of the 6D Lorentz group Spin(5,1) and a = + labels a doublet
of the chiral little group discussed above. These coordinates belong to a real
representation of the product group, because the spinor representation of the
Lorentz group and the doublet little-group representation are both pseudoreal.
In terms of these coordinates the momentum of an on-shell massless particle

is written [43],
PP = cNINE = NIAP = MINE - AN (2.2)

This formula is invariant under the SU(2) little group, and therefore three
of the eight \ coordinates are redundant, leaving five non-trivial degrees of
freedom, as appropriate for the momentum of a massless particle in 6D. Note
also that pA? = —pP4 is a six-vector of the Lorentz group. p?, which gives
the square of the mass, is proportional to the Pfaffian of pA”. This vanishes
because the 4 x 4 matrix pA® has rank two. When we describe n-particle
scattering amplitudes we attach labels ¢, 7, . .., which take the values 1,2, ..., n,

to the coordinates. Thus, the ith particle is associated to )\;i, M and nf.
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The 16 supersymmetry charges of the M5 theory can be represented by?
0
¢ =Ny - QM — (2.3)

where the antisymmetric matrix Q! is the symplectic metric. We will find it

convenient later to choose Q'3 = Q?* = 1. This formula can be recast as
¢t =Ny = A, (24)
where . = 7' and nt. = Q!/9/0n’. Then
{nas i} = e, (2.5)

This makes the little-group invariance of the supercharges manifest. Note that
the supercharges belong to a chiral representation of the Lorentz group, and
the opposite chirality representation does not appear. This is what is meant by
saying that the theory has (2,0) supersymmetry. As usual, the supercharges

anticommute to give the momenta
{a*,¢"7} = QVp"P. (2:6)

The ten R charges, R!Y = R’!  are represented by

I I, Ja IQJKi+ sk 9 (2.7)

Ny MM n 877K n anK
These charges generate USp(4) and they transform the supercharges appro-
priately

[RY ¢4K] = QIKgAT 4 QIK AL (2.8)

The on-shell supermultiplet consists of three kinds of particles: a helicity
triplet B® = B which is an R-symmetry singlet, a helicity doublet ¢, which
an R-symmetry quartet, and a helicity singlet ¢;; = —¢7, Q7 ¢, = 0, which
is an R-symmetry quintet. These can be combined into a single R-symmetry

invariant expression:
1 1 B 1 __
®(n) = B ' +5n'n b1y 500m BT +(nn)n' b +5(0n)* BT, (2.9)
where we have defined

1
n-n= §QIJ77177J =n'n’ +n’n". (2.10)

26D NV = (2,0) on-shell superspace was first discussed in [113].
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Note that each 4+ or — superscript correspond to half a unit of Hs, the third
component of the little group SU(2) algebra. Each term in ®, and hence ®
itself, carries a total of one unit of Hj if we assign a half unit of H3 to each
factor of n. This was to be expected because 1! was introduced as a renaming

of nL = n!t.

This description of the supermultiplet has two deficiencies: first, it is not
invariant under the little group; second, little-group multiplets are split up
among different terms in the expansion. As noted already, both of these defi-
ciencies can be overcome by using a different formulation of the supermultiplet.
The price to be paid will be that only an SU(2) subgroup of the USp(4) R~

symmetry group will be manifest.

The SU(2) little group is not a global symmetry of the M5 theory. Rather, it
is a redundancy in the formalism, analogous to a local symmetry, which is not
manifest in the preceding equations. It can be made manifest by Fourier trans-
forming half of the n coordinates. A Fourier transform replaces a Grassmann
coordinate by a Grassmann derivative and vice versa. As before, we choose
OB = 0% = O = —O* = 1, while all other components of !/ vanish.
Then we replace 1 and n* by derivatives with respect to 7' and 77 and rename
(n',n") as (nL,nk). Altogether, the four coordinates n’ are replaced by four
coordinates 7!, which now transform as a doublet of the little group and as
a doublet of an SU(2) subgroup of the R symmetry group. The formulas for
the 16 supercharges become

294 (2.11)

Al _ A _Ia ~A
q - )\an and q[ - )\a 8775 )

As promised, we have traded manifest USp(4) R symmetry for little group
SU(2) symmetry. This is also the case for the on-shell supermultiplet formula,
which is a Grassmann Fourier transform of the one in Eq. (2.9). It now takes

the form

O(n) = ¢ + 0l +ermind B + nln ¢y + () s + (fMYe,  (2.12)

where (n*)] = e;xnin’nE and (n*) = erserrnin/n® 0. Recall that in ®(n)

the index I takes four values, whereas in ®(n) it takes two values. (We prefer
not to introduce another symbol.) The five scalars are split 1 + 3 + 1 and
the four spinors are split 24 2 even though they form irreducible R-symmetry

multiplets. To summarize, the ® representation has manifest R symmetry,
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whereas the ® representation has manifest little-group symmetry. The latter
representation will turn out to be the easier one to deal with, and our main

formulas for scattering amplitudes will use this superfield description.

D5 theory

The world-volume theory of a probe D5 in a 10D Minkowski space background
has (1, 1) 6D supersymmetry. On-shell superspace with (1, 1) 6D supersymme-
try has been used for studying 6D super Yang—Mills theory, see, e.g., [121, 122,
123]. This theory, which is nonchiral, i.e., parity invariant, describes a single
massless self-interacting vector supermultiplet. This supermultiplet contains
a one-form field A,,, with a two-form field strength F' = dA. Such a field gives
rise to four on-shell degrees of freedom. The vector supermultiplet also con-
tains four fermions and four scalars. Altogether, there are eight bosonic and
eight fermionic on-shell degrees of freedom. The three multiplicities (1, 4, 4)
correspond to representations of the SU(2) x SU(2) = Spin(4) R-symmetry
group, which is an unbroken global symmetry of the D5 theory. The repre-
sentations are (1, 1) for the vector, (2,2) for the scalars and (1,2) + (2,1) for
the fermions. This symmetry can be thought of as arising from rotations in
the four spatial dimensions that are orthogonal to a flat D5 in 10D Minkowski

spacetime.

As discussed earlier, the little group in 6D is also SU(2) x SU(2). Altogether, in
terms of four SU(2) factors, with the first two referring to the little group and
the second two to the R-symmetry group, the vector supermultiplet contains

the following representations:
(2,2;1,1) 4+ (1,1;2,2) + (2,1;1,2) 4+ (1,2; 2,1). (2.13)

Note that, unlike the M5 theory, the D5 theory involves nontrivial represen-
tations of both SU(2) factors of the little group. In terms of on-shell fields,
these representations correspond to A%, ¢! 11 and ¢ in a notation that

should be self-explanatory.

As before, we can introduce eight bosonic expressions A4, where A = 1,2, 3,4
labels a spinor representation of the 6D Lorentz group Spin(5,1) and a = +
labels a doublet of the first SU(2) factor in the little group. In terms of these
coordinates the momentum of an on-shell massless particle can be written in

the form
pAB = ePNANE = \ANPe, (2.14)
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Three of the eight A coordinates are redundant, leaving five nontrivial degrees
of freedom, as appropriate for a massless particle in 6D. Unlike the case of
the M5 theory, this is not sufficient. The Lorentz group has a second four-
dimensional spinor representation, corresponding to the opposite chirality, and
the little group has a second SU(2) factor, both of which are utilized (on
an equal footing) in the D5 theory. Therefore, it is natural to introduce an

alternative formula for the momentum utilizing them
Pan = X aad gy = Aaay. (2.15)

The two sets of spinor-helicity variables are orthogonal in the sense that

~

A, = 0. (2.16)

This combination must vanish in order that p?> ~ pAZpp = 0.

15pAB
50

and ¢ are the appropriate Lorentz-invariant tensors, the information encoded

Since the momentum six-vector p' is given by 10% zpit? = Diag, where o
in A and 5\, modulo little-group transformations, is the same. In fact, if one of
them is given, the other is determined up to a little-group transformation. The
two four-dimensional representations of the 6D Lorentz group, labeled by the
upper and lower indices A and B, are inequivalent. If the group were SU(4)
they would be complex conjugates of another, but for Lorentzian signature the
group is Spin(5,1) and each of these representations is pseudoreal. Nonethe-
less, for either signature it is a fact that the Kronecker product of these two
representations gives the adjoint plus a singlet. It will be important in the
analysis of the M5 theory that \ determines A up to a little-group transfor-
mation and that the Lorentz invariant combination of A and A in Eq. (2.16)

vanishes.

In the notation introduced above the 16 supercharges are given by ¢/ and (jﬁ.

Then the (1,1) supersymmetry algebra is

(g q%7} = p"Pel (@, qhY = pase”, {d* @} =0 (2.17)

These are conveniently represented by

M = NG = A", @ = e Aaaiy = Awan", (2.18)
where the Grassmann coordinates satisfy

{U£7 77[;]} = 5ab51Ja {7751;» ﬁg = gal}gfja {77(57 ﬁj; = 0. (219)
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Now, there are again two alternative representations of the on-shell superfield
distinguished by whether the R symmetry or the little-group symmetry is man-
ifest. The formula with manifest R symmetry utilizes the four anticommuting
Grassmann coordinates ! and ﬁ£ , which we simplify to ! and ﬁf . In terms

of these, the expansion is
(n) = AT 4 it e P AT P AT AT, (2.20)
where n? = Leym'n’ and similarly for 7

The alternative representation with manifest little-group symmetry utilizes the
I = 1 components of 7!, now denoted 7,, and the I=1 components of 7.,

now denoted 7);. The on-shell superfield in this representation is
é(n) _ ¢1i + nawai + ﬁ&wdl + naﬁdAaa + n2¢21 + 772¢1Q T 7727?2¢22- (221)

As before, the two representations are related by a Grassmann Fourier trans-
form. Since the little group and the R symmetry are both SU(2) x SU(2) for
the D5 theory the two superfield formulas have the same structure with the

role of the R-symmetry and little-group symmetry interchanged.

D3 theory

Since the D3 theory can be obtained by dimensional reduction of the M5 the-
ory or the D5 theory, let us consider what happens when all of the momenta
are restricted to a 4D Minkowski subspace. The Lorentz group then becomes
SL(2,C) and the 4 of Spin(5, 1) decomposes as 2+2. In fact, this is correct for
both of the four-dimensional spinor representations of the 6D Lorentz group,
and it is appropriate and consistent to require that \; and Mg become identi-
cal when restricted to 4D. In standard notation, the spinor index A — (a, &).
In terms of AZ the restriction to 4D is achieved by setting A* = 0 and )\fﬁ =0.
This then gives p®? = de = 0 leaving the familiar 4D formula for an on-shell

massless particle in helicity variables:

Pt = AT, (2.22)
Now p? is proportional to the determinant of p®*, which vanishes because this
matrix has rank one.

Let us now focus on reduction of the M5 theory. The case of the D5 theory is

very similar. The restrictions on the momenta imply that the supercharges in
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Eq. (2.3) reduce to

B
al a I & &
= and =\"— [=1,234, 2.23
q 7 qr o (2.23)
where we have set A\ = \* and A* = A%, which is the standard notation.
Also, an unnecessary constant factor has been removed in the formula for ¢¢.

Then ¢! and g4; form complex-conjugate representations.

The R symmetry can now be extended to SU(4), with generators given by the

traceless expression

0 1 0
Ry=n'— — =0 —. 2.24
J =1 anJ 4 Jn anK ( )
The SU(4) symmetry is manifest in the on-shell supermultiplet expression
derived from Eq. (2.9)
__ _ 1
®(n) = A~ + 0"y 0" b1y + ey O it ATE . (2.25)
The middle term now describes six scalars, one of which descends from B*~.
The amplitudes of the D3 theory have an additional U(1) symmetry that can

be interpreted as conservation of helicity. Its generator is

1., 0, 1,9

— ! )= 2 = _

This is the operator that reads off the helicity of a particle, and therefore its
conservation, HA, = (>, H;)A, = 0, implies that the total helicity of the
particles participating in a nonvanishing n-particle scattering amplitude must
be zero. Conservation of this charge implies that the amplitude is homogeneous
of degree 2n in these 1 coordinates. Moreover, SU(4) R symmetry requires that
the total number of n’s must be a multiple of four. Together these statements
imply that n must be even for the D3 theory. In fact, we claim that n must
also be even for the M5 and D5 theories even though this reasoning is not

applicable in those cases.

The U(1) symmetry generated by H does not commute with the supercharges.
Therefore, by definition, it is an additional R symmetry, extending the R-
symmetry group to SU(4) x U(1). Let us now explain how the appearance
of this symmetry could have been anticipated. Since the D3 theory can be

obtained by dimensional reduction of the D9-brane theory, the SU(4) subgroup
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can be regarded as arising from rotations in the six dimensions transverse to the
D3. So where does the additional U(1) R symmetry come from? Having posed
the question, the answer becomes clear. The D3 theory can also be obtained
by dimensional reduction of the M5 theory, so the U(1) can be interpreted as

rotations in the two extra dimensions of this construction.

In the case of N' = 4 super Yang-Mills (SYM) theory the SU(4) R symmetry
can also be understood by dimensional reduction starting from SYM in ten
dimensions. In fact, like the D3 theory, that is how this theory was originally
obtained. However, N = 4 SYM cannot be obtained by dimensional reduction
of a perturbative theory in 6D with (2,0) supersymmetry. There are nonper-
turbative (2,0) theories in 6D that reduce to N' = 4 SYM when placed on
a torus. In such a reduction, the 4D coupling constant is determined by the
ratio of the radii of two cycles of the torus, and different choices are related by
dualities. This is not the kind of dimensional reduction that would give rise
to an extra U(1) symmetry. Even when Kaluza—Klein excitations are omit-
ted, such a reduction does not retain the transverse rotational symmetry that
is needed to give an additional U(1) R symmetry. Therefore, in the case of

N =4 SYM, helicity is not conserved and n does not need to be even.

As in the previous examples, there is an alternative form of the supercharges
and the on-shell superfield that exhibits manifest little-group symmetry. As
a consequence, only an SU(2) x SU(2) subgroup of the SU(4) R symmetry
remains manifest. As before, this representation is related to the previous one
by Fourier transforming two of the four Grassmann coordinates. In this new

basis the 16 supercharges take the form

. vy O
¢’ =Xl and ¢f =N+ =12, (2.27)
on-
AU « a /\Oéf Ndé f T
qf:/\a—j and ¢% =Xy =12 (2.28)

+
The indices I and I label doublets of distinct SU(2) subgroups of the R sym-
metry group. The indices + keep track of U(1) little-group representations,
which corresponds to helicity. In this formulation the on-shell superfield be-

comes

®(n) = + n'yr + it + nlnler, + (n)?AT+ (n2)?AT
+ ()™t 0f + ()P nies + () (n-)%9, (2.29)
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Where (7]+)2 = %5fj7’]_11_7”_{ and (T]_)z = %51Jn£77£-

2.3 Four-Particle Amplitudes

M5 theory

Before discussing the general case, let us consider four-particle amplitudes,
starting with the M5 theory. The plan is to first propose a formula for the re-
sult that corresponds to supermultiplets written in the form given in Eq. (2.12).
This representation has a manifest SU(2) little-group symmetry for each ex-
ternal particle. Up to normalization, the four-particle amplitude with four
derivatives for an abelian tensor supermultiplet with 6D (2,0) supersymmetry

is uniquely given by

Ay =6° (Z p{‘3> &8 (Z q;‘”> . (2.30)

As discussed in Sect. 2.2, pAP = MAAE — AANE and ¢ = Ml — Al
where A, B =1,2,3,4 and I = 1,2. The fermionic delta functions are defined
for instance in [121]. It will be useful later to write the momentum-conservation

condition in matrix notation as
M AT = 20T (2.31)

In other words, the matrix (A;AT)4P is symmetric. This is valid for any
number of particles n. In the special case of n = 4, A\, and A_ are square
matrices. If n = 4 and A_ is invertible, which is generically the case, this

implies that (A\Z'),),; is symmetric. This fact will be useful later.

The formula for A, manifestly satisfies several requirements: total symmetry
in the four particles, Lorentz invariance, conservation of momentum and half
of the supercharges, and little-group symmetry. Also, the second factor scales
as A% or p*, as expected. Conservation of the other half of the supersymmetries

is easy to verify. What one needs to show is that

(i q{}) Ay =0. (2.32)

This fact is an immediate consequence of {g7, qJBJ } = pB6;;6% and conserva-

tion of momentum.

In order to appreciate Eq. (2.30), let us examine what it implies for the scatter-

ing of four B particles. They are R-symmetry singlets whose on-shell degrees
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of freedom are described by a symmetric tensor By, = By, of the SU(2) little
group. Eq. (2.30) implies that their four-particle amplitudes are given by

<Ba1a23b1bQBclc2Bd1d2> = <1012b13614d1><1a221)23024d2> + P47 (233)

where P, denotes the symmetrization over little group indices. Here and

throughout, we make use of a Lorentz-invariant bracket:
(1a263:44) = eapop N ASASAD,. (2.34)

It is interesting to note that any four B particles have a nonzero amplitude.

For example,
(By1Byy By Byy) o< (142,3,41)% = (det Ay ), (2.35)

Similarly, the amplitude for four B__ particles is given by (detA_)% On
reduction to the D3 theory, B, becomes a positive-helicity photon, and this
amplitude vanishes. Indeed, Eq. (2.33) gives all the four-photon amplitudes
correctly, with the only nonzero ones involving two positive-helicity and two
negative-helicity photons. It also describes amplitudes involving additional

scalars that arises from reduction of B, = B__.

Let us now turn to the more difficult issue: verifying USp(4) R symmetry
of an arbitrary four-particle amplitude. We have learned earlier that this
symmetry should be manifest in the representation of the supermultiplet given
in Eq. (2.9). To get to this representation, we rename 7/ as / and n/, as
7. Then we Fourier transform the latter coordinates to conjugate Grassmann

coordinates denoted (;;. Thus, we consider

4
Ay = /dSﬁiIeZ“ﬁfc“’é8 (Z qf”) : (2.36)
i=1

Substituting an integral representation of the delta functions and carrying out

the 1 integrations gives
Ay = /d89AI(58(<i[ + ZQAI)\;“_)eZA” Oarxiin] (2.37)
A

If we now assume that the 4 x 4 matrix A2 is nonsingular, which is generically

the case, then

0(Cir + > 0arht) = (det AL)?8%((CA™") 14 + Oar) (2.38)
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and thus
Ay = (det A_)? exp(—tr(¢CAZ'ALn)) (2.39)

More explicitly, the exponent is

—tr(CA A ) = tr(ATAmC)) = Y (AT A5 (1m0 (2.40)

]
As was explained earlier, momentum conservation implies that (/\:1)\+),-j is a
symmetric matrix. Therefore only the symmetric part of (1¢);; contributes,

which can therefore be replaced by half of

2
By = Z (n) 1t +njCni) - (2.41)

=1
We now claim that E (and hence A4) can be rewritten in a form that has

manifest USp(4) symmetry

4
Ey= Y Qunin, (2.42)
1,J=1
where the only nonzero elements above the diagonal of the symplectic metric
are 13 = Qy4 = 1. Note that we have renamed (;; = /™. Then 1! belongs to
the fundamental representation of the USp(4) R-symmetry group. The same
idea discussed here applies to more general n-particle amplitudes, as we show

in Appendix A.2.

Note that the amplitude for four B__ particles is given by the first term in the
expansion of the exponential, whereas the amplitude for four B, particles
is given by the last (eighth) term in the series expansion of the exponential.
All other four-particle amplitudes are contained in the intermediate powers.
Clearly, this representation (with manifest R symmetry) is more complicated
than the previous one with manifest little group SU(2) symmetries for each of
the scattered particles, that amplitudes are no longer homogenous polynomials

in terms of fermionic variables 7’s.

D5 theory
The four-particle amplitude for this theory is quite similar to the one for the
M5 theory. In the representation with manifest little-group symmetry the

four Grassmann coordinates that are used in the superfield ®(5) are 7, and
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Na- They transform as (2, 1) and (1, 2) with respect to the SU(2) x SU(2) little

group. In terms of these we can define eight anticommuting supercharges
¢ = 5“6)\3477;, = )\fn“ and gy = 5‘%5\,4@775 = 5\,4@77&. (2.43)

Then the desired amplitude is
4 4 4
Ay =6° (Z pf> & (Z q;“> & (Z @-A> : (2.44)
i=1 i=1 i=1

In particular, we can read off the amplitude for scattering four vector particles
(AsaAypAccAyy) = (1a203c4a) (1a233:4,4) (2.45)

where
<1a2b364d> = EABCD)\faAg;)\g;)\zLDd? <1&253é4j> = 8ABCD5\1A@5\2BBS\3055\4D3<2.46)

For example,
<A+_;_A+4_A+_;_A+_g_> ocdet/\+ det /A\_;_. (247)

As in the case of the M5 theory, the R symmetry of the D5 amplitudes can be
verified by carrying out a Grassmann Fourier transform to the representation

in which that symmetry becomes manifest.

D3 theory

Since the D3 theory can be obtained by dimensional reduction of the M5
theory, its four-particle amplitude can be deduced from the preceding results.
Specifically, Eq. (2.30) reduces to

4 4 4
A= g (zp;m) 5 (z qsﬂ) 5 (z af‘f> e
=1 =1 =1

where p¢® = \*A¢, ¢ = A\pl | and qu1 = /N\f‘nll - As before, this is easily seen
to have all of the required properties aside from R symmetry. Alternatively,
the same result can be obtained by dimensional reduction of the D5 theory,
whose four-particle amplitude is given in Eq. (2.44). In this case, dimensional
reduction of ¢g# gives ¢! and ¢*', while dimensional reduction of §4 gives ¢*?

and ¢%2.

R symmetry can be investigated, as before, by Fourier transforming the mf o+
coordinates. (Recall that I = 1,2 and I = 1,2 label doublets of the two
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SU(2) factors of an SU(2) x SU(2) subgroup of the SU(4) R symmetry group.)

However, the analysis requires some modification, since the matrix A_, which
was previously assumed to be nonsingular, is now singular. In fact, two of its

four columns are identically zero.

Since 7, only occurs in the last delta-function factor, let us consider its Fourier
transform

4

I = / doyl, Xl g (Z q§f> / d'0,;6°(C,; +ZA$9M (2.49)

=1

Momentum conservation can be written as the matrix equation ()\TX)C“O" =0.
Therefore the eight delta functions imply the four relations ) . Af¢;; = 0
From this it follows that

4
= J o (Z A?cif> , (2.50)
=1

where J is a Jacobian factor. It is straightforward to see that the Jacobian is

121}
J==) - 2.51
(59 (250
Here we are using the standard notation of 4D spinor helicity formalism,
(i) = sag/\;?‘Af and [ij] = 5@55‘?5‘?- It is important that J should have total
symmetry in the four particles. The proof that [12]/(34) has total antisymme-

try, and hence that J has total symmetry, is straightforward using momentum

conservation.

To complete the analysis, we define ¢; = n® and (3 = n?, as before. Then,

assembling the results above, the Fourier-transformed scattering amplitude

[12] ? 4 . ad 8 - al
Ay = <@> 0 (lez > 0 (Zlqz )7 (2.52)

where the index I on ¢ = \¢n! now takes four values. This version of four-

becomes

particle superamplitude has appeared before, for instance in [116]. It now has
manifest SU(4) R symmetry, because the Grassmann delta functions contain
two factors of 7y nninf, which is SU(4) invariant. The amplitude has
an additional U(1) R symmetry, because it contains 2n = 8 factors of 7, as

explained earlier.
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2.4 n-Particle Amplitudes of the D3 Theory

This section briefly reviews the n-particle amplitudes for the tree-level S-
matrix of the D3 theory. A nice formula with manifest SU(4) R symme-
try appeared recently in [105][106]. However, for the purpose of generaliz-
ing to the M5 theory, it is more convenient to break the SU(4) R-symmetry
SU(4) — SU(2) x SU(2)r and make the little-group symmetry manifest. A
formula of the required type has appeared previously for 4D N =4 SYM and
N = 8 supergravity [56]. It contains complex coordinates o; (on the Riemann
sphere) associated to the n particles. The formula is required to be invariant
under simultaneous SL(2,C) transformations of these coordinates. This im-
plies that only n — 3 of them are integrated, while the other three can be set

to arbitrarily chosen distinct values.

The on-shell n-particle amplitude formula takes the form

d" d./\/l

where Apg is a product of bosonic delta functions
54 O-Z)p (UZ) 254
~TTo (v - 255 (2.5
and Ap is a product of fermionic (or Grassmann) delta functions
p*(oi)xL(04) i (o) (o)
5t T gt O‘I — e Y (255
r(g, 0, X H ( o) o) (2.55)

Here p®(0) and Xi(a) are degree-d polynomials, while p%(c) and x’ (o) are
degree-d polynomials, with

d+d=n-2. (2.56)
Thus, p*(o) (bosonic) and x! (o) (fermionic) take the form
d
pM(o) = peo™. X(e) =D xh o™, (2.57)

and

d
o) = S e o) = 3 o (2:59)
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Also,

P(o)=]]eos ii=12....n, (2.59)

J#
where 0;; = 0; —0;. Note that P;(0) depends on all n of the o coordinates, but
0; has a distinguished role. The integral is taken over the space of punctures
and polynomials, the measure for which contains the following 2n bosonic and

2n fermionic integrations:
d d )
dM = 1T I @oidpd*xt, - d*x (2.60)

The integral has a gauge redundancy from the modular and little-group sym-

metries, so we must divide by the volume of
G=SL(2,C)x GL(1,0C), (2.61)

where the modular group SL(2,C) acts on the o;’s and GL(1,C), the com-
plexified little group, acts on the p’s and p’s.

Eq. (2.53) describes maximally supersymmetric theories with the on-shell
states organized according to Eq. (2.29). It gives the usual scattering am-

plitude supplemented by additional delta functions, namely

A, = (H6<p§>62<<xiq{>>62<m a{n) A, (262)
i=1
where A, is the usual scattering amplitude including the four momentum-
conservation delta functions and eight supercharge-conservation delta func-
tions. (When the momentum-conservation delta function is also omitted, the
amplitude is denoted T,,). The bracket notation is the same as described
following Eq. (2.51). The extra delta functions in Eq. (2.62) impose the con-
ditions that allow us to introduce the usual on-shell relations of the schematic
form p = A\ and ¢ = M. So, in practice, to extract the scattering ampli-
tudes A, from Eq. (2.53), one should use these relations and remove the extra
delta functions. Appendix A.1 contains the proof that the 4n bosonic delta
functions Ap account for the n mass-shell conditions, four momentum conser-
vation equations, and the n — 3 scattering equations. These are precisely the
2n+ 1 delta functions that survive after carrying out the (2n — 1)-dimensional

p integration.
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The choice of the factor Z in the integrand depends on the theory. For example,
the color-ordered N = 4 SYM amplitudes, discussed in [56], are given by the
Parke-Taylor-like factor

1
M = (2.63)

012023 " Opn—1n0nl

In the case of YM and SYM theories in 4D, the solutions of the scattering
equations can be separated into n — 3 sectors characterized by the total helicity
(or “helicity violation”) of the n particles participating in the reaction. The
sectors, labeled by d = 1,2, ..., n—3, have d—d = n—2(d+1) units of helicity
violation. In particular, the d = 1 sector, which has n — 4 units of helicity

violation, is usually referred to as having “maximal helicity violation” (MHV).

n_

2
conjectured in [124] and later proven in [56], the number of solutions of the

If n is even, the sector with d = d = 1 is helicity conserving. As was first

scattering equations that contribute to the (d, J) sector, denoted N, ;, is given
by an Eulerian number. These numbers satisfy N, ; = Nj,; and Ng3 = 1.

They are fully determined by these relations and the recursion relation [56]

Nyj=dNg g+ dNgj ;- (2.64)
Furthermore,
n—3
Nyq= (n—3)! (2.65)
d=1

which accounts for all the solutions of the scattering equations.

Due to the recent progress in understanding CHY representations of scattering
amplitudes [58, 59, 125], it is known that one can pass from YM theories to

DBI theories by simply replacing Z¥M by
IPB = det'S,, (2.66)
where S,, is an n X n anti-symmetric matrix with

(Sn)l] = ﬂ; Za] = 17 27 e N, (267)

045
where s;; = (p; + p;)? = 2p; - p; are the familiar Mandelstam invariants. Also,

(_1)i+j

Uij

_ 1,J _ 2
Pf'S, = PESH,  det'S, = (PIS,)%. (2.68)
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Here Sfjj means that the i-th and j-th rows and columns of the matrix 5,
are removed before computing the Pfaffian or determinant. This is required
because S, has rank n—2 if n is even. Then det’S,, is independent of the choice
of i and j and transforms with weight two under SL(2, C) transformations of
the o coordinates. If n is odd, there is no satisfactory nonzero definition.
Therefore all nonzero amplitudes of all DBI-like theories must have n even.
This includes all three brane theories (D3, D5, M5) that are the main emphasis
of this chapter. We will later consider other theories which do have odd point

amplitudes which require additional developments.

However, if one examines the actions in the literature for these theories, it is
only obvious that n must be even for the bosonic truncation, in each case, but
it is not at all obvious when fermions are involved. These actions, which were
derived using various string theory considerations, contain vertices involving
an odd number of bosons when fermions are also present. Since we claim that
on-shell amplitudes with an odd number of bosons always vanish, it must be
possible to eliminate all terms in the action that have an odd number of boson
fields by field redefinitions. At the leading nontrivial order, the analysis in
Sect. 2.1 of [104] implies that this is the case for the D3 theory. Otherwise,

this issue does not seem to have been explored.

In the case of the D3 theory, the extra U(1) R symmetry, discussed earlier,
implies that only the helicity-conserving sector, with

d:cZ:g—l, (2.69)

is nonvanishing. The number of solutions of the scattering equations that
contribute to this sector is N1; = 1 for n =4, Noy = 4 for n = 6, N33 = 66
for n = 8, Ny4 = 2416 for n = 10 and so forth. These numbers are a significant

fraction of (n — 3)!.

As indicated in Eq. (2.53), one should mod out the volume of G = SL(2,C) x
GL(1,C), where SL(2,C) acts on the ;s and GL(1,C) acts on the p’s and
X’s. In practice, we may fix any three o;’s (for instance o1, 03, 03) and one p

(for instance p}) to arbitrary values, with the compensating Jacobian

Jsreo)xcra,e) = py (01 — 02) (02 — 03)(03 — 01) - (2.70)

We note that the integral formula is not a “true integral”, in the sense that

the number of bosonic delta-functions is equal to the number of integration
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variables (after taking account of the G symmetry). This is not a surprise, of

course, since we know that tree amplitudes are entirely algebraic.

As mentioned earlier, the counting of bosonic delta functions is as follows: the
4n bosonic delta-functions in Ag give rise to n delta functions for mass-shell
conditions in the coefficient of A, in Eq. (2.62) and four more for momentum
conservation, 6*(>"] pt'), which are included in A,,. The remaining 3n—4 delta
functions determine the (n—3) ¢’s and (2n—1) p’s that survive after modding
out by the volume of G. The Jacobian that arises from these evaluations
is computed explicitly in Appendix A.1. Also, there are 8n fermionic delta
functions in Ap and 2n fermionic integrations in d M, leaving an expression of
order 6n in fermionic coordinates. 4n of these appear in the coefficient of A,
in Eq. (2.62). Therefore the remaining 2n n’s must be in A,. In fact, half of
them are 7, ’s and half are n_’s. This is the number that we argued earlier are
required (in this representation) by the U(1) factor in the R symmetry group
of this theory.

The powers of momenta that appear in A,, can also be checked. In theories
of Born—Infeld type, such as we are considering, one expects that T, ~ p™. In
four dimensions this implies that A, ~ p"~* and A,, ~ p?>"~*. The latter, given
for the D3 theory in Eq. (2.53), contains p" from the measure, p~*" from Ap,

4" from Ap, and p**~* from det’ S,. These combine to give p?*~*, as desired.

Appendix A.1 describes the Jacobian factor generated by pulling out the “wave
functions” and the momentum conservation delta function. Using these results
for the Jacobian, we have checked explicitly that Eq. (2.53), with Z = det'S,,
reproduces the four-point amplitude of the D3 theory given in Eq. (2.48) as
well as the six-point super amplitudes, which may be found in [116]. The
appendix also contains the proof that the amplitudes have SU(4) R symmetry
(in addition to the U(1) already demonstrated).

2.5 mn-Particle Amplitudes of the M5 Theory
The proposed formula

This section generalizes the twistor-string-like formula of the D3 theory in
Eq. (2.53) to the M5 theory with (2,0) supersymmetry in 6D. The n-particle
tree-level scattering amplitude for this theory takes the form

A /dv(ZdM :P) Ar(q, p, x) det'S, U(p, 0), (2.71)
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where

. iljaﬁ (p;“B = —pﬁa]gf:(‘”)) (2.72)

and
(¢, p, X H58 ( %) . (2.73)

These delta functions are the natural (2,0) generalization of the correspond-
ing D3 formulas. The factor det'S,, is unchanged from the D3 case, since it
is a sensible function of the invariants s;; for any space-time dimension. A
crucial requirement for the M5 theory amplitudes is that they reproduce the
D3 amplitudes under dimensional reduction. The additional factor U(p, o)
will be determined by this requirement and 6D Lorentz invariance later in this

section.

The M5 analog of the D3 formula in Eq. (2.62) is

A, = (ﬁ 5(p2)o (&Adq;‘”)> . (2.74)

The logic here is as follows. The bosonic delta functions Ag imply that the n
particles are massless, and therefore they allow us to introduce spinor-helicity
variables A4 and Az for each of the momenta that are unique up to little-group
transformations, as explained in Sect. 2.3. The fermionic delta functions Ag
imply that A 4aq! should vanish, which accounts for the delta functions given
above. The vanishing of Asag?! also implies that ¢*7 can be expressed as
g = M’ due to Eq. (2.16). On reduction to 4D these fermionic delta

functions account for the fermionic delta functions that appear in Eq. (2.62).

Also by analogy with the D3 theory, p2(co) and xI (o) are bosonic and fermionic

polynomials of degree d

d d
=Y ppat™ Xe(@) =D XL (2.75)
m=0 m=0

and the measure dM for the M5 case is given by

dM = H d8pm ,a Xin,b ) (276>
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where d = 5 — 1, just as in the D3 theory. The symmetry that needs to be

gauge fixed is now
G =SL(2,C) x SL(2,C). (2.77)

The first SL(2, C) factor, which concerns the usual modular symmetry trans-
formations of the ¢ coordinates, removes the integration over three o;’s. This
symmetry will be verified later. The second SL(2,C) factor, which is the
complexification of the SU(2) little group of the M5 theory, removes three p

integrations.

The bosonic delta functions completely fix the integration variables, as in the
4D case, leaving a sum over the solutions of the scattering equations. Specif-
ically, the 6n bosonic delta functions give rise to n on-shell conditions p? = 0
and 6D momentum conservation leaving (5n—6) bosonic delta functions. Since
the o;’s and pp, ,’s are constrained by G = SL(2,C) x SL(2,C), there are
(n—3) oy’s and (4n — 3) pp, ,’s to be integrated, which is the right number to
be fixed by the remaining (5n — 6) delta functions. The proof of momentum
conservation and the scattering equations is essentially the same as described
for the D3 theory in Appendix A.1.

The gauge-fixing Jacobian for the first SL(2, C) factor is (01 —02)(02—03) (03—
01) as usual. The one for the second SL(2, C) factor will be discussed later.
These symmetries, as well as other properties, will be verified after we have
made a specific proposal for U(p,o). It will be determined by considering
dimensional reduction to 4D, with the final result shown in Eq. (2.100) or
equivalently Eq. (2.103).

In contrast to the 4D case, the polynomials pA%(c) and xI(o) are required
to have degree d = § — 1 due to the SU(2) little-group symmetry. Thus,
the solutions of the scattering equations, which are implied by Ag(p,p) = 0,
cannot be subdivided into sectors. There is only one sector, which we find
interestingly already contains all (n — 3)! solutions of the scattering equations.
(This assertion has been checked explicitly for n = 4,6,8.) When reduced to
4D massless kinematics and for the D3 theory, only a subset of the (n — 3)!

solutions contributes, namely those N, 4 helicity-conserving solutions.

We have checked explicitly that Eq. (2.100) correctly reproduces the ampli-
tudes with lower multiplicities, such as the four-particle amplitude that was

discussed previously. As we discussed, to extract the amplitudes, one should
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take out the “wave functions” from Ap and Ap defined in Eq. (2.72) and
Eq. (2.73)

Ay = (f[ 5(p?) (Xmaq;“)> Ay, (2.78)

and one can further extract the momentum and (half of the) supercharge

conservation delta functions, namely,

4 4
A4 = 56 (ZP?B> (58 (Z q;4[> X J4,B=]4,F X I4 . (279)
i=1 =1

The factors Jy p and Jy p are Jacobians, generated in this process, which can

be found in Appendix A.1. Finally, I, is an integral over the remaining delta

functions,
= [t Lo (e ) st
X H52 ( — %) 52 (qg:” - %’i)((’)) det'S; U(p, o)

with {A, B} # {3,4} for the five-dimensional delta-functions, and the four-
dimensional one has {A, B} # {3,4},{1,3}. The result is, of course, inde-
pendent of the choice of {A, B} which are singled out to be special here.
Performing the integral,” and using the formula for U(p, o) that will be deter-
mined later (Egs. (2.98) and (2.101) or equivalently Eq. (2.104)), we find that

I, precisely cancels the Jacobian factors Jy pJy p, leaving

4 4
Ay =" (ZP?B) 5" (Z q{”) , (2.80)
i=1 i=1
which is the result that was obtained in the previous section.

Higher-point amplitudes in the M5 theory have not appeared in the litera-
ture to our knowledge. However, amplitudes with scalars are constrained by
soft theorems (as we will describe in a later subsection), and some of them
are completely determined by recursion relations [126]. For instance, pure-

scalar amplitudes are fixed in terms of the four-point ones. We have tested

3This means solving for the o’s and p’s using the bosonic delta functions, together with
gauge fixing the symmetry G, and integrating over the eight fermionic variables X’rjn,a using
the eight fermionic delta functions.
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numerically that Eq. (2.100) indeed reproduces such amplitudes correctly for
n = 6,8. Those results, combined with supersymmetry and R symmetry, which
we have explicitly checked for six and eight particles in Appendix A.2, imply
that Eq. (2.100) should be valid for the entire supermultiplet for n = 6,8. It
seems very likely that they are correct for all n, as we find evidence supporting

this in the following sections.

Reduction to four dimensions

This subsection will determine the constraint on U(p,o) in Eq. (2.71) that
arises from requiring that its reduction to 4D cancels the Jacobian that is
generated by the dimensional reduction of the M5 amplitude to 4D. So the
key step is to evaluate the relevant Jacobian. What dimensional reduction
does is to set two components of the six-component momenta equal to zero.
In our conventions this means p}? — 0 and p3* — 0. This can be implemented

by inserting

n—1
[ v T dnat's(ei® 50 (2:81)
=1

into the formula for the n-particle amplitude of the M5 theory in Eq. (2.71).
Note that §(p}?)d(p3?) is only inserted for n — 1 particles, even though the inte-
gration is over all n particles, because momentum conservation in 6D ensures
that pl? = p3* = 0 as well, if p;> = p3* =0 fori = 1,2,...,n—1. Since dimen-
sional reduction requires setting \j ~ = A?_ =0 and A}, = A}, = 0, therefore
we should integrate out the corresponding py, _, pz, ~ and pJ, ., py, . Due to
the fact that only the middle sector contributes to the scattering amplitudes of
the D3 theory, we will focus on that sector only in the following computations.
Explicitly, we have that the M5 amplitudes given in Eq. (2.71) reduce to 4D
amplitudes of the form given in Eq. (2.53), where the factor Z is given by

[15—0 b, —dp2, _dp3, dp},
/ 0 + +d 12dp H de12dp346 )5< )

Vol(SL(2,T))
- 12 _ pa(03)p**(03) 34 02(01)04(1(%‘) ot/ o
X 11 ( (o) )5(@. B(o) )d t'S, U(p, o). (2.82)

The goal here is to determine the condition on U(p, o) that will ensure that
Ir = IPP! = det'S,,. Here the SL(2, C) group is the one that acts on the little-

group indices that will be reduced to U(1) after the dimensional reduction.
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The trivial n — 1 integrations over p}? and p3* give

/Hm Odpm d/)m _dp;, +d/)m+d 124 34H5 (Pa 0;)p z)) 5 <PZ(0i)P4a(Uz’))

Vol(SL(2,T)) Pi(o)
3
5 12 pa(an)p (Un) 5 34 pa(an)p (U ) d t SnU ] 283
The delta functions force p!(c;)p**(o;) and p3(0;)p*®(0;) to vanish for i =
1,2,--- ,n—1. However, p!(c)p** (o) and p3(c)p** (o) are polynomials of degree
2d = n—2
2d 2d
pa(0)p™(0) =D ero™, pi(o)p* (o) = o™, (2.84)
m=0 m=0
where
2= phiapt s, =N et . m=0,1,...,2d. (2.85)
m/=0 m/=0

Because the degree of these polynomials is less than the n — 1 required roots,
we conclude that all of the coefficients ¢!? and ¢3! should vanish. Since this
also implies that pl(c,)p**(c,) = 0 and p3(0,)p**(c,) = 0, the integrations
over pi? and p3* in Eq. (2.83) are trivial.

The formula for Zg now contains 2n — 2 delta functions, but there are 2n
integrations, so we should use SL(2, C) to fix two of them. This leaves a U(1)
unfixed, as expected. Let us now perform the integrations over p}m_ and p?m_
as well as p} | and p;, | explicitly. A convenient method is to change the

integration variables to the coefficients ¢!? defined previously,

Hm Odpm d/’m dpm—l—dpm—i- 12_m — 34 _m
Vol(SL(2,T)) H ZC 5| 2 el

m=0

3

_ VQ(O_) Hm odpm dpm dperdper H5 12 4

Vol(SL(2,
n—2 n—2
= JoJspee V(o) dp; _dpy . H der?dc! H S(cto(c, (2.86)
m=0 m=0
where
n 1—1

o) = Haij = H HUU (2.87)

i>j i=2 j=1
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is the Vandermonde determinant. It arose from the following combination of

factors:
=
wwzwﬂga@, (2.88)
where
V(o) =deto =V (o)/P,(0), (2.89)
and

W@:HB@. (2.90)

There are no minus sign issues, since n is even.

The factor Jgp2,¢) is due to gauge-fixing the SL(2, C) symmetry of the com-
plexified little-group symmetry. We have chosen to gauge fix pfl’_, pﬁy + and
,03’ +» and thus, the Jacobian due to the gauge-fixing of the complexified SU(2)

symmetry is given by
Tstee) = Po—(PiiPi— — Pi—Pait)- (2.91)

The factor Jo is the Jacobian that arises due to the change of variables from
p coordinates to ¢ coordinates. It contains a product of two resultants, and it

is given by

Jo' = 0 pa-R(p%. PR, pL) . (2.92)

The resultant has appeared previously in a twistor-string-like formulation of
scattering amplitudes in various theories [127][56], and include the D3 theory
[106]. Its crucial property is that it vanishes if and only if the two polynomials

p2(o) and pP (o) have a root in common.

A resultant of the form R(p?, p?), where p2 and pP are both polynomials of

degree d, is given by the determinant of a Sylvester matrix M(§2d)(A, B),
R(py, p) = det MP? (A, B). (2.93)

In particular, R(p}, p2) = det Mfd)(l, 2) is the resultant of the pair of degree

d = 5§ — 1 polynomials

d d
pLo) = pho™, pAlo)=> ph o™ (2.94)
m=0 m=0
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Poa Pla Pra Pia O 0
péa p114,a pdA—l,a Pf?,a 0
0 0 A A A A
Mé?d)<A, B) = . . ; Poa Pla ; Pi-1,a Pda (2.95)
P0a Pla P2a Pia 0 0
0 pO,a pfa defl,a pg,a T 0
0 0 e pga pﬁa defl,a pg,a
For instance, for n = 6 or d = 2, the Sylvester matrices are 4 x 4,
Poa Pla Poa O
0 A A A
M(§4) (A, B) _ o p(;a pga P2,a ] (296)
pO,a pl,a p2,a 0
Poa Pla Pra

To exhibit the residual U(1) little-group symmetry in 4D, we may set pﬁ’f =
pfh + = 0 using partly the complexified 6D little-group symmetry SL(2, C).
Now we see that all the factors are exactly canceled, except for pfl’_, which
is precisely the Jacobian for the gauge-fixing of the left-over U(1) symmetry
of the 4D theory. Furthermore, the fermionic delta functions of (2,0) super-
symmetry also reduce to the 4D ones, without any complications. Thus, the
proposed formula for the M5 amplitude in Eq. (2.71) reduces to the D3 am-
plitude in Eq. (2.62) under dimensional reduction provided that the factor

U(p, o) reduces according to

Ulp,0) = V=2(0)R(p}, p2)R(p2, pL) (2.97)

in 4D.

The extra factor U (p, o)

To complete the construction of the M5 amplitudes, we need to determine the
extra factor (relative to the D3 formula) U(p, o). We have just learned what
it should give when reduced to 4D. This goes a long way towards determining

it. We claim that the ¢ and p dependence factorizes already in 6D, so that

U(p,o) = V(o) R(p). (2.98)
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Note that V=2 has total symmetry in the n o;’s. As will be verified later,
V=2 transforms under SL(2,C) in the way required to compensate for the
additional bosonic coordinates in the M5 theory. The factor R(p) should scale
like p?? or p*? and on reduction to 4D it should give the product of resultants
R(pL, p2)R(p?, p*). This expression does not have 6D Lorentz invariance or
little-group symmetry, so it must be embellished by additional pieces that

vanish upon dimensional reduction.

The crucial observation is that the product of resultants R(p, p2)R(p?, pt)
can be expressed in terms of Pf'S,, and the Vandermonde determinant V(
[106],

o)

R(p}, p2)R(p>, pt) = PIS, V(o). (2.99)

The above relation is valid for p and o under the constraints of the helicity-
conserving sector, Eq. (2.69), which is the case here. As functions of s;; and
o;, now both Pf'S, and V(o) can be lifted to 6D straightforwardly without

violating Lorentz invariance.

This leads to our proposal for all tree-level scattering amplitudes of the M5

theory,

(PF'S,)°

o (2.100)

d"o dM
An—/VT(G)AB(p,p>AF(QaP7X>

which is the main result of the chapter. This formula reduces to the D3 ampli-
tude in Eq. (2.62) correctly, and it also has many other correct properties that
we will discuss shortly. Importantly, Eq. (2.100) produces known amplitudes

as we mentioned.

Alternatively, one can use the definition of the resultant in terms of Sylvester
matrix in Eq. (2.95). With that, a different possible uplift to 6D is realized by
a natural generalization of the resultant and Sylvester matrix. They are given

by,
R(p) = det MU, (2.101)

where M“9 is the following 4d x 4d matrix, a generalization of Sylvester

matrix,

2d) (2d)
N v
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The subscripts + and — are little-group indices, whereas SU(4) Lorentz in-
dices, A = 1,2, 3,4, are shown in parentheses. The four submatrices in M “
are 2d x 2d matrices, which take the form of Sylvester matrices. Upon di-
mension reduction, the off-diagonal matrices of M©“%) vanish, and thus R(p)
also has the required reduction to 4D. So in terms of R(p), the scattering

amplitudes of M5 theory then take an alternative form,

A, / d;(‘)’ldM 0) Ar(g, p,x) det'S, ‘i(( >) (2.103)

In fact, like the case of 4D where the resultant is related to Pf'S, and the
Vandermonde determinant V' (o), we find that, under the support of delta
function constraint Ag, R(p) defined in Eq. (2.101) is related to Pf'S,, and

V(o) in the same way, namely,
R(p) =Pf'S, V(o). (2.104)

Plugging this result into Eq. (2.103) reproduces Eq. (2.100). Therefore, these

two different approaches actually lead to the same result.

Although the quantity R(p) can be re-expressed in terms of Pf'S, and V(o)
on the support of delta-function constraints, it may still be of interest on
its own right. Let us make a few comments on it here before closing this
subsection. It is straightforward to show that R(p) is invariant under little-
group and Lorentz-group transformations, which together act on R(p) as
SL(2,C) x SL(4,C). A natural generalization would be invariant under
SL(k,C) x SL(2k,C), and it would relate 2k* polynomials of degree d, which
transform as bifundamentals. The generalization to k£ > 2 may be relevant
for scattering amplitudes of the D-brane theories in dimension greater than
six. We will leave this for the future study. The usual resultant, which cor-
responds to £k = 1, vanishes whenever the two polynomials have a common
zero. It would be interesting to know the generalization of this statement
when £ > 1. In any case, these remarks suggest introducing the alternative
notation ng) (p) = det M Cgk), where the matrix M c(zk) has 2kd rows and columns.

However, we will not utilize that notation in this manuscript.

SL(2,C) symmetry
Let us examine whether Eq. (2.100) has the correct SL(2, C) symmetry which
we have emphasized in this thesis. The punctures transform as

, ao;+b

o, = p— with ad —bc=1. (2.105)
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Let us begin with the rescaling symmetry, o; — ao;, where a is a nonzero
complex number (the square of the preceding a with b = ¢ = 0). To maintain
the same delta functions, Ag(p, p) and Ar(q, p,x) in Egs. (2.72) and (2.73),

we rescale

n—1

par — a"T Tmphe -yl T Tyl (2.106)
With this rescaling
TL2 n
Vo) = a 22 Vo), (2.107)
PfS, — a2 PfS,, (2.108)

ﬁdai — a”ﬁdai, (2.109)
i=1 i=1

d d
n2
[T @ eied'xis — a™ T d®pied'xhe (2.110)

Thus all the factors of a cancel out, and scale invariance is verified.

Next let us consider inversion, o; — —1/0;.* First we note that
Pio) = ([[ o7 ")oi " Pi(o). (2.111)

Therefore, we rescale pA% and x!? to keep the delta functions unchanged by

n n

pie s ()"0, pde . Ao — O™ o; ) e, (2112)

j=1 j=1

Under such rescalings, we have,

Vie) = (J[ei ™V (o) (2.113)
j=1
and
PrS, — (] ;) PY'Sa, (2.114)
j=1
4The minus sign is unnecessary, because we could set @ = —1 in the preceding scaling

symmetry, but it reduces the need to keep track of minus signs.
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while the measure behaves as

H do; H dBpAadtyla H H do; H dBpladiyle  (2.115)

7j=1

Combine all the contributions, the invariance under inversion becomes clear.

Finally, let us consider translation, o; — o; + b. This leaves V' (o), P;(0), and
Pf'S, invariant. So we let p — p’ and y — Y’ such that

d d
Z pAa 0,1 + b Z p/Aa m Z XI Uz + b Z X/Ia m 2 116)
m=0 m=0

It is easy to see that the integration measures are also invariant under this
transformation, since the Jacobian is the determinant of a triangular matrix

with 1’s on the diagonal.

Factorization

The formula for the amplitude A,, in Eq. (2.100) is an integral over sets of
polynomials p2 (o) and xZ(o) of degree d = % — 1. To study the multi-particle
factorization behavior of the amplitudes, one may take a limit on the moduli
space such that the higher-degree polynomials degenerate into products of
lower-degree ones [128, 129, 130]. Specifically, there is a “left” factor containing
polynomials of degree dr = % —1 and a “right” factor containing polynomials
of degree dp = “£ — 1, Where dr +dr =dor ny, +ng =n-+2. To achieve this
goal, we mtroduce a parameter s that approaches zero in the desired limit and

perform the following rescaling of the p,,’s’

Pm =t 8o g, for m=0,1,...,d;
o — R Sm_deR,m—dL , for m=dy,dp+1,...,d, (2.117)

with

th = (—1)”‘13‘2@—1—%@ Z (2.118)
€L

and

t3 = s 2dr—1 (2.119)

where L or R denotes the set of particles on the left- or right-hand side of a

factorization channel.

5We thank Ellis Yuan for a discussion about the factorization limit.
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We will show that the left-hand side of the factorization channel has poly-
nomials of degree d; and the right-hand side has polynomials of degree dg.
Accordingly, we rename the p’s as either p; or pgp. Note p,, appears on
both sides, but we separate it into two coordinates by setting pq, = pro and
pd, = Pro, and introducing [ dpr00(pro — pro). Now for the o;’s, we make

the replacements

op— —, for ieL
0
0 .

o;—~—, for 1€R (2.120)
s

In the limit s — 0, a degree-d polynomial degenerates into a product of degree
dy, or dr polynomials, depending on whether the particle is on the left- or the

right-hand side, namely
pa UZ ZpAaam%pLa 01 Zme 0; for Z.EL7

p(a;) ZpAaam — pRa i) ZpRm o for 1eR. (2.121)

It is also straightforward to see that the delta functions reduce to the corre-

sponding lower-point delta functions, namely,
Ba( AB pé,a(0i>p5a(gi> or AB Pé,a(ai)Pga(Ui)

A
5 Pa(0)p (o)
Y Y Pri(0)

. Pa 170/ A7) AB _ =0
b Pi(o) Z Pri(o)

(2.122)

depending on whether o; is on the left or the right. If i € L, Pp;(0) =
(0—04) [T}%/(0ji), where “0” is the value of the o coordinate associated to the

internal line in the factorization, and similarly for ¢ € R.

It is important that the integrand and the integration measure factorize cor-
rectly, and this is straightforward to see for the measure. On the other hand,
the building blocks of the integrand, the Vandermonde determinant V(o) and
Pf'S,, have already appeared in literature in the construction of scattering
amplitudes in other theories; they are also known to factorize correctly. Al-
ternatively for the proposal Eq. (2.103), we find the new mathematical object

we constructed, R, (p), also factorizes properly in the s — 0 limit,

Ra(po, prs-- - pa) — L5 m YA RR, (pro,pras. .. pra,)  (2.123)
X Ry (PROS PR - - -5 PRIAR)-
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Here the subscript of p,, denotes the index m of p/2¢, and we have suppressed

Lorentz and little-group indices A and a

Finally, because P? ~ s? in the limit s — 0 at a factorization pole 1/P?, the
amplitude should go as ds?/s? [130]. By collecting all of the s factors arising
from the integration measure and the various factors in the integrand, we have
verified that this is indeed the case. Thus, the general formula Eq. (2.100) has

the required factorization properties for a tree-level scattering amplitude.

Soft theorems

As we discussed previously, the five scalars of the M5 theory are Goldstone
bosons arising from spontaneous breaking of 11D Poincaré symmetry. More
specifically, the relevant broken symmetries are translations in the five spa-
tial directions that are orthogonal to the Mb5-brane. Let us now study how
the scattering amplitudes of the M5 theory behave in soft limits, i.e., in the
limit where the momentum p?® of a Goldstone boson vanishes. As shown
in [131], amplitudes involving such scalars have enhanced soft behavior [132],

specifically

A(pr, -+ Pa1, ) ~ O(77), (2.124)

where particle n is a scalar, with momentum 7p,,, and the soft limit is realized
by 7 — 0. Of course, some of the other momenta should also depend on 7, so

as to maintain momentum conservation and masslessness.

We claim that the amplitudes obtained from general formula in Eq. (2.100)
indeed have this enhanced soft behavior. In particular, if we rescale A2+ =
T1/2 e 50 that the momentum p, is replaced by 7 p,,, we find that the various

pieces that contribute to the amplitude scale as follows

(PFSY? ~ 7% Jp~7t, Jp~T0, (2.125)

and the rest, including the Vandermonde determinant V' (o), scales as 7° in

the soft limit. As discussed in Appendix A.1, Jg and Jr are Jacobians that
arise from extracting various “wave functions” and momentum-conservation
delta functions, and from performing integrations over o’s, p’s, and x’s. Jg
also depends on the fact that we are considering a scalar component of the
supermultiplet. Altogether, we obtain the expected O(72) behavior of the
amplitudes in the M5 theory.
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Just for the comparison, in the case of the D3 theory, in the soft limit each

piece in Eq. (2.53) behaves as
det’'S~ 712 Jg~71°, Jp~7. (2.126)
In total, the amplitudes again scale correctly, namely as O(72).

We can also study how the amplitudes behave in the double-soft limit, where
we let two momenta approach zero simultaneously, say, p,.1 — 7Tpn+1 and
DPni2 — TPpio With 7 — 0. For simplicity, here we only consider the leading
soft theorems. The result of the double-soft limit depends on the species of
particles involved as shown here

Apia(0,0) = o Oniti = wad®y (2.127)
’ — (Snt1i + Sni2i) ’

An+2(¢a7 7w/;b) = Z((n+1)a (n+2)bz+ 27> Ez”iil _T_ jnizzg A4+

i=1

n 1), AR 1 9 g
An+2(Ba1b1a Basz) = Z <(n+ ) - (n_'_ ) 2! ><(n+ >b1 (n+ )b2 s >An + ...,

Py (Sn+1i + Snt2:)

The soft particles ¢, ¢ (and ), 1;) are conjugate to each other to form an R-
symmetry singlet. The ellipsis denotes higher-order terms in the soft limit,
and the lower-point amplitude A,, is the amplitude with the two soft particles
removed. In the case of soft theorems for B fields, on the right-hand side one

should symmetrize the little-group indices aq, b; and as, bs.

The double-soft theorems for the scalars and fermions agree with the known
result [131] derived from the Ward identity for scalars that are Goldstone
bosons of spontaneously broken higher-dimensional Poincaré symmetry, while
the fermions are Goldstinos of broken supersymmetries. The double-soft the-
orems for B fields are new; it would be of interest to study the corresponding
symmetries. If we choose both of the soft B fields to be B, _ and reduce to 4D,
we obtain the double-soft result for scalars as in the first line of Eq. (2.127). If,
instead, we take the two soft B fields to be B__ and B, ., and reduce to 4D,

we obtain the double-soft theorem for photons in Born—Infeld theory, namely

n

Anpo(v,7-) = Z

=1

[n+114]*(n+21)?

(Sn+1i + Snt2i)

Ap+ ..., (2.128)

which agrees with what was found in [105]. Similarly, the double-soft theorem

for fermions reproduces that of Volkov-Akulov theory upon reduction to 4D
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[133]. To obtain these results we have applied the following identities for the

dimensional reduction 6D — 4D, according to our convention,

(klyi g} =~k Deslyi g ] — —(kDlig],
G_j_k 1) =0, (isjikily) >0, (2.129)
[’i,j,k,li] — 0, [7;+j+k'+li] — 0.

Six- and eight-particle amplitudes of the M5 theory

As an application of the n-particle amplitude in Eq. (2.100), this section
presents analytic results for some specific amplitudes of the M5 theory, namely
six- and eight-particle amplitudes of self-dual B fields. To our knowledge, these
amplitudes have not been presented in the literature before. The use of spinor-
helicity variables circumvents the usual difficulties associated to the lack of a
manifestly covariant formulation of the Mb5-brane action. Still, it is not easy
to directly compute any higher-point amplitudes analytically, especially due
to the fact that the scattering-equation constraints are high-degree polyno-
mial equations whose solutions are rather complicated. The approach that we
have used to obtain analytic results is to write down an ansatz with unknown
coefficients for the amplitude of interest, and then to fix the coefficients by
comparing the ansatz with the result obtained from the general formula in
Eq. (2.100).

Let us begin with the six-particle amplitude of B, ;. Recall that the B particles
form a triplet of the SU(2) helicity group. B, corresponds to the J; =
1 component of this triplet. (The other two components are B, = B_,
and B__.) The ansatz clearly should have correct factorization properties.
Specifically, the amplitude should contain poles at which the residue factorizes

as a product of two four-point amplitudes,

A(B++a B++a B++7 B++7 B++7 B++)

S Z AL(B++7 By, By, Bab)AR(Baba By, By, B++)
7

: (2.130)

a,b
The summation over a, b denotes the fact that the internal B,, canbe By, B__
and B,_, whereas B, is the conjugate. Here we have used the fact that
A(Byy,Byy,Byy, Bg) are the only non-vanishing four-point amplitudes in-

volving three B, .’s allowed by R symmetry. Recall the known result of
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A(B++, B++, B++, Bab)7 given n SeCt. 22,

A(Bys, Biy, Byy, Bap) = (142431 40) (1424 31 4p) - (2.131)

where we have used the bracket notation defined in Eq. (2.34). Using the
results of Eq. (2.130) and Eq. (2.131), it is straightforward to write an ansatz

that has the correct factorization properties,

A(Byy, By, By, Byy, By, Byy) =

3 2
1

— <Z<1+ 24 34 4g) (1%, 5, 6+)> + Ps (2.132)
123 \ 5

here Pg means summing over all ten factorization channels (nine in addition

to the one that is shown).

The ansatz in Eq. (2.132) is the simplest guess that has the correct factorization
and little-group properties, and it ends up being correct. It is instructive to see
how one arrives at this conclusion using Feynman diagrams without recourse to
an action. At the poles we can represent the six-point amplitude in Eq. (2.132)
as a sum of exchange diagrams that are the product of four-point amplitudes

and an internal propagator. These diagrams are shown in Fig. (2.1).

In evaluating these diagrams, one must sum over all exchange channels as well
as all fields allowed to propagate on the internal lines. As we have explained,
only By, B__, or B, = B_, can be exchanged. The pure positive and
negative helicity states are conjugates of each other, and as with chiral fermions

we use an arrow to distinguish them from the neutral helicity.

The sum of such diagrams must be invariant under the little group of the
internal particle, and this ends up being the case due to a subtlety in the
spinor-helicity formalism. This “glitch” in the spinor-helicity formalism as
discussed for 6d SYM in [122] is that the spinors cannot distinguish particles
and antiparticles, which causes issues for diagrams with fermions. A new
feature of 6d chiral self-dual tensors is that the tensor field itself has this issue
with the By, and B__ polarizations. The resolution, as outlined in [122], is
to add extra factors of ¢ to the spinor-helicity variables when we flip the sign

of the momentum for either of these fields:

Xo(=p) = A (p) (2.133)
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By By Biy Byt
By, - Bii B, = By
By By Biy By
Biy By,
B . By,
By By

Figure 2.1: Exchange diagrams contributing to the 6 B,, amplitude. The
internal line may be any of the three states, and we sum over all the factor-
ization channels as well. It is important to note that these diagrams do not
come directly from Feynman rules as there is no covariant action available for
the M5 theory; instead, they represent the factorization of the amplitude at
the poles where s;;;, — 0.

so that the momentum is properly
At (=p) AP (=p) = —p*P. (2.134)

This introduces additional minus signs for a four-particle amplitude of the

form

A(By1(+p1); Bii(+p2), Bii(+03), Bea(—p)) = (14 2431 iA1) (14 24 31 iAs)

(2.135)
Applying this recipe to the exchange diagrams of Fig. (2.1), one is led directly
to Eq. (2.132), which does not depend on the little-group structure of the

internal line, as it should be.

Of course, Eq. (2.132) might not be the final result, since it could differ from
the correct answer by terms that have no poles (thought of as a 6-particle
contact interaction, depicted in Fig. 2.2). The only local term allowed by

power counting and little-group constraints is

(142434 44 )(14 24 54 64)(31 415, 64) + Ps. (2.136)
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It turns out that this local term vanishes identically after summing over the
permutations. Thus, we claim that Eq. (2.132) is the complete result for
the amplitude of six B, ,’s. Indeed, we find perfect agreement by comparing

Eq. (2.132) numerically with the general integral formula Eq. (2.100).

Byt By

B.y Biy

Bii Bii

Figure 2.2: Diagrammatic expression of the local term for a six-particle am-
plitude. In the example where all external particles are By, this local term
vanishes, and the exchange diagrams are the only contribution to the total
amplitude.

One can perform a similar analysis for more general amplitudes of self-dual B
fields. In all cases we find that the result takes a form similar to Eq. (2.132),

A(Balbl’ Ba2b27 Ba3b37 Ba4b47 Basbsa Baeb@) (2137)
3 3
1 . -a . 3
frg _8123 <Z<1a1 2a2 3a3 Za><z 4a4 5&5 6a6>> (Z<1b1 2()2 3b3 jb><]b 4b4 5b5 6b6>) —|— Pﬁ .
i=1 o

The symbol Py represents the symmetrization of the little-group indices a;, b;

foralli=1,2,...,6, and the summation over all other factorization channels.

It is instructive to consider the reduction of these results to the D3 theory.
B,, and B__ reduce to positive- and negative-helicity photons v, and ~_
in 4D, while B,_ reduces to a scalar. If we restrict to external B,, and
B__ only, then A(B;,,By.,B.+,B__,B__,B__) is the only amplitude that
is non-vanishing after dimensional reduction to 4D. This is consistent with
the claim that the amplitudes of the D3 theory are helicity conserving. The
helicity-conserving amplitude obtained in this way is

A 075,701 70) = - [LZPEOMUL+ 237 + Py, (2139
where (4|14-2|3] := (4 1)[1 3]+(4 2)[2 3], and the permutations Ps sum over v, ’s
and v_’s, respectively. The amplitude in Eq. (2.138) obtained by dimensional
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reduction agrees with the amplitude for six photons in the D3 theory computed
for instance in [134]. We also find that Eq. (2.137) for the case of six By_’s

reduces correctly to the amplitude for six identical scalars,

((3%2 + 5%3 + 3%3)(34215 + 54216 + 3%6)

1
+o ) == (st ... (2139)
S123 2

where the ellipsis in the parentheses denote summation over all factorization
channels, as well as all other independent s;;;’s for six-particle kinematics. It is
straightforward to verify that this is the unique amplitude for identical scalars

determined by the soft theorem.

One can also consider amplitudes of other particles. For instance, we find that
the six-particle amplitude of ¢, in the spectrum Eq. (2.12) agrees with the

result in Eq. (2.139). Also, the amplitude for six fermions can be expressed as
~r 7 1
AW Ll gl gt o) = AP — S AP, (2.140)

where the factorization term Agfj) and the local term A% are given by

ASCG) _ L < Z (1+4+4_ia>(i“5_6+6_>> ( Z <2+4—j+j—><3+6—5+5—>> + Ps

S124 \; 5724 j=1,2,4
A® = (1,2,3,4 )(5_6_4,4 )(5,5_6,6_) + Ps, (2.141)

where Py denotes summing over anti-symmetrizations among all ¢ and 1 parti-
cles separately. Reduced to 4D, the six-fermion amplitude gives that of Volkov-
Akulov theory computed in [135].

Let us now consider the amplitudes with eight B particles. For simplicity, we
only consider the amplitude with eight B, .’s and the amplitude with seven
B..’s and one B__. As we will see, they take a very similar form. The
strategy is the same as in the case of six-particle amplitudes. We write down
an ansatz that includes factorization parts and local terms, and then compare
the ansatz against the general formula to determine the unknown coefficients.
As before, one can arrive at the ansatz for exchange diagrams by summing
diagrams that are products of amplitudes with fewer particles. Unlike the
case of six B particles, we find that in general there are contributions from
local terms. Explicitly, we find

A(Byy Bys, By, Bii, By, Bo, By, Ba) = AY —2A% | (2.142)

(¢
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where the little-group index a can be + or — depending on whether B,, is
B, or B__, and A;S),Agg) are the factorization part and the local term,

respectively. A;S) and A® are given by

3 8 2
1 . N e
AP = (E:§j<1+2+3+zb><zb4+5+yc><y 6+7+8a>) (2.143)

$123 5678 \ T =6
3 7 2
1 s \Jc
1 DN (142034 i) (i 44 8, 4e) (54 64 71) | + Ps,
5123 9567 \ \07 s

A® = (11243, 45,6, 7, 8,))° + Pg,

where Pg denotes the summation over independent permutations.

As mentioned previously, the amplitudes involving scalars in the M5 theory
should satisfy soft theorems. Some such amplitudes are completely fixed by the
soft theorems. Therefore they can also be computed in a completely different
way via on-shell recursion relations [126]. We have verified that the results
agree perfectly with what is obtained from the proposed formula, Eq. (2.100),

for such amplitudes containing up to eight particles.

2.6 n-Particle Amplitudes of the D5 Theory

This section describes the tree-level S matrix for the theory of a single probe
D5-brane with 6D A = (1, 1) supersymmetry. The general formula we propose
for the D5 theory takes a form similar to that of the M5 theory, which we

discussed in the previous section. In particular, the formula contains the same

factors of det'S,, and U(p, o),

d"odM R
An /V;ﬂ P, p) Ar(q, p; x) Ar(q, p, X) det’S Hlp) (2.144)

or equivalently

d”ad./\/l A .
A, /VOl ) Ar(q, p,x) Ap(d, p, X)

The bosonic delta functions are the same as those in the M5 theory

=11+ (piAB _ pf(agf:;(ai)) 7 (2.146)
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but now there are two kinds of fermionic delta functions due to (1,1) super-

symmetry,

Ap(g,p,x) = H54< M) (2.147)

R s - Paa(0) X (04)
Ar(q,p,X) = 5! (C]i — 5,5 )
I P(o)
The measure is given by

dM = HdSpAad2 b 2xb (2.148)

m=0

As before, d = § — 1. Note that this integration measure does not include
d®pymaa, even though p,, 4, do appear explicitly in the formula. The prescrip-
tion is that the p,,4s are fixed by the constraint of the conjugate of Ag in

Eq. (2.146), namely,

Pian — Mzo, for i=1,2,....n. (2.149)

Fi(o)

This constraint does not appear explicitly in the general formula Eq.(2.145),
but we impose it implicitly. To fully fix p,,4a, we also use the second SU(2)
factor of the little-group symmetry to fix three of the p,, 44 coordinates. Since
Eq. (2.145) takes a form that is very similar to Eq. (2.100) for the M5 theory,
with a simple change to half of the fermionic delta functions due to the change
of chirality for half of the supersymmetry, it is straightforward to show that
Eq. (2.145) also has all of the required properties, such as correct factorizations,
soft theorems, and reduction to the D3 theory. Thus, we will not repeat the

analysis and discussion here.

For computing scattering amplitudes from Eq. (2.145), as in the case of the
D3 theory and M5 theory, we again should pull out the bosonic and fermionic

“wave functions” first. For the D5 theory, they are given by

- (H 3(p;)o? (S‘iA& qf‘) 5 (A C_?iB)) A, . (2.150)
=1

The same as in the case of M5 brane, here the constraints 5\1 Ad q;‘1 = 0 and
AB Gip = 0 allow us to express the supercharges in the amplitude A, as ¢
Mo and ¢4 = M% We have checked explicitly that A,, as defined here,
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produces the correct fully supersymmetric four-particle amplitudes, as well as
many examples of six- and eight-particle amplitudes in the D5 theory. Here

we list the analytical results for some of these amplitudes.

The amplitude for six photons with the same helicity, given by A,j, is

A(Ay, Agis A Avis Aggs An) (2.151)
L5 . 2 .
= S_ (Z<11 2134 Za> <Za 4159 61>> (Z[li 21 31 ]d] []a 41 51 61]) + P .
123 \ =5 p

There are similar expressions for other choices of helicities of A,;. We have
verified that these results agree with the amplitudes obtained directly from
the Born-Infeld action. One can also consider the amplitude of eight A,;’s,
which takes the form

A(A, Agqy A Agi, Aggy A Ay, Agg) = Ay = 2Ac. (2.152)
The factorization term Ay and the local term A, are given by

8
1 . -a . .
Ap = (Z (1121 3140) (i 41 51 ) (j° 61 T 81>> (2.153)
6

5123 5678

i=1 j=

3 8
X (Z > 11525 35481 45 55 53[5 61 73 81]) + Ps,

i=1 j=6

Ac = ((11213141)(51617181)) ([11 21 31 41][51 61 71 8;]) + Ps . (2.154)

These results for photon amplitudes in the D5 theory take a form that is very
similar to the amplitudes of B, particles in the M5 theory. They are related
to each other by replacing the anti-chiral X by the chiral one \,.

The similarity between D5 and M5 amplitudes in the above explicit examples,
and more generally the formulas Eq. (2.145) and Eq. (2.100), may be surpris-
ing, especially given the fact that the classical action for the M5 theory is more
subtle to write down than the one for the D5 theory. However, one should note
that the entire difference between the four-particle amplitudes, which are com-
pletely fixed by the symmetries and power counting in the D5 theory and the
M5 theory, is just a simple modification of the fermionic delta functions. Since
both theories reduce to the same 4D amplitudes, the similarity is really not
so surprising. The complication of writing the classical M5 action caused by
the self-duality of B field is avoided by considering only the on-shell degrees

of freedom for the S matrix using the spinor-helicity formalism.
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2.7 Conclusion

This chapter has proposed general formulas for n-particle on-shell tree-level
scattering amplitudes for three theories: the D3 and D5 theories of type IIB
superstring theory and, especially, the M5 theory of 11D M-theory. The scat-
tering amplitudes of the M5 theory— even its bosonic truncation — have been
studied little in the previous literature. In each of these theories n is required
to be even, and the amplitudes take similar forms, expressed as integrals over
rational constraints, built from degree d = § — 1 polynomials. The integrand
contains a new mathematical ingredient, a generalization of resultant (denoted
R(p) in the text), which is equal to the product of Pf'S,, and the Vandermonde

determinant V(o) on the support of the rational constraints.

The three theories are related to one another in various ways. For instance,
dimensional reduction of each of the 6D n-particle amplitudes, which pertain
to the D5 and M) theories, reduces to the same 4D n-particle amplitude,
which pertains to the D3 theory. The function U(p, o) in the 6D integrands
cancels the Jacobian factors arising from the dimensional reduction. As we
explained, one consequence is that the R symmetry of the D3 theory is SU(4) x
U(1). The U(1) factor implies that the D3 amplitudes are helicity conserving.
Interestingly, the formulas for the M5 and D5 amplitudes only differ by a simple
modification of the fermionic delta functions that accounts for the chirality

difference between (2,0) supersymmetry and (1, 1) supersymmetry.

We have also checked various general properties such as SL(2,C) modular
symmetry, R symmetries, factorization properties, and soft limits. We have
further tested the formulas by explicitly computing amplitudes that are fixed
by the soft theorems, up to 8 particles. Using the general formulas, com-
pact analytic expressions for six- and eight-particle amplitudes of self-dual B
particles of the M5 theory for certain choices of the little-group indices were

obtained.

Our formulas for scattering amplitudes are similar to those for the twistor-
string formulation of 4D N = 4 super Yang—Mills amplitudes in Witten’s
twistor-string paper [46]. Those amplitudes, and their generalizations, see
e.g. [136][60], are understood in terms of two-dimensional world-sheet twistor-
string theories. It would be interesting to explore whether there exists a similar
twistor-string theory for the M5 theory. Such an underlying theory ought to
generate the M5 amplitudes in Eq. (2.100) directly. The fact that a twistor-
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string-like formulation of the tree-level S-matrix of the M5 theory does exist

already points to some deep structures of the theory.

Finally, we note that the rational constraints in 6D consist of a single sector of
solutions to the scattering equations, which utilizes all (n —3)! solutions of the
arbitrary-dimensional scattering equations. We do not have a general proof of
these assertions, but they have been checked explicitly for the cases n = 4,6, 8.
It would be nice to prove (or disprove) them and to understand better this
general feature of the 6D rational constraints. Upon dimensional reduction to
the D3 theory, many of these solutions vanish leaving only contributions from
those that correspond to the middle (helicity conserving) sector in 4D. We
address the unification of helicity sectors in Chapter 3 of this thesis when we
consider 6D SYM. It would also be interesting to study the rational constraints
in dimensions greater than six, such as 10D or 11D, and to apply them to the
D9-brane theory, as well as the various gauge and gravity theories in those
dimensions. Some progress on this problem using a different variation of our
formalism was proposed in [137], and it would be interesting to see what

theories may be addressed in this way.



7
Chapter 3

THE S-MATRIX OF 6D SUPER YANG-MILLS AND
SUPERGRAVITY

3.1 Introduction

So far in Chapter 2, we have discussed scattering amplitudes in various brane
theories. These theories are relatively simple, having only even point ampli-
tudes and contact interactions. Our task of this chapter is to search for more
interesting 6D amplitudes. Effective theories in 6D are very interesting for
a variety of reasons. On a practical side, besides the interest in their own
right, computing 6D SYM formulas would allow, for instance, via dimensional
reduction, for a unification of 4D helicity sectors for massless amplitudes [138]
as well as for obtaining amplitudes along the Coulomb branch of N' =4 SYM,
which contains massive particles such as W bosons [122]. Unifying different
helicity sectors of 4D A/ = 4 SYM into a generalization of the Witten—-RSV
formula in 6D proved to be a difficult problem resisting a solution. This was
partially addressed in Chapter 2, but the lack of odd point amplitudes means
these brane theories do not provide any 4D helicity information beyond the
middle sector. As we have discussed, these 6D D5 and M5 brane theories have
N = (1,1) and (2,0) supersymmetry, respectively, and the former is the super-
symmetric version of Born—Infeld theory, while the latter describes analogous

interactions for a supermultiplet containing an abelian self-dual tensor.

The vanishing of all odd-multiplicity amplitudes in these brane theories de-
scribing spontaneously broken symmetries was a great convenience in the pre-

vious chapter, and allowed the introduction of polynomial maps:
R ACIAC (3.1)

with deg p?(2) = n/2—1, such that the total degree of the maps is n—2. Here
A is a 6D spinor index while a is a “global” little-group index transforming in

SL(2,C) (“global” meaning that it does not refer to a specific particle.)

It is well known that scattering amplitudes can make symmetries manifest that
the corresponding Lagrangian does not. A striking and unexpected example

is dual superconformal invariance of N' = 4 SYM, which combines with the
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standard superconformal invariance to generate an infinite-dimensional struc-
ture known as the Yangian of PSU(2,2[4) [139]. As discussed previously, the
Mb5-brane theory provides an even more fundamental example. The self-dual
condition on the three-form field strength causes difficulties in writing down a
manifestly Lorentz invariant action for the two-form gauge field [107, 108]. In
contrast, the formulas found in Chapter 2 for the complete tree-level S matrix
are manifestly Lorentz invariant. These examples highlight the importance
of finding explicit formulas for the complete tree-level S matrix, as they can
provide new insights into known symmetries of theories or even the discovery

of unexpected ones.

The 6D formulas presented in Chapter 2 are built using two half-integrands,
usually called left and right integrands, Z; g, in the sense of the CHY for-
mulation. In the case of the D5- and M5-brane theories, the right integrand
carries the supersymmetric information while the left one is purely bosonic.
Amusingly, the only difference in the choice of right integrands is N' = (1,1) or
N = (2,0) supersymmetry, and the left half-integrands agree in both theories:

P = IM5 = (PfA,)”. (3.2)

Here A,, is an antisymmetric n X n matrix whose reduced Pfaffian has made an
appearance in CHY formulas for the non-linear sigma model, special Galileon
and Born-Infeld theories [125, 106]. The entries of A,, are given by:

B e .
[A,)i; = J for i,7=1,2,...,n. (3.3
0 if =,

Here the puncture associated to the ¢th particle is located at z = o;. The right
integrands in both theories also contain a single power of the reduced Pfaffian

of A,, in addition to the supersymmetry information.

In this chapter we continue the exploration of worldsheet formulas in 6D and
provide explicit such formulas for the complete tree-level S matrix of N' =
(1,1) SYM with U(N) gauge group, the effective theory on N coincident D5-
branes as described in Sec. 1.2. The S matrix of this theory has been studied
previously in [121, 122, 113, 140, 123, 114, 141].

A proposal for amplitudes with an even number of particles is naturally ob-
tained [142] by noticing that the CHY formulation for Yang-Mills partial am-
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plitudes of gluons can be obtained from that of the Born—Infeld theory by the

replacement
I8 = (Pf'A,)° — ZIyM=PT@12---n), (3.4)

where PT(12---n) is the famous Parke-Taylor factor [44, 49, 46]. Applying
the same substitution to the D5-brane formula we get a formula for N = (1,1)
SYM amplitudes with even multiplicity, and we provide strong evidence for

its validity.

The formula for odd-point amplitudes proves to be a more difficult task, since
the maps given in (3.1) do not have an obvious generalization to odd multi-
plicity. In all previously known formulations of Yang—Mills amplitudes, soft
limits have provided a way of generating (n—1)-particle amplitudes from n-
particle ones since the leading singular behavior is controlled by Weinberg’s
soft theorem [143]. However, in all such cases the measure over the moduli

space of maps has had the same structure for n—1 and n particles.

In 6D the soft limit needs additional technical considerations, in part due to
the SL(2,C) redundancy of the maps, inherited from the little group. (In 4D
the redundancy was only GL(1,C).) The SL(2,C) structure introduces new
degrees of freedom in the computation of the soft limit. In contrast to the
4D case, these degrees of freedom in 6D turn out to be inherently intertwined
with the M&bius group SL(2,C) acting on CP".

One of the main results of this chapter is to uncover a fascinating structure
that appears in the definition of the maps for an odd number of particles. In
a nutshell, we find that the maps for n odd can be defined by

(n=3)/2

Pl = D pita 2wt (3.5)

k=0

while the moduli space is obtained by modding out by a novel redundancy,
which we call T-shift invariance. It acts on the maps in addition to the two
SL(2,C)s. In fact, the new T-shift action emerges due to the non-commutativity
between such groups. This fact becomes apparent already from the soft-limit
perspective as mentioned above. We start the exploration of the corresponding
algebra and find that when the coefficients of the maps are partially fixed, the
remaining redundancies take a form of a semi-direct product SL(2,C) x C2.

We introduce a formula for the integration measure for the space of maps of
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odd multiplicity as well as its supersymmetric extension. It can be used both

for super Yang—Mills and supergravity theories.

Finally, we derive an explicit integrand for the A" = (1, 1) SYM odd-multiplicity
amplitudes. The ingredients are a Parke-Taylor factor for the left-integrand
and a generalization of the A, matrix whose reduced Pfaffian enters in the
right-integrand together with the supersymmetric part of the measure. The
new matrix and its reduced Pfaffian behave as quarter-integrands, again in
standard CHY terminology. This means that it provides a new building block
that can be used to construct potentially consistent theories by mixing it with

other quarter-integrands. The new matrix ﬁn is given by

_ DL i
[An)i; =< %1 % for  i,7=1,2,...,n,% (3.6)
0 it 1=,
where the final column and row feature a new null vector p, of the form:
ap _ 24" (0,) p€(0.))dc
" qPpn(on) E{pP(0.) €)dn

where ¢ and ¢ are reference spinors and o, is a reference puncture that can

(3.7)

take an arbitrary value.

The connected formula for odd multiplicity is derived using the soft limit of
the corresponding even-multiplicity result. We also obtain it by assuming the
supersymmetric quarter-integrand and matching the rest by comparing to the
CHY formula for n — 1 scalars and one gluon. The same strategy of examining
component amplitudes can also be used for even multiplicity using the same

assumptions.

In addition to constraints which connect the external momenta to the product
of maps as in (3.1), we also find a linear form of the constraints which leads
to an alternative expression for the amplitudes. This form is the direct analog
of the original Witten—RSV formula and connects the maps directly to the
external 6D spinor-helicity variables. We further recast the linearized form of
maps in the form of the so-called Veronese maps, and explore their relations

to the symplectic (or Lagrangian) Grassmannian.

Having explicit integrands for the complete 6D N = (1,1) SYM tree ampli-
tudes allows the construction of the 6D N = (2,2) SUGRA integrand by the



81

standard replacement of the left-integrand Parke—Taylor factor by a copy of
the right integrand, which contains the necessary new supersymmetric infor-

mation.

We end with various applications to other theories in four, five, and six dimen-
sions. These include mixed superamplitudes of 6D N = (1,1) SYM coupled
to a single D5-brane, 5D SYM and SUGRA, and also 4D scattering ampli-
tudes involving massive particles of N'= 4 SYM on the Coulomb branch of its
moduli space. The formulas for 5D theories take forms very similar to those
of 6D, but with additional constraints on the rational maps to incorporate 5D
massless kinematics. In order to describe the massive amplitudes of N = 4
SYM on the Coulomb branch, we utilize the spinor-helicity formalism recently
developed for massive particles in 4D [144], which in fact can naturally be
viewed as a dimensional reduction of 6D massless helicity spinors. We also
would like to emphasize that, although it is a straightforward reduction of our
6D formula, this is the first time that a connected formula has been proposed

for 4D N = 4 SYM away from the massless point of the moduli space.

This chapter is organized as follows. In Section 3.2, we review the general
construction of rational maps from CP' to the null cone in general spacetime
dimensions. We also review 4D constructions and then 6D maps for an even
number of particles. Sections 3.3 and 3.4 are devoted to N' = (1,1) SYM
amplitudes in 6D. Section 3.3 deals with an even number of particles while
Section 3.4 contains the main results of this work by presenting formulas and
consistency checks for odd multiplicity. In Section 3.5 we discuss a linear form
of the scattering maps in 6D and its relationship to the symplectic Grassman-
nian. Extensions and applications are presented in Section 3.6. We conclude
and give a discussion of future directions in Section 3.7. In Appendix B.1 we
present the algebra of the new T-shift, and in Appendix B.2 we give details of

the soft-limit calculations.

3.2 Rational Maps and Connected Formulas

This section begins by reviewing rational maps and the CHY formulas for an
arbitrary space-time dimension. Some of this was already discussed in Sec. 1.3,
but we recall it here as some details and notation will be needed later on. Next,
it discusses the specialization to 4D and the Witten—RSV formulas. Finally,

it gives an overview of the form of the even-n rational maps in 6D, whose
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generalizations will be the subject of later sections.

Arbitrary Dimension

Let us consider scattering of n massless particles in an arbitrary space-time
dimension. To each particle, labeled by the index i, we associate a puncture
at z = 0; on the Riemann sphere, CP', whose local coordinate is z. We then
introduce polynomial maps, p*(z), of degree n — 2. They are constructed such

that the momentum p!" associated to the ith particle is given by:

1 H
Pl = . (3.9

B 2mi |z—0;|=¢ H?:l(z - Uj)

which means that p*(z) can be written as a polynomial in z:

n
p'(z) =Y o]z = o). (3.9)
=1 j#i
Here we take all momenta to be incoming, so that momentum conservation is
given by >  p!' = 0. In this chapter we sometimes call p*(z) the scattering

map.

In order to relate the positions of the punctures o; to the kinematics, the
additional condition that the scattering map is null, i.e., p?(z) = 0 for all z, is
imposed. Since p?(z) is of degree 2n — 4 and it is already required to vanish
at n points, o;, requiring p*(z) to be null gives n — 3 additional constraints.

Using (3.9) these constraints can be identified by considering the combination

e i Pibi . (3.10)

[l (z — 00)? (2 = 0i)(z = )

The expression (3.10) does not have any double poles, since the punctures are

i.j=1

distinct and all of the momenta are null, p? = 0. Requiring that residues on

all the poles vanish implies:

o bi pj .

E; = ; o = 0  foralli, (3.11)
where 0,; = 0, — 0. These are the scattering equations [57| which were intro-
duced in Sec. 1.3 and used extensively in Chapter 2. Due to the above counting,
only n—3 of them are independent. In fact, > 0¥ F; automatically vanishes for
¢ =0,1,2 as a consequence of the mass-shell and momentum-conservation con-

ditions. Using the SL(2,C) symmetry of the scattering equations to fix three
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of the o; coordinates, there are (n — 3)! solutions of the scattering equations

for the remaining o;’s for generic kinematics [57].

The scattering equations connect the moduli space of n-punctured Riemann
spheres to the external kinematic data. Tree-level n-particle scattering am-

plitudes of massless theories can be computed using the Cachazo—He—Yuan
(CHY) formula, which takes the form [58]:

Atheory / dy, Itheory Itheory (3.12)

T and T are left- and right-integrand factors, respectively, and they
depend on the theory under consideration. Their precise form is not im-
portant for now, other than that they carry weight —2 under an SL(2,C)
transformation for each puncture, i.e. Izlﬁ’ry — [[i,(Co; + D)? Ig}el;’ry when
— (Ao;+ B)/(Co;+ D) and AD — BC = 1. Correctly identifying the sepa-
ration into left- and right-integrands is important for making the double-copy

properties of amplitudes manifest.

Let us now review the CHY measure from (1.35):

dpin = 07 (1) (Hé(ﬁ)) V(}}gi ;l“g: Hé (3.13)

This is a distribution involving momentum conservation and null conditions
for the external momenta. The factor vol SL(2, C) denotes the fact that it is
necessary to quotient by the SL(2, C) redundancy on the Riemann surface by
fixing the positions of three of the punctures, specifically ¢ = p,q,r. Simi-
larly, the prime means that the corresponding three scattering equations are

redundant and should be removed. Fixing these redundancies leads to

/ djiy = 6P (S ) <H5 P ) / (0pgarorp)® [ (doi6(E:))

i#Dp,q,T

( o ) (njg). (qugqrarp)Q
= z lpz | | pz
OE;
det [ai}

s=1

L (3.14)

_ S
0i=0,;

which can be shown to be independent of the choice of labels p,q,r. The
delta functions fully localize the measure on the (n— 3)! solutions {afs)} of the
scattering equations. The measure transforms with SL(2, C)-weight 4 in each
puncture, so that the CHY integral (3.12) is SL(2, C)-invariant.
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Finally, one of the advantages of the CHY formulation is that soft limits can
be derived from a simple application of the residue theorem [57]. Under the
soft limit of an (n + 1)-point amplitude with the last particle soft, i.e., 7 — 0
where p,+1 = TPn+1, the measure behaves as

1 doy,
[ =00t [ g FEco e

211 Enqi|=¢

Here we have rewritten the scattering equation E,,; = 0 as a residue integral.
Note that E,; = TEn+1 is proportional to 7, and thus the displayed term
is dominant. Therefore the scattering equation associated to the last particle
completely decouples in the limit 7 — 0. For each of the (n — 3)! solutions
of the remaining scattering equations, the contour {|E, 1| = €} localizes on

n — 2 solutions [57].

Four Dimensions: Unification of Sectors

Since our ultimate goal of this chapter is to find amplitudes for 6D SYM and
SUGRA, we start this section with the well-understood case of 4D. Some of
this is reviewed in Sec. (1.3), but we go into more detail here since our 6D SYM
formula will reduce to 4D N = 4 SYM upon dimensional reduction. Various
aspects of specifying CHY formulations to 4D have also been discussed in [105,
145].

We recall the 4D spinor helicity variables. The momentum four-vector of a
massless particle in 4D Lorentzian spacetime can be written in terms of a pair
of two-component bosonic spinors, A\* and A%, which transform as 2 and 2

representations of the SL(2,C) = Spin(3, 1) Lorentz group
P = al‘jé‘p“ = \*\¢ a=12a=12. (3.16)

For physical momenta, A and +\ are complex conjugates. However, when
considering analytic continuations, it is convenient to treat them as indepen-
dent. The little group for a massless particle' in 4D is U(1). Its complexi-
fication is GL(1,C). A and X\ transform oppositely under this group so that
the momentum is invariant. In discussing n-particle scattering amplitudes,
we label the particles by an index ¢+ = 1,2,...,n. It is important to under-
stand that there is a distinct little group associated to each of the n parti-

cles. Thus, the little group GL(1,C) transforms the spinors as \; — ¢;\; and

n this work we only consider massless particles that transform trivially under transla-
tions of the full little group of Euclidean motions in D — 2 dimensions.
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i — 178 "\i, leaving only three independent degrees of freedom for the momen-
tum. Lorentz-invariant spinor products are given by: (\;};) = gag)\?)\f and
AiNj] = EQBS\?S\]’B . It is sometimes convenient to simplify further and write
(17) or [ij]. Given a scattering amplitude, expressed in terms of spinor-helicity
variables, one can deduce the helicity of the ¢th particle by determining the
power of ¢; by which the amplitude transforms. For example, the most general
Parke-Taylor (PT) formula, Eq. (1.17), for MHV amplitudes in 4D YM theory
is as follows [44]: if gluons ¢ and j have negative helicity, while the other n — 2

gluons have positive helicity, then the (color-stripped) amplitude is

a4
AYMqtot = i oonth) = ) . 3.17
Since the scattering map p*(z) in (3.9) is required to be null for all z, it can

also be expressed in a factorized form in terms of spinors:

p(2) = p*(2)p% (2). (3.18)

The roots of p*¥(z) can be distributed among the polynomials p(z), p(z) in
different ways, such that their degrees add up to n — 2. When degp(z) = d
and deg p(z) = d = n — d — 2, the maps are said to belong to the dth sector.

As before for 4D, we parametrize the polynomials as:

d d
=) M ) =) e (3.19)
k=0 k=0

The spinorial maps (3.18) carry the same information as the scattering equa-
tions, and therefore they can be used to redefine the measure. Here it is natural

to introduce a measure for each sector as:

/ / [[;, do; sz o i HZ:O d’ py 1 ﬁ54 pod p*(0:)p* (03)
vol SL(2,C) x GL(1,C)  R(p)R(p) Pl ! 1.0

(3.20)
These measures contain an extra GL(1, C) redundancy, analogous to the little
group symmetries of the momenta, which allows fixing one coefficient of p(z)
or p(z). R(p) denotes the resultant R(p'(z), p*(2),2) and similarly for R(p)
[146, 127]. The physical reason resultants appear in the denominator can be
understood by finding the points in the moduli space of maps where they
vanish. A resultant of any two polynomials, say p1(z) and ps(z), vanishes if

and only if the two polynomials have a common root z*. If such a z* exists then

) |
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the map takes it to the tip of the momentum-space null cone, i.e., to the strict
soft-momentum region. This is a reflection of the fact that in four (and lower)
dimensions IR divergences are important in theories of massless particles. The
measure is giving the baseline for the IR behavior while integrands can change
it depending on the theory. As reviewed below, the gauge theory and gravity
integrands contain (R(p)R(p))®, where s = 1 for YM and s = 2 for gravity,
which coincides with the spins of the particles. Combined with the factor
in the measure one has (R(p)R(p))*~!, which indicates that the IR behavior

improves as one goes from a scalar theory, with s = 0, to gravity [147].

Summing over all sectors gives the original CHY measure:

n—3
/dﬂn - Z/du;ﬁ%. (3.21)
d=1

This separation works straightforwardly for theories where the integrand only
depends on ¢;’s and not on the maps. One such theory is the bi-adjoint scalar

whose amplitudes are given by

m(el9) = [ dm PT@PT() = S mnalal), (3:22)

where PT(«) is the Parke-Taylor factor. The definition for the identity per-

mutation is

1
PT(12---n) = ——. (3.23)
012023 "+ * Onl
In general, o denotes a permutation of the indices 1,2,...,n. The quantities
my qa(a|B) are the “scalar blocks” defined in [147]. In the dth sector the number

n—3

-1
and proved in [56]. Upon summation (3.21) gives all 7—? "8 = (n—3)!

of solutions is given by the Eulerian number < >, as conjectured in [124]

solutions of the scattering equations. Note that momentum conservation and
the factorization conditions that ensure masslessness are built into the measure
(3.20).

An alternative version of the above constraints, which is closer to the original
Witten-RSV formulas, can be obtained by integrating-in auxiliary variables ¢;
and fl

4 aa pa(ai)ﬁd(ai) _ 2 g 7o 1
b} ( S | ) o(p;) / dt; di; 5 (tztl .. Uij) (3.24)
X 620 — 1, 07(0))82 (30 — T, (o).
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This formulation helps to linearize the constraints and make the little-group

properties of theories with spin, such as Yang—Mills theory, more manifest.

The on-shell tree amplitudes of N =4 SYM theory in 4D are usually written

as a sum over sectors

n—3
A.;Z\/’=4 SYM — ZAJTXdZZL SYM. (325)
d=1

The dth sector has n — 2 — 2d units of “helicity violation” d — n —2 —d
corresponds to reversing the helicities. Partial amplitudes in each sector are

given by
A o) = [ e (Rone) [aof). e

where dQ(F%L denotes integrations over fermionic analogs of the maps p(z) and
p(z) implementing the N' = 4 supersymmetry, whose precise form can be found

in [56].

Due to the fact that the little group is Spin(4) in 6D, it is expected that the
SYM amplitudes in 6D should not separate into helicity sectors. Dimensional
reduction to 4D would naturally lead to a formulation with unification of
sectors. This may appear somewhat puzzling as (3.25) and (3.26) seem to
combine the measure in a given sector with an integrand that is specific to

that sector. This puzzle is resolved by noticing that
R(p) = det' ®;,  R(p) = det’ @, (3.27)

where [®g4];; := (ij)/(t:it;05;) and [®3];; == [ij]/(fit;04;) for i # j. The diagonal
components are more complicated and depend on d and d [148, 127]. The
corresponding reduced determinants are computed using submatrices of size
d x d and d x d, respectively. One of the main properties of these reduced
determinants is that they vanish when evaluated on solutions in sectors that

differ from their defining degree, i.e.,
/d,ui% det’ CI)d/ det’ (id/ = 6d,d’ /d,ui% det' q)d det' (i)d' (328)

Using this it is possible to write the complete amplitude in terms of factors
that can be uplifted to 6D and unified!

n—3 n=3
AN=SYM () :/ (Zduﬁ> PT(«) <Z det’ @y det’ i)d,/ng%) .
d=1 d'=1

(3.29)
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Finally, it is worth mentioning that (3.28) can be used to write unified 4D
N =8 SUGRA amplitudes, via the double copy, as

n—3 n—3 n-3
MQ/ZB SUGRA _ / <Z dﬂi],)d > (Z det’ ®, det’ &)Jf / dQ%Z,) (Z det’ @z det’ Ci)dv / dflgf Zz/
d=1 d'=1 d'=1

Six Dimensions: Even Multiplicity

We now turn to a review of scattering maps in 6D. It turns out that the
6D spinor-helicity formalism requires separate treatments for amplitudes with
an even and an odd number of particles. In this subsection we review the
construction for an even number of particles, as was introduced in Chapter 2
for M5- and D5-brane scattering amplitudes. (These theories only have non-
vanishing amplitudes for n even.) A formula for odd multiplicity, which is
required for Yang—Mills theories, is one of the main results of this chapter and

it is given in Section 3.4.

The little group for massless particles in 6D is Spin(4) ~ SU(2) x SU(2). We
use indices without hats when referring to representations of the first SU(2) or
its SL(2, C) complexification and ones with hats when referring to the second
SU(2) or its SL(2,C) complexification. Momenta of massless particles are
parametrized in terms of 6D spinor-helicity variables A™** by [43]:

PP =Pl = (AN, A,B=1,2,34, (3.30)
AB

o
tensor of Spin(5,1). The angle bracket denotes a contraction of the little-

where ¢/'° are six antisymmetric 4 X 4 matrices, which form an invariant

group indices:
NIAP) = e\ AP = AN = AN ab=4 -0 (331)

€q 18 an invariant tensor of the SU(2) little group, as well as its SL(2,C)
complexification. The on-shell condition, p? = 0, is equivalent to the van-
ishing of the Pfaffian of p/”. The little group transforms the spinors as
AR (L)eAM ) where L; € SL(2,C), leaving only five independent degrees
of freedom for the spinors, appropriate for a massless particle in six dimen-

sions. The momenta can be equally well described by conjugate spinors \; 4 4:

1 N
PiAB = 5€ABCD ¢ = [Nialisl, (3.32)

where

(Niadip] = Edéj\z‘,A,&S\i,B,g = S‘i,A,JFS‘i,B,i - 5\1',,4,15\1',3,47 a,b=+,~. (3.33)

).
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These conjugate spinors belong to the second (inequivalent) four-dimensional
representation of the Spin(5,1) ~ SU*(4) Lorentz group, and they transform
under the right-handed little group. Using the invariant tensors of SU*(4),

Lorentz invariants can be constructed as follows:

(NXXEND) = eapop ] AP N, (3.34)
[5\1-7&5\].,,;5\;(;7@5\[70?] = EABCDS\i’A@S\jjBﬁS\k,C’éS\l’D’CZ, (335)
<)‘?’5\j,é] = )‘;Laj‘j,A,lA; = [S\j,f;’)\?>' (3.36)

The A and X variables are not independent. They are related by the condition

(M| Nia] =0, (3.37)

for all ¢ and a. We also have
eapco PP = 2piap vt = 8pi - p;. (3.38)

Using the notation given above, the scattering maps can be written in terms

of 6D spinor-helicity variables:

p*P(2) = (p"(2)p" (2)). (3.39)

In the following we take the spinorial maps p*¢(z), for a € {+,—}, to be
polynomials of the same degree. In contrast to 4D, we can also consider non-
polynomial forms of the maps (such that (3.39) is still a polynomial), see
discussion at the end of Section 3.4. Note that this choice is consistent with
the action of the group denoted SL(2,C),. This is the same abstract group as
the little group, but it does not refer to a specific particle. Let us now focus
on the construction for n even. In this case the degree of the polynomials is

m = 5 — 1. Thus they can be expanded as:

p(z) = pta. (3.40)
k=0

With these maps the polynomial constructed in (3.39) is null and has the
correct degree n — 2. By the arguments reviewed in Section 3.2 we conclude

that the equations constructed from p*4(2),

pn _ {000 ")) )

[1 j#i O
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imply the scattering equations for {o;}. However, the converse, i.e., that any
solution of the scattering equations is a solution to (3.41) is not guaranteed.
This was checked numerically in Chapter 2 for even multiplicity up to n = 8
particles. In this work we give an inductive proof of this fact in Appendix B.2,
obtained by considering consecutive soft limits of the maps. Using this fact
together with the counting of delta functions we then argue that the following

measure

_ [T, doi [T & 6 (p*(0:) P (03))
/d“neven_/vol (SL(2,C), x SL(2,C),) V2 H5 ( T1,.: 0 )
(3.42)

is equivalent to the CHY measure given in (3.13), after integrating out the

p moduli. Also, it has momentum conservation and null conditions built-in.

The formula contains the Vandermonde factor

which is needed to match the SL(2,C), weight of (3.13). In order to avoid
confusion, we use the notation SL(2,C), for the Mdbius group acting on the
Riemann sphere. Just as the SL(2,C), symmetry can be used to fix three
of the o coordinates, the SL(2,C), symmetry can be used to fix three of the
coefficients of the polynomial maps p%(z). This form of the measure imposes
6n constraints on 5n — 6 integration variables, leaving a total of n + 6 delta
functions which account for the n on-shell conditions and the six momentum
conservation conditions. Fixing the values of o1, 09, 03 and of p(l)’Jr7 p(l)’f, p?ﬁ,

the gauge-fixed form of the measure becomes:

/d:un even — / JV;L] (H da,) d/?g d*pp (H dsm) H(SG ( Ag;;pi(jm») 7

where the Jacobians are”

JJ = 012093031, Jp = p(l)’+ <p(1) pg) (344)

It is convenient to use a short-hand notation for the bosonic delta functions:

AB _ ﬁ56 <p;4B i <pA(0'i) pB(Uz>>> _ 56 ZZ 1pz <H5 pz > AB;

Hj;éi Tij
(3.45)

2This  Jacobian can be derived from the identity [ d®pod(p3) =

[ J,dpz~dpyt dpy ™ dpy ™ dpy~, since the map component pg? = (pg'pF) is a null
vector.
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where Ap is

A oA B n 24 24
A =4[ A8 — (p” (o 5 B (0i) p”(0i)) 12 (pn—l _ pi) '
v (pn Hz;ﬁn Oni H Hj;éz Tij ];Il: bi p7112—1 p7112
(3.46)

Here the five dimensional delta functions are chosen such that { A, B} # {3, 4},
whereas {A, B} # {3,4},{1,3} for the four-dimensional ones, and the addi-

tional factors are the Jacobian of taking out the momentum conservation and

on-shell conditions. Alternatively, a covariant extraction of the on-shell delta
functions can be obtained by introducing auxiliary variables M; that linearize

the constraints, analogous to the ones given in (3.24), as follows:

56 ( ;4B _ <pA(0i)pBFéi)>> _ 5(p?)/d4Mi |MZ|35<|M| Haw> 3 47

12 73 oy
x 0 (ph(0:) = (M)A

where | M;| denotes the determinant of the matrix M;, and for some purpose it
is more convenient to use this version of constraints. This form connects the
maps directly to the external 6D spinors, and is a 6D version of the Witten—

RSV constraints, which we explore in Section 3.5.

3.3 N = (1,1) Super Yang—Mills: Even Multiplicity

In the following sections, we will propose a formula based on rational maps
for the tree amplitudes of 6D maximal SYM theory, which has N' = (1,1)
non-chiral supersymmetry. This theory describes the non-abelian interactions
of a vector, four scalars, and four spinors all of which are massless and belong
to the adjoint representation of the gauge group. As usual, we will generally
consider color-stripped SYM amplitudes. Some properties of these amplitudes
have been discussed in [121, 122, 123, 141] using 6D N = (1, 1) superspace.

In addition to the usual spacetime and gauge symmetries of Yang—Mills the-
ory, the N/ = (1,1) theory has a Spin(4) ~ SU(2) x SU(2) R symmetry group.
The intuitive way to understand this is to note that this theory arises from
dimensional reduction of 10D SYM theory, and the R symmetry corresponds
to rotations in the four transverse directions. This group happens to be the
same as the little group, which is just a peculiarity of this particular theory.
From these and other considerations, one may argue that 6D N = (1,1) SYM
with U(N) gauge symmetry (in the perturbative regime with no theta term)
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describes the IR dynamics of N coincident D5-branes in type IIB superstring
theory [149]. In contrast to 4D A =4 SYM, the gauge coupling in six dimen-
sions has inverse mass dimension, so this theory is non-renormalizable and not
conformal. This is not an issue for the tree amplitudes that we consider in
this work. Further dimensional reduction on a 72 leads to 4D A/ = 4 SYM,

and this provides a consistency check of the results.

Six-dimensional NV = (1,1) SYM is a theory with 16 supercharges. Its physical
degrees of freedom form a 6D N = (1, 1) supermultiplet consisting of eight on-
shell bosons and eight on-shell fermions. These may be organized according to
their quantum numbers under the four SU(2)’s of the little group and R sym-
metry group. For example, the vectors belong to the representation (2,2;1,1),
which means that they are doublets of each of the little-group SU(2)’s and
singlets of each of the R symmetry SU(2)’s. In this notation, the fermions
belong to the representation (1,2;2,1)+ (2,1;1,2), and the scalars belong to
the representation (1,1;2,2). (Whether one writes (1,2;2,1) + (2,1;1,2) or
(1,2;1,2) 4+ (2,1;2,1) is a matter of convention.)

It is convenient to package all 16 of these particles into a single on-shell “su-

perparticle”; by introducing four Grassmann numbers (per superparticle),
B(n) = ' + ™ + ™ + nfla A+ ()6 + 4+ ()2 (7)°67(3.48)

Here 7, and 7 are the four Grassmann numbers, and the SU(2) indices a and
a are little-group indices as before. The explicit 1’s and 2’s in the spectrum
described above are R symmetry indices. Since the superfield transforms as a
little-group scalar, this formulation makes the little-group properties manifest,
but it obscures the R symmetry. By means of an appropriate Grassmann
Fourier transform one could make the R symmetry manifest, but then the
little-group properties would be obscured as explained in Chapter 2. The
choice that has been made here turns out to be the more convenient one for

the study of superamplitudes.

When discussing an n-particle amplitude the Grassmann coordinates carry
an additional index ¢, labeling the n particles, just like the spinor-helicity
coordinates. Thus, the complete color-stripped on-shell n-particle tree am-
plitude will be a cyclically symmetric function of the A;’s and the n;’s. The
various component amplitudes correspond to the terms with the appropriate

dependence on the Grassmann coordinates. Thus, the superamplitude is like
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a generating function in which the Grassmann coordinates play the role of fu-
gacities. This is an on-shell analog of the use of superfields in the construction

of Lagrangians. Fortunately, it exists in cases where the latter does not exist.

AB

Often we will refer to the momenta p;

AB and supercharges ¢, Gia of the on-

shell states. For (1,1) supersymmetry, they can be expressed in terms of the

Grassmann coordinates:

g = € Nomin = (N i), Gia = €d55\ma7~]i3 = [Nia i, (3.49)
and the superamplitudes should be annihilated by the supercharges Q4 =
Yoy ¢t and Qa = > i1 Gia. These symmetries will be manifest in the formu-
las that follow. However, there are eight more supercharges, involving deriva-
tives with respect to the n coordinates, which should also be conserved. Once
one establishes the first eight supersymmetries and the R symmetry, these
supersymmetries automatically follow. The explicit form of the derivatively
realized supercharges is:

A 0 N 0

_A ~
AN Gia = Niaae— 3.50
q’L zaaniaJ qA A a,rh& ( )

In terms of these Grassmann variables, one may also write the generators of
the SU(2) x SU(2) R symmetry group. One first notes that they obey the

anti-commutation relations:

0 .0
{UCU a_T]b} = €ab, {77&7 0_775} = 6[15 . (351>

In terms of these, the six generators of the R symmetry group may be defined

as
o 0 0
+ a - o _
R - 77a77 ) R - 877a 877,1’ R - naa . ]-) (352)
~ o o 0  ~ B
=i, R= o, R=fas——1, .

which have the standard raising and lowering commutation relations. These
generate a global symmetry of NV = (1,1) SYM. It is easy to see that linear
generators R and R annihilate amplitudes since they are homogeneous polyno-
mials of degree n in both 7 and 7). The non-linearly realized ones become more
transparent in an alternative form of the constraints that we will discuss in
Section 3.5. As explained earlier, this is due to the choice of parametrization

of the non-chiral on-shell superspace.
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As discussed in previous literature for tree-level amplitudes of 6D N = (1,1)
SYM, the four-particle partial amplitude is particularly simple when expressed

in terms of the supercharges:

4 4 4 -
_ o S ogf) o0t 7
AQ/_(IJ) SYM(1234) — 56 Zp?B (szl q; ) (szl q :A) ) (354>
i1 S12 523
Here and throughout this work one should view this expression as a superam-
plitude; the component amplitudes may be extracted by Grassmann integra-
tion. For example, in terms of the Lorentz invariant brackets the four-gluon

amplitude is:

4
142p3:44)[142;3:4 4]
Ai(Aga Ay AA ;) = 6° AB < b= e 3.55

4( bb dd) (ZZIP 513 523 ( )
Using the formalism of rational maps for the 6D spinor-helicity variables, the
main technical result of this section is a formula for the n-point generalization
of the superamplitude when n is even. The formula for odd n will be given in
Section 3.4.

Connected Formula
We propose that the connected formula for even-multiplicity 6D N = (1,1)
SYM amplitudes is given by

AV 90 = [t P (Pra, [a0lV) ] (a50)
where duSP__is the measure given in (3.42), and we will shortly explain other

ingredients that enter this formula. This formula is inspired by the D5-brane
effective field theory scattering amplitudes written as a connected formula as
in Chapter 2, where the factor of (Pf’A,)? has been replaced with PT(«a) given
in (3.23). This is a standard substitution in the CHY formalism for passing
from a probe D-brane theory to a Yang-Mills theory. Since the only non-
vanishing amplitudes of the D5-brane theory have even n, this only works for

the even-point amplitudes of SYM.

As indicated explicitly in the expression (3.56), the integrand of (3.56) factor-
izes into two half-integrands. Such a factorization of the integrand will be im-
portant later when we deduce the formulas for 6D SUGRA with N = (2, 2) su-
persymmetry. The left half-integrand PT(«) is the Parke-Taylor factor, where
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« is a permutation that denotes the color ordering of Yang—Mills partial ampli-
tudes. The right half-integrand further splits into two quarter-integrands. The
first of these is the reduced Pfaffian of the antisymmetric matrix A,,, whose

entries are given by:

DB it i,
[An)ij =< i for  i,j=1,2,....n. (3.57)
0 if =]

Since this matrix has co-rank 2, its Pfaffian vanishes. Instead, one defines the
reduced Pfaffian:
(_1)p+q
Pf'A, = ~———Pf A9, (3.58)
Opq

where we have removed two rows and columns labeled by p and ¢, and denoted
the resulting reduced matrix by AP The reduced Pfaffian is independent of
the choice of p and ¢ [125] and transforms under SL(2,C), in an appropriate

way.

The remaining quarter integrand is the fermionic integration measure respon-
sible for implementing the 6D N = (1, 1) supersymmetry which was found in

Chapter 2, but we will review it here. The formula is

Q%Y = v, (H P d2)2k> ApAp, (3.59)
k=0

n_

2
minant V,,, as well as a fermionic measure and fermionic delta functions. The

where m = 1, as before. This measure contains the Vandermonde deter-

integration variables arise as the coefficients of the fermionic rational maps,
which are defined by

X =D A XME) = N, (3.60)
k=0 k=0
where y¢ and ¢ are Grassmann variables. The fermionic delta functions, Ag

and Ay are given by:

-] (%A Rrac) x(o—i>>> | (3.61)

Hj;éz' Tij

AT <q _ [paloy) >z<az->]) | (362)

Hj;éi Tij
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These delta functions are built from the external chiral and anti-chiral super-
charges of each particle and are responsible for the (1,1) supersymmetry in
this formalism. Conservation of half of the 16 supercharges is made manifest
by this expression. As in (3.54), the component amplitudes can be extracted
by Grassmann integration of the appropriate 7,’s and 7;’s, which enter via the

supercharges.

Even though the maps pas(2) appear explicitly in A F, just as in the construc-
tion of D5-brane amplitudes in Chapter 2, the integration measure does not
include additional integrations associated to the maps pas(2). If it did, the
formula, for instance, would have the wrong mass dimension to describe SYM
amplitudes in 6D. Instead, the p coefficients are fixed by the conjugate set of

rational constraints

Di,AB — Pato)) pulos)] =0, (3.63)
Hj;éi Tij
for all « = 1,2,...,n. These equations are not enough to determine all of

the p%,’s. One needs to utilize SL(2,C); to fix the remaining ones. The
resulting amplitude is independent of choices that are made for the SL(2,C);
fixing because pa4(0i)x%(0;) and the fermionic measure d*y;, are SL(2,C);
invariant. The usual scattering amplitudes A,, are obtained by removing the
bosonic and fermionic on-shell conditions (“wave functions”), which appear as

delta functions, namely,

AN S = 66 (Zm) (H 3(p3)0* (Miaa a0 (NF, cii,B)) Ay SL
i=1 i=1
(3.64)
It is straightforward to show that this formula produces the correct four-point
superamplitude of 6D N = (1,1) SYM, expressed in (3.54). A quick way
to see it is to utilize the relation between the D5-brane amplitudes and the
amplitudes of 6D N = (1,1) SYM. As we discussed previously, they are related

by the exchange of (Pf'A,)? with the Parke-Taylor factor PT (). We recall
the four-point superamplitude for the D5-brane theory is given by

4 4
A4D5—brane _ 64 (Z qu> 54 (Z q¢,A> . (365)
i=1 =1

From the explicit solution of the four-point scattering equations for the o;’s,
it is easy to check that the effect of changing from (Pf’A;)? to PT(1234),
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defined in (3.23), is to introduce an additional factor of 1/(s12 s23). Namely,
on the support of the scattering equations, we have the following identity for
the SL(2, C),-invariant ratio,

PT(1234) 1

PUA)? 51200 (3.66)

Thus, combining this identity and the D5-brane formula (3.65), we arrive at the
result of the four-point of 6D N = (1,1) SYM (3.54). We have further checked
numerically that the above formula reproduces the component amplitudes of

scalars and gluons for n = 6, 8, obtained from Feynman diagram computations.

Comparison with CHY

This section presents a consistency check of the integrand by comparing a
special bosonic sector of the theory with a CHY formula of YM amplitudes
valid in arbitrary spacetime dimensions. This comparison actually also gives

a derivation of the integrand in (3.56). We begin with the general form of the

superamplitude,
AEED S ) / Ui [ A X Fon (367
where the measures du® = and dQ ) take care of 6D massless kinematics

and 6D N = (1,1) supersymmetry, respectively. The goal is then to deter-
mine the integrand J,even. The strategy is to consider a particular compo-
nent amplitude by performing fermionic integrations of the superamplitude
A e SYM (@) such that our formula can be directly compared to the known

CHY integrand, thereby determining J,even-

To make the fermionic integration as simple as possible, it is convenient to

consider a specific all-scalar amplitude, for instance,
An( %17 MR 172} +17 c ¢22> (368>

Half of the particles have been chosen to be the scalar of the top component of
the superfield, while the other half are the scalar of the bottom component of
the superfield. This equal division is required to obtain a non-zero amplitude,
because the superamplitude is homogeneous of degree n both in the n and 7
coordinates. Due to this convenient choice of the component amplitude, the

fermionic integral over x’s and x’s can be done straightforwardly. Explicitly,
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for the component amplitude we are interested in,
/ dQM = v, J, / T e @5 AR AR, (3.69)
k=0

where we have taken out the fermionic wave functions as in (3.64), which
results in a Jacobian J, = H? 1 G 113)2 in the above expression. Furthermore,
the fermionic delta functions are projected to the component amplitude of

interest,

AR =TT 11 5( )Xo )>> p?, (3.70)

i€y A=13 J#z Tij
i€y A=24 H#z Tij ey

Here Y labels all the scalars ¢!'l, namely YV := {1,...,5}, and Y labels the
other type of scalars ¢?2, so Y := {5+1,...,n}.

Carrying out the integrations over d?y; and d?y;, we see that the maps p’'(o;)
combine nicely into (p?(c;) pP(0;)), which on the support of the rational map

constraints becomes pZ [ i+ 0ij- Concretely, we have,

/HdQXkd2XkHH5< ) Ha(’)B"Z “”)
J?ﬁl 0” H]#z Oij

€Y A=1,3 B=24
=[I»Ppies x [ = (3.72)
i€y €Y JeY ol

Collecting terms, we find that the wave-function Jacobian Jy, cancels out com-

pletely, and we obtain the final result

m . 1
VT / [ xx a0 ARIAR = H s = (3.73)
k=0 cyJ 057
where we have defined the final result to be Jp. Therefore we have,

An(d1 a--'7¢11 +1:"'v¢iﬁ) :/ Hreven (TP X Tneven). (3.74)

We are now ready to compare this result directly with CHY amplitude, which
is given by

An(oit, .., %} +1,.. L 62) = /dpm PT(a)Pf’xpn\pmject, (3.75)
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and dpu,, = duSP__ if we restrict the CHY formula to 6D.

n even

The notation ¥, project denotes projection of the matrix ¥,, of the CHY for-
mulation to the specific scalar component amplitude we want via dimensional
reduction. In particular, the “polarization vectors” should satisty ¢; - ¢; = 1
if i € Y and I € Y or vice versa. If they belong to the same set, then we
have €; - €; = €7 - €5 = 0. Furthermore, p; - ¢; = 0 for all 7 and j, i.e., both
sets, since all of the vectors are dimensionally reduced to scalars. Let us now
recall the definition of the matrix ¥,, that enters the CHY construction of YM

amplitudes. It can be expressed as

A, —CT
U, = ( "> , (3.76)
C, B,

where A,, is given in (3.57), and B,, and C,, are n x n matrices defined as

e bj & P .
& ‘Zl‘:J if 17&]7 —O_ij if Z?éja
[Bnlij = 7% [Culij = PUE e
0 if i=j. - oy T
1£i
(3.77)

Like A,, the matrix ¥, is also an antisymmetric matrix of co-rank 2. Its

non-vanishing reduced Pfaffian is defined as
(—1)rta

Opq

PV, = Pfylrd | (3.78)

where ¥! denotes the matrix v,, with rows p,q and columns p, ¢ removed.
These should be chosen from the first n rows and columns. Otherwise, the

result is independent of the choice of p, q.

For the specific choice of the component amplitude described above, C,, = 0
and the reduced Pfaffian P{’'W¥,, becomes

PEw,| =PFA, xPIB,| . (3.79)
project scalar
where the “projected” matrix B,, is
1 —
if €Y, JevY,
[Bn}scalar]i‘] - Tig (380>
0 otherwise.
Using the above result, we find
1 —
PfB,| . = det( ) where 1€Y, JeY. (3.81)
scalar O-ZJ
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Comparing (3.74) with (3.75), we deduce that the even-point integrand should

be given by

fB,|

P
jneven(a) = PT<05) Pf’AnJ—scalar . (382)
F

It is easy to prove that Pf Bn‘s and Jp are actually identical. In particular,

calar

one can see that they, as rational functions, have the same zeros and poles. So
we obtain the desired result, J,, cven(a) = PT(a) Pf’A,,.

3.4 N = (1,1) Super Yang—Mills: Odd Multiplicity

This section presents the formula for N' = (1,1) SYM amplitudes with odd
multiplicity. This case is considerably subtler than the case of even n. It is
perhaps the most novel aspect of the present work. Nevertheless, we will show

that it can be written in a form entirely analogous to the even-point case:

ANVELDSYM )y / dus® ., PT(a) (Pf’ﬁn / dﬁ%’”) . (3.83)

The following subsections describe the different ingredients in this expression.

Section 3.4 starts by presenting the form of the rational maps for n odd and
studying the corresponding redundancies that enter in the integration measure.
The explicit form of dul® ,, given in (3.102), is deduced by considering a soft
limit of an amplitude with n even. In particular, we deduce the existence
of an emergent shift invariance acting on the rational maps. The discussion
of how this new invariance interacts with the groups SL(2,C), and SL(2,C),
is relegated to Appendix B.1. Appendix B.2 presents the detailed derivation
of the form of the maps, as well as the measure, from the soft limit of the

even-point formula (3.56).

Section 3.4 discusses the form of the integrand for odd n, which can also
be derived by carefully examining the soft limit. The fermionic integration
measure d@%’l) is given explicitly in (3.121). We show that the odd-n analog
of the A, matrix is an antisymmetric (n + 1) X (n + 1) matrix, which is
denoted A,. It is constructed from (n+ 1) momenta: the original n momenta
of external particles and an additional special null vector, p2Z, defined through
an arbitrarily chosen puncture o,. The formula for the matrix 121\71 is given in
(3.157), and p2® in (3.158).

In Section 3.4 we describe consistency checks of (3.83). This includes a com-

parison with the CHY formula in the bosonic sector, as was done for n even
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in 3.3. We also present a computation of the three-point superamplitude [121]

directly from the connected formula.

Rational Maps and the Measure
Let us consider the definition of the scattering maps in 6D for the odd-point
case n = 2m + 1:

AB( -
p? = ) (3.84)
I1 j#i 9ij

This formula implies the scattering equations if p*Z(z) is a polynomial of
degree n — 2 = 2m — 1 such that the vector p*Z(z) is massless for any value

of z. The latter is realized by requiring

p*P(2) = (p(2)p" (2)) = p 7 (2)p" 7 (2) — P (2)p" 7 (2), (3.85)

as in the case of even n. The polynomials p*+(z) and p*~(2) should have the
same degree, since we want to maintain SL(2, C), symmetry. This is achieved
by choosing deg p%(z) = m. However, this produces an undesired term of
degree 2m = n — 1 in p*P(2). This term can be made to vanish by requiring

that the coefficient of 2™ in p¢(z) takes the special form
pia — yAee, (3.86)

since then (p2 pB) = 0. This is the first new feature we encounter for odd n.

The maps for n = 2m + 1 then become

m—1

P2 = Dt et (3.87)
k=0
m—1 _

Pa(z) = D P2t oagt e (3.88)
k=0

Note that the spinor £, which we also write as |£), involves a projective scale
that can be absorbed into w”, which is invariant under SL(2,C),. In other

words, £ are homogeneous coordinates on CP'. For instance, this freedom

1
€) = ( : ) : (3.89)

In the following we use the symbol ¢ to denote both the two-component spinor

can be used to set

and its only independent component.
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After plugging this form of the (chiral) maps into equations (3.84) we find the
expected (n — 3)! solutions. This is consistent since, as we show in Appendix
B.2, this version of the maps can be obtained directly from a soft limit of the
even multiplicity ones. However, a counting argument quickly leads to the fact
that we must fix an extra component of the maps when solving the equations:
There are 5n — 6 independent equations for 5n + 1 variables, which implies
the existence of seven redundancies. Six of them are of course the SL(2,C)’s
present in the even case, but there is an emergent redundancy that we call

T-shift symmetry. It is the subject of the next section.

Action of the T-Shift

Consider the following transformation on the polynomials
piz) = p2) = ([L+21)p"(2). (3.90)

Here T is a 2 x 2 matrix labeled by little-group indices. In order to preserve
the bosonic delta functions, Apg, we require that for any value of z and for any
polynomial p(2):

p'P(z) = p'P(2)

(L+2T)p"(2) (L+2T)p"(2))

Thus we obtain the following conditions
TTe + €I =0, TTel =0, (3.92)

where T'T is the transpose of T and € is the 2 x 2 antisymmetric matrix. The

first condition is equivalent to

TrT =0, (3.93)
which implies that 72 o< I. The second condition then fixes

T =0. (3.94)

What is the meaning of the conditions (3.93) and (3.94)? They guarantee that
the transformation (3.90) is a z-dependent SL(2,C), transformation, hence
preserving the polynomial map pAZ(z). In other words, (3.93) and (3.94) are
equivalent to

det(I+27) =1 for any z. (3.95)

(3.91)

( z
= {(p"(2) 0" (2)) + 2 ({Tp(2) p7(2)) + (p*(2) To"(2))) + 2*(Tp™(2) Tp"(2)).
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We discuss such transformations in more generality in the next sections. For
now, let us further impose that T preserves the degree of the maps, i.e.,
deg ph(2) = deg p**(z) = m, that is

Ty py' =0, (3.96)

A,a

/¢ is the top coefficient. This means that the kernel of 7" consists of

where p
the four spinors p/v¢ with A = 1,2,3,4. In general this would force the 2 x 2

matrix 7' to vanish. However, for an odd number of particles
pie = e — T =0, (3.97)

These two equations, together with condition (3.93), fix three of the four com-

ponents of T'. It is easy to see that the solution is
T = al) (€], (3.98)

where o € C is a complex scale. Therefore we have found a redundancy on
the coefficients of the maps given by the transformation (3.90). This is an
inherent consequence of the description of the moduli space in terms of the
polynomials (3.87). In fact, in Appendix B.1 we show how T is necessary from
a purely group-theoretic point of view, when regarding the equivalent maps
as representations of a bigger group, identified as SL(2,C) x C2. Finally, in
Appendix B.2 we show how the soft limit of the even-multiplicity maps gives
another interpretation of T that is reminiscent of the little group of the soft

particle.

Let us close this part of the section by noting that 7' produces the following

shift on the top component of the polynomial:
P = P+ Ty = W€ + al€ pp_1)E", (3.99)

or equivalently,
Ot =wt 4 alept ), (3.100)

which will be useful in the next section.

Measure

Let us introduce the measure for n = 2m + 1, which can be obtained from

the soft limit of the measure for n = 2m + 2. This leads to the correct
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choice of integration variables, and the integral localizes on the solutions of the
scattering equations. Specifically, we consider an amplitude for n+1 = 2m+2
particles, the last one of which is chosen to be a gluon. In the soft limit of the
gluon momentum, i.e., Popio = TPoma2 and 7 — 0, the even-point measure
takes the form

1 dan+1
/ o = 0(p2 1) / Ay 15— j{ T +0(),  (3.101)

En+1|:E

where the odd-point measure is given by:

i

Gzmin = =0T (L2, €),.SL(2, ), T) V2 1,205

(3.102)
This is derived in detail in Appendix B.2. The volume factor here implies
modding out by the action of the two SL(2,C) groups, as well as the T-shift.

Furthermore,

=1

6D (H?:l do; H;n:_ol d8pk) d'w (€d€) 1 ﬁ56 ( AB pAB(U’¥)> .

Epp1 =By =7 w =0 (3.103)
i—1 n+1,2

corresponds to the scattering equation for the soft particle. The factor of 7
in F, 1 makes the first term in the expansion of the (n + 1)-particle measure
singular as 7 — 0. As we explain below, the measure given here for n = 2m+1

has the correct SL(2, C), scaling, which is degree 4n.

Let us now proceed to the explicit computation of the measure. Note that the
redundancies can be used to fix seven of the 5n + 1 variables, leaving 5n — 6
integrations. This precisely matches the number of bosonic delta functions,
which can be counted in the same way as in the even-point case. Therefore,
as before, all the integration variables are localized by the delta functions.
In order to carry out the computations, one needs use the seven symmetry
generators to fix seven coordinates and obtain the corresponding Jacobian.
The order in which this is done is also important, since 7' does not commute
with the other generators. In order to make contact with the even-point coun-
terpart, let us first fix the T-shift symmetry. Because T merely generates a
shift in the coefficients of the polynomial, it can be seen that the measure in
(3.102) is invariant. Now, let us regard the symmetry parameter a as one of
the integration variables in favor of fixing one of the four components w”. For

instance, one can choose w' as fixed, and then integrate over the parameters
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{a, w? w3 w}. Tt can be checked from (3.100) that this change of variables

induces the Jacobian
d*o = (€p) ) dadw?dwdw?. (3.104)

The other ingredients in the measure are invariant under this transformation,

ie.,
AB(ﬁa 0) = AB(pa 0)7 (3105)
m—1 m—1
I = ] o (3.106)
k=0 k=0

The dependence on « can then be dropped, with the corresponding integration
formally canceling the volume factor for the T-shift in the denominator of

(3.102). The measure in this partially-fixed form is now

o _ (i do [Ty ) dw (€ pr, 1 )(dg) H 5o (,an_ P70
Ham1 = vol (SL(2,C), x SL(2,C), 05 )
(3.107)

Note that the factor d®w(€pl | )(£d€) is invariant under the projective scaling

of &,. By construction, it is also invariant under the action of the T shift,
implying that w! may be set to any value. However, after making these choices

Lorentz invariance is no longer manifest.

Let us show explicitly how this measure has the correct SL(2, C),-scaling under
the transformation o — to together with the scaling of the coefficients in the
maps,

PRt — ¢ ple (3.108)

In particular, this implies that p2? = wA¢% is invariant. As is apparent from
(3.90), the parameter « carries SL(2,C),-scaling —1, as does the 7' volume
(€pl ) using (3.108). Since the projective scaling of £ is completely indepen-
dent from the SL(2,C), transformation, none of the components £* and w*

transform. Now, we find

m— m—1

I &0 — ] &on (3.109)
1 ﬁ do; — it L ﬁ do; (3.110)
V”2 i=1 Z V”Q =1 ; '

(Eph eV — (€ ol ) ede)dw, (3.111)
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leading to the scaling weight of 4n for the full measure as required.

Having carried out these checks, we are now in position to give the final form
of the measure for n = 2m + 1 in the same way as explained earlier for even
n. For this, we eliminate the remaining SL(2,C), x SL(2,C), symmetry by
performing the standard fixing of oy, 09, 03 and pé’+, p(l)’_, p§’+. Note that we
fixed the lowest coefficients pj'®, because they are not affected by the T-shift.
Otherwise, this would interfere with the T-shift. Finally, we extract the mass

shell and momentum conservation delta functions as in (3.45). This leads to

J i n - m—1 R
. = 2k (H d) U (H m) Pode (€0 B
n =4 k=1
(3.112)

where the Jacobians are given in (3.44), and Ap is given in (3.46).

Transformations of the Maps

Having checked the scaling of the measure, here we consider other SL(2,C),
transformations, as we will see that they lead to other interesting new features
of the odd-point rational maps. In particular, let us consider the inversion

0; — —1/0;.% Under this inversion, the rational map transforms as,

_>

Hj;éi Oij (H?:1 0{1)(Hj¢i 0ij)

and the new object p"(o;) entering the map is given by

(p(0:) pP(04)) (" (ar) P2 (o)) (3.113)

P o) = (D)"Y (1) piaol R (3.114)

k=0
Note that this is actually not a polynomial due to the fact that n is odd. To
keep the rational-map constraints unchanged, we require that the coefficients

transform as

Pa = Al = (=1 P (3.115)

Then, up to an overall factor, the transformation exchanges the degree-k co-
efficient with the degree m — k coefficient just like in the case of even n. What

is different from the even-point case is the non-polynomial property of p"4(o;).

3The minus sign is for convenience only. Sign reversal is already established as a conse-
quence of the scaling symmetry.
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Therefore, inversion turns the polynomial map into a non-polynomial one of

the following form

m

CAOED I T (3.116)
k=0
Now the lowest-degree coefficient, pg’f‘a, which is proportional to the highest

coefficient of the original map, has the special factorized form
oy = w’ &, (3.117)

where we have used (3.86). Therefore the product pAZ(2) = (p?(z) pP(2))

remains a degree-(n—2) polynomial.

Although we only use polynomial maps throughout the chapter, it is worth
mentioning that the above non-polynomial form of the maps could be used
equally well. This discussion makes it is clear that for odd multiplicity a general
SL(2,C), transformation can take the original polynomial maps to a more
complicated-looking, but equivalent, version of maps. This is a consequence
of the fact that the seven generators of SL(2,C),, SL(2,C),, T' do not close

into a group, as can already be seen from the fact that
vol (SL(2,C),,SL(2,C),,T) (3.118)

carries weight —1 under scaling of SL(2,C),. Compositions of the action of
these seven generators on the maps lead to the general transformations of the

form
phe(z) = (€75 P (2), (3.119)

where 7,%(2) is a traceless 2 x 2 matrix depending on z.

It is interesting to study the subalgebra that preserves the form of the poly-
nomial maps, which for even multiplicity is just SL(2,C), x SL(2,C),. In
Appendix B.1 we obtain the corresponding algebra for odd multiplicity: We
first show that the generators of SL(2,C), and SL(2,C), do not commute in
general and that a subset of these recombines into the algebra SL(2,C) x C2
This includes inversion and T-shift, but it requires a partially fixed SL(2,C),

frame.

Integrand from Soft Limits
Here we apply the soft limit to the even-point integrand in order to obtain the

odd-point version, with the soft factor included. The answer is composed of
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two pieces:

Ty M = /dﬁﬁi’” X Jodd- (3.120)

The fermionic measure d@g’l) can be obtained in a way similar to the bosonic

one, and we relegate its derivation to Appendix B.2. The result is

Hj;éi Tij

N m—1 n A ' ] ~ N '
ng,l) — Vn dg dg H dQXk dQXk: H 54 (qZA o <p (al) X(UZ>>)54 ((Z‘,A _ [pAl%o-l) i(gl)]
k=0 =1 T ]

)

(3.121)
The fermionic maps are constructed such that (p(z) x(z)) and its conjugate

are polynomials of degree n — 2, and take a form similar to the bosonic map
in (3.87). Specifically,

m—1

X (z) = Z X 2P 4 gera™, (3.122)
k=0
m—1 ~

XU(2) =) Xp#t +getam (3.123)
k=0

where the x’s and X’s, as well as g and g, are Grassmann coefficients. Note
that the same spinors £ and &% appear in the coefficients of z™ for both the
bosonic maps and the fermionic maps. This form ensures the coefficient of z*™
in the product of maps vanishes, so that the product has the desired degree,

2m — 1 =n — 2, for an odd number of particles.

With this parametrization of the maps, the first check is to show that the
construction has the right Grassmann degree. As in the case of the even n,
we need to remove the fermionic “wave functions” [T}, 6*(Ai 4.4 ¢/*)02(A\5,dp).
This leaves an integrand with Grassmann degree of 4n, as required. Having
established the Grassmann degree of the integrand, let us next count the num-
ber of fermionic integrations. There are 4m y and x integrals and two g and g
integrals, giving a total of 4m + 2 = 2n integrations. The final amplitude thus
has Grassmann degree 2n. More precisely, just as for even n, it has degree n
in both the n’s and the 77’s, which is what we expect for the superamplitudes
of 6D A = (1,1) SYM in the representation (3.48).

The factor J,qq, which is purely bosonic, contains a contour integral in o,
that emerges from the soft limit of the measure (3.101). Therefore, it encodes

all of the dependence on the soft particle. Using the identity permutation I,
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and setting 0,1 = z for convenience, we show in Appendix B.2 that for a soft

gluon
o O1n dz Pf/AnJrl z® .i'&
Sea 7 = PT(, —_j[ x (3124
=PI o P Bn oo o) €5 g5 Y

Let us explain the various terms appearing in this formula. First, the vanishing
of £,11 = Tc‘:'nH = p(z) - ppy1 is the rescaled scattering equation for the
soft (n+1)th particle (on the support of the hard scattering equations), such
that £,41 = Ep1 [[1,(2—0;). In terms of the 6D spinor-helicity formalism,
Weinberg’s soft factor for a gluon is given by

v _ Pl ) Xoerapt? Bano Nty

5ot — = (3.125)

Sn+1,15n,n+1 Sn+1,15n,n+1

The reduced Pfaffian can be expanded as

-1 et — i “n "M 0,1,
Pf A, = % Z(—w% pf ALl (3.126)
n =2 7

where A,[lljf’ln’"ﬂ] denotes the matrix A, ,; with rows and columns 1,7,n,n + 1
removed. This odd-point integrand by construction does not depend on 7, the
scaling parameter introduced to define the soft limit. It is also independent
of the choice of polarization (a,a) and the direction of the soft momentum
Pn+1 = T Pny1. Recall that £* = (1,£) is determined from the hard scattering
maps, while 2% = (£, =Z7) and 2* = (z, —1) are given by the following linear

equations (for z = 0,41):
Er () = (M), £ = ) (3.127)

Introducing a reference spinor r# and contracting the first of the preceding

. . B .
two equations with e4pcpA,, 3 pP(2)r?, we obtain

2 (0B |r) = 2208 B, (3.128)
This can be used to make the z-dependence explicit in the integrand. Con-
tracting with &, and repeating these steps for the anti-chiral piece gives

C o aalpEIN )R] (3.129)

El &op(2)Bnsalr) [Flpnsa |55 (2)IEY
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where |r) and [F| are independent reference spinors. Hence

S0 = PTAY S f A Pl OGN
\

270 S, = Envr (2= 00)(2 = ) €y (2) B 1) [Flpnr1]55(2))E0
(3.130)

In Section 3.4 we evaluate this integral via contour deformation. However, let
us point out here the difficulties arising when trying to evaluate this integral.
For a given solution of the hard punctures {o;}! ; the scattering equation
é’nﬂ = 0 is a polynomial equation of degree n — 2 in z, which in general
does not have closed-form solutions. In the CHY formalism the soft limit can
be evaluated by deforming the contour and enclosing instead the hard punc-
tures at z = ;. This is because the CHY integrand can be decomposed into
Parke-Taylor factors, which altogether yield 1/2? as the fall off at infinity. The
argument can be straightforwardly repeated for the Witten—RSV formula in
four dimensions, as we outline in Appendix B.2. In the case of (3.130) we find
the leading behavior at infinity to be exactly 1/2%. However, the new con-
tour will also enclose the poles associated to the brackets in the denominator,
which are given by the solutions of a polynomial equation of degree (n — 3)/2.
Since these contributions to the integral also turn out to be cumbersome to
evaluate, in the next section we introduce a novel contour deformation that
allows us to evaluate the integral without the need to compute these individual

contributions.

Contour Deformation

The soft factor S%, given by (3.125), is still contained in the integrand Joqq
and introduces an apparent dependence on the soft momentum. In order to
extract it and evaluate the contour integral at the same time, we perform
a complex shift of the soft momentum p, ;. More specifically, for a given
solution of the hard data {o;, p, p}, we perform a holomorphic shift in [A,;1)

and use it to extract the odd-point integrand as a residue.

First, consider a reference null six-vector @ = |¢,)(¢%|. (The Lorentz indices
are implicit.) Using the little-group symmetry, the spinors can be adjusted
such that

(Pa(00)] @] = M €ap, (3.131)

together with (q,|gs] = 0. Here m? = 2p(0,,) - Q is a mass scale that drops

out at the end of the computation, so we set m = 1 for convenience. Note
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that gy 4 transforms under the antifundamental representation of the Lorentz
group, SU*(4), but under the chiral SL(2,C),. Now consider a shift described

by a complex variable w:

Ans1) = 1AL = o) Fwlg?) (3.132)
Al = 1A = 1)+ w O, (3.133)

where |p2)# is shorthand for p%(o,), while

|Bnla = [€ palon)], (3.134)

and the index A has been suppressed in the preceding equations. Without
loss of generality, we may make the deformation for a specific choice of the
polarization, which we have chosen to be @ = + in the second line. The only

requirement for | A7 4] is that
0= (NPl = QLN = (IGIC" + (@*17), =+,  (3.135)

and using (3.131) this implies C* = (¢*|py)-
The shifted soft factor that we utilize is

L O B [N
sot = LolbirXe] (3.136)

Sw,15w,n

which has a simple pole at w = 0. After a short computation one can show

that . o y
— dw S+ = f W _ e, (3.137)
|lw|=e

270 Sy =e 2mi w

Thus, the odd-point integrand can be recast in the form

1
odd — PT ]In - d Ia, Nl
Jodd (In) % 9miCa j{m—g w1y, (3.138)
with
1 Pf A o gt
j— dz__ o owPlAwn o7 T7 g3
270 Jip(2) pul=e P(2) " Pw (2 —01)(2 —0n) (€Z) [€T]

As w — 0, the soft momentum p,, — p(0,), and hence we expect z — o,,. In

fact, we claim that this solution is the only one contributing to the singularity
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in w. Therefore we may redefine the contour as enclosing only the pole at o,

and
! a ~+
[ 7{ dz_ _owPlAwn o8 T g0
211 |z—0n| ep<z) " Pw (Z - 01)(2 - 0”) <§‘:'> [6:4]
 PPAales, Ol (o) ] .
p(on) * Pu (Po|Du7) [F P | ]
One can show that:
2
w
n—1
/ W 1 q |pz|pn a> [1,i,n,n+1] 2
P Apii]oee, = T ZZ - AL pE ALY 1 O(w?),  (3.143)
where we have used the identity
n—1
S (1P Pipp Al — g, (3.144)
i—2 On;
We also have that
[flp(an”:\w] w [ pr, a><pa|q~b]0b
— — = —— + O(w) =14 O(w). 3.145
padil  whlpagycr T O T IHOW (31)
Note that for the chiral piece we can set |r) such that p(o,)|r) = |pn]. Then
(Aulp(oa)|r) w (q°|pn]
L = + O(w), 3.146
ulbulr) — weanon € p, B qrrs W) (8:146)
where the contraction in the denominator evaluates to
€ABCD SC pn c pfb qC byl <Q|p(an) |r> <q|:5n]> (3147)
with |g)? := £%¢2. Hence we obtain
)\a g a
li LulPlowlr) - ¢ (3.148)
w=0 (pp|Puw|r) (q|pn]
Putting everything together we find
1 dw C* @ BilPna) e (i
i = PT(L) - kel A AL
jdd ( ) X Ii Ca fwze W Oy Zz; O i q’pn] n—l—l
. X n n,a

<Q|I5n]
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where for convenience we have defined the null vector

n—1

1 Zpl ,m,n 1 ~
1n) . Zz: PfAnlJrl +1] _ 2€ABCDX(17n),CD- (3150)
Despite using the notation Png 4:1" M+ this Pfaffian is completely indepen-

dent of the soft momentum and the associated puncture. As anticipated, the
expression is independent of the scale of ¢, so we can remove the normaliza-
tion condition 2p(o,) - @ = 1, turning |¢*) into a completely arbitrary spinor.
Expanding the numerator of (3.149) in a basis given by {£,(}, where ( is a
reference spinor such that (£¢) = 1, we find:

<Q|X(1,n)|77n> - <w|X(1,n)|pn>

Joaa = PT(L,) x - : (3.151)
(qpn]
where
) = (™ (0m)) (3.152)
is the conjugate component of |p,). Also,
w)t = {Cq”). (3.153)

In particular, the fact that the integrand is independent of w implies the non-
trivial identity:
X(l,n)’pn> = O, (3.154)

which yields the following form of the integrand

<qu(1,n) ‘ﬂ_n)

o =PT ]In =
Joaa = PT(n) x == 15 1

(3.155)

Using (3.154) this expression can be recast in a non-chiral form. Let us intro-

duce another reference spinor |G| and consider

(q|X (1.0 (0] |

Joaa = PI(L) < = oo Td

(3.156)

Note that ﬁ(an)ABng) = —X(Ln) ap P(0,)PC. Finally, using the definition
of X1,n) in (3.150) we recognize that the second factor in (3.156) is in fact a
reduced Pfaffian of an antisymmetric (n+ 1) x (n+ 1) matrix constructed out
of A, with an additional column and row (labeled by *) attached. We call this
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matrix A,. Restoring the original integration variables, its entries are given

R BB i iy,
[An]; =< %0 for i,j=1,2,...,n,%| (3.157)
where (A BIC
2 +)q
pAB = 47 (0.)do (3.158)

¢"pp (o) E[{p"(0x) §)im
is a reference null vector entering the final row and column, ¢ and ¢ are ar-
bitrary spinors, and o, is a reference puncture that can be set to one of the
punctures associated to removed rows and columns. In fact, we have numer-
ical evidence that o, can be chosen completely arbitrarily without changing
the result. Here, ¢'pPl¢ denotes the antisymmetrization ¢*p?¢ — ¢®pA¢. The
reduced Pfaffian is then defined analogously to (3.58), with the restriction that
the starred column and row are not removed. Independence of the choice of
removed columns and rows follows from the analogous statement for n even.
It is straightforward to confirm that Pf’ A, transforms as a quarter-integrand
in the SL(2, C),-frame studied in Appendix B.1, and that its mass dimension
is n—2, as required. This completes the derivation of the odd-point formula
(3.83). The reasoning was complicated, but the result is as simple as could be

hoped for.

Consistency Checks

We have checked numerically that the new formula (3.83) correctly reproduces
the 6D SYM amplitudes of gluons and scalars directly computed from Feynman
diagrams, up to n = 7. In this subsection we perform additional consistency
checks of the formula. We begin by re-deriving the odd-point integrand Z,4q by
comparing it with the corresponding CHY expression for a particular bosonic
sector following a similar argument used earlier for the case of even n. We
will then show analytically that the formula leads to the correct three-point
super-amplitude of 6D SYM. It is worth noting that the three-point amplitudes
in 6D YM are rather subtle due to the special kinematics first explained in
[43]. As we will see, our formula gives a natural parametrization of the special

three-point kinematics.
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Comparison with CHY

This section presents an alternative derivation of the integrand of the odd-
point amplitudes. The method we will use here is similar to the one for the
even-point case given in Section 3.3. It is based on comparison to known results
of the CHY formulation of YM amplitudes in general spacetime dimensions.
This method of derivation is independent of and very different from the soft-
theorem derivation presented in the previous sections. Therefore it constitutes

an additional consistency check.

Let us begin with the general form of the odd-point amplitudes of 6D N =
(1,1) SYM,
A0 [ G a0 T, (3.159)

for n = 2m+1. Recall that the bosonic measure duSP is defined in (3.102), and
the fermionic measure d@g’l) is given in (3.121), which is the part that is more
relevant to the discussion here. The goal is to determine the integrand 7, oaq.
As mentioned above, we will follow the same procedure as in the case of even
n, namely comparison of our formula with the CHY formulation of amplitudes
for adjoint scalars and gluons. To do so, we consider a particular component
of the amplitude. Due to the fact that n is odd and the scalars have to appear
in pairs, it is not possible to choose all the particles to be scalars. The most
convenient choice of the component amplitudes one with n—1 scalars and one

gluon. Concretely, in the same notation as before, we choose to consider
A1 O o Do, ALY, (3.160)

where A% is a gluon.

As in Section 3.3, we integrate out the fermionic variables so as to extract the
desired component amplitude. The computation is similar to the one for even
n, but slightly more complicated due to the appearance of A% in the middle

term of the superfield. Projecting to this component amplitude, we obtain

m—1
/ Aoyt = Vo / 1T @i 5 dg dg dmidiy, ARPAR. (3.161)
k=0

The factor J, = [[I, W arises from extracting the fermionic wave func-
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tions. The fermionic delta functions are given by

TO )X(Un)> < 13
A= TT6( ¢ 5 (3.162)
Al_llg (q H#n Tnj )1;[/ ( I, i 7 )Hp

€Y
APl = Hé( pAHO” X(on) )Hé( pato:) )]) [Tr:(3.163)
A=2.4 g#n Onj =% ﬁé’ Tij 5%

with Y := {1,....m}and Y := {m+1,...,n — 1}. Compared to the even-
particle case, we have an additional contribution coming from the gluon A%,

Performing the fermionic integrations leads to the final result,

A % .
Niia (pP)00) &) Maicli)(on) € Vi -
AB o2 52

2 Pn,cD H];&n nj €Y, JEY TiJ
(3.164)
where the square brackets denote anti-symmetrization on indices A, B and
C,D. Note that although the formula for (Jr).; exhibits explicit Lorentz

indices A, B and C, D, it is actually independent of the choice of these indices.

dﬁ%’l) =4 (JF)aEz:

Therefore, we have only made the dependence on the little-group indices a and
a explicit in (Jr).a. They appear because the component amplitude contains

a gluon A%,

Having extracted the component amplitude that we want, we can compare it
to the corresponding result from the CHY formulation. From the comparison,

we find that the odd-point integrand is given by

Pf’ (q/project>a&
(JF>ad

This ratio should be scalar, independent of the choice of the little-group indices

Tnodd(a) = x PT(a). (3.165)

a and a. As in the case of n even, P’V it is defined by the usual Pf'U,
projected to the component amplitude under consideration. In the present
case this means that the dot products of a pair of polarization vectors for
scalars particles are the same as before, namely ¢;-e; =1ifi €Y and I € Y,
and otherwise they vanish. Furthermore ¢; - ¢, = 0, and p; - ¢; = 0 if j # n.
Using these rules, the original reduced Pfaffian Pf’U simplifies to

n—2

P (Wproject)aa = det(Ap) > (=1 P (En)oa PfAln=1nl (3.166)

O‘,
i=1 m

where the m x m matrix A,, has entries given by i foricY and I €Y.
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The ratio entering the integrand 7,044 in (3.165) can be dramatically simpli-
fied. To demonstrate this, note that as J,.qq() is a scalar, the following two

tensors are proportional,

n—2
3 ~ i Pi " \En)aa in—1,n
N (0 (02) €)M 1) () EX R = 5P prcp 3 (— 1) L AEn)0 ppygfin-ial

i=1 Tin
(3.167)
where the proportionality factor R is a scalar. After multiplying both sides of

this equation with )\A’a:\& nc and contracting indices a and a, we obtain

-2 A ~
~ An,api : <€n)a& Az il
(0" (0n) E)[Po(on) €] X ZZ - C pAlin-tn]
i=1 m
n— 2 1 AB
— Z Pi,pp 0" pnpc prAln—tal
i=1 0 DPn
(3.168)

where in the last line we used the spinor form of the polarization vector (g,,)qa
[43], with g a reference vector. Collecting everything and plugging R back into

the integrand, we arrive at:

i nAB
PT(a ) (_1) p (Un>pz‘BDQ Pn,EC PfA[”L 1,n]
On—1,n i—1 Oin 0" pnpn pnC

Tnodd(a) = . (3.169)

where we have also simplified the o-dependent part, and defined

pi= (pM0u) €, fuc = lPolow) . (3.170)

as in the previous subsection. Furthermore, using the identity
n—2

3 (1) PP pgglin-inl — g (3.171)
(oF

i=1 in
the summation in the expression of 7, 0qa(c¢) can be further simplified, leading

to the final form of the integrand:
n—2

Tnoda(@) = PT{a )Z(—l)imPM[”’ Ll (3.172)

On—1,n Oin /)7‘? Pn,C

This result is actually a Lorentz scalar, as it should be, even though it appears
to depend on the explicit Lorentz spinor indices A and C'. The above expression
agrees with (3.156) after contraction with reference spinors in the numerator
and denominator and choosing o, = o,,. In the derivation here, we have chosen
particles n as well as n—1 to be special. However, the final result should be
independent of such a choice, and therefore we have a complete agreement
with (3.156), the result obtained by using the soft theorem.
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Three-point Amplitude

Here we derive analytically the three-point amplitude from our odd-n formula.
As explained in [43], the three-point amplitude requires additional considera-
tions such as an adequate parametrization of its special kinematics. Here we
find that our formula naturally leads to such a parametrization together with
the correct supersymmetric expression. Since the result, which is quite subtle,
exists in the literature [121], it is nice to see that our formula reproduces the
known result. It turns out that it is more convenient to use the linearized
constraints introduced in (3.47). So we start with the following integral rep-

resentation of the superamplitude:

3
N=(1, J- - ~ a -a ~byra _ ~a
AN=OD SN 193y / dp§P =2 / d*xo %o dg dg | [ 6> (n? M —x"(0:))8° (il M5 =X (02)).
=1

(Vs)?
(3.173)
The fermionic delta functions in the above formula are the fermionic versions
of the linear constraints, and we will discuss the n-point version of these con-
straints in Section 3.5. For now we take this as a given, and write the degree

1 three-point maps as:
Pz = Pyt +wtet s,
X(z) = xg+9&z, (3.174)

together with their conjugates paa(z) and ya(z). Imposing the orthogonality
condition pA?(2)pa4(z) = 0 we find:

pé’a ﬁO,A,d = 07
Po @aba+E w Poaa =0,

wh g = 0. (3.175)
The solution to the middle constraint is given by

potoa = tE&e,

wh Pora = —t&, (3.176)

for some scale ¢t. Recall that the top component of each map, i.e., £%w* and its
conjugate, carries a GL(1,C) freedom which we previously used to fix {* = 1.
For reasons that will become apparent soon, here it is more convenient to use
this scaling to fix ¢ = V3. Using this and the previous equations we find the

following relation:
P (00)paaloy) = V€& 0. (3.177)
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Let us now evaluate the integrand in the representation of (3.155) and (3.150):
1 p(oq) |7
7 = L {alp(o)|ms)
(V3)2013 (qlps]
1 q*paalon)ph(o1)pl(o3)C”
(V3)2013 qAﬁ%,Afa
— 1V, (3.178)

where we used Xlg = —M, pf AlL234 1, = 1 and ¢?p%(o Nd =
(1,3) V3013 4 Pa

q* . A& For three points, the SL(2, C), symmetry completely fixes all three

o’s, and we have,
[ = iy (3.179)

Plugging this into (3.173) we are left with

3
. 1
AYEADSM 193y — pLO RO pL0) 7 / dxgdxg dg [ [ 0> b Mg, —x*(03)),
=1

(3.180)
together with its conjugate Féo’l). We find that now the three-point amplitude
only involves fermionic integrals and factorizes into chiral and antichiral pieces.
However, this form is not completely satisfactory as it still carries redundan-
cies. In order to match this expression with the known ones [43, 114], we note
that (3.177) can be inverted as follows: Pick three labels {1, 7, k} = {1,2,3}

for the external particles, then
M IS

(A1) = Vs =0
’ | M;[ [ M|

ij — Cijk (Mzabéb) <M;~%g£b) ) (3-181)
where €;;; is the sign of the permutation (ijk), as usual. This allows us to read
off the variables defined in [43] for the special case of three-point kinematics.
Since det()\ﬂj\‘}] =0,

wp =M, al=MYE. (3.182)

It is easy to check that they satisfy uf)\fa = u?)\ﬁa for any 4, j. Their duals,
defined as .
M2,Ch , o

’UJ? _ z,bC : ’(D;L _ i,b : (3183)
0504k 0450k

satisfy (w; w;) = [4;W;] = 1. Since the maps are constructed such that mo-

mentum conservation is guaranteed, the condition imposed in [43],

: ° pi (o)
> Wi, =D |“M| =0, (3.184)
i=1 i=1 i
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is also satisfied by virtue of the residue theorem. Furthermore, note that there
are scaling and shifting redundancies in the definition of u;, @;, w;, w; [43]. In

particular, these variables are defined up to a rescaling,
Ui — QU , U; — Oéil’lli ,  W; — oflwi, w; — Oé’lI}z', (3185)

which is a reflection of scaling redundancy of £ and (. Additionally, there is a
shift redundancy in w;,

with Z?Zl b; = 0 corresponds to the redundancy ¢ — ¢ + b¢ in the defining
condition (C¢) = 1. Let us now fix this SL(2,C) redundancy by setting { =
(1,0) and ¢ = (0,1). Then

+ —
M, = e, (3.187)
O'ijO'ika- aijaikwi

and similarly for the conjugate. We will now focus on the chiral piece F3.
Following [121], we define w; = win; , and w; = ufn; .. Then we evaluate the

fermionic integrals as follows

3
1 _ —
Fg(l’o) = A /dXS_dXO dg | | S(osomwi —xg — 90i)0 (W — xg)

i=1
1 3
= 73(111 —w)(u — u3) /chTdQH&UMHUszi ~Xo — 90i)
i=1
= (ujus + ugusz + uzuy)(wy + wy + ws), (3.188)

where we have omitted the notation “4” for fermionic delta functions. The
final result is in precise agreement with the three-point superamplitude given,

e.g., in [114]. For example, the three-gluon amplitude is:

ad  Abb AcéN _ (,a, b, c a, b c a, b, c\ (=a~b~¢ | =~a,~b~é ~a~b~e
As (AT, A , AS ) = (u1u2w3 + uywyuz + w1u2u3) (u1u2w3 + Uywatz + w1u2u3>

(3.189)

3.5 Linear Form of the Maps

In this section, we present an alternative version of the connected formula
for tree-level scattering amplitudes in 6D A = (1,1) SYM. We make use
of “linear” constraints involving A4 and 7, directly, instead of the quadratic
combinations pZ = (AA\B) and ¢ = (\'n). This form of the constraints is a
natural generalization of the 4D Witten-RSV formula, in the form of (3.24).



121

We have previously presented the linear constraints in (3.47). However, our
conventions in this section differ from the previous formula by the change of
variables W; = Mi_l. Since the M;’s are 2 x 2 matrices, the two formulations
differ by where W, appears in the constraints as well as an overall Jacobian.
For certain computations such as the soft limits, it may be preferable to use

the previous version of the constraints.

One way in which the linear constraints differ from the quadratic constraints is
that the on-shell conditions are no longer built in. Instead, they are enforced by
the introduction of spinor-helicity variables. Another feature of the linear form
is that it makes manifest more of the symmetries, including the SU(2) x SU(2)
R symmetry. We will also give evidence that this representation may be a step

towards a Grassmannian formulation of 6D theories [150].

As in the previous formulation of 6D theories, there are additional subtleties
when the number of particles n is odd. As before, the maps appropriate for
odd n require the 7" symmetry, which acts as a redundancy of these maps.
SYM amplitudes follow by pairing these constraints with the integrands found

previously.

Using the linear constraints for even- and odd-point SYM amplitudes, in Sec-
tion 3.5 we obtain a version of these constraints that is even closer to the
original Witten-RSV form. In the case of 4D, this version is sometimes known
as the Veronese embedding |151]. This is achieved by evaluating the integral
over the original rational maps p’(2), xa(2), Xa(2), leaving an integral over
only the punctures and the W, variables. This allows one to view the linear
constraints as those for a symplectic (or Lagrangian) Grassmannian acting on

a vector built from the external kinematic data.

As an application of this formulation, we also present an alternative version
of the tree-level amplitudes of the abelian (2,0) Mb5-brane theory. Since this
theory does not have odd-point amplitudes, it is not a focus of the present
work. Still, the linear version of the tree amplitudes of this theory have some

advantages compared to the formula presented in Chapter 2.

Linear Even-Point Measure

The linear form of the 6D even-point measure is obtained by introducing an

b

o associated to each particle (or punc-

integration over GL(2) matrices (W;)
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/d:un even ~ / HZ 1 do-z HZI ; d x H56 A(O-i> pB(gl)>
vol (SL(2,C), x SL(2,C),) V2 106

- (H o ?))/ vol(SLH(iQilCI)_(I,k;DSL?;,C)p)W(A’p’ o) (3.190)

where
Avpr. 58 (A b, A 1
WA, p,0 H / EW (A — (Wit () o Wil = =—— | (3.191)
Hj;éi Tij
and |W;| = det W;. The total number of delta functions exceeds the num-

ber of integrations by n + 6, accounting for the mass-shell and momentum-
conservation delta functions. This step introduces 4n integrals in addition
to the previous 5n — 6 that were previously present after accounting for the
SL(2,C), x SL(2,C), symmetry. It allowed us to extract the n mass-shell

constraints §(p?).

b

Before proceeding, let us comment on the SL(2, C) indices of the matrix (W;)..
Throughout this work, we have used the Latin indices a = +, — to denote
both the “global” SL(2,C), indices as well as the little-group indices of the
external particles. The latter was not visible when all the external data entered
the formulas through the little-group invariant combinations p#Z, ¢, and
Gia. In passing to the linear form, we have introduced one matrix (W;)2 per
particle. We should view the upper index as global, because it contracts with
the maps, whereas the lower index must transform under the little group of the
1th external particle in order for the delta functions to be little-group invariant.
So each W; transforms as a bi-fundamental under the global SL(2,C), and
the ith SL(2,C) little group. (The corresponding feature was also present
in 4D when the ¢; and {; variables were introduced.) More explicitly, it is
sometimes useful to solve for them in favor of the maps as follows: If we pick

{A, B} C {1,2,3,4}, then
P (o) AT
Hj;éi Tij

the above solution also makes clear the difference between these two SL(2, C)

piEWE, = , (3.192)

indices. Despite this subtlety, we have elected not to use different notations
for the different kinds of the SL(2,C) indices, though it is always easy to

distinguish them based on the context.
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The passage to linear constraints works analogously for the fermionic delta

functions. The relevant identity is now:

Ap = ﬁ54 <q;‘_M>

[z 04
= H(52<5\iAaQ§4> 52(”?‘(‘/‘/2')2)(1)(0@')), (3.193)
AF = H(S (%,A HjiiO'ij )
= TI5 () & (7 — (W3¢ (0) (3.194)

These formulas are only valid on the support of the bosonic delta functions.
Just like py, the conjugate set of matrices, Wi, are not integrated over. Rather,
they are solved for by the conjugate set of constraints, as in (3.63). As before,
this form allows us to explicitly extract the super-wave-function factors leaving

linear fermionic delta functions in the 7 and 7) variables.

For the case of 6D N = (1,1) SYM with n even, the right-hand integrand,
which is the Parke-Taylor factor, does not depend on this change of variables.
So we can now assemble the even-point integrand, which in terms of the usual

maps,
m m

X% (z) = Z Xi ¥, Xi(2) = Z o2k, (3.195)

k=0 k=0

is given by

Ty eV S = PT () (vn PfA, / (H X d%) AFAF,>. (3.196)

k=0

Removing the mass-shell delta functions, the explicit formula for the linear
form of the even-point scattering amplitudes of 6D N = (1,1) SYM is

N=(1,1) SYM _ H?:l do; H;n:o d®pr d? X1, d° Xk PT A
A ever () vol (SL(2, C), x SL(2,C),) (@) WA, p, 0)

<V, PEALT] 80 — Win(00) 2 (i — (Wid(on)) . (3.007)

i=1

So far we have used the fact that the kinematic data associated to a given

particle in 6D can be encoded in two pairs of spinors, A2 and 5\’;{ . However,
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using the overall scaling it is also possible to associate the chiral part, A%,
with a line in CP® and two points on it, where the two components, a = =+,
label the points. The linear formula implements the transformation from one
description to the other. p(c;) can be taken to define a line in CPP?, while each
row of the 2 x 2 matrix W; can be interpreted as defining the homogeneous
coordinates for two points on this line. We believe that this new viewpoint

would be useful in writing formulas in the 6D version of twistor space.

An added benefit of the linear form is that it makes parts of the non-linearly
realized R symmetry generators manifest, as we mentioned previously. Re-
calling (3.52), the generators are quadratic in the n;, 7; variables and their
derivatives. In particular, let us consider the generators R = > " | n; ,n% and
Rt = S 7iaf?. One may verify that these are symmetry generators by first
noting that under the support of the delta functions

Mo = (WD)aX (), 7l = (Wi) X (04) - (3.198)

Similar to how one constructs the momenta p/'? from antisymmetric combi-

nations of the analogous bosonic delta functions for A2, we can construct the

ia)

combinations:
RY = (i) =Y (W)a(Wi)ex (o)X (o) = > [Wil xu(0:)x"(03)
i=1 i=1 i=1

(3.199)
and similarly for R*. Under the support of the bosonic delta functions the
determinant [WW;| can be replaced by (I, i)', whereas o(0i)X(0;) is a
polynomial of degree n—2 in o;. Using the identity

0, for k=0,1,....,n—2, (3.200)
ZH

Y UU

which can be understood as a consequence of a residue theorem, we find that
Rt = 0. This means that the amplitude is supported on configurations such
that > 7i,n® = 0 and Y, a7 = 0, which proves the conservation of this R
charge. The vanishing of the final R symmetry generators, R~ and R, which
are second derivative operators, is still not made manifest in this formulation,
but it is not hard to prove. For example, a Grassmann Fourier transform

interchanges the role of n and 9/dn.

As a final application, we apply the formalism of linear constraints to the tree

amplitudes of a single M5-brane in 11D Minkowski spacetime. This provides
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an example of a 6D theory with (2,0) supersymmetry; the amplitudes in the

rational maps formalism are given by the result of Chapter 2:

n m ! 3

Mb5-brane Hi:l do—i Hk:O dgpk d4xk Ar A (Pf An)
= - 3.201
A vol (SL(2,C), x SL(2,C),) " ~F v, (3:201)

where

Ay =TT (p;“B _ e B(U"») , (3.202)

Hj;éi Tij

Ap = ﬁ68 (qf” el X%m) : (3.203)

Hj;éi Tij
and I = 1,2 denotes the two chiral supercharges.

Since this theory has only even-point amplitudes, we do not need the machin-
ery of odd-point rational maps in this case. Introducing the W; variables, the
bosonic measure is identical to that of SYM. The fermionic delta functions

with N = (2,0) supersymmetry become:

A= H64( sag) 8 (e = (Wi (0) (3.204)
so the amplitudes have the representation:

M5-brane H?:l dai ZL:() d8)0k d4Xk
= A
An /vol (SL(2,C), x SL(2 T,y Vo)

(P'A,)* V, H54 i (o) . (3.205)

It is worth noting that for chiral N = (2,0) supersymmetry there is no need
to introduce p, ﬁ/;, or x. In some sense, the 6D chiral theories appear more
natural than their non-chiral counterparts. This theory has USp(4) R symme-
try, which can be verified in the linear formulation by the technique described

above.

By the same reasoning, the D5-brane formula which has /' = (1, 1) supersym-
metry, can be recast in a similar form with the same fermionic delta functions
as in (3.197)

Linear Odd-Point Measure
To complete the discussion for the N' = (1,1) SYM odd-point measure and

integrand in this formalism, we introduce the parametrization of the odd-point
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maps described in Section 3.4. As before, we define

m—1

pa(z) = > pa A+ wlte 2, (3.206)
k=0
m—1 ~

Ph(z) = Y Pt +oag 2, (3.207)
k=0

and similarly for the fermionic partners, where m = (n —1)/2. In the case
where we used constraints for p*”(z), the introduction of this parametriza-
tion of the maps included a new redundancy. This was because the poly-
nomial (p(2)p?(2)) has a shift symmetry of the form p(z) — pA(z) =
(I+2T)p*(2), where T = a&®, and « is a parameter. The invariance of the
product is still required in the linear formalism, and there must be a redun-
dancy that reduces the number of components of w? and &,. As before, the
integrations over the moduli and the Riemann sphere are completely localized

by the bosonic delta functions, which requires five independent components.

We will find that the appropriate choice is to keep the general action of the
T-shift on p2(0;) but now allowing the W; to transform at the same time.
The linear constraint 6% (A%, — (W;)%p;'(0;)) is left invariant under the T-shift,

which now explicitly depends on each puncture o;:

i (0:) = pi(03) + aoit &t (03) (3.208)
(W)l — (Wy)h — aoi€"&(W7)5, (3.209)
or more abstractly,
pt(o:) = (I+0;T) p*(04) (3.210)
(Wi)a — (]I — 0 TT> (Wi)a . (3211)

These transformations leave the product invariant by virtue of (3.92). Recall
that the lower index a on (W;)? is the little-group index for the ith particle,

a

and it does not participate in the shift.

With the maps and redundancy more or less the same as in Section 3.4, we

may now write down the measure associated to the linear constraints for odd
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n, which takes a similar form as the even-point one:

n m—1 ;8 n
/dﬂnodd - / (HiZI do-i Hk:o . pk) d4w <§d§> i H56 (p?B o pAB(O_i)‘)

vol (SL(2.C),,SL(2,0),,T) vz L1 [T
T (ITi, doi [Ty d°px) d'w (€de)
- <Ed(p’2)>/ vol (SL(2,C),,SL(2,C),, T) W p, o).
(3.212)

We are free to fix the scaling and T-shift symmetry of this measure exactly as
before, so all Jacobians will be the same as in previous sections. Therefore in
terms of the linear maps, the superamplitudes of 6D A = (1,1) SYM can be

expressed as

AN S :/ (T, dos [Ty dp) diw (€dE)

PT(a) Pf'A
n odd vol (SL(Q,C)U,SL(Q,C)p,T) W()\vp7 U) (05) n

m—1 n
<V, [ T o iudgdg [] 5 (o — Wi 00) & (i~ (Wi (o),
k=0 =1

(3.213)
where, as before, the fermionic maps for n odd are defined to be

m—1

= X 2P 4 g™, (3.214)
k=0

m—1 ~

Niz) =) Np2t+getam, (3.215)

k=0

Veronese Maps and Symplectic Grassmannian

The preceding results can be brought even closer to the original Witten-RSV
formulation by integrating out the moduli pik of the maps, which leaves an
integral over only the o; and the W;. This will allow us to show that these
constraints apply to the elements of a symplectic Grassmannian. Let us begin

with the even-n case and recast the bosonic measure:
(Hﬂﬂ do; d4VVz‘) HZL—O d®pi - 8 (1A b A 1
d = = — 0° (AL — W; i ) Wil — =—
/ i even / vol (SL(2,C), x SL(2,C),) Hl Vi = (Wdapi () 01 I 1,04

_ [l do; d'W; 8 b o ‘ 1
_/vol(SL(Z,(C) < SL(2,C)w H5 (Z i )H(S(‘Wi‘—njﬁaij)-

=1 =1
(3.216)
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This result can be obtained by using the following identity for each of the eight

components separately [55, 152, 127],
k=0 \i=1 k=0 i=1 i

where p(z) = >, pr 2" denotes any component of the polynomial map.

Starting with (3.193), one can obtain a similar result for the fermions. Specif-

ically,
/ (H dzm) H5 Mo — (Wi)axs(04)) H52 (Z fm,b> :
i=1
(3.218)
We now note that (W;)’o¥ forms an n x 2n matrix:
Capiv = Wil oy (3.219)

where we group the index k with the global SL(2,C) index a and the index i
with the ith little-group SL(2,C) index b. Interestingly, under the constraints
Wil —

= 0, the matrix C' formed in this way is symplectic satisfying
]#1 01]

c-Q-0'=0, (3.220)

which follows from the application of the identity (3.200) to each block ma-
trix of the product. Here € is a symplectic metric: an anti-symmetric 2n x 2n
matrix with non-zero entries at €2; ;11 = —$;41, = 1. Therefore C'is a symplec-
tic Grassmannian, which was mentioned in [150] for its possible applications
to scattering amplitudes. Here we construct the symplectic Grassmannian
explicitly in the spirit of the Veronese maps as discussed in [151] to relate
Witten—RSV formulas with Grassmannian formulations for 4D N = 4 SYM

[153]. Using the n x 2n matrix C', one may rewrite the constraints nicely as

> (Wihot Al = (C-Q-A)* =0, (3.221)
i=1
where A4 = A% is a 2n-dimensional vector. The fermionic constraints take a
similar form with the same Grassmannian. Geometrically, this is a 6D version

of the orthogonality conditions of the 4D Grassmannian described in [154].
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Similarly, when n = 2m + 1 is odd, the identity (3.217) leads to

1, doyd*W; (TT7= d®pr)dw( £d£ ‘0 L
/ nodd / vol SL 2 C)U,SL<2 (C p7 H5 apb (Ul)) |Wl| Hj?gz‘ 0ij

_ (H?: do; d* (€d§) . A
/vol(SL(2,1<C)g,SL2 Cw,T H58 (Z a7 >

k=0

(Zga bm/\A>H5<|W| H#Z%)'

(3.222)

For odd n, the form of the Grassmannian constraints is unmodified except for
the highest degree, o}". The highest-degree terms must be modified so that the
number of constraints decreases by 5 when passing from even to odd, which
is the case for this expression. Note that we have integrated out the Lorentz
spinor w® but not the global little-group spinor €. One of the SL(2,C),
generators can be used to fix the only independent component in £*, making
it effectively arbitrary. This nontrivial relation leaves only four independent

constraints for the highest-degree part of the Grassmannian.

For odd n, this Veronese form also has the T-shift symmetry inherited from
that of the W’s, as shown in (3.209). The T-shift acts on the Grassmannian

as

(Wi)ZU,k = Ca,kyip — Cakzb afafccc,kﬂ;i,b, k=0,...,m~—1,
(3.223)

£a<Wi)Z O—im = faCa,m;i,b — gaca,m;i,b . (3224)

The term of highest degree is invariant under the shift due to (£ &) = 0. This
shift can be interpreted as a special kind of row operation on the Grassmannian
in which the rows of degree k are translated by the rows of degree k + 1 with

the exception of the highest-degree rows.

One must now fix the various redundancies of this description. In the end the
number of integrals should equal the number of constraints after gauge fixing.
There are 5n integrals before fixing the two SL(2,C)’s and 5n — 6 after fixing
them. These choices can be used to fix three of the punctures o; as well as
two values of a W; and one component of &,. Finally, the T-shift can be used
to fix the last value of the chosen W;.
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The fermionic delta functions satisfy a similar identity,

n

/dQHd2XkH5 Nia — (Wi)axo(0)) —5<Zf a0 ”zb>H52<Z

1=1
(3.225)
Now (W;)boF with k = 0,1,...,m—1 combines with £*(W;)2 ¢ to form an

n x 2n symplectic matrix acting on the vector of external Grassmann variables,

entirely analogous to the constraints for the external spinors.

Using these relations, it is then straightforward to rewrite all of the superam-
plitudes given in previous sections in terms of the Veronese maps. In the case
of 6D N = (1,1) SYM and odd n, in the integrand, the term Pf’ﬁn contains

a special “momentum” vector, which we recall here:

ap__ 24%%00G0
" qPlpp(ow) E{pE(04) £)ir

This shows that pAP is in general a function of the moduli pﬁk and p~f147k.

(3.226)

Therefore, when we integrate out the moduli and express the amplitudes in
the Veronese form, we should solve for pf’k and pf% , in terms of the W;’s and
W;’s, as well as the o;’s. If we choose o, to be one of the o;’s, then it is trivial

to express p2Z in terms of W; and o; by using the relation,
pa(0) = (M) Xy (3.227)

and a similar relation for p4(0;), and recalling that M; = W, . If, instead, we
choose o, to be arbitrary, pf(a*) can also be determined in terms of M; and o;
using the above relation (3.227), since pZ(z) is a degree m = -1 polynomial,

and there are n such relations.

3.6 Various Theories in D< 6 and N/ = 4 SYM on the Coulomb
Branch
This section describes some interesting applications and consistency checks
of the 6D SYM formulas that we have obtained. We start by writing down
a formula for 6D N = (2,2) supergravity amplitudes in Section 3.6, which
follows from the double copy of the formula of 6D N = (1,1) SYM studied
in previous sections. Then in Section 3.6 we consider mixed amplitudes by
coupling the 6D N = (1,1) SYM with a single D5-brane. We will also study

the dimensional reduction of these theories. We begin with the reduction to

aaz i b)
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five dimensions in Section 3.6, followed by N = 4 SYM on the Coulomb branch

in Section 3.6. We obtain new connected formulas for all tree-level scattering

amplitudes of these theories. In Section 3.6 we study dimensional reduction
to 4D N =4 SYM at the origin of the moduli space.

N = (2,2) Supergravity in Six Dimensions

In this section we consider the tree amplitudes of N' = (2,2) supergravity
in 6D. Even though 6D N = (2,2) SUGRA is nonrenormalizable, it has a
well-known UV completion. This completion is given by Type IIB superstring
theory compactified on 7% or (equivalently) M theory compactified on 7. In
either case, the theory has an E;5(Z) = SO(5,5;Z) U-duality group. This is
a discrete global symmetry. (It is believed that string theory does not give
rise to continuous global symmetries [155].) The low-energy effective descrip-
tion of this theory, which is the 6D supergravity theory under consideration
here, extends this symmetry to the continuous non-compact global symmetry
Spin(5,5). However, much of this symmetry is non-perturbative, and only the
compact subgroup Spin(5) x Spin(5) is realized as a symmetry of the super-
gravity tree-level scattering amplitudes. (Recall that Spin(5) = USp(4).) This
symmetry is the relevant R symmetry group. This is called an R symmetry
group because particles with different spins belong to different representations
of this group even though they form an irreducible supermultiplet. The UV
complete theory and its low-energy supergravity effective description are both
maximally supersymmetric. This means that there are 32 local supersym-
metries, gauged by the gravitino fields. It also implies that the supergravity
theory has a 6D Minkowski-space solution that has 32 unbroken global super-
symmetries. When we discuss scattering amplitudes, this is the background
geometry under consideration. If we further reduce to four dimensions, we get
N = 8 supergravity, which has nonperturbative E7z) symmetry. Again, only
the compact subgroup, which is SU(8) in this case, is the R symmetry of the

tree amplitudes.

The 6D N = (2,2) supergravity multiplet contains 128 bosonic and 128
fermionic degrees of freedom, which can be elegantly combined into a scalar su-
perparticle by introducing eight Grassmann coordinates in a manner that will
be described below. This multiplet contains six different spins, i.e., little-group

representations, which we will now enumerate. They are characterized by their
SU(2) x SU(2) little-group representations and their USp(4) x USp(4) R sym-
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metry representations. The graviton transforms as (3, 3;1,1) under these four
groups. Similarly, the eight gravitinos belong to (3,2;1,4)+(2,3;4,1). Also,
the ten two-form particles belong to (3,1;1,5)+(1,3;5,1). The 16 vector par-
ticles belong to (2,2;4,4), the spinors belong to (2,1;4,5) + (1,2;5,4), and
the scalars belong (1,1;5,5). Asin the case of the SYM theory, the amplitudes
will be presented in a form that makes the helicity properties of the particles
straightforward to read off, but only a subgroup of the R symmetry will be
manifest. With some effort, one can prove that the entire USp(4) x USp(4)
R symmetry is actually realized. Even though this is a non-chiral (left-right
symmetric) theory, corresponding left- and right-handed particles have their
R symmetry factors interchanged. So this interchange should be understood

to be part of the definition of the reflection symmetry.

The on-shell superfield description of the supergravity multiplet, analogous to
the one for the SYM multiplet in (3.48), utilizes eight Grassmann coordinates
denoted n* and 1%, It contains 128 bosonic and 128 fermionic modes with

the spectrum enumerated above. It has the schematic form

O(n) = ¢+ ...+ e s iin iy GO+ 4+ () (7). (3.228)

Note that I = 1,2 and I = 1,2 label components of an SU(2) x SU(2) subgroup
of the R symmetry group. Only this subgroup of the USp(4) x USp(4) R
symmetry is manifest in this formulation. The on-shell field Gabab iy the
middle of the on-shell superfield is the 6D graviton. We have only displayed
this field and two of the 25 scalar fields.

The supergravity superamplitudes have total symmetry in the n scattered
particles. This is to be contrasted with the cyclic symmetry of the color-

stripped SYM amplitudes. For instance, the four-point superamplitude is given
by

4
512 523 513

4 8 (4 AJ) 8 ( 4 o )
ppV=(22) SUGRA o6 <ZP?B> 0 <Zz:1q 0" ( 2im 9,4 (3.229)
i=1

which has manifest permutation symmetry. Here the supercharges are defined
as qu’I = /\fanf’“, and (ij = 5\i7A7aﬁif’d. As in the case of the SYM theory,
these are half of the sup;ercharges, and the other half involve 7 derivatives.
Conservation of these additional supercharges automatically follows from the

first set together with the R symmetry.
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Thanks to the separation of the N/ = (1,1) SYM formulas into the measure,
left- and right-integrands, the formulas for A" = (2,2) SUGRA amplitudes
follow from the standard KLT argument [40] in the context of CHY formu-
lations [59]. One replaces the Parke—Taylor factor with a second copy of the
remaining half-integrand. The resulting connected formula for amplitudes of

all multiplicities can be written in a compact form:

n n

MN=(2:2) SUGRA _ /duGD (Pf’An)z/ng’Q), (3.230)

Here the fermionic measure ng’Q) that implements the 6D A = (2,2) super-
symmetry is the double copy of the N' = (1,1) version dQ%l’l), with

X =t =t g—dh g (3.231)

Here I = 1,2 and [ = 1,2 are the SU(2) x SU(2) R symmetry indices. Explic-

itly, the measure is defined as

A% = v? <H d*xx d4>zk) AP AD (3.232)

k=0

for even n = 2m + 2, and
m—1 .
dOFY = V2dgd*g (H d'xi d4>2k> AR AR (3.233)
k=0

for odd n = 2m + 1. The fermionic delta functions are also a double copy of

the N' = (1,1) ones, and they are given by

n Al ~\v1a( .
AP = H58 (QZLA _ M) 7 (3.234)
=1

Hj;éigij
~ n - (o) V(o
AP = T (Q}{A— pA,a]g[jl)Xm(Ul)) , (3.235)
i=1 J7#L Y

Finally, it is understood that the reduced Pfaffian in the integrand refers to
the matrix A,, in (3.57) for the even-point case and the hatted matrix A, in
(3.157) for the odd-point case.

N = (1,1) Super Yang—Mills Coupled to D5-branes
Since we now have connected formulas for the scattering amplitudes in the
effective field theories of the D5-brane and ANV = (1,1) SYM in 6D, we can
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consider mixed amplitudes involving both kinds of particles. It was proposed
in [106] that these types of amplitudes admit a simple CHY formula, which
interpolates between the Parke-Taylor factor PT(«) for the non-abelian the-
ory and (Pf'A,)? for the abelian one. Such a construction was used in [106]
to write down amplitudes coupling Non-linear Sigma Model (NLSM) pions
to bi-adjoint scalars, as well as their supersymmetrization in 4D involving
Volkov—Akulov theory (effective theory on a D3-brane) [100, 101] and N' =4
SYM. Related models were later written down in the context of string-theory
amplitudes [156]. These mixed amplitudes are also parts of the unifying re-
lations for scattering amplitudes [157, 158]. In all of the above cases, the
connected formula selects preferred couplings between the two theories. They
were identified in [159, 160] in the case of the NLSM coupled to bi-adjoint

scalar theory.

Following the same approach allows us to write down a formula coupling the
D5-brane effective theory to 6D SYM:

ARbrane & SYM (@) — / dySP (PT(a) (Pan)2> (Pf’An / dQS’”) ,
(3.236)

where « represents the states of SYM, which are color ordered, and the comple-

ment, @, represents states of the abelian D5-brane theory. We have also used
the fact that the D5-brane theory and 6D SYM have identical supermultiplets
and the same supersymmetry. Here the right-integrand, which is common
between the two theories, remains unchanged. Of course, whenever the to-
tal number of particles n is odd, one should make use of the odd-multiplicity
counterparts of the reduced Pfaffian and the bosonic and fermionic measures.
In the left-integrand we have a Parke—Taylor factor constructed out of only the
SYM states that enter the color ordering av. The D5-brane states belonging to
@ do not have color labels, and hence they appear in the formula through the
permutation-invariant Pfaffian. The matrix Ay is an |@| x |&| minor of [’Z—f;f]
with columns and rows labeled by the D5-brane states. This implies that the
above amplitude in non-vanishing only if the number of D5-brane particles |@|

1s even.

Note that whenever |a| = 2, i.e., only two states are SYM particles, the
left integrand reduces to the square of a reduced Pfaffian, and the amplitude

is equal to the D5-brane amplitude, though two particles carry color labels.
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Hence the first non-trivial amplitude in this mixed theory arises for n = 5:

AD5-brane @ SYM (345 _ isu (523 AVEOD SN 19345y gy, A=Y SYM(12435)) .

(3.237)
Here we used KLT to rewrite (3.236) in terms of the NLSM & ¢* amplitudes
from [106] and 6D N = (1,1) SYM ones, and presented the final result in
terms of the SYM amplitudes. Symmetry in labels 1,2 and antisymmetry
with respect to 3,4,5 of the right-hand side follows from the BCJ relations
[161]. Expressions for 5-point SYM amplitudes can be found in [121].

The construction of these mixed amplitudes uniquely defines nontrivial inter-
actions between the two sectors, as the amplitude given above illustrates. It
is a curious fact that these interactions have not yet been explored from a La-
grangian point of view. There are indications that the interactions implied by
these amplitude constructions may have better soft behavior than any other

possible interactions. This warrants further exploration.

5D SYM and SUGRA

Let us now consider 5D SYM and SUGRA with maximal supersymmetry. The
spin of a massless particle in 5D is given by a Spin(3) = SU(2) little-group
representation. The appropriate spinor-helicity formalism can be conveniently
obtained from the 6D one, with additional constraints, see for instance [162].

Concretely, a 5D massless momentum can be expressed
pAP = NAN\Per (3.238)

This is identical to the 6D formula, but now there is only one kind of A7 due to
the fact that the little-group consists of a single SU(2), which can be identified
with the diagonal subgroup of the SU(2) x SU(2) little group in 6D. Of course,
one still has to impose a further condition to restrict the momentum to 5D.

The additional constraint that achieves this is
QapAiNPe® = 0. (3.239)

Here Q45 is the anti-symmetric invariant tensor of Spin(4, 1), which is a non-
compact version of USp(4). Here we choose 213 = Q294 = 1, and the other com-
ponents of 245 vanish for A < B. Note that the antisymmetry of 45 implies
that QapA2\P = cey,. Therefore (3.239) actually implies that QapAANE =
for all a,b = 1,2. This fact will be useful later.
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Having set up the kinematics, we are now ready to present the formulas for
the scattering amplitudes of 5D theories. Let us begin with 5D maximal
SYM theory. This theory has Spin(5) = USp(4) R symmetry. The spectrum
of an on-shell supermultiplet consists of a vector that transforms as (3,1),
spinors (2,4), and scalars (1,5). The bold-face integers label little-group and
R symmetry representations. The on-shell superfield of the theory can be

expressed,

() = ¢ + it + ergning A + €l o1+ ()L + (0. (3.240)

The index I = 1,2 labels a doublet of an SU(2) subgroup of the R symmetry
group, whereas the entire little-group properties are manifest. This superfield
is the dimensional reduction of the 6D on-shell superfield (3.48) obtained by
removing all hats from 6D little-group indices. This works because the 5D
SU(2) little group corresponds to the diagonal subgroup of the 6D SU(2) x
SU(2) little group. One consequence of this is that the 6D gluon reduces to the
5D gluon with three degrees of freedom and a scalar. Similarly, 5D amplitudes

can be obtained directly from the 6D ones by making the substitution
N — QupAeB. (3.241)

A 6D Lorentz contraction, such as VAV, now is realized by the use of 245,
namely VAV, — QupVAVE. For instance, the four-gluon amplitude is given
by

4
1.2y 304y} (1,2, 30,4
A4(Aa1b17Aa2b27Aa3b37Aa4b4) _ 55 (ZP?B> < 14b19¢1 d1>< 24ba9ca d2>—|—sym.,

i1 S12 523
(3.242)

where the symmetrization is over the little-group indices of each gluon.

This procedure gives the following color-ordered tree-level superamplitudes for
5D maximal SYM:

AiD SYM<&) _ /dquD PT(a) (Pf’An/ngf)> ) (3.243)

Here the 5D measure is defined as

wdo Tl d®pe 1
d 5D :/ Hl—l ? k=0 — AE)D 3244
/ Hn, even vol (SL(27 (C)U X SL(2, (C)p) Vn2 B > ( )
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for even n, and
([T, doi Ty dpx) d'w (€dg) 1
d — = A% 3.245
/ Hon = / vol (SL(2,C),,SL(2,C),, T) V2 (3.245)
for odd n. The 5D delta-function constraints A%’ will be defined later. We

see that the integration variables and symmetry groups are identical to those

of 6D, and the same for the maps,

=D o Xa(®) =) Xar 2 (3.246)
k=0 k=0

and similarly for conjugate ones. Here m = § —1 or m = “T_l depending on
whether n is even or odd, and the highest coefficients factorize if n is odd,

namely p2 = w2, Xam = g& for n =2m + 1.

Let us now examine the 5D delta-function constraints A%’. We propose that

the 5D conditions for the rational maps are given by

5D - 6, AB A Qap(p”(o;)p"(0;
i H(S (pi - ‘ HJ#Z UU ) H ’ ( Hl;éj 3731 ( )>> ’
. (3.247)

where the first part is identical to the 6D version, and the second part imposes

additional constraints to incorporate the 5D kinematic constraints (3.239).
The constraints should only be imposed for (n—1) particles, because the re-
maining one is then automatically satisfied due to momentum conservation.
As in the case of 6D, momentum conservation and on-shell conditions are built
into (3.247), so to compute the usual scattering amplitudes we should pull out

the corresponding delta functions,

AR =50 ') <H 5(29?)5(9,43195‘3)) A (3.248)
=1 =1

Note that besides the usual on-shell conditions p? = 0, there are additional
conditions Q45 p{‘B = 0 that one has to extract. 5D momentum conservation
is now implemented by restricting, for instance, the Lorentz indices in the §°-
function to be {A, B} # {2,4}. Then the remaining constraints A3P are given
by

A H 5<QAB Hl% )H 54< A(ai>p5§gi>>>

L [ 03

3 AB <pA< n Dy
5 (pn H#n% )Hp (pn ) pn>’ (3.249)

X
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where the §*-function has {A, B} = {1,2},{1,3},{1,4},{2,3}, and the &3-
function has {A, B} = {1,2},{1,3},{1,4}. Of course, the final result is inde-
pendent of the choices we make here. Altogether the number of independent
of delta functions is 5n — 6, which matches with the number of integration
variables (after modding out the symmetry factors). It is also straightforward
to check that the formula has the correct power counting for the scattering
amplitudes of 5D SYM. Finally, we remark that just like the rational maps in
6D, the 5D rational constraints also incorporate all (n — 3)! solutions because

of the non-trivial summation over the little-group indices.

The reduction of supersymmetry to lower dimensions is straightforward, and
therefore the 5D fermionic measure, ng), is almost identical to the 6D version,
except that the fermionic maps x%(o;) and Y%(o;) now combine into x*(o;)
(with I = 1,2), just as the n’s and 7’s combined to give 1!, as we discussed

previously. The corresponding 5D fermionic delta functions are therefore given

by

AY =] (q{” - A(U")XI(U"») , (3.250)

Hj;éi Tij
whereas the fermionic on-shell conditions that have to be taken out for com-

puting scattering amplitudes become,
[10* (Qusrlial") - (3.251)
i=1

As usual, these constraints allow one to introduce the Grassmann coordinates
nk by writing the supercharges in the form An. Furthermore, the meaning
of the factor denoted Pf’A4,, in (3.243) takes a different form depending on
whether the number of particles is even or odd. Recall that if n is even, Pf’A,,
is defined in (3.58), whereas for odd n, it is given in (3.157). For both cases, the
reduction to 5D is straightforward using (3.241) and the discussion following
it. We have carried out various checks of this formula by comparing it with
explicit component amplitudes from Feynman diagrams; these analytically

agree for n = 3,4, and numerically agree up to n = 8.

Next, we present the formula for the tree-level amplitudes of 5D maximal
supergravity, which can be obtained either by a double copy of the 5D SYM
formula or by a direct reduction of the 6D SUGRA formula. Either procedure
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gives the result

n

MED SUGRA _ /dM5D (Pf’An)2/dQ§m16), (3.252)

with the fermionic measures and delta-functions all doubled up,

NCE <qf” - A(Ui)xl(a"») , (3.253)

i=1 H#i Tij

where now [ = 1,2,3,4. This makes an SU(4) subgroup of the USp(8) R
symmetry manifest. Again, the details of the formula depend on whether n is

even or odd.

Finally, it is worth mentioning that there are analogous formulas for the super-
amplitudes of the world-volume theory of a D4-brane, which are nonzero only
when n is even. These can be obtained either as the dimensional reduction
of a D5-brane world-volume theory or of an Mb5-brane world-volume theory.

Using the 5D measures, the probe D4-brane amplitudes can be expressed as

A7]134—brane _ /dNZD (Pf’An)Q (Pf’An/dQ%S,)) , (3254)

where the number of particles, n, is always taken to be even.

N =4 SYM on the Coulomb Branch

A further application of our 6D formulas involves the embedding of 4D massive
kinematics into the 6D massless kinematics. In this approach, we view some
components of the 6D spinors as 4D masses [122, 138]. In the case of 6D
N = (1,1) SYM, this procedure allows us to obtain amplitudes for 4D N =4
SYM on the Coulomb branch.

4D Massive Amplitudes from 6D Massless Ones

Four-dimensional N/ = 4 SYM on the Coulomb branch can be achieved by

giving vevs to scalar fields of the theory. For instance, in the simplest case,

((0)5) = (&™) =v 4y, (3.255)

other scalars have zero vev. Here “12” and “34” are SU(4) R symmetry in-
dices, whereas I, .J are color indices for the gauge group U(M). So the vev
spontaneously breaks the gauge group from U(M+N) to U(N) x U(M), and
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the off-diagonal gauge bosons, which are bifundamentals of U(N) x U(M),

denoted W and W, gain mass. In the simple example, given above, all of the
masses are equal, with m = gyy v. One can consider more general situations
with different masses, as our formulas will describe. There have been many
interesting studies of AV = 4 SYM on the Coulomb branch in the context of
scattering amplitudes. For instance, the masses introduced by moving onto
the Coulomb branch can be used as IR regulators [163, 164, 165]; one can also
study the low-energy effective action by integrating out the masses, which has
led to interesting supersymmetric non-renormalization theorems [116, 117].
The subject we are interested in here is to study the tree-level massive ampli-
tudes of /=4 SYM on the Coulomb branch [166, 167].

One can obtain 4D massive amplitudes from 6D massless ones via dimensional
reduction. As discussed in [122], 4D massive kinematics can be parametrized

by choosing the 6D spinor-helicity coordinates to take the special form

— ~ !, a
Moo [ THHe Aa) g (R AT (3.256)
Mo R ~Xa A
where
M . M . M ., M
Kk=-—, KR=——=, K=-—F, K =-—=, 3.257
Y R Y ) o (8.257)

and MM = m? is the mass squared. As usual, the indices o and & label
spinor representations of the 4D Lorentz group SL(2,C). With this setup, a

4D massive momentum is given by

Pac = Aaa + P fafls (3.258)
with p = Kk = K'R’. We have decomposed a massive momentum into two

light-like momenta, where p,fis can be considered a reference momentum.

N =4 SYM on the Coulomb branch can be viewed as a dimensional reduction
of 6D N = (1,1) SYM with massless particles. For instance, the four-point
amplitude involving two massive conjugate W bosons and two massless gluons,
AW W, g5 , g4 ) can be obtained from the 6D pure gluon amplitude,
S~ e (1T27374T)[1T2737 4
AP AT 457 A7 A7) = ! L a2

512 523

Plugging in the massive spinors (3.256), and using the identity,

(1,2.3.4_) = —Ro[1p](34),  [122-3~4~] = —RH[1)(34) (3.260)



141

as well as the definition of  in (3.257), the result can be expressed as,

m?[1u]*(34)*

[2p4]%512(523 — m?)

AP W W,y g5,97) = (3.261)

which agrees with the result in [166].

Alternatively, one can choose a different way of parameterizing 4D massive

Aol Aa N AT AS
Af = <5\d741 :\éf) ? )\A[l = <5\ ! 5\ 2 ) ) (3262)
1 2 a,l &2

where we split the Lorentz indices A = {«,d}, and 1 and 2 are little-group

kinematics,

indices of massive particles in 4D. The momentum and mass are given by
Pa,a = )\a,aj\d,bEaba /\a,a)‘ﬁ,beab = Meag 5‘0@‘15‘8 beab = MGdB ’ (3'263>

with M? = m?. The advantage of this setup is that it makes the massive 4D
little group Spin(3) = SU(2) manifest. In fact, it actually leads to the massive
spinor-helicity formalism of the recent work [144], which one can refer to for

further details. In this formalism, for instance,

([La2][1524]) (34)*
512 (323 - m2)

AL W W g5 i) = +sym, (3.264)

and

((1a4)[2c3] — (2:4)[1a3]) ((164)[243] — (244)[163])

AW W' gt gr) =
4 ( 1 2 3 4) 512(323—m2)

+sym,
(3.265)
where a, b and ¢, d are SU(2) little-group indices of the massive particles W =
Whe and W;d = W;lc, respectively. The notation “4 sym” means that one
should symmetrize on the little-group indices of each massive W boson. Here

we have also defined
[1020) = Aaata iy s (1a25) = Aaado,ge™, (3.266)

for massive spinors. Note if a # b, they vanish in the massless limit which sets
Ao+ = S\dé,_ = 0. While if a = b, they reduce to the usual spinor brackets for
4D massless particles. Clearly, this formalism is very convenient for massive

amplitudes, as was emphasized in [144].
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Massive SUSY

Amplitudes for 4D N = 4 SYM on the Coulomb branch can be constructed
using the massive spinor-helicity formalism. Recall that the 16 supercharges

of a particle in 6D (1,1) SYM can be expressed in the form

=\, gt = A;‘an , (3.267)
~ g ~a = g @
da = Aaall",  da = Aaa e (3.268)

The reduction to the supercharges of a 4D massive particle can be obtained
using (3.262),

0 0
¢ = \"nt — \int, qh*::Aia T +—Aaa (3.269)
8 0 d =
qi = )\Oﬁw + )\a+@ y de = )\d+77_ — )\d,n_{_ s (3270)

where we have identified {n, 77} as n’ with I = 1,2. Their anti-commutation

relations are

[& 2~ Q — a ~Jﬁ o
{¢"*,q""y = MV {q'%,q") = M, (3.271)
{qla’—Jo'z} — 8IJpoa:u {qla’g } — IJpaa (3272)

The central charge Z satisfies Z? = M? = m?, which reflects the fact that
the W’s of N' = 4 SYM on the Coulomb branch are BPS. To reduce to the
massless case, one sets \§ = )\a, = 0 and identifies Ay = A\* and )\a, = )\

That is, of course, the familiar (super) spinor-helicity formalism for N' = 4
SYM at the origin of moduli space. With the introduction of supersymmetry,
a massive supermultiplet of N' = 4 SYM on the Coulomb branch can be neatly

written as

() = ¢ + i + ean’ 0" b1y + ermind A + (n)*nlvs + (n)*é,  (3.273)

which contains one vector, four fermions, and five scalars. One scalar has been

eaten by the vector, compared to the massless case with six scalars.

We can also express the massive amplitudes supersymmetrically. For instance,
the superamplitude for the four-point amplitude with a pair of conjugate W-
bosons, considered previously, can be written as
% 0
Ay=—~LF (3.274)

812(823 - m2)
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with the fermionic delta-functions given by

0p = SO+ XL+ XSy T+ AT, (3.275)
0p = S AE + XS e+ My + Ayt (3.276)

These delta functions make the conservation of eight supercharges manifest.

Massive Amplitudes on the Coulomb Branch of ' =4 SYM

Having set up the 4D massive kinematics and supersymmetry, we are ready
to write down a general Witten—RSV formula for 4D scattering amplitudes of
N =4 SYM on the Coulomb branch by a simple dimensional reduction of 6D
massless N = (1,1) SYM. The formula is

Aﬁfﬂl SYM CB(a> _ /dMSB PT(O() (Pf’An/dQ%)’CB) . (3.277)

The measure duS® is obtained directly from the 6D massless one with the

following replacement of the bosonic delta functions:

N <p?d ] <pa<ai>ﬁa<ai>>) ; <Mi _ M) ; (M _ M) |

P 1404 [T, 04 1,404
(3.278)
and using massive kinematics of (3.262), we set M; = M; fori =1,2,... n—1,
where M? = m? is the mass squared of the ith particle (M, = M, is a

2

79

is m, or 0, as

consequence of 6D momentum conservation). The mass m
appropriate, for the simple symmetry breaking pattern described previously.

Similarly, for the fermionic part

Ay — ﬁ54 <qf“’l B (Pagi') X;(Uz>>> C Ap o ﬁ54 (CL@,I B <,5°"{_<[7i4) X;(O'z)>> ’

where the supercharges ¢;" I and cjf I are defined in the previous section.

The polynomial maps are defined as usual,
p(2) =D okl () =D ., X =D xi. 2t (3.280)
k=0 k=0 k=0

They can be understood as a reduction from the 6D maps,

p(z) = (pa’l(z) pa’Q(z)> . paalz) = (’O 1z ) ) . (3.281)

pi(z)  p3(2) Pa(z)  Paz(2)
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Again, we have to treat amplitudes with n even and n odd differently. So
n=2m+2orn=2m+ 1 if n is even or odd, and the highest coefficients in

the maps take the factorized form if n is odd.

The factor Pf’A,, in the integrand is defined differently depending on whether
n is even or odd, but they are straightforward reductions from 6D ones. For
instance, we find that the odd-point Pfaffian can be constructed with the
additional vector
ai _ 2705 (0:)(p" (), 7)
S (A CON )L
This is obtained from (3.158) by splitting the 6D spinor index A into 4D ones

a, & according to (3.281), and choosing the reference spinors as ¢ = (74;0),

m, =0. (3.282)

Ga = (r*;0). The same manipulations are required for the description of the

n scattered particles, according to (3.262).

If the amplitudes involve massless external particles, we set m; = 0 for them.
The massive particle masses should satisfy the conservation constraint ) . m; =
0, which is imposed by the rational maps automatically. Note that it is nec-
essary to keep track of the signs of masses, even though the inertial mass is
always |m|. This would be the only condition for a general 4D theory ob-
tained by dimensional reduction. Specifying the particular Coulomb branch of
N = 4 SYM requires that we impose further conditions. In the simplest cases,

2 _ .2
i — My

where all of the massive particles have the same mass, we have m
for all 4, but all the W bosons have mass my,, whereas all the W’s have
mass —my. More generally, different masses can be assigned to different
massive particles, but if we assign m as the mass of a W boson, then we
should then assign —m to the corresponding conjugate W boson. Therefore
>, m; = 0 is satisfied in pairs. Finally, due to the color structure, a W bo-
son and its conjugate W boson should appear in adjacent pairs with gluons
sandwiched in between. For instance, there are nontrivial amplitudes of the
type An(W1, 92, Gi-1, Wi, Gis1,- - -, n), With gluons g and § belonging to
the gauge groups U(NN) and U(M), respectively.

We checked that the formula produces correct four-point amplitudes in previ-

ous section. It also gives correct five- and six-point ones such as

ab Tedy_ (4aBe) (45a) [1]ps (1 + p2)[3]
A5(9T79§F>9;7 W Wy) = (12)(23) (551 — m2) (532 — m?) + sym,

(5a6¢) (566a) [1|ps(p1 + p2)(P3 + Pa)ps 4]

Aslgt, gf s gt g, web e
6(91,92, 95,91, W5", Wg') (12)(23)(34) (561 — m?)(se12 — m?)(s45 — m?)

(3.283)

+sym,
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or SU(4) R symmetry-violating amplitudes that vanish in the massless limit,
such as
_ m <4a5c> [4b5d]
(s51 — m?) (s34 — m?)
—c 2(546.) (556
Ao(o} 03" 03" 03 WEN TG = — 7 OO0 {3:3%5)

(861 - m2)(3612 - m2)(545 - m2)

A5< §4a g4a §4anb7W§)d) + sym, (3284)

When restricted to W bosons with helicity £1, they are all in agreement
with the results in [166], but now in a form with manifest SU(2) little-group
symmetry for the massive particles. One can also consider cases in which the
massive particles are not adjacent, for instance

(1,3.)(1534)[24]2
(s12 — m?)(s23 — m?)
((1a2)[3:4] — (3:2)[1a4]) ((152)[344] — (342)[104])

(812 — m?) (823 — m?)

a —cd .
A4<Wlb>g;a WS ag+) = + sym, (3286)

a _ ==cd .
A4(Wlb7g2 7W3 794) = +Sym

(3.287)

Reduction to Four Dimensions: Special Sectors

One can further reduce our 6D formulas down to 4D massless kinematics. It is
interesting that 4D kinematics induces a separation into sectors, as reviewed
in Section 3.2, whereas there is no natural separation into sectors in higher
dimensions. In fact, one of the motivations for developing formulas in 6D is
to unify all of the 4D sectors. Here we will explain how to naturally obtain
the integrand of 4D theories from 6D via dimensional reduction in the middle
(d = d) and “next to middle” (d = d+1) sectors for even and odd multiplicity,
respectively. However, the emergence of the other sectors is more difficult to
see via dimensional reduction, even though all sectors are present. We will

comment on this at the end of this subsection.

For the first case, it was already argued in Chapter 2 that the 6D measure
for rational maps reduces to the corresponding 4D measure provided the maps
behave regularly under the dimensional reduction, i.e., they reduce to the ones
appearing in the Witten—-RSV formula. After reviewing the reduction for n
even, we will generalize the argument to odd n for the near-to-middle sectors,
fe,d=d+1*

4One can input kinematics {p!'} in D = 4 + € dimensions and study the behavior of
the 6D maps as ¢ — 0. We find that when the solution corresponds to the aforementioned
sectors the maps are regular. This implies that the measure is finite and reproduces the
CHY measure of Section 3.2, valid for both 6D and 4D. For other sectors, the maps become
divergent and additional care is needed to define the limit of the measure.
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Let us first consider the even-point case, n = 2m + 2. For the solutions

corresponding to the middle sector d = d= m, the maps behave as follows:

pa(z) = (5@?@ p“éz) ) , paa(z) = (5.(2@ P aéz) ) . (3.288)

where degp,(z) = degps(z) = d. Here we have used the 4D embedding
described in [43], with the analogous behavior for the kinematic data A4 and
Aaa. This corresponds to setting p? = 0 for {A, B} = {1,2},{3,4}. Note
further that the action of the subgroup GL(1,C) C SL(2,C) x SL(2,C) is
manifest and given by p4 — (p?, pﬁ — % pﬁ, etc. Consider now the fermionic
piece of the SYM integrand in (3.56):

/Hd Xkd” X H54 (%A M) 54< M) .

Hﬁsz Tij Hj;éz' Tij
(3.289)
Under the embedding (3.288) this becomes

/Hka dxj, dXp-dX i+ X H52 ( ! w> 52 <g§vl _ M)
j#i 9

Hj;éi Tij
¥ 02 [ @ — pa(0i)X (o) 62 | 0% — p* (o)X + (%)
R | PO ' Loy )’
(3.290)

where we have labeled ¢* = (¢g1; ¢*) and Ga = (G3; ¢*%). We can now identify

the 4D fermionic degrees of freedom as

XI - (X_7 >~<+)a XI = <X+7 5(—)7 (3291)

with 7 = 1,2 and I = 1,2 transforming under the manifest SU(2) x SU(2) C
SU(4) R symmetry group in 4D. Hence, the fermionic piece is

/dQF = /HdQX dQXk X H(54 ( M) 5t <~a1 Pd(Ui)XI('f'Tz')> .

Hj;éi Tij Hj;éi Tij
(3.292)
The remaining part of the even—multiplicity integrand is trivially reduced to
four dimensions, since the matrix [A,];; = %2 is not sensitive to any specific
dimension. Alternatively, it can be seen that under the embedding (3.288) and

the support of the bosonic delta functions

V, Pf A, — R%p) RY(}). (3.293)
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Let us now derive the analogous statement for n = 2m 4+ 1. We assume
d = d—1 (with the case d = d+1 being completely analogous). The embedding
(3.288) can then be obtained by fixing the components ¢ = & = (1,0) and
¢ = ¢ = (0,1) for the odd-point maps (recall that we defined {&,(} as an
SL(2,C), basis). For the fermionic part we again introduce two polynomials
X' (¢) and ¥!(o) of degrees d and d. The top components of the polynomial
x! can be identified as

(xa X)) = (g, x-) = (9,9) (3.294)

according to (3.122) and (3.123). The bosonic part of the integrand becomes

n—1 ; - N
w1 (D gl PO (oI i
P, = — 2o Tplon)ée PfA (3.295)
1 (=1 [qi{ip(00)) o yim
S on X o o) pf Altinl, (3.296)

We have checked numerically up to n = 7 that this expression coincides with
V- 1R4(p)R(p) for d = d—1 on the support of the 4D equations (3.18). Hence
for this sector (d = d for even n or d = d £ 1 for odd n) the integrand can be
recast into the non-chiral form of the Witten—RSV formula, and the amplitude

is given by [56]:
ANTHSYM /unde )RY(j /Hd2x Hd2Xk:
y H54 ( of p* (o)X (o, )) ! (~al M) .(3.297)

Hj;éi Tij Hj;éi Tij

Let us finally comment on other sectors. First of all, given the fact that the
6D rational maps contain all (n — 3)! solutions, it is clear that all the sectors
are there. One can see it by considering completely integrating out all the
moduli p’s, then reducing the 6D formulas to 4D will not be different from the
dimensional reduction of the original CHY formulations. However, from the
procedure outlined above, it is subtle to see how other sectors emerge directly
by dimensional reduction. As we will discuss in Section 3.7, this subtlety is
closely related to the fact that both Pf'A4,, (for even n) and Pf'A, (for odd n)
vanish for the kinematics of the non-middle sectors (for even n) and the non

next-to-middle sectors (for odd n).
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3.7 Conclusion and Discussion

In this chapter we presented new connected formulas for tree-level scattering
amplitudes of 6D N' = (1,1) SYM theory as well as for N’ = (2,2) SUGRA via
the KL'T double-copy procedure. Due to the peculiar properties of 6D spinor-
helicity variables, scattering amplitudes of even and odd number of particles
must be treated differently. In the case of even multiplicity, our formulas are
direct extensions of the results for the world-volume theory of a probe D5-
brane which were introduced in Chapter 2. By considering a soft limit of
the even-point formulas we obtained the rational maps and the integrands for
odd multiplicity, with many interesting features and novelties. In particular,
a new redundancy, which we call T-shift symmetry, emerges for the odd-point
worldsheet formulas. Interestingly, the T shift intertwines with the original
Mobius SL(2,C), and SL(2,C), redundancies. Another new feature is the
generalized Pfaffian Pf'ﬁn in the integrand. Besides the original n punctures,
it contains an additional reference puncture, which can be set to an arbitrary
value. Associated to the new puncture there is a special “momentum” vector.
The special vector is used to increase the size of the original matrix A, to
(n+1) x (n+1) such that it has a non-vanishing reduced Pfaffian for odd n.
Moreover, since the special null vector p, has zero mass dimension, Pf’A\n has
the correct mass dimension for Yang—Mills amplitudes. It would be of great
interest to better understand the physical origin of the additional puncture
and the additional special vector. One clear future direction is to obtain an
ambitwistor model that realizes all of these new features of the odd-multiplicity
connected formulas. This was undertaken in a slightly different formalism
in [168], which has the advantage of treating even and odd point amplitudes

on an equal footing at the cost of reintroducing polarization information.

We also presented the 6D formulas in alternative forms, with constraints lin-
early in terms of the 6D external helicity spinors. They are a direct analog
of the Witten-RSV formulations for 4D A = 4 SYM. By integrating out the
moduli of maps, the linear maps can be further recast into a form with a sym-
plectic Grassmannian structure. The symplectic Grassmannian is realized in

terms of 6D version of the Veronese maps.

Having obtained formulas for 6D theories, we also considered their dimen-
sional reduction to 5D and 4D leading to various new connected formulas. By

reducing to 5D for massless kinematics and utilizing the 5D spinor-helicity
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formalism, we obtained new formulas for 5D SYM and SUGRA theories. Re-
duction to 4D reproduced the original Witten—RSV formula for N' = 4 SYM
in 4D for the middle helicity sector for even n and the next-to-middle sector
for odd n. The appearance of other disconnected sectors for 4D kinematics is
rather subtle, and we leave it for future investigations. On the other hand,
it is very nice that reduction to 4D massive kinematics turns out to be more
straightforward without such subtleties. By doing so, we deduced a connected
formula for massive amplitudes of 4D N =4 SYM on the Coulomb branch.

Another natural future application of our 6D formulas would be to use the
procedure of forward limits in [169, 65] to obtain the one-loop integrand of
4D N = 4 SYM. Since now we have manifestly supersymmetric formulas for
amplitudes in 5D and 6D, we are in a good position to apply the forward
limit procedure of [65] supersymmetrically. This procedure might lead to an
analog of the Witten—-RSV formulas at loop level, which might be genuinely
different from previous formulations |63, 64, 65, 66, 67]. We leave this as a

future research direction.

Even though 6D A = (1,1) SYM is not a conformal theory, its planar scatter-
ing amplitudes enjoy a dual conformal symmetry [140] just like N' =4 SYM
in 4D [170, 171]. Such hidden symmetries are often obscured in traditional
ways of representing the amplitudes (such as Feynman diagrams), and become
more transparent in modern formulations, such as the Grassmannian [154,
150], as shown in [172]. It would be of interest to investigate whether our
6D N = (1,1) SYM formulas, especially the version in terms of the Veronese
maps or its ultimate symplectic Grassmannian form, can make dual conformal

symmetry manifest.

Having succeeded in using the spinor-helicity formalism to study supersymmet-
ric theories in 6D, it is tempting to try to carry out analogous constructions in
even higher dimensions where supersymmetric theories still exist, such as ten
or eleven. The main challenge is that in D > 6 one has to impose non-linear
constraints on the spinors. Not long after the 6D spinor-helicity formalism was
developed, a proposal for a 10D version was introduced [173], also see recent
work [174, 175] for 10D and 11D theories. It would be interesting to pursue

this line of research further.

Finally, there are two issues that are very natural open questions and deserve

a detailed discussion. The first has to do with a mysterious but natural object
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that has 6D N = (2,0) symmetry and a non-abelian structure similar to that
of Yang—Mills. The second is related to the mathematical characterization of

the moduli space of maps from CP' to the null-cone in six dimensions.

Non-abelian N = (2,0) Formula

As discussed in Section 3.3, the 6D N = (1, 1) non-abelian SYM amplitudes for
even n can be obtained from those of the D5-brane theory by replacing (Pf'A,,)?
with the Parke-Taylor factor PT(«). It is natural to ask what happens if we
apply the same replacement to the Mb5-brane formula which was central to
the discussion of Chapter 2, at least for an even number n of particles. This
procedure leads to a formula with a non-abelian structure and ' = (2,0)

supersymmetry,

AN:(ZO)(Q) _ H?:l do; HZL:O d®pr d*xi ﬁ56< AB (PA(Ui> PB(Uz‘»)

~J vol (SL(2,C), x SL(2,C),) 1 ’ I, 06
A(o;) X' (0:)) | PFA
% 58 QzAI . <p (Uz)X (Uz)> n PT(a) . 3.998
( Mo, 7 PT() (3.298)

One would be tempted to speculate that these new formulas compute some
observable in the mysterious ' = (2,0) theory that arises in the world-volume
of multiple coincident M5-branes. Of course, this would be too naive based on
what it is currently known about the N' = (2,0) theory; simple dimensional
arguments suggest that the A = (2,0) theory does not have a perturbative
parameter and hence a perturbative S matrix. Moreover, explicit no-go results
have been obtained preventing the existence of three-particle amplitudes with

all the necessary symmetries [113, 114].

Here we take the viewpoint that since (3.298) is well defined as an integral,
i.e., it has all correct redundancies, SL(2, C), x SL(2, C),, it is worth exploring
in its own right. Moreover, the new non-abelian N' = (2,0) formulas can be
combined with non-abelian N' = (0,2) formulas using the KLT procedure in
order to compute N' = (2,2) supergravity amplitudes. Given that the non-
abelian N' = (2,0) formulas are purely chiral, they have some computational
advantages over their N' = (1,1) Yang-Mills cousins, which are traditionally
used in KLT.

A natural step in the study of any connected formula based on rational maps
is to consider its behavior under factorization. Any physical amplitude must

satisfy locality and unitarity: a tree-level amplitude should only have simple
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poles when non-overlapping Mandelstam variables approach to zero, and the

corresponding residues should be products of lower-point ones.

Let us investigate these physical properties of the non-abelian N' = (2,0) for-
mula. Already for n = 4 we find a peculiar behavior under factorization. As we
discussed in Section 3.3, the net effect of changing from ( Pf'A4)? to the Parke—
Taylor factor PT(1234) is to introduce an additional factor of 1/(s12 S23).
Therefore, for n = 4 the non-abelian (2,0) formula gives [142]:

S12 8
Py 12 523

4 ] 4 Al
AZ\/:(Z,O)(1234) — 56 (ZPAB) M’ (3299)

which is related to that of 6D A = (1,1) SYM by a simple change to the
fermionic delta functions. Comparing with the four-point amplitude of the
theory of a probe Mb-brane, the new feature is that AQ/:(Z’O)(1234) has simple
poles at s;s — 0 and s93 — 0, and the question is what the corresponding
residues are. In order to explore the singularity in the sio-channel, let us

define the following two objects at s15 = 0:
Tog = W5 (24|3] 05, Tz = W5[24|3p)ub. (3.300)

It is easy to check that so3 = x93%23. One can then show that the residue is

given by

4 2
lim 1 A7~ (1234) = 6° (pr3> i / dnh F{0 (1,2, P) RSO (— P, 3,4),

s12—0 Py So3

(3.301)
where F§2’0) is obtained from Aév:(l’l) SYM by the replacement of fermionic
delta functions (3.188) to make it N = (2,0) supersymmetric. Note that
the left-hand side still diverges as so3 — 0. These three-point objects, Féz’o),
are ambiguous since they are not invariant under a-scaling of (3.185) as we
discussed in Section 3.4, which is a redundancy of the three-particle special
kinematics [113, 114]. However, equation (3.301) is well-defined, because the
prefactor on the right-hand side precisely cancels out the ambiguity. Moreover,
the scaling acts by sending w3 — a3, Tag — o 'T9s3, so it is clear that there
is a choice of & = a(wsq,u3) that sets 3, = s93. For this choice the four-
particle residue can in fact be written as a product of the three-point objects
F§2’0) summed over internal states. Note, however, that the two FZ)EQ’O) factors

cannot be regarded as independent amplitudes, i.e., they are non-local, since
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they are defined only in the frame % = 1, which in turn depends on all four
particles involved. A similar decomposition can be achieved by implementing
an unfixed a-scale, but using the shift redundancy (3.186), w; — w; + b;u;, to
set

W(2435]8 + wi(1,]3;]dk = 0. (3.302)

In this frame we find 25 = |apt_p|{wpw_p), and we can write’

lim s AY =9 (1234) = 6° (Zp )/d477{3F;@(1,2,P)Fg,a@(—P,3,4),

s12—0
(3.303)
with
Fe(1,2, P) := F29(1,2, P)wbid (3.304)

which now resembles the three-particle amplitude of higher spin states with
N = (2,0) supersymmetry, as described in [114]. Non-locality is now present
because the objects are not b-shift invariant. In fact, the defining frame given
by (3.302) again depends on the kinematics of all the particles involved. We
hence recognize two different “frames” in which the residue of AQ/:@’O)(IQ?)ZL)

is given by a sum over exchanges between three-point N' = (2,0) objects.

Since the residue is not given by local quantities, we expect that the non-
abelian A = (2,0) formulas give rise to a generalization of physical scattering
amplitudes whose meaning might be interesting to explore. Note that the
same computation for the 6D AN = (1,1) SYM theory yields no prefactor, and
therefore the residue of a four-point amplitude is precisely a product of two
three-point amplitudes summed over the exchange of all allowed on-shell states

in the theory, as required by unitarity.

We have further checked that the naive non-abelian (2, 0) integral formula for
odd multiplicity does not have the required (SL(2,C),,SL(2,C),,T) redun-
dancies anymore, i.e., it depends on the “fixing” of ¢’s and p’s. In the case of
three particles this is a reflection of the a-scaling ambiguity and is again in

agreement with the analysis of [113, 114].

Along the same line of thought, one may further construct 6D N = (4,0)
“supergravity” formulas by the double copy of two non-abelian N = (2,0)
formulas discussed previously and N' = (3,1) “supergravity” formulas by the
double copy of the non-abelian ' = (2,0) formulas with A" = (1,1) SYM. The

SWe thank Yu-tin Huang for this observation.



153

possible existence of a 6D N = (4,0) theory and its relation to supergravity
theories have been discussed in [176]; also see the recent works [177, 178 on
constructing the actions of 6D free theories with NV = (4,0) or N' = (3,1)
supersymmetry.® These constructions clearly will lead to well-defined integral
formulas as far as the SL(2,C), x SL(2,C), redundancies are concerned. For
instance, the four-point formulas should be given by (3.229), but with a change
of the fermionic delta functions in the numerator such that they implement
N = (4,0) or N' = (3,1) supersymmetry. However, as we can see already
at four points, the formulas contain kinematics poles, and the residues do
not have clear physical interpretations, just like the A/ = (2,0) non-abelian

formulas above.

It is worth mentioning that, even though all these formulas are pathologi-
cal in 6D, upon dimensional reduction to lower dimensions the non-abelian
N = (2,0) formulas or the A" = (4,0) and N = (3, 1) “supergravity” formulas
actually behave as well as 6D N = (1,1) SYM or 6D N = (2,2) supergravity.
In fact, they give the same results. This phenomenon has already been ob-
served for branes, where the N = (2, 0) M5-brane formulas and the V' = (1, 1)

Db5-brane formulas both reduce to the same D4-brane amplitudes in 5D.

Degenerate Kinematics in 6D
The last topic we address has to do with a very important assumption made
in the construction of our formulas. Up to this point we have been using maps

of degree n — 2 from CP' into the null cone defined by

PP (2) = (p"(2) pP(2)) = pH(2)p" 7 (2) = p (2)pPH(2),  (3.305)

with pA+(z) and p*~(2) both polynomials of degree (n — 2)/2 for even n
and (n — 1)/2 for odd n. The assumption made so far is that these maps
are sufficient to cover the entire relevant moduli space for the computation
of Yang—Mills amplitudes. In particular, a natural question is what happens
when d; = deg p**(2) and d_ = deg p*~(z) are allowed to be distinct and
whether such maps are needed to cover regions of the moduli space when the

external kinematics takes special values.

Let us start the discussion with n even. Considering maps of general degrees

dy and d_, subject to the constraint d, +d_ = n — 2, we may require A :=

6The double copy of the (2,0) spectrum to produce the (4, 0) one was discussed in [179)],
and more recently in [180].
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d, —d_ > 0 without loss of generality. While for generic kinematics A = 0
maps exist for all (n — 3)! solutions of the scattering equations, we find that
there are codimension one or higher subspaces for which some solutions escape

the “coordinate patch” covered by A = 0 maps.

There are three matrices that control all connected formulas presented in this
work. They are K,, A, and ®,. The first and the last one only appeared
implicitly. For reader’s convenience we list below the definition of all three

even though A, has been previously defined:

L PP oy o Piby

pi P 1#J, i # g, T
(Kn>lj - { 0 ’ . (An)” - { ’ ] ' ((I)n)lj B S PiPk
i=7, 0 1 =7, _Zk;zéia_i?k

The physical meaning of the first one is clear: It is the matrix of kinematic
invariants. The second is the familiar A,, matrix whose reduced Pfaffian enters

in all the formulas we have presented. Finally, ®, is the Jacobian matrix of

the scattering equations.

In dimensions D > n — 1 the number of independent Mandelstam invariants is
n(n — 3)/2, and therefore the matrix K, has rank n —1. When D < n —1 the
space of Mandelstam invariants has the lower dimension (D—1)n—D(D+1)/2,
and therefore the matrix K, has a lower rank. This is easy to understand as
the momentum vectors in p;-p; start to satisfy linear dependencies. In general,
if the dimension is D, then so is the rank of the K,, matrix. The rank of K,
is therefore a measure of the minimal spacetime dimension where a given set
of kinematic invariants p; - p; can be realized as physical momentum vectors.
By contrast, in general the matrices A,, and ®,, have ranks n — 2 and n — 3,

respectively, for any spacetime dimension D.

At this point we have numerical evidence up to n = 10 to support the following
picture: There exist subspaces in the space of 6D kinematic invariants where
some solutions to the scattering equations lower the rank of A, while keeping

the rank of K,, and ®,, the same as is expected for generic kinematics.

Since A, is antisymmetric, its rank decreases by multiples of two. Moreover,
we find that when the rank has decreased by 2r, i.e., its new rank is n—2(r+1),
the maps that cover such solutions of the scattering equations are those for
which A = 2r. From the definition A = d, — d_ it is clear that the maps
needed to cover these new regions are of degree dy = n/2 + (r — 1) and
d_=n/2—(r+1).

i # ],
i=j.
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The extreme case r = n/2 — 2, i.e., when d_ = 1, is never reached while
keeping the rank of K, equal to six. In fact, it is only when the rank of K,
becomes four that such maps are needed. Note that decreasing the rank of
K,, to four implies that such kinematic points can be realized by momenta
embedded in 4D spacetime. In 4D it is well-known that the solutions to the
scattering equations split into sectors, as discussed in Section 3.2, and maps

of different degrees are needed to cover all solutions.

For odd n the preceding statement needs to be refined. To see why, recall that
in Section 3.4 we introduced the notion of z-dependent SL(2,C) transforma-
tions (3.119). In particular, for d, = A+d_ one has the following redundancy
of the maps:

P (2) = p () +u(2)p™ (2), (3.306)

where degu(z) = A. This is an intrinsic redundancy of each sector, since
the maps (and hence the matrix A;;) are invariant under such transformation.
However, when d, < A 4 d_ this transformation will “shift” between sectors,
leading to maps that satisfy d, = A + d_, but are equivalent to those with
lower degree. We see that these points of the moduli space should be modded
out in order to define sector decomposition. The way to recognize them is
to notice that when dy < A + d_ the transformation (3.306) will determine
coefficients of pT(z) in terms of those of p~(z). Hence, for n even, the natural
way of modding out such cases is to consider the moduli space with completely
independent coefficients of p*(z) and p~(z), which is what we did so far. For
n odd, this is not the case since in general the top coefficients of p*(z) and
p~(z) are related, i.e., p;l: = {p, . A natural choice is then to set { = 0, which
effectively removes linear dependences within coefficients. Hence we define
the A = 1 sector as the one with d; = d_ + 1 and all the coefficients being
independent. The transformations (3.306) are now the standard SL(2,C),
shift and the T shift, which we leave as the redundancies of the sector. We
further note that since the degree of the map p*Z(z) = pf(z)pé](z) is odd,
for even A = d, — d_ there will be trivial linear relations among coefficients.

This motivates us to label the sectors as
A=d, —d_=2r+1. (3.307)

The maps that we have used so far correspond to » = 0. We find that for r > 0
it is the odd-point analog of the reduced Pfaffian, Pf’ﬁn, defined in Section 3.4,

that vanishes for the troublesome solutions supported by these maps.
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Finally, we comment that, even though integrands of all the theories we con-
sider in this chapter contain PfA,, or Pf’A\n, the full integrand does not neces-
sarily vanish for the missing solutions in the degenerate kinematics sector (as
we approach it via analytic continuation). In fact, depending on the projected
components of the supermultiplet, the fermionic integrations may generate
singularities for these solutions such that they contribute finitely. This can
happen in all the theories considered so far except in the case of M5 brane
and D-branes, where there are enough powers of Pf A,, to generate a zero for
the degenerate solutions. These facts can also be seen by considering purely
bosonic amplitudes and directly using CHY formulas. This means that at de-
generate kinematic points there are solutions to the scattering equations that
require maps with |A| > 0. However, this is of course not a problem for our
formulas: As we mentioned earlier the degenerate regions of kinematic space
are of codimension one or higher, so we can define the amplitudes by analytic
continuation of the A = 0 formulas. In practice, the integral over the maps
moduli space can be first performed in a generic configuration close to the
degenerate kinematics, after which the degenerate configuration can be easily
reached. We leave a complete exploration of the moduli space of maps for all
values of A, together with the related topic of 4D dimensional reduction, for

future research.
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Chapter /

HALF MAXIMAL CHIRAL SUPERGRAVITY: 6D (2,0)
SUPERGRAVITY AND THE K3 MODULI SPACE

4.1 Introduction

As we have described throughout this thesis [1, 2|, scattering amplitudes
of supersymmetric theories in higher dimensions can be described by a six-
dimensional rational map formalism in the spirit of [46, 55, 56]. So far, com-
pact formulas have been found for tree-level amplitudes of a wide range of
interesting theories, including maximally supersymmetric gauge theories and
supergravity in diverse dimensions, as well as the world-volume theories of
probe D-branes and the Mb5-brane in flat space. In the case of the M5-brane
(the subject of Chapter 2), which contains a chiral tensor field, the formalism
circumvents a common difficulty in formulating a covariant action principle

due to the self-duality constraint.

In this chapter, we continue to explore the utility of the 6D rational maps and
spinor-helicity formalism and present the tree-level S matrix for the theory of
6D (2,0) supergravity. This chiral theory arises as the low-energy limit of Type
[IB string theory compactified on a K3 surface [37] and is particularly interest-
ing because it describes the interaction of self-dual tensors and gravitons. This
is also the first example we consider with less than maximal supersymmetry,

and it is particularly interesting because of the chiral supersymmetry.

As before, to describe massless scattering in 6D, it is convenient to introduce

spinor-helicity variables [43] with the sometimes convenient notation,

PP = M AE e = (D). (4.1)

Here, and throughout, ¢ = 1,...,n labels the n particles, A = 1,2,3,4 is a
spinor index of the Spin(5,1) Lorentz group, and a = 1,2 is a left-handed
index of the SU(2), x SU(2)g massless little group. This is the only non-
trivial little-group information that enters for chiral (2,0) supersymmetry-the
(2,0) supergravity multiplet and a number of (2,0) tensor multiplets, which
contain a chiral tensor. The tensor multiplets transform as singlets of SU(2)pg,

whereas the gravity multiplet is a triplet; later we will introduce the doublet
index a for SU(2)g.
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We also introduce a flavor index f; with ¢« = 1,...,21 to label the 21 tensor
multiplets; this is the number that arises in 6D from compactification of the
NS and R fields of Type IIB superstring theory on a K3 surface. It is also the
unique number for which the gravitational anomalies cancel. This fact is well
known and has been discussed from several points of view, but here we com-
ment that this anomaly cancellation has also been studied from the amplitude

point of view where one uses four-point amplitudes and unitarity [181].

In addition to consistent anomaly cancellation, the geometry of K3 deter-
mines the scalar moduli space of (2,0) supergravity. We will soon rediscover
this moduli space through soft theorems, and we briefly review the standard
description [182]. The Hodge numbers of a manifold X are the dimensions of
the Dolbeault cohomology groups, h??(X) = dim(H?4(X)). The K3 surface
is known to have h*? = p%! = 0, h?Y = h%2 = 1, and A" = 20. Impor-
tantly, this surface has a globally defined holomorphic 2-form which can be
integrated over integral 2-cycles to construct periods. Integral 2-cycles are
classified by Hy(K3,7Z). One can show from the second Betti numbers above,
this homology group is isomorphic to Z*2. The space of holomorphic 2-cycles
has a natural inner product given by their intersection number, and this inner
product defines a Lorentzian lattice. K3 has 3 anti-self dual 2-cycles and 19
self-dual 2-cycles, and the lattice has signature (3, 19).

Using this information, one can construct the moduli space of complex struc-
tures and, additionally, the moduli space of Einstein metrics for K3. The
moduli space of metrics (roughly the scalar manifold from the 10D graviton)

turns out to be
M, =0(3,19;Z)\0(3,19)/(0O(3) x O(19)) x Ry (4.2)

A choice of complex structure determines a plane in R*'® with respect to the
Lorentzian lattice. The factor of R, is the volume modulus. The dimension

of this coset is 58, and these are parametrized by scalar fields.

In addition to the information from the graviton, we also need to include
the NS-NS 2-form wrapped on K3 which gives 22 additional scalars. So now

locally, the moduli space is given by
Mys = 0(3,19)/(0(3) x O(19)) x R*Z xR, ~ O(4,20)/(0(4) x O(20)) (4.3)

which is now parametrized by 80 scalars. Globally we must divide by the

action of the appropriate discrete group.
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For Type IIB compactified on K3 the remaining scalar moduli are 1 from the
dilaton and 24 from the RR fields. This gives 105 total scalars, the same

number found in 21 tensor multiplets. The moduli space is finally:

M) = O(5,21; Z)\O(5,21)/(O(5) x O(21)) (4.4)

Actually, we will mostly consider SO(5,21;Z)\SO(5,21)/(SO(5) x SO(21))
as the additional information cannot be seen at tree level. Additionally, in
the field theory limit, the discrete group is not visible and we are left with
the smooth coset space for the scalars. This coset can be understood as the
spontaneous breaking of the noncompact group with the scalar fields as the
massless Goldstone bosons. The unbroken compact subgroup SO(5) x SO(21)
can be interpreted as the USp(4) R-symmetry group required by 6D (2,0)

supersymmetry times a global flavor group for the tensor multiplets.

We assume that we are at generic points of the moduli space, where perturba-
tive amplitudes are well-defined. The moduli space has singularities at fixed
points of the SO(5,21;Z) duality group, which are the global identifications
described above. At such fixed points one or more tensor multiplets are re-
placed by non-Lagrangian (2,0) CFTs [37], and a perturbative analysis is no
longer possible, as we have addressed in the discussion of Chapter 3. There-
fore, the amplitudes presented in this chapter are applicable at generic points
in the moduli space where we can treat the tensor multiplets as abelian. We
consider the leading couplings in derivative order, and not the (2,0) higher
derivative corrections central to Chapter 2; this theory interacts via graviton

exchange.

So far, we have abstractly introduced the moduli space of (2,0) supergravity.
The local part of this moduli space is present in the classical theory, and it can
be extracted directly from the S-matrix by studying soft limits [183]. We derive
new soft theorems from the formula we construct, which describe precisely the

moduli space of 6D (2,0) supergravity, which finally is the coset,

SO(5,21)
SO(5) x SO(21)

MSugra = (45)

We now turn to the construction of the amplitudes of this theory, which will
follow our usual rational maps or twistor-string-like formalism. Before dis-

cussing this, it is worth mentioning that the four-point amplitudes of (2,0)
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Figure 4.1: On-shell diagrams contributing to the 2-supergraviton, 2-tensor
supermultiplet amplitude in Eq. (4.8). Wavy lines denote a propagating (2,0)
supergravity multiplet, and straight lines denote tensor supermultiplets with
SO(21) flavor symmetry. Vertices represent the 3-point amplitudes, and not
the 3-point couplings in the Lagrangian. At tree level, the amplitude is fixed
by these pole diagrams.

supergravity are relatively simple, and some may be found in the literature,
e.g. [184]. We use the notation Anzl% to denote an amplitude with n; su-
pergravitons ®,; and n, tensor supermultiplets @/ transforming as SO(21)

fundamentals. Then the four point amplitudes are,

A (2 0) _ 58(62) ([1fl1 2&23&34&4][151252353484]) + sym (46)
$12 523 831 ’
RYARERYENZ! RYARERYEIL! §f2f3 §f1fa
AR = 6%(Q) ( + + > , (4.7)
512 513 523
14,24,34:44, 1019023 4.
AQO)_éS(Q) <5f1f2[ 3 ][ b3 b4]>+sym' (48)
512 523 831

We symmetrize &Z,l; for the external graviton multiplets, and [15,24,34,44,] =
eapepMy A NG AR and 6%(Q) = 6%(Xi; Af,n!®). The third of these am-
plitudes is represented by the on-shell diagrams of Fig (4.1).

As usual, in the rational-map formulation, amplitudes for n particles are
expressed as integrals over the moduli space of rational maps from the n-
punctured Riemann sphere to the space of spinor-helicity variables. In general,

as in the previous chapters the amplitudes take the form [58, 1, 2],

AP — / duP T, Iy, (4.9)
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where duSP is the measure encoding the 6D kinematics and the product Zr, Zr
is the integrand that contains the dynamical information of the theories, in-

cluding supersymmetry. The measure is given by

Y do [y o 1 1
AP — [[im1 doi TTiso — 6D 4.10
Fn = S0l(SL(2,C), x SL(2,C),) V2 11 b 10

and n = 2m + 2 (we will discuss n = 2m + 1 later). The coordinates o; label

the n punctures, and V,, = [[._. 04, with 0;; = 0; — 0;. They are determined

i<j
up to an overall SL(2,C), Mé&bius group transformation, whose “volume” is

divided out in a standard way. The 6D scattering equations are given by

ESP — 66 (pf‘B _ (pA(Ji)pB(m'))) ' (411)

Hj;éi Tij

These maps are given by degree-m polynomials p (o) = > )L, pﬁk o, which
are determined up to an overall SL(2,C), transformation, whose volume is

divided out. This group is a complexification of SU(2).

It is straightforward to see that (4.11) implies the on-shell conditions p? = 0
and momentum conservation. Furthermore as we have discussed, this con-
struction implies that the integrals are completely localized on the (n — 3)!
solutions, which are equivalent to those of the general dimensional scattering

equations [58], which we introduced in Chapter 1.3:

S PPi—0, forall ;. (4.12)
iz U
As we have already seen, unlike the general-dimensional scattering equations,
the use of the spinor-helicity coordinates and 6D scattering equations allows
us to make supersymmetry manifest. Much of our discussion of the kinematics

and supersymmetry will be identical to previous chapters.

Now consider n = 2m + 1, for which we have [2],

n m—1 n
vol (SL(2,C),,SL(2,C),,T) V2 paley
The polynomials p2 (o) now are given by
m—1
pio) = pipot +wit o™, (4.14)

=
Il

0
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and there is a shift symmetry T'(«) acting on w?: w? — wA+a(€ pt_|), which

we also have to mod out.

Here we review the integrand factors for 6D (2, 2) supergravity, since they will

be relevant. For (2,2) supergravity, we have,

I, = det'S,, Ip=0%? (4.15)
where S,, is a n X n anti-symmetric matrix, with entries: [S,], = EePi - This
ij

matrix has rank (n—2), and the reduced Pfaffian and determinant are defined

as

_1)i+i g
Pf’Sn:( D) PfSY

5
UU

det'S, = (Pf'S,)”. (4.16)

Here Sfjj means that the i-th and j-th rows and columns of .S,, are removed, and
the result is ¢, j independent |[125]. Q;?’Q) is a fermionic function of Grassmann
Ia

coordinates n; ﬁif@, which we use to package the supermultiplet of on-shell

states into the superfield,

O (n, 7)) = ¢ + -+ nlnrp B + 7B, (4.17)
A e GO A () ()

where B® and B,; are self-dual and anti self-dual two forms, and Gabad g
the graviton. Here [ ,f = 1,2 are the R-symmetry indices corresponding to
a SU(2) x SU(2) subgroup of the full USp(4) x USp(4) R-symmetry. This
information can be summarized by saying the particles transform in the rep-
resentations (3,3;1,1) ® (3,2;1,4) ©(2,3;4,1) ® (3,1;1,5) ® (1,3;5,1) &
(2,2;4,4)9(2,1;4,5)®(1,2;5,4)®(1,1;5,5). The fermionic function Qg,z)
imposes the conservation of supercharge, which may be viewed as a double
copy: Qg’m = Qg,o) Qg),z), and Qg,o) is given by

a0 =v, ] (Z Coursit m”’) . (4.18)
k=0 =1

The n x 2n matrices Cyrip = (W;)20F and (W;)? can be expressed in terms

of pA(o;) via

a B
AByira _ P (i) )\i,g
piows, = L0 (4.19)
Hj;éi Tij
which is independent of A, B, and satisfies det W; = [] ki 02-;1. The matrix

Clak:ip 1s a symplectic Grassmannian which was used in 2] and Chapter 3 as an



163

alternative way to impose the 6D scattering equations. Qgg’m is the conjugate

of Qg’o), and the definition is identical, with the understanding that we use
b

the right-handed variables, such as ﬁg, /N\A&, D ias &, (I/T/Z-)d, ete.

For n = 2m+1, the integrands take a slightly different form. For the fermionic

part, we have

m—1 n n
ng =V, H 0! (Z Coksib 771‘[b> 6 (Z £ Camiip 771‘1b> : (4.20)
k=0 i=1 i=1

whereas the n x n matrix S, is modified to an (n+ 1) x (n+ 1) matrix, which

we denote S. S, is defined in the same way as S, but with 2,7 =1,...,n,*.

Here o, is a reference puncture, and p, is given by
AB _ 2¢pP%0,)qc

* — =

qP[pp(0.) El{pP(0.) €)is’

where ¢ and ¢ are arbitrary spinors.

(4.21)

4.2 6D (2,0) Supergravity
The 6D (2,0) supergravity theory contains 21 tensor multiplets and the gravi-
ton multiplet. The superfield of the tensor multiplet is a singlet of the little

group,
() = ¢+ -+ nnrpB + -+ (n)'9, (4.22)

where a,b = 1,2 are the SU(2), little-group indices. The graviton multiplet
transforms as a (1,3) of the little group, so the superfield carries explicit
SU(2)r indices,

%g(n) =By +...+ mfm,ngg +.o+ (77>4Ba137 (4.23)

and ®.;(n) = ®;.(n). We see that both the tensor multiplet and graviton
multiplet can be obtained from the 6D (2,2) superfield in (4.17) via SUSY

reductions [185]',

o) = [ dilaif; o).

el = [ dnld @20, (4.24)

IFor the superfield of the tensor, ®(n), one may choose different I,.J; however, only the
case of I = 1,J = 2 leads to non-vanishing results when we integrate away 7’s from the
amplitudes of (2,2) supergravity.
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These integrals have the effect of projecting onto the right-handed USp(4) R-
symmetry singlet sector, which reduces (2,2) — (2,0). Using the reduction,
the amplitudes of (2,0) supergravity with n; supergravity multiplets and ny
tensor multiplets of the same flavor (n; + ns = n) can be obtained from the

(2,2) supergravity amplitude via

ARD) = / H dit} 5. 47, 1, H dﬁ;{djdﬁj‘ff‘fA;??)(n,ﬁ). (4.25)

€Ny JENS2

Note A% (n,7) ~ ni?", so the integration removes all 7’s. The fermionic
integral can be performed using (4.15), and (4.18) (or (4.20) for odd n), and

we obtain

ni,no n

A0 _ / dpP M;BI”Q V,, det’S, Q0 (4.26)

where Mggm, which we will define shortly, is obtained by integrating out Q;?’Q).

We begin with n even, as the odd-n case works in a similar fashion. Introducing

the n X n matrix

Ciora  Cioza  Cioman

i S T s

_ 1,m;1,a1 1,m;2,a2 1,m;n,a
M&l...&n = ~ - - " , (4.27)

2,0;1,a1 2,02, 2,0im,dn

2,m;1,41 Q,m;2,d2 T 2,m;m,an

then M f‘gm is given by
a
M™7™2 = det M, .4, det M; (4.28)
ab A1eiin byoby - .

Note that here @ and b denote sets of indices. The indices a;, ISZ are contracted
if i € ny, whereas for j € n; we symmetrize dj,l;j. This corresponds to
constructing little-group singlets for tensor multiplets and triplets for graviton
multiplets. After the contraction and symmetrization, the result of (4.28)

simplifies drastically?

ey P o (4.29)
ab Vnz ab ’ ’
2The identity may be understood by studying the zeros and singularities on both sides
of the equation, we have also checked it explicitly up to n = 12.
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where X,,, is a ny X ny anti-symmetric matrix given by

— if i#y
0 if i=j,

(X,,]. = (4.30)

and ]\Z;go contains only the graviton multiplets. Let’s remark that the sim-
plification (4.29) (especially the appearance of PfX,,) will be crucial for the
generalization to amplitudes with multiple tensor flavors which is more inter-

esting and relevant for type IIB on K3.
At this point in the analysis, we have obtained the tree-level amplitudes of 6D

(2,0) supergravity with a single flavor of tensor multiplets:

PfX,, -~
420 _ /dMgD_Q MOV, det'S, 00, (4.31)

ni,n2 V
n2

The factor PfX,,, requires the non-vanishing amplitudes to contain an even

number n, of tensor multiplets, as expected. For odd n, the matrix Mdl--ﬁn is

given by
ch e e ... e
f Ob7m;1,&1 5 b,m;2,a2 5 Ob,m;n,&n
Ci,O;l,fu 0170;27512 T CLO;n,dn
Mal“'dn = Ci,m—l;lﬁl im—-1;2,a0 1,m—1;n,dn (432)
Cs0. Coooar, 7 Caoman
Oﬁ,m—1;1,a1 CQ,m—l;Q,&g T Cﬁ,m—l;n,ana

recall 53 is the right-hand version of ¢° in (4.14). Then the amplitudes take

the same form

ARD = / duﬁD% MOV, det'S, Q@0 (4.33)
n2
Multi-flavor tensor multiplets
As we have emphasized, the identity (4.29) is crucial for the generalization to
multiple tensor flavors, which is required for the 6D (2, 0) supergravity. Indeed,
the formula takes a form similar to that of an Einstein—-Maxwell theory worked
out by Cachazo, He and Yuan [125], especially the object Pf X,,,. In that case,

in passing from single-U (1) photons to multiple-U (1) ones, one simply replaces
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the matrix X, by &, [125],

Sriry . . .
==L if 4
(X, =4 7 (4.34)
0 if i=j
which allows the introduction of multiple distinct flavors: namely, f;, f; are
flavor indices, and dy,;, = 1 if particles 4, j are of the same flavor, otherwise
df,7, = 0. Inspired by this result, we are led to a proposal for the complete
tree-level S-matrix of 6D (2,0) supergravity with multiple flavors of tensor

multiplets:

PtX,, -
A0 _ / dps? —=2 MV, det'S,, 020, (4.35)

ni,n2 v
n2

Again, the 6D scattering equations and integrands take different forms de-
pending on whether n is even or odd. As we have emphasized, the artificial
difference between the formulas of even- and odd-point amplitudes is due to
the peculiar property of the 6D scattering equations in the rational map form,
and not specific to chiral (2,0) supergravity. Since ny is necessarily even, this

is equivalent to distinguishing whether n; is even or odd.

Equation (4.35) is our main result, which is a localized integral formula that
describes all tree-level superamplitudes of abelian tensor multiplets (with mul-
tiple flavors) coupled to gravity multiplets. We can verify that it has all the
correct properties. For instance, due to the fact that all the building blocks
of the formula come from either 6D (2,2) supergravity or Einstein—Maxwell
theory, they all behave properly in the factorization limits, and transform cor-
rectly under the symmetries: SL(2,C),, SL(2,C),, etc. Also, as we will show
later, when reduced to 4D the proposed formula produces (supersymmetric)
Einstein-Maxwell amplitudes, which is another consistency check. Finally, it
is straightforward to check that the formula gives correct low-point amplitudes,
Eq. (4.8).

4.3 The K3 Moduli Space from Soft Limits
Type IIB string theory compactified on K3 has a well-studied moduli space as

we have discussed in the introduction of this chapter. The moduli space is,
Mo = 50(5,21;Z)\SO(5,21) /(SO(5) x SO(21)). (4.36)

The discrete group is invisible in the supergravity approximation, so we con-

cern ourselves with the local form of the moduli space of the supergravity
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theory, namely SOSO(5 .21) It has dimension of 105, which corresponds pre-

xSO(21) "
cisely to the 105 si:e)xlars(in) the 21 tensor multiplets. These scalars are Gold-
stone bosons of the breaking of SO(5,21) to SO(5) x SO(21), which are the
R-symmetry and flavor symmetry, respectively. Therefore, the scalars obey
soft theorems, which are the tools to explore the structure of the moduli space

directly from the S matrix [183].

We find that the amplitudes behave like pion amplitudes with “Adler’s zero” [186]
in the single soft limit. Indeed, for p; — 0, we find,

((bl ) Sy 7”) — O(p1> ) (437)

and the same for other scalars in the tensor multiplets. The commutator
algebra of the coset space may be explored by considering double soft limits for
scalars. Physically, the process of taking two particles to be soft is ambiguous.
If a global symmetry G is spontaneously broken to a subgroup H with unbroken
generators R and Goldstone bosons ¢, the double soft limit of two such ¢ leads
to a momentum dependent H rotation acting on the remaining n — 2 hard

particles.

The situation for half maximal supergravities is somewhat more complicated
than the maximal case because we have Goldstones corresponding to both
flavor and R symmetries which are here both denoted with R and distinguished
by the indices they carry. Beginning with the flavor symmetry, we find for

p1,p2 — 0 simultaneously

A, fl,_f2,... i flf?An_ , 4.38
(@1, ¢ ;pz p1+p2 Ri ( )

where f;’s are flavor indices, and R/*/* is a generator of the unbroken SO(21),
which may be viewed as the result of the commutator of two broken generators.
R acts on superfields (4.24) as

lelf2q)zf2 _ (I)Zﬁ, szlf2¢{1:_¢)lf2’
R'Eol = 0, RIMEo, =0, (4.39)

7

where f3 # f1, fo. Therefore, the generator exchanges tensor multiplets of

flavor f; with ones of f5, and sends all others and the graviton multiplet to 0.



168
To study the SO(5) R-symmetry generators we take soft limits of two scalars
which do not form a R-symmetry singlet. For instance

) lnpz"(P p2)

L) = RIVA, 5, 4.40
An(@, 24~ pi- (p1 +p2) ? (4.40)

with R = ! 7. Similarly, other choices of soft scalars lead to the remain-

ing R-symmetry generators:

0 0 0
ilJ = WW, iI,J = m{aan_] . (4.41)

Finally, we consider the cases where soft scalars carry different flavors and do

not form an R-symmetry singlet. This actually leads to new soft theorems:

A, _f17 f2JJ’ _> b2 f1f2RifJAn_ 4.42
(¢1 2 Z p1+p2 2 ( )

and similarly for other R-symmetry generators. The results of the soft limits

now contain both flavor and R-symmetry generators, reflecting the direct prod-
50(5,21)

S0(5)xSO(21) "

pure maximal supergravity [183, 187].

uct structure in This is a new phenomenon that is not present in

The above soft theorems may be obtained by analyzing how the integrand and
the scattering equations behave in the limits. For instance, the vanishing of

the amplitudes in the single-soft limits is due to

/ dps? ~ O(pr!),  det'S, ~ O(p}), (4.43)

and the rest remains finite. The double-soft theorems require more careful
analysis along the lines of, e.g. [188]. The structures of double-soft theorems,
however, are already indicated by knowing the four-point amplitudes given in
(4.8), since important contributions are diagrams with a four-point amplitude
on one side such that the propagator becomes singular in the limit. For the
study of the moduli space, the scalars we choose do not form a singlet, therefore
the most singular diagrams with a three-point amplitude on one side are not
allowed. If instead the two scalars do form a singlet, then such diagrams
dominate and contain a propagating soft graviton. The soft theorem for such
a pair of scalars is simply given by Weinberg’s soft graviton theorem attached
with the three-point amplitude, which we have also checked using our formula.
Finally, we have also checked the soft theorems explicitly using our formula

(4.35) for various examples.
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4.4 4D N = 4 Einstein—Maxwell Theory

One can dimensionally reduce 6D (2,0) supergravity to obtain 4D N = 4
Einstein—-Maxwell theory. The tree-level amplitudes of this theory capture the
leading low-energy behavior of Type IIB (or Type ITA) superstring theory on
K3 x T2

The reduction to 4D can be obtained by decomposing the 6D spinor as A —
a = 1,2, & = 3,4. The compact momenta are Pfﬁ = Pfﬁ = 0; this is
implemented by A2 — A\ = 0 and A% = 0.

The 6D tensor superfield becomes an N = 4 vector multiplet in 4D, in a

non-chiral form [138, 1],
B(na) = Vima(e,m-) = ¢ +nlo; +.
+ () AT+ (0 )*AT 4+ () (n_)%- (4.44)

Dimensional reduction of @ (n) is analogous. It separates into 3 cases, where
T = Vi 4(ny,m-), and ®+F, & become a pair of positive and negative-

helicity graviton multiplets

() = Gy (o) = A“r?f@b + .

+ ()G + ()0 + -+ (n)(n-)* AT, (4.45)
O~ (na) = Gy_a(nom-) = A~ 4+l \If +.
+ (-G + (n)’d+ -+ (ny)? (77—)2147 (4.46)

We see the on-shell spectrum of the 4D supergravity theory consists of the G
and G~ superfields coupled to 22 N’ = 4 Maxwell multiplets.

We are now ready to perform the dimensional reduction on (4.35). First, the

6D measure reduces to

n

4D _ Hz1dUzH odPH odp 1 4D
vol(SL(2, IEC) X EL(kl C)) : R(p)R(p) 1=

dp
=1

where R(p), R(p) are the resultants of the polynomials
d d
p(0)=>_pio*, o) =) i, (4.47)

with d +d = n — 2, and the 4D scattering equations are given by

EP =4t <p<m - M) : (4.48)

' Hj;éi Tij
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The 2 x 2 matrix (Wi)ab reduces to

(Wi)—F—T— = (VT/@)__ =0, (m)+_ =1, (VVZ)_+ = fl (4.49)

with ¢; = pi t; = % (independent of a, &), and t;t; = H#i UL As for

(i)’ ij

the integrand, the parts that reduce to 4D non-trivially are
Y ni an / 2 2/~ —2
M = TR, det'S, = R*(p)R°(p)V,, " (4.50)

Assume we have m; G superparticles and my G—, with m; + my = n.°, we

find 7™ is given by
T =TmTm2 = (an 1T tf) (vju 11 Ef) : (4.51)
€Emy JjEM2

where V,,,, = HKj
a general formula for the amplitudes of 4D N = 4 Einstein-Maxwell theory:

o;; for i, 7 € my, and similarly for V,,,,. We therefore obtain

_ PEX,, v
A== / du“DTV;ﬁ T2 R?(p) R*(p) 4p =", (4.52)

where Q¥ =* implements the 4D NV = 4 supersymmetry, arising as the reduction
(2,0)
of Oy,

d n d n
Y=t = T (>t ) T2 fotnl ). (4.53)
k=0 i=1 k=0 i=1

The formula should be understood as summing over d, d obeying d+d = n—2.
However, it is clear from the superfields that we should require

d:%—l—ml—l, Ci:%‘i‘mQ_l, (454>

recall ny is even. Therefore, for a given number of photon and graviton mul-
tiplets, the summation over sectors becomes a sum over different mq, ms. We
have checked (4.52) against many explicit amplitudes, and also verified that

the integrand is identical to that of [125] for certain component amplitudes.

4.5 Discussion and Conclusion
We have presented a formula for the tree-level S matrix of 6D (2, 0) supergrav-

ity. The formula for single-flavor tensor multiplets is constructed via a SUSY

3We do not consider ®+~ here since they are identical to the vector which we have
already included, as shown in (4.45).
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reduction of the one for (2,2) supergravity. We observed important simpli-
fications in deriving the formula, particularly the appearance of the object
Pf X, crucially for the generalization to 21 flavors required for (2,0) super-
gravity. By studying soft limits of the formula, we were able to explore the
moduli space of the theory. Via dimensional reduction, we also deduced a
new formula for amplitudes of 4D N = 4 Einstein-Maxwell. Since 6D (2,0)
supergravity has a UV completion as a string theory, it would be of interest to
extend our formula to include o/ corrections, perhaps along the lines of [189].
Also recent papers [168, 137] introduce an alternative form of the scattering
equations that treats even and odd points equally, but uses a different formal-
ism for supersymmetry. It will be interesting to study our formula into this

formalism.

Our results provide an S matrix confirmation of various properties of (2,0)
supergravity and the dimensionally reduced theory as predicted by string du-
alities. While the 10D theory has a dilaton that sets the coupling, in 6D this
scalar is one of the 105 moduli fields, and appears equally with the other 104
scalars. If one considers the compactification on K3 x T2, standard U-dualities
imply equivalence to the Type ITA superstring theory on the same geometry
or the heterotic string theory compactified to 4D on a torus. The formulas
discussed in this chapter apply to all these cases, at least at generic points of

the moduli space.
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Chapter &

PROJECTIVE CURVES AND P-ADIC ADS/CFT

5.1 Introduction

In this chapter, we propose a version of the AdS/CFT correspondence now
known as p-adic AdS/CFT. This is a somewhat unusual generalization of the
AdS3/CFT, correspondence based on the relationship between complex projec-
tive geometry, algebraic curves, and hyperbolic 3-manifolds. An introduction

to these ideas is given in Sec. 1.4.

The bulk geometries relevant to the AdS;/CFT,y correspondence are well un-
derstood. The most well-known black hole solution is that of Banados, Teitel-
boim, and Zanelli |73]; this solution was generalized to a family of higher-genus
Euclidean black holes by Krasnov [72]. These solutions can be understood
in general using the technique of Schottky uniformization, which presents a
higher-genus black hole as the quotient of empty AdS; by a particular discrete

subgroup of its isometries.

In [190], a holographic correspondence was established for these three-dimensional
geometries. This correspondence expresses the conformal two point correla-
tion function on the conformal boundary at infinity (a Riemann surface X of
genus ¢) in terms of geodesic lengths in the bulk space (a hyperbolic handle-
body Hr of genus g). The formula relating the boundary theory to gravity in

the bulk is based on Manin’s result [191] on the Arakelov Green’s function.

However, we consider AdS3;/CFT5 not merely because it is a simple setting
for holography. For us, the crucial property of conformal field theory in two
dimensions is its strong ties to algebraic geometry. These occur because every
compact Riemann surface is a projective algebraic curve, so that many of the
analytic concepts that arise in physics can (in two-dimensional contexts) be
reformulated in purely algebraic terms. Once a concept can be formulated
algebraically, it has many natural generalizations, obtained by changing the
field of numbers one is considering. For instance, given a Riemann surface as
the zero locus of a polynomial equation with rational coefficients, one can ask
for the set of solutions over C, over R, over more exotic fields like the p-adics,

or even over the integers.
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In p-adc AdS/CFT, the complex field is replaced by the field of p-adic numbers.

The p-adics are metrically complete, but have a totally disconnected topology
and there is a sense in which they are a discrete space. This has a dramatic
effect on the boundary geometry, which loses the smooth structure which seems
essential for two-dimensional conformal field theory. Despite this, essential and
basic features of AdS/CFT, such as bulk isometries and boundary conformal
symmetry (which are destroyed by a naive discretization), have analogs and
can be fully understood in this p-adic setting. This is in contrast to other

discrete models of holography, including most tensor network models.

The aforementioned holographic formula—and the whole geometric setting of
the correspondence, consisting of the Euclidean hyperbolic space AdSs, its
conformal boundary P!(C), and quotients by actions of Schottky groups I' C
PSL(2,C)—has a natural analog in which the field is the p-adic numbers Q,.
The bulk space becomes the Bruhat-Tits tree of QQ,, which is a manifestly
discrete infinite graph of uniform valence. Its conformal boundary at infinity
is P1(Q,), which can be thought of as the spacetime for an unusual class of
CFTs. Black hole solutions are understood to be quotients of this geometry
by p-adic Schottky groups I' C PGL(2,Q,); these are known as Mumford
curves in the mathematics literature. We will give what we hope are intuitive
introductions to these possibly unfamiliar concepts in the bulk of the chapter,

with additional important ideas in Chapter 6.

Conformal field theory on p-adic spacetime has previously been developed, for
the most part, in the context of the p-adic string theory (see the discussion in
Sec. 1.2, and also for instance, [83] and references therein), but has also been
considered abstractly [192]. However, our perspective on the subject will be
somewhat different: rather than using the p-adics as a worldsheet to construct
real-space string amplitudes, our goal in this chapter is to further develop the
original holographic correspondence of [190] for the higher-genus black holes,
informed by recent developments in the understanding of the AdS/CFT cor-
respondence. We will emphasize the large extent to which algebraic structure
allows familiar ideas, concepts, and arguments from ordinary AdS;/CFT, can
be carried over—in many cases line by line—to the p-adic setting. In addition
to the holographic formulas of Manin and Marcolli, the standard semiclassical
holographic analysis of scalar fields propagating without backreaction in anti-

de Sitter space applies almost without alteration to the Bruhat—Tits tree. We
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discuss this in detail in Sec. 5.3.

In some cases, intuitions about how holography works in the Archimedean case
are supported even more sharply over the p-adics. For example, one normally
thinks of the holographic direction as corresponding to a renormalization-group
scale. Over the p-adics, as shown in Sec. 5.3, boundary modes contribute to
the reconstruction of bulk functions only up to a height determined by their

wavelength, and reconstruct precisely to zero above this height in the tree.

Finally, on an even more speculative note, it is natural to wonder if the study
of p-adic models of holography can be used to learn about the real case. So-
called “adelic formulas” relate quantities defined over the various places (finite
and infinite) of Q; it was suggested in [193] that fundamental physics should
be adelic in nature, with product formulas that relate the Archimedean side of
physics to a product of the contributions of all the p-adic counterparts. This
program is still incomplete in p-adic AdS/CFT, but it provides a physical and

mathematical reason to study these systems.

5.2 Review of Necessary Ideas

Basics of p-adic numbers

We begin with a lightning review of elementary properties of the p-adic fields.
Our treatment here is far from complete; for a more comprehensive exposition,
the reader is referred to [194], or to another of the many books that treat p-adic

techniques.

When one constructs the continuum of the real numbers from the rationals, one
completes with respect to a metric: the distance between two points z,y € Q
is

d(z,y) = |z =yl (5.1)
where |-|_ is the usual absolute value. There are Cauchy sequences of ratio-
nal numbers for which successive terms become arbitrarily close together, but
the sequence does not approach any limiting rational number. The real num-
bers “fill in the gaps,” such that every Cauchy sequence of rational numbers
converges to a real limit by construction. That property is known as metric

completeness.

The p-adic fields Q, are completions of Q with respect to its other norms;
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these are defined by

ord,(x) = n when x = p"(a/b) with a,b L p; (5.2)

x|, = p~ . (5.3)

By a theorem of Ostrowski, every norm on Q is equivalent to one of the p-adic
norms or the usual (co-adic) norm. It is common to refer to the different

possible completions as the different “places” of Q.

A number is p-adically small when it is divisible by a large power of p; one can
think of the elements of @, as consisting of decimal numbers written in base p,
which can extend infinitely far left (just as real numbers can be thought of
as ordinary decimals extending infinitely far right). Q, is uncountable and
locally compact with respect to the topology defined by its metric; as usual, a

basis for this topology is the set of open balls,
B(w)={yeQ,: v —yl, < e} (5.4)
The ring of integers Z, of Q, is also the unit ball about the origin:
Z, = {x € Q,:Jal, < 1}. (5.5)

It can be described as the inverse limit of the system of base-p decimals with

no fractional part and finite (but increasingly many) digits:
Zp=lim (- — ZIp" L — L/ L — L) L~ ). (5.6)

Z,, is a discrete valuation ring; its unique maximal ideal is m = pZ,, and the
quotient of Z, by m is the finite field IF,. In general, for any finite extension
of Q,, the quotient of its ring of integers by its maximal ideal is a finite field Fyn;

we give more detail about this case in Sec. 5.5.

The Bruhat—Tits tree and its symmetries

In this section, we will describe the Bruhat-Tits Tree 7}, and its symmetries.
It should be thought of as a hyperbolic (though discrete) bulk space with con-
formal boundary P!'(Q,). Since these trees are a crucial part of this chapter
and may be unfamiliar to the reader, our treatment is informal, and aims
to build intuition. Out of necessity, our discussion is also brief; for a more
complete treatment, the reader may consult notes by Casselman [195] for con-
structions and properties related to the tree, or 82| for analysis on the tree

and connections to the p-adic string.
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z € Qq

Figure 5.1: The standard representation of the Bruhat-Tits tree. The point
at infinity and the center are arbitrary as the tree is homogeneous. Geodesics
such as the highlighted one are infinite paths through the tree from oo to
the boundary which uniquely specify elements of Q,. This path as a series
specifies the digits of the decimal expansion of x € Qy in this example. At
the nth vertex, we choose either 0 or 1 corresponding to the value of x,, in the
p"th term of x. Negative powers of p correspond to larger p-adic norms as we
move towards the point oco.

We begin with a description of the boundary and its symmetries, which are
completely analogous to the global conformal transformations of P}(C). We
then turn our attention to the bulk space T}, focusing on its construction as a
coset space and the action of PGL(2,Q,) on the vertices. Despite the fractal
topology of the p-adic numbers, we will find (perhaps surprisingly) that many
formulas from the real or complex cases are related to their p-adic counterparts

by the rule || — |-|,.
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Conformal group of P'(Q,)

The global conformal group on the boundary is SL(2,Q,), which consists of

matrices of the form

b
A= (“ d) , with a,b,¢,d € Q,, ad — be = 1. (5.7)
C

This acts on points x € P'(Q,) by fractional linear transformations,

ar +b

Tr —r .
cr +d

(5.8)

It can be checked that matrix multiplication corresponds to composition of
such maps, so that the group action is well-defined. This is analogous to the
SL(2,C) action on the Riemann sphere P!(C). (We will sometimes also refer
to PGL(2,Q,); the two differ only in minor details.)

The existence of a local conformal algebra for Q,, in analogy with the Virasoro
symmetry in two-dimensional conformal field theory or general holomorphic
mappings of P!(C), is a subtle question. It is difficult to find definitions of
a p-adic derivative or an infinitesimal transformation that are satisfactory for
this purpose. In particular, since the “well-behaved” complex-valued functions
on @QQ, are in some sense locally constant, there are no interesting derivations
that act on the space of fields [192]. In this chapter, we will concern ourselves
only with global symmetries, which can still be used to constrain the proper-
ties of p-adic conformal field theories. We speculate about the possibility of

enhanced conformal symmetry in Sec. 5.5.

The determinant condition implies that there are three free p-adic numbers
which specify an element of SL(2,Q,). A convenient way to decompose a gen-
eral SL(2, Q,) transformation is to view it as the product of a special conformal

transformation, a rotation, a dilatation, and a translation:

p"a b B 1 0 a 0 p™ 0 1 bp™at
¢ pmat(14bc)) \ep™mat 1) \0 a! 0 p ™/ \o0 1 ’

(5.9)

where a, b, ¢ € Q, and |a|, = 1. One can verify that the product is an arbitrary
element of SL(2,Q,), where the determinant condition has been used to elim-
inate the d parameter. This represents a translation by bp~"a~!, a dilatation

by p?™, a rotation by a?, and a special conformal translation by cp~™a~!. We
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have separated the diagonal subgroup into multiplication by elements of the
unit circle, a € U, C Z,, which do not change the p-adic norm (and thus are
“rotations” in a p-adic sense), and multiplication by powers of p which scale
the p-adic norm (and so correspond to dilatations). Representations of the
multiplicative group of unit p-adics provide an analog of the spin quantum
number; we discuss this further in Sec. 5.3. It is worth stressing that these
transformations are finite, and so we are characterizing the symmetry group

rather than the algebra.

As is often the case in real conformal field theories, we can focus on the dilation

subgroup. A diagonal matrix in SL(2,Q,) and its action on the coordinate is

0
<a ) , x— 2 =a’r. (5.10)

0 ot

This has the effect of changing the p-adic norm by
|2’ = lafpl@]p- (5.11)

So if |a|, # 1, this will scale the size of coordinate. This parallels the complex
case in which a dilatation changes the complex norm by |2/| = |a|?|z]. Tt will
turn out to be the case that 2-point functions of spinless operators in p-adic
conformal field theory will depend only on the p-adic norm of their separation.

Schematically,
1
b(2)ply)) ~ —— . 5.12
(¢(x)o(y)) P (5.12)
Dilations will thus affect correlation functions of the p-adic conformal field

theory exactly as in the complex case.

PGL(2,Q,) action on the tree T,

We have seen that fractional linear transformations of the boundary coordinate
work as in the real case. The action of the symmetry on the bulk space 7T}, is
slightly more complicated to describe. Were we working in the Archimedean
theory, we would identify PSL(2,R) as the isometry group of the hyperbolic
upper half space H = SL(2,R)/SO(2). Here SO(2) is a maximal compact
subgroup. Similarly, in the context of AdS,,;/CFT,, we can think of the
hyperbolic upper-half 3-space as a quotient space of the isometry group by its
maximal compact subgroup: H? = SL(2,C)/SU(2).
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Following this intuition, we define the Bruhat—Tits tree to be the quotient of

the p-adic conformal group by its maximal compact subgroup:
T, =PGL(2,Q,)/ PGL(2,Z,). (5.13)

In contrast with the Archimedean examples, T}, is a discrete space: it is a
homogeneous infinite tree, with vertices of valence p+1, whose boundary can be
identified with the p-adic projective line. We expect isometries to correspond
to rigid transformations of the vertices. Formally, the tree represents the
incidence relations of equivalence classes of lattices in Q, x Q,. As outlined
in the appendix of [83], the group PGL(2,Q,) acts by matrix multiplication
on the lattice basis vectors and takes one between equivalence classes. These
transformations are translations and rotations of the points in the tree; they
preserve distances, which are measured in the tree by just counting the number
of edges along a given path. Since any two vertices in a connected tree are

joined by exactly one path, this is well-defined; all paths are geodesics.

A standard way of representing 7, is depicted in Fig. 5.1 for the case p = 2.
This is a regular tree with p+ 1 legs at each vertex; the exponential growth in
the number of vertices with distance from a base point reflects the “hyperbolic”
nature of distance in the tree. Since paths are unique, there is a one-to-one
correspondence between infinite paths in the tree starting at oo and elements

of Q,. (This can be viewed like a p-adic version of stereographic projection.)

The choice of the apparent center and geodesic corresponding to infinity are
arbitrary. Just as in the Archimedean case, we must fix three boundary points
to identify a p-adic coordinate on the projective line, corresponding to 0, 1,
and co. Once these arbitrary choices are made, the geodesics joining them
form a Y in the bulk, whose center is taken to be the centerpoint of the tree.
We can then understand the geodesic connecting co to x as labeling the unique
p-adic decimal expansion for z = p7(xg + z1p + x9p? + ... ), where each of the
x, take values in 0,1,...p— 1 corresponding to the p possible choices to make
at each vertex. Each vertex of the tree is naturally marked with a copy of the

finite field F,, identified with one “digit” of a p-adic number.

Viewing the tree as the space of p-adic decimal expansions may in some ways be
more useful than the definition in terms of equivalence classes of lattices. Ge-
ometrically moving closer or further from the boundary corresponds to higher

or lower precision of p-adic decimal expansions. Even with no reference to



180

g po g pl g9

g € PGL(2,Q))

Figure 5.2: An alternative representation of the Bruhat—Tits Tree (for p = 3)
in which we have unfolded the tree along the 0 geodesic. The action of ele-
ments of PGL(2,Q,) acts by translating the entire tree along different possible
geodesics. In this example we translate along the 0 geodesic, which can be
thought of as multiplication of each term in a p-adic decimal expansion by
p. This map has two fixed points at 0 and oo. In this “unfolded” form, a
point in P(Q,) is specified by a geodesic that runs from co and follows the
0 geodesic until some level in the tree where it leaves the 0 geodesic towards
the boundary. The p-adic norm is simply p to the inverse power of the point
where it leaves the 0 geodesic (so leaving “sooner” leads to a larger norm, and
later to a smaller norm.

quantum mechanics or gravity, we see some hint of holography and renormal-
ization in the tree- a spatial direction in the bulk parameterizes a scale or

precision of boundary quantities. This is explored more fully in Sec. 5.3.

We now illustrate some examples of PGL(2,Q,) transformations on the tree.
First note that the choice of the center node is arbitrary. We can take this
point to be the equivalence class of unit lattices modulo scalar multiplication.
One can show that this equivalence class (or the node it corresponds to) is
invariant under the PGL(2,Z,) subgroup, so these transformations leave the

center fixed and rotate the branches of the tree about this point.

More interesting is a generator such as

g= (g 2) € PGL(2,Q,). (5.14)

This transformation (and others in PGL(2,Q,)) act by translating the entire
tree along a given geodesic (one can see this either from the lattice incidence
relations, or from translating or shifting the p-adic decimal series expansion).
This is illustrated in Fig. 5.2. We can think of these transformations as the

lattice analogs of translations and dilatations of the real hyperbolic plane.
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Integration measures on p-adic spaces

Just as is the case for C, there are two natural measures on Q, (or more
properly, on the projective line over Q,); they can be understood intuitively
by thinking of @, as the boundary of 7T},. The first is the Haar measure dp,
which exists for all locally compact topological groups. With respect to either

measure, the size of the set of p-adic integers is taken to be 1:
w(Zy,) = 1. (5.15)

The Haar measure is then fixed by multiplicativity and translation invariance;
any open ball has measure equal to the p-adic norm of its radius. It is helpful

to think of @, as being “flat” when considered with this measure.

The other measure, the Patterson-Sullivan measure, is the p-adic analog of the
Fubini-Study metric on P!(C). It is most easily defined with reference to the
tree, in which we fix a basepoint C' (to be thought of as the unique meeting
point of the geodesics joining 0, 1, and co when a coordinate is chosen on the
boundary). Recall that the open balls in Q, correspond to the endpoints of

branches of the tree below a vertex v. In the Patterson-Sullivan measure,
dpo(B,) = p~ &), (5.16)

The two measures are related by

dpo(x) = dp(x), |zl <15
du(x
dpo(x) = |a:(\2)’ x|, > 1. (5.17)
p

(Later on, we will at times use the familiar notation dz to refer to the Haar
measure.) The most intuitive way to picture the Patterson-Sullivan measure
is to imagine the tree pointing “radially outward” from its centerpoint. It is
then easy to understand the transformation rule (5.17); it says that when all
geodesics point downward from infinity and the boundary is “flat” at the lower
end of the picture, points far from zero (outside Z,) can only be reached by
geodesics that travel upward from C' before turning back down towards the

boundary.

Schottky uniformization of Riemann surfaces
In this section, we review Schottky uniformization, which allows one to think
of a higher-genus Riemann surface as a quotient of the projective line by a

particular discrete subgroup of its Mobius transformations.
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A Schottky group of rank g > 1 is a discrete subgroup of PSL(2,C) which is

purely loxodromic and isomorphic to a free group on g generators. The group

PSL(2,C) acts on P*(C) by fractional linear transformations,
a b L, 0% +b
! c d cz+d

The loxodromic condition means that each nontrivial element v € I' \ {1}

+
Y

The closure in P}(C) of the set of all fixed points of elements in T' is the
limit set Ar of T, the set of all limit points of the action of T on P*(C). In
the case g = 1 the limit set consists of two points, which we can choose to
identify with {0, 00}, while for g > 1 the set Ar is a Cantor set of Hausdorff

dimension 0 < dimg(Ar) < 2. The Hausdorff dimension is also the exponent of

has two distinct fixed points zF (one attractive and one repelling) in P'(C).

convergence of the Poincaré series of the Schottky group: > ~er |7/|® converges
for s > dimg(Ar), [196].

It is well known that any compact smooth Riemann surface X admits a Schot-
tky uniformization, namely X = Qr/T", where I' C PSL(2,C) is a Schottky
group of rank equal to the genus g = ¢(X) of the Riemann surface, and
Qr = PY(C) \ Ar is the domain of discontinuity of the action of T on P(C).
There is a well known relation between Schottky and Fuchsian uniformizations

of compact Riemann surfaces of genus g > 2, see [197].

A marking of a rank g Schottky group I' C PSL(2,C) is a choice of a set
of generators {vi,...,7,} of I' and a set of 2¢ open connected regions D; in
P}(C), with C; = 9D; the boundary Jordan curves homeomorphic to S*, with

the following properties:

1. the closures of the D; are pairwise disjoint

2. %(C;) C Cgpi

3. %(Di) CPYC) \ Dyyi-
The marking is classical if all the C; are circles. (All Schottky groups admit a
marking, but not all admit a classical marking.) A fundamental domain Fr for

the action of the Schottky group I" on the domain of discontinuity Qr C P(C)

can be constructed by taking

Fr = P'(C) \ UL, (D; U D).
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This satisfies U,ery(Fr) = Qr. In the case of genus g = 1, with T’ = ¢7,
for some ¢ € C with |¢g| > 1, the region F constructed in this way is an
annulus A,, with D; the unit disk in C and D, the disk around oo given
by complement in P'(C) of the disk centered at zero of radius |g|, so that
q*A; = C* =PY(C) \ {0,000} = Q,z. The resulting quotient E, = C*/¢” is the

Tate uniformization of elliptic curves.

Hyperbolic handlebodies and higher genus black holes

The action of PSL(2, C) by fractional linear transformations on P! (C) extends
to an action by isometries on the real 3-dimensional hyperbolic space H?, with
P!(C) its conformal boundary at infinity. In coordinates (z,y) € C x R% in
H?3, the action of PSL(2,C) by isometries of the hyperbolic metric is given by

Y= (Z b) (ey) o ((az+b)(cz+d)+acy2 y )

d ez +dP+[cPy? ez +d2 + [cPy?

Given a rank g Schottky group I' C PSL(2,C), we can consider its action
on the conformally compactified hyperbolic 3-space H3 = H? UP'(C). The
only limit points of the action are on the limit set Ar that is contained in the
conformal boundary P*(C), hence a domain of discontinuity for this action is
given by

H? UQpr c H3 = H* UP!(C).

The quotient of H? by this action is a 3-dimensional hyperbolic handlebody
of genus g

Hr = H*/T,

with conformal boundary at infinity given by the Riemann surface Xr = Qr /T,

Hr = Hr U Xr = (H*UQp)/T.

Given a marking of a rank g Schottky group I' (for simplicity we will assume
the marking is classical), let D; be the discs in P'(C) of the marking, and let
D; denote the geodesic domes in H? with boundary C; = dD;, namely the D;
are the open regions of H? with boundary S; U D;, where the S; are totally
geodesic surfaces in H? with boundary C; that project to D; on the conformal
boundary. Then a fundamental domain for the action of I' on H? Uy is given
by
Fr=F UM\ UL, (D;UD,,).
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Figure 5.3: A helpful figure reproduced from 1.4. The Fundamental domain
and quotient for the Euclidean BTZ black hole. Compare with the p-adic BTZ
geometry, shown in Figure 5.7.

The boundary curves C; for i = 1,..., g provide a collection of A-cycles, that
give half of the generators of the homology of the Riemann surface Xr: the
generators that become trivial in the homology of the handlebody Hr. The

union of fundamental domains ~(Fr) for v € I' can be visualized as in Fig. 5.4.

In the case of genus ¢ = 1 with I' = ¢%, acting on H? by

1/2
q 0
( 0 q1/2> (Z7y) = (qZ, ‘Q|y)7

with limit set {0, 00} the fundamental domain Fr consists of the space in the
upper half space H? contained in between the two spherical domes of radius 1
and |g| > 1. The generator ¢ of the group acts on the geodesic with endpoints
0 and oo as a translation by log|g|. The quotient H3/¢% is a hyperbolic solid
torus, with the Tate uniformized elliptic curve E, = C*/¢” as its conformal
boundary at infinity, and with a unique closed geodesic of length logq. It is
well known (see [198, 199, 190]) that the genus one handlebodies H = are the
Euclidean BTZ black holes [73], where the cases with ¢ € C\ R correspond
to spinning black holes. The geodesic length log |g| is the area of the event

horizon, hence proportional to the black hole entropy.

The case of higher genus hyperbolic handlebodies correspond to generalizations
of the BTZ black hole to the higher genus asymptotically AdSs; black holes
considered in [72] and [190].

In these more general higher genus black holes, because of the very different
nature of the limit set (a fractal Cantor set instead of two points) the structure

of the black hole event horizon is significantly more complicated. In the Eu-
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clidean BTZ black hole, the only infinite geodesic that remains confined into a
compact region inside the hyperbolic solid torus H,z for both ¢t — d00 is the
unique closed geodesic (the image in the quotient of the geodesic in H? given
by the vertical line with endpoints 0 and co. On the other hand, in the higher
genus cases, the geodesics in the hyperbolic handlebody Hr = H3/I" can be

classified as:

1. Closed geodesics: these are the images in the quotient Hr of geodesics
in H? with endpoints {ZW+ , 27 }, the attractive and repelling fixed points

of some element v € T'.

2. Bounded geodesics: these images in the quotient Hr of geodesics in H?
with endpoints on Ar. If the endpoints are not a pair of fixed points of
the same element of I" the geodesic in the quotient is not closed, but it
remains forever confined within a compact region inside Hr, the convex

core Cr.

3. Unbounded geodesics: these are images in the quotient Hr of geodesics
in H? with at least one of the two endpoints in Q. These are geodesics
in ‘Hr that wander off (in at least one time direction t — oo or t — —o0)
towards the conformal boundary Xr at infinity and eventually leave every

compact region in Hr.

The convex core Cr C Hr is the quotient by I' of the geodesic hull in H? of
the limit set Ar. It is a compact region of finite hyperbolic volume in Hr, and
it is a deformation retract of Hr. A natural replacement for the event horizon
of the BTZ black hole in these higher genus cases can be identified in terms
of the convex core Cr, where we think of Cr as the region from which geodesic
trajectories cannot escape and must remain forever confined. The complement
Hr \ Cr is homeomorphic to OCr x R,.. The boundary OCr is the event horizon
of the higher genus black hole, with the black hole entropy proportional to the

area of OCr.

In [200] and [191], Manin proposed to interpret the tangle of bounded geodesics
inside the hyperbolic handlebody Hr as a model for the missing “closed fiber
at infinity” in Arakelov geometry. This interpretation was based on the calcu-
lation of the Arakelov Green function [191], and the analogy with the theory
of Mumford curves [75] and the computations of [201] for p-adic Schottky
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Figure 5.4: Fundamental domains for the action of I' on H3.

groups. The results of [191] and their holographic interpretation in [190], as
well as the parallel theory of Mumford curves and periods of p-adic Schottky
groups, will form the basis for our development of a p-adic and adelic form of
the AdS,;/CFT correspondence. The interpretation of the tangle of bounded
geodesics in Hr as “closed fiber at infinity” of Arakelov geometry was further
enriched with a cohomological interpretation in [202] (see also [203], [204] for

the p-adic counterpart).

Bruhat—Tits trees, p-adic Schottky groups, and Mumford curves
The theory of Schottky uniformization of Riemann surfaces as conformal bound-
aries of hyperbolic handlebodies has a non-Archimedean parallel in the theory
of Mumford curves, uniformized by p-adic Schottky groups, seen as the bound-

ary at infinity of a quotient of a Bruhat—Tits tree.

Some basic facts regarding the geometry of the Bruhat-Tits tree T, of Q,

have been recalled in Sec. 5.2. More generally, the geometry we consider
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here applies to any finite extension k of the p-adic field QQ,. By identifying
(Og,/m") ® Ok = Ox/m"™*, where ey is the ramification index of k over Q,,
we see that the Bruhat-Tits tree Tx for a finite extension k of Q, is obtained
from the Bruhat-Tits tree of Q, by adding ex — 1 new vertices in each edge of
T, and increasing the valence of all vertices to p/ + 1, where f = [k : Q,]/ex,

the degree of the extension normalized by the ramification index.

Let Oy denote the ring of integers of k and m C Oy the maximal ideal,
so that the residue field Ox/m = F, is a finite field with ¢ = p" for some
r € N. The set of vertices V(Tx) of the Bruhat-Tits tree Ty of k is the
set of equivalence classes of free rank two Ox-modules, under the equivalence
My ~ My if My = AM,, for some A € k*. For a pair of such modules with
M, C M, one can define a distance function d(M;, My) = |l — k|, where
My /My = Oy/ m! @ Oy / m”*. This distance is independent of representatives in
the equivalence relation. There is an edge in E(7Ty) connecting two vertices in
V(Tx) whenever the corresponding classes of modules have distance one. The
resulting tree Tj is an infinite homogeneous tree with vertices of valence ¢+ 1,
where ¢ = #Ox/m is the cardinality of the residue field. The boundary at
infinity of the Bruhat-Tits tree is identified with P!(k). One can think of the
Bruhat-Tits tree as a network, with a copy of the finite field F, (or better of

the projective line P'(F,)) associated to each vertex.

The reader should beware that there is an unavoidable clash of notation: ¢ is
the standard notation for the modular parameter of an elliptic curve, but is also
used to denote a prime power ¢ = p" in the context of finite fields or extensions
of the p-adics. While both uses will be made in this chapter, particularly in
this section and in Sec. 5.5, we prefer not to deviate from standard usage; it
should be apparent from context which is intended, and hopefully no confusion

should arise.

There is an action of PGL(2, k) on the set of vertices V' (Tk) that preserves the
distance, hence it acts as isometries of the tree Ty. A p-adic Schottky group
is a purely loxodromic finitely generated torsion free subgroup of PGL(2, k).
The Schottky group I' is isomorphic to a free group on g-generators, with g
the rank of I'.

In this p-adic setting the loxodromic condition means that every nontrivial
element v in I" has two fixed points zvi on the boundary P!(k). Equivalently, an

element 7y is loxodromic if the two eigenvalues have different p-adic valuation.
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The closure of the set of fixed points zi[, or equivalently the set of accumulation
points of the action of " on T3 UP! (k) is the limit set Ar of the Schottky group
I'. The complement P!(k) \ Ar = Qr(k) is the domain of discontinuity of the

action of I' on the boundary.

There is a unique geodesic £, in Tj with endpoints {27, 2}, the awis of a
loxodromic element . The subgroup v* acts on T by translations along £..
There is a smallest subtree 1t C Ty that contains all the axes ¢, of all the
nontrivial elements v € I'. The boundary at infinity of the subtree Tt is the
limit set Ar. Tt is the non-Archimedean analog of the geodesic hull of the

limit set of a Schottky group in H3.

The quotient Xr(k) = Qp(k)/I' is a Mumford curve with its p-adic Schottky
uniformization, [75]. The quotient Tj /T" consists of a finite graph T /T" with
infinite trees appended at the vertices of Tr/T", so that the boundary at infinity
of the graph Ty /T" is the Mumford curve Xr(k). The finite graph Gy = Tr/I’
is the dual graph of the special fiber X, (a curve over F, which consists of a
collection of P!(F,) at each vertex of Gy, connected along the edges). A family
of finite graphs Gy ,, for n € N, is obtained by considering neighborhoods 1t ,,
of Tt inside Ty consisting of Tt together with all vertices in Ty that are at a
distance at most n from some vertex in Tt and the edges between them (these
trees are preserved by the action of I'), and taking the quotients Gy, = 1, /I
The endpoints (valence one vertices) in Gy ,, correspond to the F» points in the
special fiber, X,(F,), see [200]. One sees in this way, geometrically, how the
k-points in the Mumford curve X (k) are obtained as limits, going along the
infinite ends of the graph T} /T", which correspond to successively considering
points of X, over field extensions F,n. Conversely, one can view the process
of going into the tree from its boundary Xr(k) towards the graph Gy in the
middle of Ty /T" as applying reductions to F,». We will see later in the chapter
how this process should be thought of physically as a form of renormalization.
The finite graph Gy = T /T is the non-Archimedean analog of the convex core
Cr of the hyperbolic handlebody Hr, while the infinite graph 7 /T" is the non-
Archimedean analog of Hr itself, with the Mumford curve Xr(k) replacing the
Riemann surface Xr = Xp(C) as the conformal boundary at infinity of Ty /T

Geodesics in the bulk space Ty /I" correspond to images in the quotient of
infinite paths without backtracking in the tree Ty, with endpoints at infinity

on P!(k). Again, one can subdivide these in several cases. When the endpoints



189

are the attractive and repelling fixed points zAf of some element v € T', the
path in Ty /T is a closed loop in the finite graph Gy. If the endpoints are both
in Ar but not the fixed points of the same group element, then the geodesic is
a finite path in Gy that is not a closed loop (but which winds around several
closed loops in Gy without a fixed periodicity). If at least one of the endpoints
is in Qr(k) then the path in Ty /I" eventually (for either ¢ — 400 or t — —00)
leaves the finite graph Gy and wonders off along one of the attached infinite
trees towards the boundary Xr(k) at infinity. We still refer to these cases as

closed, bounded, and unbounded geodesics, as in the Archimedean case.

5.3 p-adic CFT and Holography for Scalar Fields

In this section, we discuss field theories defined on p-adic spacetimes: either
in the bulk of the tree T, (or possibly a quotient by a Schottky group) or
on a p-adic algebraic curve at the boundary. We will find evidence for a rich
holographic structure strongly reminiscent of ordinary AdS/CFT. The confor-
mal theory on the fractal p-adic boundary is analogous to 1+1 dimensional
field theory with a p-adic global conformal group; our principle example is the
p-adic free boson which permits a Lagrangian description. In the bulk, semi-
classical massive scalar fields defined on the lattice model naturally couple to
operators on the conformal boundary in a way that allows for precise holo-
graphic reconstruction. One can also interpret the radial direction in the tree
as a renormalization scale. These observations unite discrete analogs of AdS

geometry, conformal symmetry, and renormalization in a holographic way.

Generalities of p-adic CFT, free bosons, and mode expansions

While non-Archimedean conformal field theory has been considered in the lit-
erature from several different perspectives [192, 83, 81|, it remains much less
well-studied than ordinary two-dimensional CFT. Melzer [192] defines these
theories in general by the existence of an operator product algebra, where all
operators in the theory are primaries with the familiar transformation law un-
der the global conformal group SL(2,Q,). Descendants are absent in Melzer’s
formulation because there is no analog of the derivative operators @ and 0
acting on complex-valued functions over @, [192], and (correspondingly) no

local conformal algebra.

In this formulation, the correlation function between two primary fields ¢,,(z)

and ¢, (y) inserted at points x and y and having scaling dimensions A,, is given
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(after normalization) by

(G2 n(y)) = —mn (5.18)

|z — y[2An"

(We will understand this formula holographically in what follows.) As in the
Archimedean case, as we take the points x and y to be close together (p-
adically), we wish to expand the product as a sum of local field insertions: the
operator product expansion. For two such primaries ¢,,(x) and ¢,(y), there
exists an € > 0 such that for |z — y[, <'¢, the correlation function (perhaps

with other primaries ¢, (x;) inserted) is given by the expansion:

' (5.19)

where the sum runs over all primaries in the theory, and C7 (x,y) are real
valued. This relation should hold whenever |x—y/|, is smaller than the distances

to the z;’s. Invariance under SL(2,Q,) implies
Crin(:y) = Chylr =yl =om =5 (5.20)

with constant OPE coefficients C7,,,.

Theories defined in this way enjoy a number of special properties not true of
their Archimedean counterparts. They are automatically unitary since they
possess no descendant fields. Additionally, because Q, is an ultrametric field,

all triangles are isosceles: for z,y, z € Q,, from the p-adic norm we have
If |z —ylp # ly — 2, , then |z — 2|, = max {|z — ylp, |y — z[,} - (5.21)

This fundamental property of the p-adic numbers implies that the three- and
four-point functions are exactly determined by the conformal weights and
OPE coeflicients. In the case of the four-point function, after an SL(2,Q,)
transformation which maps three points to 0, 1, and oo, the only free parameter
(the cross ratio of the original points) must be contained in a ball in the
neighborhood of one of the other points. Since the OPE is exact in each
neighborhood, one can compute the three possible cases and determine the

full four-point function.

In fact, all higher-point functions are constrained by global conformal symme-

try alone; by contrast, the spectrum of OPE coefficients is less constrained than
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in familiar CFTs. A consistent model can be constructed using the structure
constants of any unital commutative algebra, subject to one simple condition.
These features may be of interest in the study of conformal field theory and
conformal blocks, but we do not pursue that direction here; the interested

reader is referred to [192].

Let us now step back and consider the p-adic theory from the perspective of
quantizing a classical field theory described by a Lagrangian. Many familiar
objects from the study of quantum fields over normal (Archimedean) spacetime
have direct analogs in the p-adic setting. For example, one frequently makes
use of the idea of a mode expansion of a field on flat spacetime in terms of a

special class of basis functions, the plane waves:

o(z) :/Rdzeikx(ﬁ(k). (5.22)

The functions e’** are eigenfunctions of momentum, or equivalently of transla-
tions. Mathematically, we can think of these as additive characters of R: they

are group homomorphisms y : R — C, such that x(z 4+ y) = x(z)x(y).

The additive characters of the fields QQ, are also known: they take the form
[77]
xi(z) = e2rithe}, (5.23)

Here k,x € Q,, and the normalization factor 27 is included for convenience
(in keeping with the typical math conventions for Fourier transforms). The
symbol {-} : Q, — Q denotes the fractional part of the p-adic number." Tt is

defined by truncating the decimal expansion to negative powers of the prime:

o0 —1
{Z akpk} = Z arp”, (5.24)

k=m k=m
where the right-hand side is interpreted as an ordinary rational number, under-
stood to be zero when the range of the sum is empty (m is non-negative). Since
a p-adic number and its fractional part differ (at least in a formal sense) by
an integer, it makes sense that the complex exponential (5.23) should depend
only on the fractional part of kz. (However, care should be taken: in general,
it is not true for rational = that e?™@ = e?>*{=}»| For instance, 0.1 = 1/10 is a

3-adic integer.)

! As with other notations referring to the p-adics, we will sometimes use the subscript
{-}p when it is necessary for emphasis or to refer to a specific choice of prime.
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A wide class of scalar fields on @@, can be expanded in a basis of the additive

characters, just like a mode expansion in the Archimedean setting:

o) = [ duth) 78 G0, (5.25)

Here du(k) is the Haar measure on Q,. The theory of the p-adic Fourier

transform is developed in more detail in Appendix C.1.

Our principal example (and also by far the most well-studied instance) of a
p-adic conformal field theory is the free boson: a single (real or complex) scalar
field on P'(Q,) or another p-adic Riemann surface, with a massless quadratic
action. This theory was of interest in the context of p-adic string theory,
in which the worldsheet is a p-adic space, but the target space (and hence
all physically observable quantities) are ordinary. Many results were derived
in that literature, including the well-known Freund-Olson-Witten tachyon

scattering amplitudes [205, 18, 19].

Our interpretation of the system in question will be somewhat different, as
we will emphasize the holographic nature of the interplay between field theory
defined on a Riemann surface (algebraic curve) and the study of its hyperbolic
filling, a quotient of the Bruhat-Tits tree. (In the p-adic string literature,
it was common to view the tree as playing the role of the “interior” of the
worldsheet.) Many of our results will parallel aspects of the p-adic string, but
we will view this theory as a CFT on P'(Q,) without any reference to a target

space.

The p-adic free boson is considered here because it permits a Lagrangian de-
scription in terms of the nonlocal Vladimirov derivative, d,, which acts on
complex- or real-valued fields of a p-adic coordinate. This derivative is defined
by
" f@') = f(x)
Oy [ () = oy (5.26)

o @ -t
In the p-adic string literature, J,) is also known as a normal derivative, for
reasons that will become clear in the following sections. Intuitively, the formula
is similar to Cauchy’s representation of the n-th derivative of a function by
a contour integral. A more detailed explanation of its properties is given in
Appendix C.2. While the parameter n is often taken to be an integer, it may

in principle assume any real value.
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One can arrive at the following action either by “integrating out” the interior
of the string worldsheet 7, as done in [82], or by hypothesis as the minimal
“quadratic” action of a scalar over a p-adic coordinate[79]. The action for a

single scalar is (setting the overall coupling to 1) [206, 207, 208]:

Sple] = — ) ¢(2)0p)¢(x)dz. (5.27)

where O, P(x) is the first Vladimirov derivative of the field ¢. We take ¢(x)
to be a scalar representation of the conformal group (see [209] for discussion

of representations of SL(2,Q,).) Under an element

_[a b
9= c d
of the conformal group, where a,b, c,d € Q, and ad — bc = 1, quantities in the

above expression transform as

ax+b , ar’+D

— L
T ard T T w+d
d dx’
dr — — = da) = ——
lcx + d|? |ca’ + d|?

2" — 2],% = [(ca’ + d)(cx + d)|2]2" — x| 2.

As in [192], a field ¢,,(z) having conformal dimension A,, transforms as

b
on(z) = &, <Zjid) = lez + d|;%2 g () (5.28)

under the p-adic conformal group. For the free boson ¢(z), we claim A = 0.
With this one can see the derivative d,)¢(z) carries a weight |cz 4 d|;* and
thus is a field of dimension 1. It should now be clear that the action S,[¢] is

invariant under the global conformal group.

Given the action Sp[¢], we can define the partition function in the usual way by
integrating over configurations with measure D¢. As in the case of the p-adic
string, because ¢ is a complex (and not p-adic) valued field, this integration

measure is exactly the one that appears in ordinary field theory:
Z, = / D e 5019, (5.29)

As many authors have noted [206, 207, 210|, this action and the partition
function actually describe a free theory. This means the saddle point approxi-

mation to the partition function is exact, and it can be computed by Gaussian
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integration exactly as in the case of a real free field. Of more interest in the
present discussion is the two point function. To do this we introduce sources

J(z) to define the generating function:

ZkﬂIi/IMpr{<—%$ﬂ+-Q J@ﬁ¢@ﬁdf>}- (5.30)

The sources for the 2-point function or propagator take the form of p-adic
delta functions at the insertion points z,y are J(z) = §(z' — x) + §(z' — y).
Just as in the real case, we vary with respect to ¢(z) and find the classical
solution which extremizes the above action. This is the Green’s function for

the Vladimirov derivative G(z — y), satisfying

)Gl —y) = —d(z —y). (5.31)

To solve for G(z—y) = (0|p(x)p(y)|0), we apply the p-adic Fourier transform to
both sides using techniques from Appendix C.1. In Fourier space the derivative
brings down one power of the momentum and the delta function becomes an
additive character:

=~y X(ky)
G(k) = i,

The 2-point function in position space can be obtained by inverse Fourier

(5.32)

transform (with u = x — y):

Gz —y) = —/ %ﬂdk (5.33)

[ x(ku)
= /@p i dk. (5.34)

This integral is divergent as & — 0. We compute two similar integrals in
Appendix C.2, where the apparent divergence is canceled by the numerator.
Unlike in those examples, this integral really does diverge logarithmically, just
as the 2-point function of a dimension 0 operator in 2d conformal field theory
has a log-divergence. Proceeding as in that case, we introduce a regulator to
extract the finite part by computing
lim [ x(ku)|k[2~"dk. (5.35)
a—0 Qp
This appears in the second integral computed in the appendix; in terms of the
p-adic gamma function I'y(z) it is:

: a—1 1 —a
BL% 5 x(ku) k|5~ dk —clylg%)f‘p(a)|u|p . (5.36)
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As a — 0 the gamma function has a simple pole and the norm has a log piece:

—-11
lim I .
abp P pla) = plnpa (5:37)
lim |ul,* =1 —aln|ul,. (5.38)
a—0

Finally we restore u = x —y and find the 2-point function up to normalization

is:
r—y

(0lo(2)¢(y)[0) ~ In

. a—0. (5.39)

p

This is exactly analogous to the correlator for the ordinary free boson in two

dimensions.

The Laplacian and harmonic functions on T,

In addition to boundary scalar fields, we will be interested in scalar fields in
the “bulk,” i.e., defined on the Bruhat—Tits tree. Such a field is a real- or
complex-valued function on the set of vertices. We will also consider fields
that are functions on the set of edges; as we will discuss later, such functions
will be analogous to higher-form fields or metric degrees of freedom in the bulk.
For now we mention them for completeness and to fix some standard notation.
For more information about fields in the tree, the reader can consult [82] and

references given therein.

We think of the tree as the 1-skeleton of a simplicial complex, and make use of
standard notations and ideas from algebraic topology. The two types of fields
mentioned above are just 0- and 1-cochains; we will refer to the space of such

objects as C*(1},), where * = 0 or 1.

If an orientation is chosen on the edges of the tree, the boundary operator acts
on its edges by de = t. — s., where s and t are the source and target maps.

The corresponding coboundary operator acts on fields according to the rule

d: C°(Ty) » C'(Ty),  (dd)(e) = olt.) — Bls.). (5.40)

The formal adjoint of this operator is
dt - CHT,) — CU(T,), (diy)(v ij (5.41)

where the sum is over the p + 1 edges adjacent to vertex v, with positive sign

when v is the source and negative sign when it is the target of e. Whether or not
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d' is actually an adjoint to d depends on the class of functions being considered;
the L? inner product must be well-defined, and boundary conditions at infinity

must be chosen to avoid the appearance of a boundary term.

Upon taking the anticommutator {d, d'}, we obtain an operator of degree zero,
which is the proper analog of the Laplacian. We will most often use its action

on the 0-cochains, which can be represented by the formula

Apw) =Y o) = (p+1)o(v). (5.42)

d(v,')=1

This is sometimes written using the notation A, = ¢, — (p + 1), where ¢, is

the Hecke operator on the tree. The analogous formula for 1-cochains is
Aple) = H(e) — 20(e), (5.43)

where the sum goes over the 2p edges adjacent to e at either side. Unlike for
the vertices, there is a dependence on the choice of orientation here: an edge in
the sum (5.43) enters with positive sign when it points in the “same direction”
as e, i.e., points out from ¢, or into s.. Edges enter with negative sign when the
opposite is true. In the standard picture of the tree with oo at the top and all
finite points of QQ, at the bottom, oriented vertically, we therefore have exactly
one negative term in (5.43), corresponding to the unique edge above e. Notice
that, for general p, the Laplacian acting on edges (unlike on vertices) will not
have a zero mode; this makes sense, since the tree is a contractible space. The
exception is p = 2, for which the standard choice of vertical orientations defines
a Laplacian which annihilates constant functions of the edges. (Of course, the

p = 2 tree is still contractible.)

Action functional and equation of motion for scalar fields

Equipped with these ingredients, it is now straightforward to write down ac-
tion functionals and equations of motion for free scalar fields. The massless

quadratic action is

Slgl = ldg(e)]*. (5.44)

e
In what follows, we will study properties of solutions to the “wave equation”
A¢ = 0, and its massive generalization (A — m?)¢ = 0, on the tree. These

have been considered in [82].
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There is a family of basic solutions to the Laplace equation, labeled by a
choice of a boundary point z and an arbitrary complex number x. The idea
is as follows: Given an arbitrary vertex v in the bulk of the tree, a unique
geodesic (indeed, a unique path) connects it to x. As such, exactly one of its
p—+ 1 neighbors will be closer (by one step) to z, and the other p will be farther

by one step. Therefore, the function
Exa(v) = p ") (5.45)

will be an eigenfunction of the Hecke operator, with eigenvalue (p® + p*=*).

The catch in this is that the distance d(x, v) is infinite everywhere in the bulk.
We need to regularize it by choosing a centerpoint C' in the tree, and declar-
ing that d(x,C) = 0. (This just scales the eigenfunction (5.45) by an infinite
constant factor). Then d(x,v) - —oo as v — x, but we have a well-defined
solution to the Laplace equation everywhere in the tree. These solutions are
analogous to plane waves; the solution varies as the exponent of the (regular-
ized) distance to a boundary point, which in the normal Archimedean case is

just the quantity k - r.

The corresponding eigenvalue of the Laplacian is
Ag&m — mi&,{’m = [(p” —|—p1_“) — (p + 1)} Er - (5.46)

It is therefore immediate that the harmonic functions on the tree (solutions to
the massless wave equation) are those with x = 0 or 1; kK = 0 is the zero mode
consisting of constant functions, whereas x = 1 is the nontrivial zero mode.
The eigenvalues (5.46) are invariant under the replacement x — 1 — k, due to

the inversion symmetry of the boundary theory.

If we are considering a real scalar field, we must be able to write a basis of real
solutions. Of course, when & is real, we will always be able to do this. More

generally, if Kk = Kk + 77, our solutions look like
£~ pfmo def'i'yln(p)d7 p(lfno)dei’yln(p)d. (547>

Thus, to construct a basis of real solutions, the following possibilities can

occur:

e k= 1/2. In this case, there is no restriction on v, and the solutions look

like cosines and sines of In(p) d(x, v), modulated by p®@v)/2,
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e x > 1/2.% In this case, the amplitude parts of the two solutions are
linearly independent, and so exp(iy In(p) d) must be real. Since d is an

integer, the choices are yIn(p) = 0 or 7 (mod 27).

While it would be interesting to consider solutions with nonzero v, we will
consider only the one-parameter family of solutions with real x in the sequel.
The parameter m? then attains its minimum value for x = 1/2. Considering

only solutions of this plane-wave form, we therefore have a bound

m2 > —(\/p—1)% (5.48)

Note that we could also rewrite (5.46) in the form
1
m?2 = —(p+1)+2,/pcosh [(/{ — 5) lnp} . (5.49)

Bulk reconstruction and holography

It is clear from the definition that, when the real part of x is positive, the
plane wave solution (5.45) tends to zero everywhere on the boundary, except
at the point x (where it tends to infinity). So we can think of it as representing
the solution to the Laplace equation (taking x = 1) in the bulk, with specified
Dirichlet-type boundary conditions that look like a delta function centered
at x. By linearity, we can therefore reconstruct the solution to more general
Dirichlet problems by superposition: if the boundary value is to be a certain

function ¢o(z) on 97T, = P*(Q,), then the required bulk harmonic function is

p
o(v) = ]m dpo(z) po(z) €1.2(v). (5.50)

Here dyg(x) is the Patterson-Sullivan measure on P*(Q,). The normalization
factor can be fixed by taking the boundary value to be the characteristic

function of any p-adic open ball in the boundary.

We can perform the analogous calculation for massive fields as well, but the
sense in which ¢(v) will approach ¢o(z) as * — v will be more subtle (since
the equation of motion will have no constant mode). Using notation from [82],
let 6(a — b,c¢ — d) be the overlap (with sign) of the two indicated oriented
paths in the tree, and let

(v,2) =6(C - v,C - x)+d(v—2,C—0). (5.51)

2Due to the k — 1 — k symmetry, such a choice is always possible.
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This expression makes sense for any bulk vertex v; x may be either a bound-
ary or a bulk point. Note that (z,z) is just the negative of the “regularized

distance” occurring in our previous discussion.

We would like to compute the bulk solution to the massive equation of mo-
tion obtained by integrating our primitive solution (5.45) over its boundary
argument, weighted by a boundary function. As a simple choice of bound-
ary function, pick the characteristic function of the p-adic open ball below a

vertex w in the tree:
O (V) —/ dpo () p ) (5.52)
0By

The integral is straightforward to calculate. There are two cases:

v &€ B,, Here, the integrand is constant, and is just equal to p***). The
measure of the set over which the integral is performed is po(0B,,) =

p~UCw) 5o that the final result is
wa(v) — p.%(v,w)fd(c,w)‘ (553>

Note that, if v moves towards the boundary along a branch of the
tree, (v, w) differs from —d(C,v) by a constant, so that the solution

scales as p~rUC2),

v € B, There are now two cases to consider: © € B, or x ¢ B,. In the first
scenario, the integrand is again constant; its value is p* %% and

the measure is po(B,) = p~4¢v),

In the second scenario, the geodesic x — C' will meet the geodesic
v — C' at a distance h above v; by assumption, 1 < h < d(v,w). For
each value of h, the integrand takes the constant value p(@(Cv)=2h)

and the measure of the corresponding set is

P—1 _ycw
plh) = =——=p ACH (5.54)

The factor (p — 1)/p enters because p — 1 of the p vertices one step

below the meeting vertex correspond to meeting height h (one of
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them is closer to v). Putting the pieces together, the result is

d(w,v)

K— v p— 1 —2r\h
() =) (14 215 oy
p h=1
_ p—2/-: 1 p(ﬁ—l)d(C,v) N p—1 p(2n—1)d(C,w) p—/ﬂd(cw)
p1—2n -1 P p2f$—]. -1 )

(5.55)

The reader can check that we recover the correct answer in the massless case,
x — 1. Furthermore, our result is a superposition of the asymptotic behavior
of the two eigenfunctions corresponding to the mass determined by our original

choice of k. To resolve the ambiguity, we will choose £ > 1/2.

At this point, we have accumulated enough understanding of scalar fields on
the tree to point out how the simplest version of holography will work: namely,
classical scalar fields in a non-dynamical AdS background, neglecting backre-
action and metric degrees of freedom. In the Archimedean case, this version of
holography was neatly formulated by Witten [69] in terms of a few simple key
facts. First, the coupling between bulk scalar fields and boundary operators
must relate the asymptotics (and hence the mass) of the bulk fields to the
conformal dimension of the corresponding boundary operators; massless bulk
scalars should couple to marginal operators in the boundary CFT. Second, the
crucial fact that allows the correspondence to work is the existence of a unique
solution to the generalized Dirichlet problem for the bulk equations of motion

with specified boundary conditions.

Luckily, as we have now shown, all of the important features of the problem
persist in the p-adic setting, and Witten’s analysis can be carried over to the

tree. In particular, we make his holographic ansatz:

< /P “ )duo ¢OO> = e~ Tounlé] (5.56)

CFT

where the bulk field ¢ is the unique classical solution extending the boundary
condition ¢y, and O is a boundary operator to which the bulk field couples
(and not an integer ring). In the massless case, where one literally has ¢q(x) =

lim, . ¢(z), O is an exactly marginal operator in the CFT.
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Given our result (5.55), it is simple to write down the correctly normalized
bulk-reconstruction formula for massive fields:
P
o) =2y [ dua(o)on(alp ), (557

o(v) ~ p(“_l)d(c’”)qﬁo(x) as v — .

When the point v approaches the boundary, the exponent in the kernel be-
comes

(v,2) = —d(C,v) + 2ord,(z — y), (5.58)
where y is any boundary point below v. (5.57) then becomes
1-2k
PN o ¢o()
o) = (Lt ) [anor 20 o)
p [z = yl,

We can now understand why the Vladimirov derivative is a “normal” derivative
on the boundary; it measures the rate of change in the holographic direction

of the reconstructed bulk function. In particular, we have that

in(60) — () = (L) [ auto) D=0

. p—1 o =yl
1—2k
_ (P —1 2k—1
— <—p—2” — ) 8(p) o(y). (5.60)

An argument precisely akin to Zabrodin’s demonstration [82] that the bulk ac-
tion may be written (upon integrating out the interior) as a boundary integral
of the nonlocal Vladimirov action shows that we can write Ip[¢] in exactly
this form. This demonstrates, exactly as in Witten’s Archimedean analysis,
that a massive field ¢ corresponds to a boundary operator of conformal dimen-
sion k, where k > 1/2 is the larger of the two values that correspond to the
correct bulk mass. Moreover, the boundary two-point function is proportional

to |z — y|;2“, as expected.

Scale dependence in bulk reconstruction of boundary modes

Let us consider how the mode expansion of a boundary scalar field interacts
with the reconstruction of the corresponding bulk harmonic function. We will
be interested in developing the interpretation of the extra, holographic direc-
tion as a renormalization scale in our p-adic context. The idea that moving

upward in the tree corresponds to destroying information or coarse-graining is
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already suggested by the identification of the cone above Z, (or more generally

any branch of the tree) with the inverse limit

Ly = im Z/p"Z, (5.61)

where the set of vertices at depth n corresponds to the elements of Z/p™Z, and
the maps of the inverse system are the obvious quotient maps corresponding
to the unique way to move upwards in the tree. A nice intuitive picture to
keep in mind is that p-adic integers can be thought of as represented on an
odometer with infinitely many FF,-valued digits extending to the left. Z/p"Z is
then the quotient ring obtained by forgetting all but n digits, so that there is
integer overflow; the maps of the inverse system just forget successively more
odometer rings. Since digits farther left are smaller in the p-adic sense, we can
think of this as doing arithmetic with finite (but increasing) precision. The
parallel to the operation of coarse-graining is apparent; however, we will be

able to make it more precise in what follows.

Let’s consider a boundary field that is just given by an additive character
(plane wave), ¢o(z) ~ exp(2mi{kx},). Just as in the complex case, a plane
wave in a given coordinate system will not define a solution of fixed wavelength
everywhere on P*(C); the coordinate transformation (stereographic projection)
will mean that the wavelength tends to zero as one moves away from the origin,
and the function will become singular at infinity. Therefore, we should instead
consider a boundary function of wavepacket type, that looks like a plane wave,

but supported only in a neighborhood of the origin.

A nice choice to make in the p-adic setting is to take the boundary function
to be
do(z) = >k} . Q(2,7,), (5.62)

where O(z, S) is the characteristic function of the set S C Q,. The transfor-
mation (5.17) is actually trivial inside Z,, so no distortion of the wavepacket
occurs at all (unlike for a similar setup in C). Of course, we ought to take

|k|, > 1, so that {kz} is not constant over the whole of Z,,.

Given this choice of boundary function, the corresponding solution to the bulk

equations of motion can be reconstructed using the integral kernel (5.50):

p mi{kx},  — z,v
¢(v) = s dp(x) ik pmdelee), (5.63)
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0 1

Figure 5.5: A drawing of Z, (p = 2 for simplicity). Here k = p~*. The marked
fractions at vertices indicate contributions to {kz}, which are summed along
the geodesic ending at x.

Recall that do(z,v) is the distance from v to z, regularized to be zero at the
centerpoint v = (' of the tree. We will calculate this integral when v is inside
the branch of the tree above Z,,.

Proposition 1. Let v be a vertex in the branch above Z,, at a depth ¢ (i.e.,
since v € Z,, distance from the centerpoint) such that 0 < ¢ < —ord, (k) — 2.

Then the reconstructed bulk function ¢(v) is zero.

Proof. The claim relies on the simple fact that the sum of all p-th roots of
unity is zero. Since v is above the red line in Fig. (5.5) (at depth equal to
—ord,(k) — 1), both terms in the integrand are locally constant below the
line, and the integral may be evaluated as a sum along the vertices at the

v) g constant for each

height of the red line. Furthermore, the factor p~®(
of the p vertices on the line that descend from the same ancestor. Since the
measure of each branch is equal, the integral is proportional to the sum of all

p-th roots of unity, and hence to zero. Notice that this also demonstrates that
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the reconstructed bulk function is zero everywhere outside Z,: it is zero at
the central vertex, and zero on the boundary of the open ball complementary
to Z,. O

Even without calculating the explicit form of the bulk function for vertices
below the screening height, this simple argument already allows us to make
our physical point: in p-adic holography, the qualitative features of ordinary
AdS/CFT persist in a setting where the bulk geometry is discrete, and in some
cases are even sharpened. For instance, we have shown explicitly that modes
for which |k|, is large (i.e. the short-wavelength behavior of the boundary
conditions) must drop out of the reconstructed bulk field, making exactly zero
contribution to it above a height in the tree precisely determined by |k|,.
The usual intuition that moving into the bulk along the holographic direction

corresponds to integrating out UV modes is thus neatly confirmed.

The explicit form of the reconstructed bulk function at vertices below the
screening height is easy to calculate, but less central to our discussion; we

leave the computation as an exercise for the reader.

The possibility of higher-spin fields

We now wish to propose an analog of higher-spin fields that could be defined in
the p-adic case. While we will motivate our proposal here, we do not investigate
any properties of p-adic CFT with fields other than scalars. For work along

this direction describing fermions, see [6, 91].

We proceed by analogy with two-dimensional CFT, in which the conformal
dimension and spin together describe a character of the multiplicative group
C*:

P(re? - 2) = r2e0¢(z). (5.64)
The group C* ~ RZ, x YT(1); the conformal dimension determines a charac-
ter of the first factor, and the spin a character of the second, which can be
thought of as scale transformations and rotations of the coordinate, respec-
tively. The existence of the logarithm function means that we can think of the

multiplicative group R, as isomorphic to the additive group R.

The structure of the group of units of any local field is understood (see [211]
for details). In particular, for the field Q,, the result is that

Q) ~p” xFf x UW, (5.65)
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where U is the group of “principal units” of the form 1 + p - a, with a € L.
This decomposition just reflects the structure of the p-adic decimal expansion:
since the p-adic norm is multiplicative, any number z # 0 can be written in
the form

T = pordp(ac) (x(] +xip+ - ) , (566)

where zo # 0 (so that z € F)\ ~ C, ;) and the other z; may be any digits

chosen from IF,,. Dividing through by ¢, one gets

z = p @ . g (1 +) iipi> : (5.67)
i>1
where T; = z;/x, and the factor in parentheses is a principal unit. A character
of Q) is therefore a triple of characters, one for each factor in (5.65). The first
factor, as in the normal case, corresponds to the scaling dimension of the field;
the last two factors are therefore analogous to the spin. Obviously, the second
factor corresponds to a Z/(p — 1)Z phase. It is also known [211] that the set

of characters of UM is countable and discrete.

In fact, we can naively understand a broader class of the characters of Z; =
F) xU (1), Recall the description of Z,, as the inverse limit of its finite trunca-

tions:
Ly = @Z/p”Z. (5.68)

Since this is an inverse limit of rings, there are therefore projection maps

between the respective multiplicative groups:
Z; — (Z/an)X ~ Opnfl(p_l). (569)

Therefore, any multiplicative character of a cyclic group Cyn-1,—1) (i.e., any
finite root of unity of order p"~!(p — 1), for arbitrary n) will give a character
of (Z/p"Z)*, which will in turn pull back to define a multiplicative character
of the spin part of Q. Spin in the p-adic case is therefore both similar to and

interestingly different from ordinary two-dimensional CFT.

5.4 Entanglement Entropy

In real AdS3/CFT,, the Ryu-Takayangi formula [92| relates the entanglement
entropy in a 2D CF'T for a single interval to the length of a minimal geodesic
in the dual bulk spacetime. Thus, it is interesting to evaluate if such a pro-

posal holds true in p-adic AdS/CFT. The entanglement entropy in quantum
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field theories is a notoriously difficult and subtle quantity to compute, and
much effort has been expended in developing a toolbox of techniques that pro-
vide exact results. One of the first systems in which the computation became
tractable was two-dimensional conformal field theory, and in particular the
theory of free bosons. Since we are primarily considering the free boson in
our discussion of this section, one might hope that the same techniques can
be applied in the p-adic case. Real and p-adic field theories have many sim-
ilarities, and there is a very natural guess for what the p-adic single interval

entanglement entropy should be.

However, it seems different methods might be required for a microscopic deriva-
tion. In this section, we will demonstrate the standard techniques, illustrate
the subtle issues that arise, and justify our conjecture for the entanglement
entropy in what follows. An alternative proposal is advocated in Chapter 6
of this thesis. In this chapter, we will propose a tensor network model of p-
adic AdS/CFT involving large but finite-dimensional local Hilbert spaces. In
this model, the (finite-dimensional) density matrices are analytically calcula-
ble, and we obtain p-adic or non-Archimedean analogs of various entanglement
quantities. All of these quantities have a very natural interpretation in terms
of discrete bulk geometries, providing strong evidence that p-adic entropies
may have holographic properties similar to their real counterparts. We save
the bulk of the discussion of the model and those issues for Chapter 6, and

reserve this section as a brief appetizer and motivation for that model.

As in the real case, we expect the entanglement entropy to have UV diver-
gences. These are normally thought of as localized to the “boundary” of the
region under consideration. Care must be used in defining what we mean
by interval and boundary; the p-adic numbers have no ordering, and every

element of an open set is equally (or equally not) a boundary element.

Whenever possible, we must think in terms of open sets. Over the reals,
the open sets are intervals with measure or length given by the norm of the
separation distance of the endpoints; as the reader will recall, p-adic open sets
are perhaps best visualized using the Bruhat-Tits tree. Once a center C' of the
tree is picked, we can pick any other vertex v and consider the cone of points
below v extending out towards the boundary, which is an open neighborhood
in P'(Q,). A perhaps surprising fact which follows from the definition of the
p-adic norm |z — y|, (z,y € P}(Q,)) is that it is related to the height of the
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cone required to connect = to y (see Fig. 5.6).

Following standard arguments, say of [212, 213|, we can pick the boundary
cone below the point v to be called the region V. The total Hilbert space on
Q, splits into Hilbert spaces on V' and its complement, H = Hy ® H_y. The
entanglement entropy defined by S(V) = — Tr(py log py/) and by construction
satisfies S(V) = S(—V'). As there are an infinite number of points z; € V €
IP’ll(Qp), there is an unbounded number of local degrees of freedom ¢(x;) as is
typical of quantum field theory. In the continuum case this implies logarithmic
divergences from modes in V' entangled with those in —V', and we expect the

same to be true in the p-adic case.

In the works of Cardy and Calabrese [214, 215|, the entanglement entropy for
intervals in 1+ 1-dimensional conformal field theories are explicitly calculated.
The p-adic field theories considered here are exactly analogous to the two-
dimensional free boson; in both, the scalar ¢(x) has conformal dimension zero
and (as we have shown above) a logarithmically divergent propagator. We
wish to understand how much of their calculation can be duplicated in the
p-adic case. These authors generally follow a series of steps beginning with
the replica trick, which is the observation that n powers of the reduced density
matrix py can be computed by evaluating the partition function on a Riemann
surface obtained by gluing n copies of the theory together along the interval V.
The entanglement entropy follows from analytic continuation of these results

in n, followed by the limit n — 1, according to the formula

Tr(py) = Zn ) SV——}Zl_Qlla—nZ—?y

(5.70)

where Z,,(V) is the n-sheeted partition function and Z; is the partition function

of 1 sheet with no gluing, which is required for normalization.

In 1+ 1 dimensions, the n-sheeted partition function can be viewed as a Rie-
mann surface, and the holomorphic properties of this surface make the calcu-
lation tractable. In particular, if the interval has the boundary points x and
y, the complicated world sheet topology can be mapped to the target space by
defining multi-valued twist fields ®,(x),®,(y) on the plane whose boundary
conditions implement the n-sheeted surface. One can find that Tr(p{,) behaves

exactly like the n'" power of a two point function of the twist fields, once their
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conformal dimension has been determined using Ward identities:

o\ S D)
Tr(pe-)~<0|<1>n<x><1>n<y>|o>“~( y) (5.71)

€

where c is the central charge and € is a normalization constant from Z;. When
n = 1 exactly, the twist fields have scaling dimension 0 and the above correlator
no longer makes sense. Instead, taking the limit as n — 1, the linear term
is —ngIn (%) Taking the derivative gives the famous universal formula for

the entanglement entropy [216].

The difficulty in performing the same calculation over the p-adics consists
in fixing the dimensions of the twist operators. These operators can be de-
fined just as in the normal case; after all, all that they do is implement certain
boundary conditions at branch points on the fields in a theory of n free bosons.
However, the usual arguments that fix their dimension rely on the existence
of a uniformizing transformation z + 2™ that describes the relevant n-sheeted
branched cover of P! by P!; the Schwarzian of this holomorphic (but not
Mébius) transformation then appears as the conformal dimension. The ar-
gument using the OPE with the stress tensor is identical in content. Both
cases rely on the existence of holomorphic (but not fractional-linear) trans-
formations, and a measure—the Schwarzian or conformal anomaly—of their

“failure” to be Mobius.

In the p-adic case, this is related to the question of local conformal transfor-
mations; it has been suggested [192] that no such symmetries exist. Moreover,
since Q, is not algebraically closed, a transformation like z — 2" need not even
be onto. Nevertheless, we can still define the twist operators, and we suppose
that they transform as primaries with some conformal dimensions A,,. Their
two-point function then gives the density matrix. This function is:

r—y —2nA,

@ ()25 (1)[0)" ~ | —

(5.72)

P
where A,, are the model-dependent (and unknown) conformal dimensions. In-

serting this ansatz into — lim,,_,; a% Tr(p},) and taking the limit n — 1, A,, — 0

oA,
<2HW|TLO) hl ,

While this is not a proof, it provides some evidence for the expected logarithmic

gives:
r—Y
€

(5.73)

scaling of the entropy. We expect that the dimensions A, — 0 as n — 1,
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since, of course, the twist operator on one sheet is just the identity. If we
could fix the conformal dimension without using the conformal anomaly, this
calculation would fix not only the logarithmic form of the answer, but also
the coefficient that plays the role of the central charge. It may be possible to
do this by examining the path integral with twist-operator insertions directly.
As we have said, we propose an alternate model in Chapter 6 in which these
entropies can be computed microscopically using tensor network techniques.

A discussion of these results is found in Sec. 6.3.

Ryu—Takayanagi formula

Let us take as given the conjecture from the previous section that the entan-
glement entropy of a region in the boundary CFT should be computed as the
logarithm of its p-adic size. We take our interval to be the smallest p-adic
open ball which contains points = and y. This interval has size |z — y|,. To
understand the Ryu—Takayanagi formula, it remains to compute the length of
the unique geodesic connecting = to y. The tree geometry for this setup is
depicted in Fig. 5.6. Since there are an infinite number of steps required to
reach the boundary, the geodesic length is formally infinite, just as in the real
case. We regulate this by cutting off the tree at some finite tree distance a
from the center C, which can be thought of as ord,(e) for some small p-adic
number e. We will then take this minimum number ¢ — 0 (p-adically). This

limit will push the cutoff in the tree to infinite distance from C.

A SL(2,Q,) transformation can always be used to move the points z and y to
the Z, part of the tree first to simplify the argument. Then introducing the
distance cutoff a effectively truncates the decimal expansions of x and y to the
first a decimal places. In the case where |z — y|, = 1, the geodesic connecting
the two points passes through C' and has length 2a. If |z —y|, < 1, the geodesic
is shorter by a factor of 2d, where |z —y|, = p~®. Roughly speaking, as can be
seen in Fig. 5.6, smaller boundary regions are subtended by shorter geodesics

in the tree.

We see that the cut-off-dependent distance is

2
d(z,y)q = 2a + Iy In [z —ylp. (5.74)

We would like to take a — oo. Up to the factor of Inp, we can define a to
be the logarithm of a p-adic cutoff € such that a — oo as e — 0. Using this
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Figure 5.6: Boundary-anchored geodesics in 7, have a natural interpretation
in terms of the p-adic norm. Once the arbitrary position of the center C' is
fixed, the norm of open sets in Q, is given by p~¢, where d is the integer
number of steps from C' required before the path to the endpoints splits. In
this example, |z — yl, is described by the red geodesic and the value is p~2.
The set corresponding to the green geodesic has a smaller norm by a factor
of p because the vertex is 1 step further down the tree. As in the case of
real AdS, the length of the geodesic is formally infinite because an infinite
number of steps is required to reach the boundary. One may introduce a
cutoff corresponding to truncation of the tree at a fixed distance, then take
the limit as this cutoff goes to zero. It should be apparent that the (formally
infinite) red geodesic is longer than the green one by two steps. Up to constant
factors, the length of any boundary-anchored geodesic is an infinite term minus
d. This explains the logarithmically divergent scaling of geodesic length with
p-adic norm.
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definition, we find the length of a boundary-anchored geodesic to be

2
d(z,y) = 11_1%1 @ln

-y
€

(5.75)

p

Up to the overall factor in front (which presumably depended on our choice of
the length of each leg of the tree), we see the geodesic length is logarithmically

divergent in interval size.

5.5 p-adic Bulk Geometry: Schottky Uniformization and Non-Archi-
medean Black Holes

Holography for Euclidean higher-genus black holes

The first explicit form of AdS/CFT correspondence for the asymptotically
AdS;3 higher genus black holes, in the Euclidean signature, was obtained in
[190], where the computation of the Arakelov Green function of [191] is shown
to be a form of the holographic correspondence for these black holes, where
the two-point correlation function for a field theory on the conformal boundary
Xr is written in terms of gravity in the bulk Hr, as a combination of lengths

of geodesics.

At the heart of Manin’s holographic formula lies a simple identity relating
conformal geometry on P*(C) and hyperbolic geometry on H?, namely the fact
that the cross ratio of four points on the boundary P*(C) can be written as the
length of an arc of geodesic in the bulk H?. More precisely, consider the two
point correlation function g(A, B) on P!(C). This is defined by considering,

for a divisor A = )" m, z, the Green function of the Laplacian
0094 = mi(deg(A)dp — da),

with 04 the delta current associated to the divisor, d4(¢) = > mu¢(z), and
dp a positive real-analytic 2-form. The Green function g4 has the property that
ga—my log |z| is real analytic for z a local coordinate near x, and is normalized
by [ gadu = 0. For two divisors A, B, with A as above and B =}~ n,y the
two point function is given by g(A4, B) = >_ nyga(y). For degree zero divisors
it is independent of the form dup and is a conformal invariant. If wy is a
meromorphic function on P!(C) with Div(w4) = A, and Cp is a 1-chain with

boundary B, the two point function satisfies

d
g(A, B) :Re/ Sty

cp WA
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For (a, b, ¢,d) a quadruple of points in P*(C), the cross ratio (a, b, ¢, d) satisfies

W(a)-v)(€)

<a’ b7 C7 d> - b
W(a)—(v)(d)

where (a) — (b) is the degree zero divisor on P!(C) determined by the points

a, b, and the two point function is

[ @)-) ()]
g((@) = (0),(6) = (&) = log =0 00,
Given two points a,b in P*(C), let {;, 4 denote the unique geodesics in H?
with endpoints a and b. Also given a geodesic ¢ in H* and a point ¢ € P!(C)
we write ¢ * £ for the point of intersection between ¢ and the unique geodesic
with an endpoint at ¢ and intersecting ¢ orthogonally. We also write A(z, y)
for the oriented distance of the geodesic arc in H? connecting two given points
x,1y on an oriented geodesic. Then the basic holographic formula identifies the

two point function with the geodesic length

9((a) = (), (¢) = (d)) = =Ma* liay, b* Lieap)-

One can also express the argument of the cross ratio in terms of angles between
bulk geodesics (see [191, 190]). This basic formula relating the two point
correlation function on the boundary to the geodesic lengths in the bulk is
adapted to the higher genus cases by a suitable procedure of averaging over
the action of the group that provides an explicit construction of a basis of
meromorphic differentials on the Riemann surface Xr in terms of cross ratios
on P!(C). A basis of holomorphic differentials on Xr, with

/ Wy, = 2midjp, / Wy, = Tjk
Ay By

the period matrix, is given by

Wy, = Z d.log(z, 2, 2, 20),
heS(vi)

for z,zg € Qr, with S(v) the conjugacy class of 7 in I". The series converges
absolutely when dimpg(Ar) < 1. Meromorphic differentials associated to a

divisor A = (a) — (b) are similarly obtained as averages over the group action

Via)—(b) = Z dz 10g<a7 b> Yz, 720>

vyel
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and the Green function is computed as a combination v(,)_ ) — Zj Xj(a,b)w,,
with the coefficients X;(a,b) so that the Bj-periods vanish. Since in the re-
sulting formula each crossed ratio term is expressible in terms of the length of
an arc of geodesic in the bulk, the entire Green function is expressible in terms
of gravity in the bulk space. We refer the reader to [190] and to [217] for a
more detailed discussion and the resulting explicit formula of the holographic

correspondence for arbitrary genus.

Holography on p-adic higher genus black holes

In the special case of a genus-one curve, the relevant Schottky group is iso-
morphic to ¢Z, for some ¢ € k*, and the limit set consists of two points, which
we can identify with 0 and oo in P!(k). The generator of the group acts on
the geodesic in Ty with endpoints 0 and oo as a translation by some length
n = log|q| = vm(q), the valuation. The finite graph Gy is then a polygon
with n edges, and the graph T} /T" consists of this polygon with infinite trees
attached to the vertices. The boundary at infinity of 7 /T" is a Mumford curve
Xr(k) of genus one with its p-adic Tate uniformization. The graph Ty /T is
the p-adic BTZ black hole, with the central polygon Gy as the event horizon.
The area of the black hole and its entropy are computed by the length of the
polygon (see Fig. 5.7).

The higher genus cases are p-adic versions of the higher genus black holes
discussed above, with the finite graph Gy as event horizon, and its geodesic

length proportional to the black hole entropy.

Given a set of generators {m,...,7,} of a p-adic Schottky group, let n., be
the translation lengths that describe the action of each generator v; on its axis

(... More precisely, if an element 7 is conjugate in PGL(2, k) to an element of

(i)

then the translation length is n, = vn(¢) = ordk(q), the order (valuation)

the form

of ¢. The translation lengths {n.,} are the Schottky invariants of the p-adic
Schottky group I'. It is shown in [218] that the Schottky invariants can be

computed as a spectral flow.

The Drinfeld-Manin holographic formula of [201] for p-adic black holes of

arbitrary genus is completely analogous to its Archimedean counterpart of
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Figure 5.7: The p-adic BTZ black hole, reproduced from 1.4. (As pictured,
p=3).

[191]. There is a good notion of k-divisor on P!(k), as a function P!(k) — Z,
with z — m,, with the properties that m,, = m., if z; and z, are conjugate
over k; that all points z with m. # 0 lie in the set of points of P! over a finite
extension of k; and that the set of points with m, # 0 has no accumulation
point. As before we write such a divisor as A = ) m, z. Given a I'-invariant
divisor A of degree zero, there exists a meromorphic function on Qr(k) with
divisor A. It is given by a Weierstrass product

Wi, = T 2202

S walyzo)’

where w,(2) is a k-rational function on P!(k) with divisor A. The convergence
of this product is discussed in Proposition 1 of [201]: the non-Archimedean
nature of the field k implies that the product converges for all z € Qr \
U,y(supp(A)). The function Wy ,, is a p-adic automorphic function (see [219])
with Wy ., (72) = pa(y)Wa(2), with pa(y) € k*, multiplicative in A and .

One obtains a basis of I'-invariant holomorphic differentials on Xt (k) by taking

W% = leg W(»yifl)zo,zn
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where
whz;"fhzw_ (Z)

W(7—1)207Z1 <Z> =

Y

for C(g) a set of representatives of T'/~%.
It is shown in [201] that the order of the cross ratio on P!(k) is given by

wa(z1)

wa(22)

for A = a; — ay and ¢, , the geodesic in the Bruhat-Tits tree with endpoints

ordy

= #{Ezl,zz ) éal,ag }7

z,y € PY(k), with #{¢., .,, %4, 4, } the number of edges in common to the two
geodesics in Ty. This is the basic p-adic holographic formula relating boundary

two point function to gravity in the bulk.

A difference with respect to the Archimedean case is that, over C, both the
absolute value and the argument of the cross ratio have an interpretation
in terms of geodesics, with the absolute value expressed in terms of lengths
of geodesic arcs and the argument in terms of angles between geodesics, as
recalled above. In the p-adic case, however, it is only the valuation of the
two point correlation function that has an interpretation in terms of geodesic
lengths in the Bruhat—Tits tree. The reason behind this discrepancy between
the Archimedean and non-Archimedean cases lies in the fact that the Bruhat—
Tits tree Ty is the correct analog of the hyperbolic handlebody H? only for
what concerns the part of the holographic correspondence that involves the
absolute value (respectively, the p-adic valuation) of the boundary two point
function. There is a more refined p-adic space, which maps surjectively to
the Bruhat—Tits tree, which captures the complete structure of the p-adic
automorphic forms for the action of a p-adic Schottky group I': Drinfeld’s p-
adic upper half plane, see Chapter I of [220]. Given k as above, let C, denote
the completion of the algebraic closure of k. Drinfeld’s p-adic upper half plane
is defined as Hy = P'(C,) \P!(k). One can view this as an analog of the upper
and lower half planes in the complex case, with HF UH~ = P!(C) \ P'(R).
There is a surjection A : Hy — Tj, defined in terms of the valuation, from
Drinfeld’s p-adic upper half plane Hy to the Bruhat—Tits tree Ty. For vertices
v,w € V(Ty) connected by an edge e € F(Ty), the preimages A\~'(v) and
A~1(w) are open subsets of A71(e), as illustrated in Fig. 5.8. The map A :
Hy — Ty is equivariant with respect to the natural actions of PGL(2, k) on Hy
and on Tj. In particular, given a p-adic Schottky group I' C PGL(2, k), we can
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Figure 5.8: Drinfeld’s p-adic upper half plane and the Bruhat-Tits tree.

consider the quotients 7-[p = Hy/I" and Hr = Ty /I" and the induced projection
A : Hr — Hr. Both quotients have conformal boundary at infinity given by
the Mumford curve Xr = Qr(k)/T, with Qr(k) = P'(k) \ Ar, the domain
of discontinuity of the action of I' on P!(k) = dHy = 9Tx. One can view
the relation between Hy and Ty illustrated in Fig. 5.8, and the corresponding
relation between Hr and Hr, by thinking of Hr as a “thickening” of the graph
Hr, just as in the Euclidean case one can view the union of the fundamental
domains of the action of I' on H3, as illustrated in Fig. 5.4, as a thickening of
the Cayley graph (tree) of the Schottky group I', embedded in H3.

Thus, when considering the non-Archimedean holographic correspondence and

p-adic black holes of arbitrary genus, one can choose to work with either Hr
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Figure 5.9: The action of a rank-one Schottky group (translation by ¢ along a
fixed geodesic) on the Bruhat—Tits tree. As pictured, n = h = 2.

or with Hr as the bulk space, the first based on Bruhat-Tits trees and the
second (more refined) based on Drinfeld’s p-adic upper half spaces. In this
chapter we will be focusing on those aspects of the non-Archimedean AdS/CFT
correspondence that are captured by the Bruhat—Tits tree, while a more refined
form of non-Archimedean holography, based on Drinfeld’s p-adic upper half

planes, is an interesting possible generalization.

Scalars on higher-genus backgrounds: sample calculation

In light of this discussion of higher-genus holography in the p-adic case, it is
easy to understand how to generalize the arguments and calculations we dis-
cussed for scalar fields in Sec. 5.3 to the BTZ black hole, or to higher-genus hy-
perbolic handlebodies, the p-adic analogs of Krasnov’s Euclidean black holes.
One can simply think of the higher-genus geometry as arising from the quotient
of the tree T, (and its boundary P!(Q,)) by the action of a rank-g Schottky
group. Any quantity that can then be made equivariant under the action of

the Schottky group will then descend naturally to the higher-genus setting.

As a simple example, it is easy to construct the genus-1 analog of our basic
Green’s function (5.45), using the method of images. We perform this cal-
culation in the following paragraphs. The result makes it easy to perform
the reconstruction of bulk solutions to the equations of motion in a BTZ
background, with specified boundary conditions at infinity along the genus-1

conformal boundary.

Without loss of generality, we can label the distance along the geodesic which is
translated by the chosen Schottky generator by integers, and imagine that the
source is attached at a boundary point x connected to the vertex 0. The bulk

vertex v at which we want to evaluate the Green’s function will be attached
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to vertex n (0 < n < ¢), at a depth h from the central geodesic. The quantity

to be calculated is simply

o) = e, (5.76)

gEZ
where the sum ranges over the images of x under the Schottky group. We take
the integrand to be normalized to 1 at the vertex where the branch containing x
meets the central geodesic. The cases n = 0 and n # 0 are different, and we

will treat them separately.

n = 0: In this case, the sum becomes

me(U) _ pli<’l),.7,‘> +2 Z (p—nf)m

m>0
—kh

KR\V,T 2p
=p<’>+p’%_1. (5.77)

n # 0: In this case, the sum becomes

5/4@(7}) — an(—n—h—|m|€) + an(n—h—ml)

m<0 m>0

K(0—n) KN
—wh [P +p
= —_— . 5.78

b ( pet —1 > (5:78)

In both cases, the result has the expected boundary behavior: it falls off
asymptotically as p~" when v approaches any boundary point other than z
itself.

5.6 Conclusion

In this chapter we have proposed an algebraically motivated way to discretize
the AdS/CFT correspondence. The procedure of replacing real or complex
spacetimes by Q, introduces a nontrivial discrete bulk and boundary struc-
ture while still preserving many desirable features of the correspondence. The
boundary conformal field theory lives on an algebraic curve in both the or-
dinary and non-Archimedean examples; the P'(Q,) theory naturally enjoys
the p-adic analog of the familiar global conformal symmetry, PGL(2,Q,).
This same group comprises the isometries of the lattice bulk spacetime 7}, =
PGL(2,Q,)/ PGL(2,Z,), a maximally symmetric coset space analogous to Eu-
clidean AdS.
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In analogy with the BTZ black hole and higher genus examples in AdSs,
higher genus bulk spaces in the p-adic case are obtained by Schottky uni-
formization. One takes quotients of the geometry by p-adic Schottky groups
I' ¢ PGL(2,Q,), producing Mumford curves at the boundary. These curves
holographically correspond to bulk geometries consisting of discrete black

holes, which appear automatically and do not need to be put in by hand.

We then turned our attention to continuous Hilbert spaces of scalar fields in
the tree. In the semiclassical analysis, massless and massive scalar solutions
to the lattice model couple naturally to CFT operators at the boundary, just
as in the Archimedean case. We identified boundary/bulk propagators in the
discrete analog of empty AdS, as well as in the p-adic BTZ black hole; the
method of images can be used to generalize these results to arbitrary higher-
genus bulk backgrounds. We are led to believe that the semiclassical physics
of the bulk “gravity” theory is dual to an exotic conformal field theory living
on the fractal p-adic boundary. At the present time, little is known about
these p-adic conformal field theories outside of p-adic string theory; we hope
the connection to holography may draw attention to this area. Viewed as a
renormalization scale, we have shown that moving up the tree corresponds to
exact course graining of boundary mode expansions. The intimate relation
between conformal symmetry, AdS geometry, and renormalization still holds

in this entirely discrete setting.

We also suggest that the entanglement entropy of regions of the field theory
is computed by the unique geodesic lengths in the bulk space. While as of yet
we have no formal proof in the free-boson field theory, a number of arguments
have been presented which support this conjecture. Chapter 6 is concerned
with a concrete p-adic tensor network model in which it is possible to compute

the entanglement entropy exactly and match it to the RT formula.

While we have established some essential features of p-adic holography, ranging
from algebraic curves to tensor networks and from bulk /boundary propagators
and renormalization scales to entanglement, much about these exotic systems
remains to be understood. We propose a number of ideas to be explored in

future work.

One major ingredient missing from our story is a proper description of (and
quantization of) the gravitational degrees of freedom. The bulk geometries

(with or without black holes in the interior) can loosely be described as p-adic
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discretizations of asymptotically AdS spacetimes. One way to add dynamical
metric degrees of freedom without spoiling the asymptotic behavior might be
to make the edge lengths of the Bruhat-Tits tree dynamical. This essential
idea was the subject of [7], which proposes an edge length model with some

features of dilaton gravity.

From the point of view of the p-adic CF'T, one might ask for more interest-
ing examples than the free boson. We have already offered some speculations
about higher spin fields based on representation theory of the p-adic conformal
group, and subsequent work [6, 91] has demonstrated the existence of inter-
esting p-adic fermion theories. Additionally, the models we have studied so
far do not appear to have extended conformal symmetry or a central charge.
These important ingredients of 141 dimensional CF'T’s might appear with the
more careful inclusion of finite extensions of QQ,. These finite extensions might
also be linked to the passage to Lorentzian signature. Finally, it remains to
be seen how much can be learned about real AdS/CFT from studying these

systems adelically over every prime.
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Chapter 6

NON-ARCHIMEDEAN HOLOGRAPHIC ENTROPY AND
TENSOR NETWORKS

6.1 Introduction

In Chapter 5, we introduced a discretized version of the AdS/CFT correspon-
dence by defining lattice field theory models based on the p-adic numbers,
Qp. On the CFT side, we took the ‘spacetime’ to be the p-adic projective
line, P*(Q,). This forms a continuum with respect to the p-adic norm and
has discrete versions of conformal transformations. Correlation functions of
local operators have power law behavior, and the conformal field theories are
relatively simple due to the lack of CF'T descendants. On the bulk side is the
Bruhat-Tits tree of SL(2, Q,), an infinite tree of uniform valence whose bound-
ary is the p-adic projective line. Scalar field dynamics on this tree compute
the CFT correlators.

The purpose of this chapter is to focus on the tensor network approach to
holography, and in particular on holographic states generated by networks
of perfect tensors as in [99]. Like the Bruhat-Tits tree, tensor networks are
generally discrete and provide simplified models to study bulk and boundary
entanglement properties. In fact one is tempted to view the Bruhat—Tits tree
itself as a tensor network [87, 221|, or closely related to a tensor network [4];
however these models were unsuccessful in reproducing the RT formula or
various expected entropy inequalities in the p-adic setting, so the question of
whether entanglement entropy results familiar from the usual real holography

hold over the p-adics has remained open.

In this chapter, we present a simple model of holographic quantum error cor-
rection in the p-adic setting based on the existence of an infinite class of perfect
tensors which can be used to build networks associated with the bulk geometry;
either the Bruhat—Tits tree or its black hole variant. The tensor networks we
use are closely related to those of [99] based on hyperbolic tessellations; in the
simplest case of vacuum AdS this is described by the Schléfli symbol {m,n}
and the associated tensor network {n, m}. Heuristically, in our model we study

the limit in which the Schéfli symbols of the associated bulk geometry and the
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dual tensor network tend to {oo,p+ 1} and {p+ 1, 00}, respectively. The sub-
tleties associated with the p-adic interpretation of such tensor networks built
from perfect tensors of rank tending to infinity are discussed at length in this
chapter. We emphasize, however, that the genus 1 black hole tensor networks
we consider are fundamentally different from those proposed in [99], and are

instead obtained via a physically well-motivated quotient procedure.

This model addresses a number of shortcomings of previous approaches to
tensor network holography and allows for the explicit analytic computation
of holographic states, density matrices, and entropies. While this model is
discrete and preserves a (finite) group of conformal symmetries at finite cutoff,
we see a full restoration of conformal symmetry as the cutoff is taken to zero,
in the form of the p-adic fractional linear transformations PGL(2,Q,), which
we interpret as the conformal group acting on a spatial region of the boundary.
This group acts by isometries on the Bruhat-Tits tree, thought of as the analog
of a time slice of AdS3;. The tensor network inherits the symmetries, and is
essentially related to minimal geodesics of the Bruhat—Tits tree. Additionally,
while the network is defined and manipulated in the bulk space, all quantities
we compute can ultimately be defined or described in terms of purely boundary

data such as configurations of points and sets on P*(Q,) or the genus one curve.

Given a choice of prime number p and choice of bulk IR cut off, there is
essentially a single network defined for each bulk space which generates a highly
entangled state of boundary qudits, interpreted as the analog of a vacuum
state of a boundary conformal field theory. Equipped with the p-adic analogs
of various quantities and the knowledge of how to manipulate perfect tensors,
we are able to explicitly compute non-Archimedean entanglement entropies for
connected and disconnected intervals; the results are dual to minimal surfaces
in the bulk, as expected from the Ryu-Takayanagi formula. We also compute
the black hole entropy and find that it is proportional to the perimeter of
the p-adic BTZ black hole, as expected according to the Bekenstein—-Hawking
formula, and verify the RT formula, which equates the von Neumann entropy
of reduced density matrices obtained from mixed states on the boundary to the
lengths of minimal geodesics in the p-adic black hole background homologous
to boundary regions. We also give a holographic derivation of subadditivity,
strong subadditivity, and the monogamy of mutual information in the p-adic

setting. In the limit of an infinite network, all of these results can be phrased
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in terms of conformally invariant information on the boundary, where the
ultrametric geometry plays an essential simplifying role. Another interesting
feature is our use of graphical tools to perform bulk computations; essentially
all entropy quantities can be obtained by geometric operations such as cutting,
gluing, and tracing the discrete vertices and bonds of the network. Among
other things, this leads to the interpretation of a thermal density as being dual

to a two-sided AdS black hole obtained by gluing two bulk regions together.

We construct the network of perfect tensors associated to the Bruhat—Tits
tree as follows. Rather than placing the tensors at the nodes of the Bruhat—
Tits tree as previously suggested, we identify two explicit conditions for the
construction of an appropriate “dual graph” on which the tensor network lives.
While this at first appears to require an embedding of a non-Archimedean
bulk space into an ordinary Archimedean plane, we argue that the results
are independent of the embedding. The two main conditions required for the
construction of the tensor network are that the sets of edges of the Bruhat—
Tits tree and its dual graph are in one-to-one correspondence, with an edge
of the dual graph cutting exactly one edge of the Bruhat-Tits tree and that
the arrangements of dual graph edges around each vertex of the Bruhat—Tits
tree form “plaquettes,” i.e., admit a cyclic ordering. Any construction of a
dual graph that satisfies these properties can be used for the purpose of von

Neumann entropy computations.

In trying to capture holographic states, perfect tensors have appeared as a
convenient way of generating maximally entangled states. We offer a refined
point of view on perfect tensors, which was already partially outlined in [4]
and [221]. Starting with classical error-correcting codes in the form of Reed-
Solomon codes built over projective lines over finite fields [222], one may up-
grade these to quantum codes by applying the CRSS algorithm [223|, which
we show can be generalized to directly obtain perfect tensors from certain
self-orthogonal codes. These self-orthogonal codes are Lagrangian subspaces
of symplectic vector spaces over finite fields; they can thus be thought of as
analogous to semiclassical states, and the theory of the Heisenberg group over
finite fields can be used to quantize them, replacing the equations defining the
Lagrangian by operator equations (or eigenvalue problems) and producing the

corresponding quantum codes.

This chapter is somewhat extensive, with many interdependent parts. It is
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helpful now to give a concise summary of the main results presented in this
chapter, followed by a more detailed organization. While Chapter 5 of this
thesis serves as motivation for this chapter, we have chosen to keep the pre-
sentation self contained due to ease of notation and conventions. There will
naturally be some overlap with previous sections. Additionally, some of the
main mathematical results which appeared in the original paper [5] have been
omitted. We focus on the basic physical setup of the tensor network model
based on our theme of projective geometry. We direct an interested reader
to the paper for rigorous proofs of some statements and more details on the

formalism.

Summary of the main results

We show that for static holographic states built through a network of per-
fect tensors dual to the p-adic Bruhat-Tits tree (both when the boundary is
the “infinite line” @, and when it is the projective line P*(Q,)), the bipartite
entanglement entropy of a single connected interval as well as disconnected
intervals obeys a Ryu-Takayanagi like formula. The perfect tensors may be
viewed as built via the CRSS algorithm from algebro-geometric codes on pro-
jective lines over finite fields. The construction of the codes is not crucial to
our setup, but their existence and error correcting properties guarantee our
results. The entanglement is computed by constructing the holographic state,
tracing out regions of the tensor network, and explicitly computing the reduced
density matrices and the von Neumann entropy, which is expressed in terms
of (regularized) lengths of minimal geodesics in the bulk Bruhat-Tits tree.
We also prove subadditivity, strong subadditivity and monogamy of mutual

information in this setup.

We then construct p-adic BTZ black holes as quotients of the Bruhat—Tits
tree by a rank-one Schottky group with boundary a Mumford—Tate elliptic
curve, and demonstrate that the construction of the tensor network adapts
naturally to this case. Essentially the tensor network is obtained as a quotient
of the genus 0 tensor network, paralleling the quotient construction of the
geometry. Instead of a pure state at the boundary one has in this case a
vertex behind the horizon that needs to be traced out, which results in a
thermal density matrix with a Bekenstein-Hawking entropy measured in terms
of the length of the horizon (the polygon in the quotient of the Bruhat-Tits

tree). This density matrix can be seen to be dual to a bulk geometry with two
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asymptotic regions connected by the analog of a two-sided black hole, with
the entropy given by the number of tensor bonds suspended between the two
sides. We also prove that the entanglement entropy satisfies an analog of the
Ryu-Takayanagi formula in this geometry in terms of the minimal length of

homologous geodesics in the black hole background.

Organization of this Chapter

In Section 6.2 we review some basic background material that we will be using
throughout the chapter, extending the discussion of Chapter 5. Section 6.2
gives the minimal background on the geometry of the p-adic Bruhat—Tits trees,
which serve as our bulk spaces in the rest of the chapter. A discussion of
quotients of Bruhat-Tits trees by p-adic Schottky groups is given later, in
Section 6.4. In Section 6.2 we briefly review networks of perfect tensors and
maximally entangled states. Section 6.2 recalls several facts about classical
and quantum codes that we will be using in the rest of the chapter, with par-
ticular focus on the CRSS algorithm that promotes classical to quantum error
correcting codes, which we describe in terms of Heisenberg group representa-
tions. We review in particular the classical algebro-geometric codes associated
to the projective line over a finite field (the Reed—Solomon codes), and we show
that they can be used to construct, through the CRSS algorithm, quantum
codes given by perfect tensors. An explicit example is illustrated in Appendix
D.1.

In Section 6.3 we present the main results on our construction of a quan-
tum error-correcting tensor network, built using perfect tensors, associated to
the p-adic Bruhat-Tits trees via a “dual graph” construction, and we estab-
lish the p-adic analog of the Ryu-Takayanagi formula. Section 6.3 describes
the construction of the “dual graph” tensor network associated to the p-adic
Bruhat-Tits trees by identifying two axiomatic properties that characterize
the network in relation to the tree. As discussed more in detail in Section 6.6,
different choices satisfying these properties are possible, which can be char-
acterized in terms of different choices of embeddings. For the purpose of
the entanglement entropy computation any such choice of a “dual graph” will
achieve the desired result. We also describe the perfect tensors associated to
the nodes of the dual graph for a finite cutoff of the infinite Bruhat—Tits tree,
the number of dangling (uncontracted) legs at the vertices and the resulting

boundary wavefunction. The rank of the perfect tensors is related to the cutoff
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on the tree and goes to infinity in the limit of the infinite tree. In Section 6.3
we summarize the main technical results in the genus 0 background, that the
dual graph tensor network satisfies a Ryu—Takayanagi like formula, where in-
stead of “intervals” we specify the boundary datum in terms of configurations
of points (though we still use the terminology “connected interval” or “dis-
connected interval”’). We show that the von Neumann entropy computation
matches what is expected for CFTy and that it is naturally expressed in terms
of the p-adic norm, which leads to the expected bulk interpretation (consis-
tent with the minimal cut rule obeyed by perfect tensor networks [99]) as the
length of the minimal geodesic joining the entangling surfaces determined by
the chosen configuration of boundary points. We also comment on the dis-
connected interval (four points) entropy case, the dependence of the mutual
information on the cross-ratio and entropy inequalities such as subadditivity,
strong subadditivity and monogamy of mutual information, where the ultra-
metric property plays a direct, simplifying role, the details of which are found

in Sections 6.5-6.5.

Section 6.4 deals with the p-adic BTZ black hole, described in terms of Mumford—
Tate elliptic curves as boundary and with bulk space a quotient of the p-adic
Bruhat—Tits tree by a rank one Schottky group. In Section 6.4 we review the p-
adic geometry of Mumford curves of genus one and the associated bulk spaces,
comparing it with the case of complex elliptic curves with Tate uniformization
by the multiplicative group. We also explain how to adapt our construction of
the tensor network as dual graph of the Bruhat-Tits tree to a network simi-
larly dual to the homologically non-trivial quotient of the Bruhat—Tits tree in
the genus one case. In particular, the tensor network obtained in this way has
a vertex beyond the black hole horizon that does not correspond to bound-
ary degrees of freedom. In Section 6.4 we come to our main results in the
BTZ black hole case. Computing on the tensor network the thermal entropy
of the boundary density matrix obtained by tracing out this special vertex
gives the black hole horizon perimeter, which can be seen as a Bekenstein—
Hawking formula for the p-adic BTZ black hole. In Section 6.4 we discuss the
Ryu-Takayanagi formula in genus one backgrounds, with the boundary entan-
glement entropy of a single interval corresponding to the length of a minimal
geodesic in the bulk black hole geometry. Unlike the genus zero case, the en-
tropy of a boundary region and its complement are not necessarily the same,

corresponding to the fact that the boundary state is no longer pure, and in
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the bulk geometry a geodesic may wrap around the loop of the quotient graph
(the black hole horizon).

Section 6.5 contains all the detailed explicit computations used in Section 6.3
and Section 6.4 for obtaining the von Neumann entropy via the density matri-
ces determined by the tensor network. Section 6.5 illustrates the rules for the
computation of states and reduced density matrices from perfect tensors, and
the graphical calculus used to keep track of contractions, and a convenient
representation of the resulting density matrices in block-diagonal form. We
describe how to obtain the reduced density matrices corresponding to trac-
ing out regions determined by sets of vertices of the tensor network, and we
compute the associated von Neumann entropy. In Section 6.5 we discuss the
computation of the inner product of the holographic state with itself. The com-
putation method is described in terms of certain graphical contraction rules
(“splits”), decomposing the network into disjoint simple curves; each resulting
closed cycle then determines an overall multiplicative factor. Section 6.5 then
contains the computation of the norm of the holographic state obtained from
our tensor network dual to the Bruhat-Tits tree, with an assigned cutoff on
the infinite tree. This depends on different types of vertices (in terms of num-
ber of dangling legs) and the corresponding multiplicities and the application
of the “splits and cycles” method. In Section 6.5 we then show how a Ryu—
Takayanagi like formula is obeyed exactly in the single connected interval (“two
point”) case. The entanglement of a boundary region with its complement is
computed by computing the density matrix of the full holographic state pro-
duced by the tensor network and then computing a partial trace using the
computational techniques developed in the previous subsections. The result is
then compared with the (regulated) geodesic length in the bulk Bruhat-Tits

tree.

The disconnected interval case (in particular the “four point” case) is discussed
in Section 6.5 in terms of overlapping or non-overlapping geodesics in the bulk,
depending on the sign of the logarithm of the cross-ratio, and the corresponding
properties of the mutual information. We show subadditivity (both Araki—
Lieb inequality as well as non-negativity of mutual information) and give the
exact dependence of mutual information on the cross-ratio constructed from
the boundary points. We show that a Ryu-Takayanagi like formula is satisfied

exactly for disconnected intervals, and in Section 6.5 we proceed to prove
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strong subadditivity and monogamy of mutual information. In fact, we show

that in this tensor network mutual information is exactly extensive.

Section 6.5 contains the computation of the black hole entropy as well as the
Ryu—Takayanagi formula for the minimal geodesics in the black hole back-
ground. Using tools from the previous sections, the norm of the black hole
boundary state is computed in terms of types of vertices and multiplicities,
and the density matrix and corresponding von Neumann entropy is deter-
mined. This entropy is seen to be proportional to the length of the horizon
or the length of the minimal geodesic homologous to the boundary interval,
where the homologous condition, an important feature of the RT formula, is

obeyed automatically by the tensor network.

Section 6.6 further discusses some of the geometric aspects of our tensor net-
work construction. In Section 6.6 we discuss more in detail the symmetry
properties of the tensor networks with respect to the global symmetries of
the Bruhat—Tits tree, showing how the properties needed for the construction
of a suitable “dual graph” reduce the symmetries and obtaining in this way
a characterization of all the possible choices of dual graph. We also discuss
the construction of measures on the Mumford—Tate curve induced from the

Patterson—Sullivan measure on the p-adic projective line.

Finally, a list of possible further directions of investigation and open questions

is given in Section 6.7.

6.2 Background

The Bruhat—Tits tree as a p-adic bulk space

Let us briefly recall the setup of p-adic AdS/CFT which was discussed in
Chapter 5. We review this here from a somewhat different viewpoint and es-
tablish the notation and the physical interpretation to be used in this chapter.
Readers familiar with the construction of the previous chapter may wish to

skip ahead.

In the simplest formulation, the bulk geometry is described by an infinite
(p + 1)-regular graph (without cycles), called the Bruhat-Tits tree, and its
asymptotic boundary is given by the projective line over the p-adic numbers,
P'(Q,). (For an introduction to the theory of p-adic numbers, see [194, 224];
a shorter discussion in the physics literature can be found in e.g. [83].) The

Bruhat-Tits tree 7, is a discrete, maximally symmetric space of constant neg-
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ative curvature, which plays the role of (Euclidean) AdS space. One can study
perturbative bulk dynamics on the tree by considering lattice actions defined
on its nodes (or bonds) [84, 4, 7]. A central result of these works is that semi-
classical dynamics of these lattice models in the bulk 7, compute correlation

functions in a dual conformal field theory defined on P'(Q,).

In the following, we will view the Bruhat-Tits tree as a constant-time spa-
tial slice of a higher-dimensional p-adic analog of Lorentzian AdS space. To
make the analogy with the real setup more concrete, we view the Bruhat—Tits
tree as the p-adic analog of the Poincaré disk (or equivalently the hyperbolic
plane H?), arising as a constant-time slice of an appropriate higher-dimensional
building describing (p-adic) Lorentzian AdSz.! This analogy is motivated
by the fact that the real hyperbolic plane H? is a symmetric, homogeneous
space of constant negative curvature, and arises algebraically as the quotient
space H? = SL(2,R)/SO(2,R), where SL(2,R) is the isometry group of H?
and SO(2,R) is its maximal compact subgroup. Similarly, the Bruhat-Tits
tree is a symmetric, homogeneous space which can be viewed as the quotient
T, = PGL(2,Q,)/ PGL(2,Z,). Here, the group PGL(2,Q,) acts on 7, by
isometries, and PGL(2,Z,) is its maximal compact subgroup. However, while
the hyperbolic plane is a two-dimensional manifold, the Bruhat-Tits tree is
described by a discrete (but infinite) collection of points (as seen later in fig-
ure 6.3). In Section 6.3, we use the “dual” of this discrete tree to define a tensor
network, and the entanglement properties of the boundary state are described

geometrically in terms of the Bruhat-Tits tree.

We now describe the action of G = PGL(2,Q,) on the Bruhat-Tits tree in
more detail. Let H = PGL(2,Z,) < G denote a maximal compact subgroup.
Choose representatives g; € G of the left cosets of H. In other words, G =
Ui2o 9:H , where the cosets g;H, g;H are pairwise disjoint for i # j. The cosets
g;H are in bijective correspondence with the equivalence classes of Z,-lattices
in Q, x Q,, as well as with the nodes on the Bruhat-Tits tree (see e.g. [83]).

The group G has a natural action on equivalence classes of lattices (r,s) by

'In this chapter we remain agnostic about the appropriate higher dimensional origins of
the Bruhat—Tits tree (such as hyperbolic buildings), and will only be interested in studying
entanglement entropy in the static (time symmetric) case.
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matrix multiplication:

b A B b
g-(r,s) =g ar1+ 051 ra,beZy, p = ar s ra,beZy p,
ary + bsy C D ary + bsy
(6.1)
for r = (r1,r9)%, s = (s1,8)" € Q, x Q,, g € G.

Equivalently, G acts on the space of cosets G/H, by the rule ¢;H +— gg;H.
Each equivalence class (or equivalently, coset) is stabilized by a conjugate of
H; the coset g;H is stabilized by ¢;Hg;' < G. Either of these descriptions

gives the action of G on the nodes of 7,.
Two nodes on the tree are defined to be adjacent when the relation
pAC AN CA (6.2)

holds between the corresponding Z,-lattices A and A’. This relation is reflexive,
so that the previous inclusion holds if and only if pA’ C A C A’. The action
of the group G on the nodes of the Bruhat-Tits tree preserves these incidence
relations. In other words, the group G acts by isometries of the Bruhat—Tits
tree, preserving the graph distance between any pair of nodes. Intuitively, G
acts by translations and rotations on the (infinite) nodes of the tree in analogy
to the ordinary isometries of AdS; additionally for any given vertex we may
find a stabilizer subgroup, which is always a conjugate of H = PGL(2,Z,),

which rotates the entire tree around this point.

Asis well known in AdS/CFT, the isometry group of the bulk acts as conformal

transformations on the boundary. In p-adic AdS/CFT, we have 97, = P'(Q,),

with G acting as fractional linear transformations:

Az + B (A B
g =

P! o
(@)3z—g-2 Cz+D C D

>eazmm@@m.@@

These are interpreted as the global (p-adic) conformal transformations acting
on the dual theory defined on the boundary 97,.

In analogy with static AdSs, it is possible to obtain black hole like bulk ge-
ometries algebraically. One may quotient the Bruhat-Tits tree by an abelian
discrete subgroup I' € PGL(2,Q,) to obtain an analog of the BTZ black hole.
The bulk and boundary properties of this construction are explored in Sec-
tion 6.4, where we will describe why this is a good model of a p-adic black
hole geometry and compute the entropy via the tensor network proposed in

this work.
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Tensor networks

In the recent literature, there has been much interest in so-called tensor net-
work models, which describe a state or family of states in a Hilbert space that
is the tensor product of many qubits or local Hilbert spaces of fixed rank. Such
states are built by considering concatenations of many tensors, each operat-
ing on a finite number of qubits in the manner of a quantum circuit. Early
proposals [225, 226 showed that such setups could be used to construct states
whose entanglement structure mimics that of the vacuum state of a conformal
field theory [227, 228, 229|. Subsequently, it was proposed [230, 231| that the
geometry of the tensor network could be thought of as a discrete analogue of
an AdS bulk space, and various models have been developed to try and exhibit
this correspondence more precisely [99, 232, 98, 233, 234, 235].

In particular, in the proposal of [99], tensor networks were associated to uni-
form tilings of hyperbolic two-dimensional space by k-gons, by placing a tensor
with m indices on each polygon and contracting indices across each adjacent
face. The residual m — k indices represent “logical” inputs in the bulk. (Of
course, m > k; equality is not necessary, but 2m — k should not be too large.
Furthermore, m is taken to be even. See [99] for a discussion of the precise con-
ditions.) Using this construction, analogues of the Ryu—Takayanagi formula

for the entanglement entropy were proved.

This formula follows from a key property of the m-index tensors that are used

on each plaquette:

Definition 1. Let 7' € V®™ be an m-index tensor, where each index labels
an identical tensor factor or “qubit” V = C?. V is equipped with a Hilbert
space structure, so that we can raise and lower indices using the metric. Let
I C M ={1,...,m} be any subset of the index set, and J its complement;
without loss of generality, we can take #1 < #J. T is said to be perfect if, for

every such bipartition of the indices,
T/ v v (6.4)

is an isometric map of Hilbert spaces. Here we are using the notation that 77
means 1" with the indices in the set I lowered, and those in the set J raised.
(In particular, T} is injective, so that one can think of the condition as asking

that T" have the largest possible rank for any such tensor decomposition.)
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The parity of m is not important to the above definition, but the applications
in [99] make use of perfect tensors for which m is even. It is then shown that
requiring 75 to define a unitary map for every bipartition with #1 = #J is

sufficient to imply perfection in the sense of definition 1.

The connection to maximally entangled states should hopefully be apparent:
Recall that a state is said to be maximally entangled between two subsystems
if the reduced density matrix, obtained by tracing out one subsystem, is “as
mixed as possible.” At the level of density matrices, this means “proportional
to the identity matrix” (recall that pure states correspond one-to-one to density

matrices of rank one). So, for a state defined by a perfect tensor, we can write

p = lof* Ty T, (6.5)

where « is a normalization constant required so that p has unit trace (equiv-
alently, so that the state Ty € V®™ is normalized). Note that no Einstein
summation convention applies; M denotes a set of indices, rather than an in-
dex. To reduce the density matrix, though, we do contract along the indices
in the set J:

(prea); = |a* T{ o T} (6.6)

In the case that m is even and #1 = #.J, this shows that p,eq is the composition
of two unitary maps; as a consequence, it is full-rank. Indeed, by unitarity, the
two maps T and T/ are inverses of one another, so that the reduced density
matrix is proportional to the identity. From the condition of unit trace, it

follows that the normalization constant must be taken to be
of? = p~m/2. (6.7)

For more details on computations with perfect tensors, look forward to Sec-

tion 6.5.

Classical and quantum codes

There are many close relations between perfect tensors, maximally entangled
states, and quantum error-correcting codes. We have outlined some of the con-
nections between the first two ideas above; in this subsection, we will discuss
the third, which will give us a way to produce examples of perfect tensors. The
key construction will be the CRSS algorithm [223], which produces quantum

error-correcting codes from a particular class of classical codes. In turn, the
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CRSS algorithm makes use of a particular complete set of matrices acting on
qubits, which come from the theory of Heisenberg groups; these groups gen-
eralize the familiar theory of the canonical commutation relations to variables
which are discrete (F,-valued) rather than continuous. As such, the CRSS
procedure can be seen as perfectly analogous to canonical quantization prob-
lems of a familiar sort. This interpretation is not necessary to understand the
holographic tensor networks proposed later, but we will make heavy use of the

existence of an infinite class of such tensors.

Heisenberg groups

The simplest example of a finite Heisenberg group can be presented as follows:

G=(X,Z,c:ZX =cXZ, XP =77 =1, ccentral). (6.8)

(It follows from these relations that ¢» = 1 as well.) The center of the group
is a copy of I, generated by c, and the quotient by the center is also abelian,

so that the group fits into a short exact sequence
0—+F,—>G—=F.—0 (6.9)

exhibiting it as a central extension of one abelian group by another. Despite

this, G itself is nonabelian.

Representations of this group are also easy to understand; each representation
can be restricted to Z(G) = IF,, and defines a character x of that group, called
the central character. In the case at hand, a central character is just a choice

of p-th root of unity, corresponding to x(c).

Given a choice of representation, a corresponding representation can be con-
structed on the vector space 7 = CP. In a particular basis, the generators

of V' act according to the rule
Xla)=la+1), Zla)=x(c)"]a). (6.10)

For a nontrivial central character, this representation is irreducible. An ana-
logue of the Stone-von Neumann theorem shows that this is in fact the unique
irreducible representation with central character x. Furthermore, the rep-

resentation matrices form an additive basis (over C) for the matrix algebra

Mpsp(C).
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On the other hand, when the central character is trivial, any representation
factors through the quotient map to IFIQ,; since that (additive) group is abelian,
there are p? different one-dimensional representations. As such, we have un-
derstood the complete representation theory of G. A quick check reveals that
we have found the whole character table: there are (p — 1) nontrivial central
characters, each with a representation of dimension p, together with p? abelian
representations. This makes a total of p?> + p — 1 irreps, which corresponds to
the number of conjugacy classes: these are the powers of ¢, together with the

nonzero powers X'Z7. One can also double-check that

> (dimp)* = (p— 1)p* +p* = p* = #G. (6.11)

p

This simple example already contains most of the structural features, and
motivates the following definition. In what follows, £ will be an arbitrary
field, though the cases that will be relevant will be when £ is locally compact
(i.e., k is a local field or a finite field). In fact, we will only really consider
the cases where k = R or [F,, although some amount of the discussion even

continues to make sense over an arbitrary commutative ring, for instance Z.

Definition 2. Let V' be a symplectic vector space over k, with symplectic
form w. The Heisenberg group associated to this data, denoted Heis(V'), is the

central extension of the additive abelian group V' by the cocycle

w:V: k. (6.12)

Note that, since Heis(V, w) is a central extension, there is a natural short exact

sequence of abelian groups
0 — k — Heis(V) -V — 0, (6.13)

generalizing the sequence (6.9). Furthermore, the image of k is the center of
the group. Our previous example arises in the case k =TF,, V = IFIQD, and w the

standard Darboux symplectic form on a two-dimensional vector space.

In speaking of w as a group cocycle, we are thinking of the inhomogeneous

group cochains of (V;+). The cocycle condition is obeyed because

dw(u,v,w) = w(v,w) —w(u+v,w) + w(u, v+ w) —w(u,v)

= 0. (6.14)
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An analogue of the Stone—von Neumann theorem also holds in this more gen-
eral case, so that Heis(V') admits a unique irreducible representation for any
choice of central character. We will discuss this theorem further below. Fur-
thermore, just as in our example above, it is true for more general Heisenberg
groups that the representation matrices form an additive basis for My, (C),
where n = dim(V')/2.

An explicit construction of that unique irreducible representation can be given
as follows. Let ¢ = Fun(F,,C) = C? be the Hilbert space of a single ¢-
ary qubit. An orthonormal basis of J# is labeled by states |a) where a €
F,. Quantum error-correcting spaces are subspaces of J#®" which are error-
correcting for a certain number of qubits. All errors can be constructed from
the error operators £ = F; ® --- ® E, which are the representation matrices
of the Heisenberg group. Each of the E; can be thought of as a particular

combination of bit-flip and phase-flip operators, which we now describe.

Define the p x p matrices

T = : SO R= &2 7 (6.15)

100 --- 0 5p-1

where ¢ = e?™/P is a (nontrivial) p-th root of unity. If ¢ = p, ¢ is precisely a
choice of central character, and it is easy to check that these matrices define
the representation of the simplest Heisenberg group (6.8) with that central

character. However, in the case ¢ = p”, we must do slightly more work.

Let {v; : 1 <j <r} be abasis of F, as an F,-vector space; see e.g. (6.24). Then
we can write a = > 7,
a tensor product basis in 7 = Fun(F,, C), such that |a) = |a1) ® --- ® |a,)

when a is decomposed as a direct sum, as above. Then the error operators act

a;7y; for any a € IF;, where a;, € F,. This also defines

on individual copies of CP as follows:
T%a;) = la; +b;)  RYay) = ™% ay)  ajb; €F,. (6.16)

Here, the trace function Tr,, : F, — F, (with ¢ = p") is defined as

Tryp(a) = Za”i acl,. (6.17)
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It is easy to see that this is precisely the trace of the endomorphism of [F, that

is multiplication by the element a, regarded as an n x n matrix over [F,,.

It is now simple to define the bit- and phase-flip operators acting on single

g-ary qubits; they are the ¢ x ¢ matrices
T,=T"®---®@T" R,=R"®.---®R". (6.18)
These operators act on a single g-ary qubit via
Tila)=la+b)  Ryfa) =" @Dla), (6.19)
where a = Y7, a;v; € Fy, and
@) = @eylay). (6.20)

As emphasized above, the operators T, R, form an orthonormal basis for M, y,(C)
under the inner product (A, B) = ¢~ Tr (ATB), and thus generate all possible
errors on . We can further construct error operators which act on %" as
follows. Given a = (ai,...,a,),0 = (by,...,b,) € Fy, define

Ea,b == TaRb == (Tal Q- Tan)(Rbl R Rbn) . (621)

It is straightforward to check that Eib = 1, and that they obey the following

commutation and composition laws:
EopEuy =€ " OB yEyy  EapBay =& " Eprwpry . (622)

Here, we have made use of an [F,-valued pairing,

n n

(a,b) = aibi) =D > aijbi;  a,beFy, (6.23)

i=1 i=1 j=1

where the elements a;,b; € F, are expanded in terms of an [F,-basis as
ai - Z fyjal’-] bl = Z ijl’] ai»j’ blv] e Fp . (624)
J=1 j=1

(6.21) therefore produces the explicit representation matrices of the Heisen-
berg group of FZ”, corresponding to a particular (nontrivial) choice of central

character.
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Classical algebrogeometric codes

In this section, we give a few general remarks about classical codes over fi-
nite fields. The next section will review the CRSS algorithm, which associates
a quantum error-correcting code to each such self-orthogonal classical code.
Placing the two together, one can demonstrate that perfect tensors with arbi-
trarily many indices can be constructed, which we will require for the models
of Section 6.3; an additional ingredient is an appropriate family of classical

codes, an example of which is given in appendix D.1.

A (classical) linear code is nothing more than a linear subspace of a vector

space over a finite field. In a basis, it is defined by an injective map
i:Fh — Fy, (6.25)

which can be thought of as encoding k bits of information (each bit being of

size q) into n bits of information.

The Hamming weight is defined to be the function
wt:Fy = N, e #{i:c; # 0} (6.26)

Note that this is a basis-dependent definition! The minimum weight of a code
is simply the minimum Hamming weight of all nonzero elements of the code
subspace; one often uses the notation “[n, k, d|, code” to speak of a code with
the given parameters. We may sometimes omit the weight parameter d from

this list; no confusion should arise.

Equipping F} with an inner product or more generally a bilinear form, one can
classify codes according to the properties of the code subspace. In particular,
a code is said to be self-orthogonal when the code subspace is isotropic with
respect to the bilinear form, i.e., contained in its orthogonal complement:
im(i) C im(4)*+.2

The CRSS algorithm produces a quantum error-correcting code from classical
self-orthogonal codes associated to symplectic vector spaces over finite fields.
Such codes are generally of the form [2n,/],, where ¢ < n is the dimension
of the isotropic subspace, and the inner product on ]Fg” may, without loss

of generality, be taken to have the standard Darboux form. We review the

2 The superscript + denotes the dual (orthogonal) code. The dual code is defined as
follows: If C'is a classical code over Fy of size n, then C*+ = {v € F}' : axv=0Va € C}.
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construction in the following subsection. For certain choices of the code pa-
rameters, CRSS quantum codes may then be used in turn to produce perfect

tensors.

Let us also remark that isotropic subspaces in symplectic vector spaces may
be constructed from other types of classical codes. For example, let D be a
classical self-orthogonal [n, k,d],2 code over FF 2, where the self-orthogonality

is established with respect to the Hermitian inner product
n
DEINES Zviwf v,w € Fily . (6.27)
i=1

By Theorem 4 of [236], there exists a classical code C' of length 2n and size 2k

over [F, which is self-orthogonal with respect to the inner product,
(CL, b) * (a,7 b/) =Tr (<CL, bl)* - <a,7 b>*) (av b)? (a/> b,) € an ’ (628>

where the Euclidean inner product (-, -), is defined to be
(@,b) =Y aib;  a,bE€F; a,b €F,. (6.29)
i=1

This is of course precisely the standard Darboux symplectic form on Fg”.

The inner product given in (6.28) has an equivalent description in terms of the
inner product of (6.23), as follows (see [236]):

(a’ b) * (alv b/) = <CL, (,O(b,» - <a,7 (,O(b» ) (630>

where?
pla) = (plar),...,p(an))  a€Fy a €Ty, (6.31)

and the action of ¢ on elements of F, is given by matrix multiplication, where

¢ acts as an r X r matrix M on the elements of F,, with
Mij = Tr(vy;)  4,5=1,...7. (6.32)

CRSS algorithm

We briefly review the CRSS algorithm [223], which produces a quantum error-

correcting code from an appropriately chosen classical code. We emphasize

3More generally, ¢ is an automorphism of the vector space [, but for convenience we
will restrict our focus to the particular choice of ¢ described here.
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the perspective that CRSS is intimately related to the formalism of canonical
quantization, albeit for Heisenberg groups over I, rather than R. For further
discussion, the reader is referred to [221, 223, 237].

As mentioned above, the CRSS algorithm starts with a symplectic vector
space V' of dimension 2n over a finite field. We let (V') denote the “quan-
tization” of this symplectic space, i.e., the unique irreducible representation
of Heis(V') with central character x. In fact, by results of [238], there is a
canonical model for 57 (V') (we review and extend these results in the original
work [5]). Now, (V) is isomorphic to the tensor product of n p-dimensional
Hilbert spaces, one for each “qubit” or discrete degree of freedom. Such a tensor
product decomposition corresponds to a choice of Darboux basis for V', which
splits it as the direct sum of standard two-dimensional symplectic spaces. As
noted above, the representation matrices of Heis(V') additively span the space

End (72 (V)) of all operators over C.

Now, consider any maximal isotropic subspace L of V; every such subspace
defines a maximal abelian subgroup of Heis(V). Mutually diagonalizing the
action of the operators representing L splits 7 as a direct sum of one-

dimensional eigenspaces.

Then, consider a (necessarily isotropic) subspace C' C L, whose dimension is
1 < n. C is to be thought of as the classical code subspace. The mutual
eigenspaces of the abelian group associated to C' define a decomposition of 77
into #C = ¢' eigenspaces, each of dimension ¢"~%. Each of these is further
split as a sum of one-dimensional eigenspaces of L. Now, one can define
the quantum code space to be the invariant subspace of C, 2 (V)°, which
is a Hilbert space of (n — i) qubits, isomorphic to (C9)*"™_ (One could
equivalently have chosen any of the joint eigenspaces of C.) Choosing an
identification of this space with a standard set of n —i qubits gives an encoding
of n — i qubits to n qubits; the “code words” can be thought of as the natural

basis in the code space consisting of eigenspaces of L.

To think of the code as a perfect tensor, we’d like to view the isometric injection
of the (n — 7)-qubit code space into the n-qubit encoding space as arising
from a partitioning of the indices of a (2n — i)-index tensor. In other words,
we should consider the larger space consisting of (n — i) degrees of freedom
to be encoded, together with n degrees of freedom for the encoding space.

Note that the number of indices of the perfect tensor will be even precisely
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when i = dim C' is even, as is the case for the codes of the previous section.
The error-correction properties of such a code are discussed in [223]; we note
that quantization of a self-orthogonal [2n, 2k], code, such as those discussed
above, produces a quantum code with parameters [n,n — 2k, dg],. That is,
one encodes n — 2k qubits in n qubits in a manner that protects against dg
errors, where dg = min{wt(a,b) : (a,b) € C*+ ~ C}. In order to produce a

perfect tensor, we will need dg = n — k.

In appendix D.1 we consider an explicit example of a particular classical code,
one of the Reed—Solomon codes, and construct the associated quantum Reed—
Solomon code. The classical Reed—Solomon codes have parameters [n, k, n—k+
1],, and are constructed using a set of points X C P!(F,) with | X| =n < ¢+1,
and homogeneous polynomials f € F [u, v] where x = [u : v] € X. For an input
k-tuple of g-ary bits, a = (ag,...,ax_1) € IF’;, the homogeneous polynomial is

chosen to be -
fulu,0) = 3 a1, (6.33)
i=0
and the resulting code takes the form
¢ = {(fa(ulavl)a s afa(umvn) rac Flgv [uz : Ui] S X} : (634>

This family of Reed—Solomon codes can be used to construct quantum error-
correcting Reed—Solomon codes [n,n — 2k, k + 1], [221]. The case of perfect
tensors is obtained by setting n = ¢ and kK + 1 = n — k, which leads to a
lg.1, (g + 1)/2], code describing perfect tensors with ¢ + 1 indices and bond
dimension ¢, where we can take the prime ¢ to be large as required for our later
applications. In this chapter we will consider precisely this code to construct
holographic tensor networks; however our results are applicable more generally
to tensor networks built out of any error-correcting code with the “perfectness”

property in definition 1.

The reader will have noticed that we have chosen to emphasize the perspective
of canonical quantization in our exposition of the CRSS algorithm. In the
original publication [5], we offer an elegant natural generalization of the CRSS
algorithm that produces perfect tensors directly, without any intermediate
reference to the theory of quantum codes. This construction also gives a
physical interpretation of the perfect-tensor condition. More generally, we
offer a proof that the perfect tensor condition is, in a suitable sense, “generic”

within the CRSS construction of quantum codes.



241

Notational remark: In this section, as well as in appendix D.1, we set ¢ = p”
where p is a prime and r is a positive integer. Later in Section 6.3 onward, we
will reserve the letter p to parametrize the bulk geometry of the Bruhat—Tits
tree of valence p 4+ 1, and will set up on this geometry the quantum Reed-
Solomon code [r, 1, (r +1)/2], where r will be an independent prime number.
It is also worth emphasizing that, in addition to being a prime power, ¢ will
be used for the parameter of a multiplicative normalization of an elliptic curve
(i.e. a representation as C*/¢”, or QX /q” in the p-adic case). Both notations
are standard, but the context should always be sufficient to determine which

usage is intended.

6.3 Entanglement in p-adic AdS/CFT

In this section we build on section 6.2 to initiate the study of holographic en-
tanglement entropy in p-adic AdS/CFT, via a quantum error-correcting tensor
network construction built using perfect tensors. We begin by discussing the
framework for the vacuum (p-adic) AdS geometry, culminating in the verifica-
tion of a Ryu-Takayanagi like formula in this purely p-adic setting, and in the
next section proceed to discuss entanglement in a genus 1 (p-adic) black hole

geometry.

The dual graph tensor network

The states we want to focus on in this chapter are a subset of all possible states
which can be constructed using contractions of perfect tensors, each of which
can be referred to as a “tensor network”. The basic idea of this construction
involves the contraction of many tensors in a “bulk” space to produce a com-
plicated entangled state at the boundary of the network. One may interpret
this boundary state as an analog of the ground state of a boundary conformal
field theory, and there are many proposals in the literature on how this may
be realized. The details of the particular tensor network proposed here are
along the lines of [99] and are important to the overall conclusions and gen-

eralizations. We will see the tensor network is closely associated with p-adic

AdS/CFT.

To construct a holographic state |¢) in the boundary Hilbert space, we consider
a tensor network given by what we call the “dual graph” of the holographically
dual bulk geometry. For instance, if the boundary is P!(Q,), then we consider
the “dual graph” of the Bruhat-Tits tree in the bulk. If we are interested
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in states dual to the p-adic analog of the BTZ black hole, we must consider
the corresponding “dual graph” of the genus 1 Schottky uniformization of the
Bruhat-Tits tree. In this section we focus on the tensor network associated
with the Bruhat-Tits tree (which as mentioned in Section 6.2 is to be thought
of as the p-adic analog of a time slice of vacuum AdS;3). In the following,
the introduction of this dual graph to the Bruhat-Tits tree may at first sight
appear to be an additional structure beyond what is needed to study bulk dy-
namics p-adic AdS/CFT, but it will turn out to be crucial to our investigation

of the relationship between bulk geometries and boundary entanglement.

We recall from Section 6.2 that every edge on the Bruhat—Tits tree can be
uniquely specified by specifying its two end-points (either as a pair of adjacent
lattice equivalence classes or as a pair of cosets) and for every node on the
Bruhat-Tits tree, there are p + 1 edges incident on it. We define the dual

graph as follows:

Definition 3. A dual graph of the Bruhat—Tits tree is a graph which satisfies

the following two properties:*

e There exists a bijective correspondence between bonds on the dual graph
and edges on the Bruhat—Tits tree. (Both “edge” and “bond” refer to the
same object in graph theory — links between nodes on the graph, but for
clarity we reserve the term “edge” for the Bruhat—Tits tree and “bond” for
the dual graph.) Consequently, each bond on the dual graph is identified
by specifying the corresponding edge on the Bruhat—Tits tree.

e The incidence relations of the set of bonds in bijective correspondence
with those edges on the Bruhat-Tits tree incident at a particular node,
are such that they form a cycle graph. We refer to such cycle graphs as
“plaquettes”. Thus there is a bijective correspondence between nodes on

the Bruhat—Tits tree and plaquettes on the dual graph.

In fact, the dual graph in the p-adic black hole geometry also satisfies the same

properties.

4These properties are motivated from the “minimum cut rule” which provides a discrete
analog of the Ryu—Takayanagi formula for connected regions in networks of perfect ten-
sors [99]; however we do not assume this in the following. In fact in our setup the “minimum
cut rule” applies more generally, for instance in the evaluation of the bipartite entanglement
of a disconnected region as discussed in Section 6.5.
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Any valid dual graph must satisfy the definition above; however, the defini-
tion does not uniquely specify a particular dual graph. By construction, a
PGL(2,Q,) transformation acts simultaneously on both the Bruhat-Tits tree
and its dual graph as an isometry. The choice of picking a particular valid dual
graph (which corresponds to making a particular choice on the connectivity
of the plaquettes at each node) corresponds to a choice of “planar embedding”
of the Bruhat-Tits tree as we explain in Section 6.6. See figure 6.1 for an
example. The construction of the dual graph may appear sensitive to the ex-
istence and choice of a planar embedding of the Bruhat—Tits tree. However,
we show that physical quantities do not depend on this choice. Additionally,
in the original publication [5], we offer a rigorous proof of this fact and explain
this construction entirely in the context of the p-adic Drinfeld upper half plane

without assuming an embedding in the ordinary (real) upper half plane.

(a) A choice of a planar embedding (b) A different planar embedding
for the dual graph for the dual graph

Figure 6.1: A finite part of the infinite Bruhat—Tits tree is shown in red, with
the nodes labeled v;. The graphical representation of the dual graph for the
finite red subgraph is shown in black. The Bruhat-Tits tree in (b) is obtained
by acting on the Bruhat-Tits tree in (a) with a PGL(2,Q,) transformation
fixing the vertex vy. Equivalently, the dual graphs in (a) and (b) correspond to
two different choices of incidence relations for bonds on the dual graph, subject
to the two requirements mentioned in definition 3. In the infinite graph limit,
the geometry of the Bruhat-Tits tree is represented by the Schléifli symbol
{00, p + 1}, while the dual graph is given by the Schléfli symbol {p + 1, oo}.
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The dual graph will describe a tensor network. Each node on the dual graph
will represent a rank-(r+1) perfect tensor for some chosen r, with the bonds on
the dual graph specifying how tensor indices are contracted among themselves.
In this chapter we restrict ourselves to the study of the so-called holographic
states rather than holographic codes [99]. Thus there are no “bulk logical in-
puts” in our setup. Interestingly, the Bruhat-Tits tree and (any choice of)
its dual graph may be obtained as the asymptotic limit of the simplest holo-
graphic states considered in [99] — where the geometry is described by a regular
hyperbolic tiling using ¢-gons with p+ 1 ¢g-gons incident at each vertex (which
is represented by the Schlifli symbol {¢,p+1}) and the corresponding perfect
tensor network with Schléafli symbol {p+1, ¢} —in the limit ¢ — co. Viewed as
such a limit, we observe that in fact all nodes of the dual graph tensor network
may be interpreted as having been “pushed to the boundary” leaving no “bulk
nodes” on the tensor network (see figure 6.2b for an example with a finite
tree).” As mentioned in Section 6.2 the perfect tensors themselves originate
from quantum Reed-Solomon codes, particularly the [r,1,(r + 1)/2],-code,
where r is prime, although in the following the only thing we will explicitly
use is the perfectness property of the quantum code and the fact that the
tensors have rank and bond dimension r. Depending on the chosen rank of
the perfect tensor, there will be a varying number of free (uncontracted or
“dangling”) legs at each node on the dual graph. (We have suppressed such
“dangling” legs in figure 6.1.) As with other tensor network models, we in-
terpret the “boundary wavefunction” as a complicated entangled state in the

tensor product Hilbert space of these dangling legs.

In practice, we always work with a boundary UV cutoff, so that we only
consider finite graphs in the bulk. Thus in constructing a dual graph tensor
network which describes a holographic state, in addition to the prime p (which
parametrizes the bulk geometry 7,), we need to specify two other integral
parameters: the UV “cut-off parameter” A and the rank of the perfect tensors
(r+1).

Definition 4. The cut-off parameter A is defined to be one-half the length of
the longest geodesic on the radially truncated (i.e. cut-off) Bruhat-Tits tree.

SSince we restrict our attention in this chapter to only holographic states [99], the results
do not depend on this curious feature of the p-adic tensor network. Thus we do not comment
further on the physical interpretation of this observation.
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6 6

(a) Dual graph to a finite tree
(b) Holographic state with free dangling
legs

Figure 6.2: The construction of the holographic tensor network for the cutoff
Bruhat-Tits tree. In this example, we have used perfect tensors of rank eight.
The construction shown here corresponds to the parameters p = 3, A = 2,
and r = 7. Hereafter we will suppress showing the free uncontracted/dangling
legs displayed in (b).

See figure 6.2. Eventually, we will take the number of tensors and r to be large;
the resulting boundary holographic states will have entanglement properties

which are geometrized by this bulk network.

Cutting off ordinary (real) or p-adic AdS at a finite radius provides an IR
regulator from the bulk point of view, as the length of boundary anchored
geodesics formally diverges for an infinite tree. In the usual picture, this IR
regulator of minimal surfaces is dual to the UV cut-off of the conformal field
theory; in this model it is the finiteness of the number of boundary tensors. For
each choice of p and A, the endpoints of the cut-off (truncated) Bruhat-Tits
tree form the space P! (Z/p"Z),% and the tensor network is the dual graph to the

tree of this space. As we remove the cutoff, the boundary approaches P*(Q,),

6As usual, points in P'(Z/p”Z) are obtained by considering pairs in the ring Z/p"Z
modulo scaling. For A > 1, this is not a field and there are zero divisors without multi-
plicative inverses. When forming the projective line, one finds there are multiple “points
at infinity” beyond the usual inverse of 0. Perhaps surprisingly, the set of base points and
points at infinity are in one to one correspondence with the boundary of the tree cut off at
finite distance.
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and we will show that various quantities such as the length of geodesics and
the entanglement entropy will have logarithmic UV divergences as expected

in a two-dimensional quantum field theory.

Further, we impose a constraint on the rank (r+1). We require (r+1)/2 > 2A.
Thus in the limit A — oo, the rank of the perfect tensor also goes to infinity.
This means considering limits, in the appropriate sense, of density matrices of
increasing ranks. This limiting procedure can be made precise in the setting
of AF-algebras and states, but it is somewhat outside the scope of this thesis.
A detailed conceptual and technical analysis of such a limit is given in the

original publication [5].

If for a chosen vertex v on the dual graph, the number of contracted legs of the
tensor is denoted v., while the number of uncontracted legs is denoted vy, then
for cut-off A, all vertices on the dual graph tensor network satisfy 2A > v..
Since v.+v4 = r+1, the requirement above implies v. < v4 at all vertices of the
tensor network. Thus this condition ensures that the number of free dangling
legs at any vertex on the dual graph is greater than or equal to the number
of contractions at the vertex. This requirement may seem arbitrary, but plays
an important role in our setup. Without this constraint the minimal cut rule
obeyed by perfect tensors may lead to the cuts being made at the uncontracted
dangling legs of the tensor network rather than along the contractions in the
bulk of the network, which will be necessary for recovering the appropriate RT

surface.

The holographic state so constructed is a pure state which is a ground state of
the dual toy model CFT. We show that the dual graph tensor network satisfies
a Ryu-Takayanagi like formula and is independent of the choice of the planar
embedding. We will prove this in general for the bipartite entanglement of
“connected” and “disconnected regions” (which we will be define more precisely
shortly). In this section, we restrict to discussing the results; all detailed

computations can be found in Section 6.5.

Entanglement in genus zero p-adic background

The p-adic numbers have a totally disconnected topology, so that open balls
(in fact, all balls are clopen, i.e. closed and open) are either fully disjoint
or contained one inside another. Clopen balls are defined as B,(z) = {y €

Q, : |x —y|, < p} for any integer v. The set of non-zero p-adic numbers
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p~'U,

pU,

iy

(a) The multiplicative group Q. (b) Clopen balls in P*(Qy).

Figure 6.3: Two pictures of the Bruhat-Tits tree for P'(Q,), emphasizing
either the action of the multiplicative group Q5 or the Patterson—Sullivan
measure.

itself can be written as the disjoint union of the clopen balls Q, \ {0} =
U . p™U,, where U, = Z, \ pZ, = {x € Q, : |z|, = 1}. Thus although
p-adic numbers are not ordered, they admit a partial sense of ordering with
respect to the p-adic norm. This partial ordering is captured by the Bruhat—
Tits tree. Using conformal transformation, set any two points on the projective
line P'(Q,), the boundary of the Bruhat-Tits tree, to 0 and co. Then the
particular clopen balls of Q) = @, \ {0} of the form p™U, arrange themselves
as shown in figure 6.3a. In the Poincaré disk picture, any clopen ball of P*(Q,)
can be obtained by cutting the Bruhat—Tits tree along one of its edges — the
terminus of the disconnected branches of the tree represent the (mutually
complimentary) clopen sets whose union is the whole of P'(Q,) (see figure

6.3b). More general clopen sets are obtained as finite union of balls.

Now recall from standard results in holography that in a CFTy, the entan-
glement of a connected region A with its complement on a one-dimensional
spatial slice admits an interpretation as the length of the minimal geodesic(s)
in AdS; homologous to the region A, i.e. one minimizes over the length of the
geodesic(s) such that there exists a bulk region r whose boundary is the union

of the minimal geodesic(s) and the boundary region A. In this case the bound-
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ary of A is simply a pair of points (which together comprise the “entangling
surface”). This presents an obvious obstruction over the p-adic formulation,
since Q, is not ordered, and it is clear one cannot define regions by specifying
end points in QQ,. How, then, is entanglement to be interpreted in a p-adic the-
ory over one (spatial) dimension? There are at least two physically motivated

points of view:

e One possibility is to study entanglement of clopen sets on the projective
line with their complementary clopen sets. However, due to ultrametric-
ity, every point in a clopen ball is the center of the ball. Thus the notion
of “boundary” of the ball is ill-defined (more generally, the “boundary” of
a clopen set is ill-defined), nor is there an analog of entangling surfaces.
One can however specify the smallest clopen ball containing a given pair
of points. The size of such a clopen ball is given by the Patterson-Sullivan
measure [239, 240], and is directly related to the (regulated) length of

the boundary-anchored bulk geodesic joining the given pair of points.

e A second related possibility, but closer in spirit to the real formalism,
is to motivate entanglement directly in terms of the “entangling sur-
face” on the spatial p-adic boundary, namely, in terms of pairs of points
on the boundary P'(Q,). We note that the (regulated) geodesic dis-
tance between any two chosen points on the boundary is invariant under
any automorphism of the Bruhat-Tits tree, and thus is independent of
the planar embedding, which is an essential feature of the setup. The
freedom in the choice of planar embedding reflects the fact that p-adic
numbers (living on the boundary of the Bruhat-Tits tree) do not form

an ordered field and thus admit all possible planar embeddings equally.

We adopt the latter point of view here (although some aspects of the former
point of view will also inevitably feature in our discussion of the p-adic results
due to the inherent ultrametric nature of p-adic numbers), as it represents a
generalization which is applicable to both the real and the p-adic formulations.

We comment further on this point in Section 6.7.

We emphasize that the geometry, which is given by the Bruhat—Tits tree has a

strong non-Archimedean flavor owing to the direct connection with p-adic num-
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bers.” The dual graph tensor network is however closer in spirit to the usual
tensor networks framework over the reals. The network still encodes a maxi-
mally entangled ground state of the CF'T, and the perfect tensors from which it
is made provide the quantum-error correction properties. In this setup, we will
compute entanglement in the usual way: by tracing out “boundary regions” of
the tensor network, specified by sets of nodes on the dual graph (more precisely
the collection of uncontracted tensor legs at those nodes), and then explicitly
compute the reduced density matrix, and from it the von Neumann entropy.
However, we will argue in the p-adic setting that the specification of intervals

is not as fundamental as the specification of the entangling surfaces.

Regions in the bulk and boundary of tensor networks

In a static slice of the boundary theory, the standard way of specifying a con-
nected region at the terminus of a holographic tensor network is by picking
a pair of points on the spatial slice of the two-dimensional CF'T. This natu-
rally defines a pair of complimentary intervals at the boundary of the tensor
network, and provides a factorization of the Hilbert space, H = H; ® Ha,
where H,; are the Hilbert spaces associated with the individual regions. Start-
ing with a pure state in H given by the density matrix p, the bipartite von
Neumann entropy of region 1 is computed by tracing out the states associated
with H,, producing the reduced density matrix p; = Try, p. The von Neu-

mann entropy, in this case called the entanglement entropy, is then given by

S1 = —Tr(p11og p1).

However, the situation is different in the p-adic setting in an important way,
namely the specification of intervals on the boundary. As mentioned above,
the notion of an interval with end-points is ill-defined when the CF'T lives on
a (spatial) p-adic slice Q, (or the projective line over Q,); however one can
still define a corresponding pair of complimentary connected regions at the
boundary on the tensor network, separated by two boundary points as we now

explain.

In our setup, the “connected region” of interest on the tensor network will be

"The non-Archimedean property of p-adic numbers is as follows: Given two p-adic num-
bers a,b € Q,, such that |a|, < [|b|p, then for all n € Z, |na|, < |b],. We will also
use the term “ultrametricity” in the context of the p-adic norm. Ultrametricity refers to
the stronger form of the triangle inequality obeyed by the p-adic norm: Given a,b € Q,,
la + b|, < sup{|alp, |b|,}. The no-nArchimedean property follows from ultrametricity.
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specified by a set of nodes on the tensor network which lie “in between” the
given boundary points x and y, which themselves lie at the terminus of the
cutoff Bruhat—Tits tree. We will explain the terminology “in between” shortly,
but essentially it corresponds to selecting a set of vertices at the boundary
of the tensor network in between the chosen end points, in a given planar
embedding. The exact region to be traced out will depend on the choice
of planar embedding (i.e. the choice of the dual graph). See figure 6.4 for
an example. The ambiguity in picking a region or its complement is fixed
by assigning an orientation, such as an anti-clockwise orientation. We stress
that we are not assuming any ordering of the p-adic numbers. Once a planar
embedding is chosen, the region “in between” x and y is PGL(2, Q,,) “covariant”,
which follows from the transformation properties of the dual graph explained
earlier.® The final result for the von Neumann entropy for the connected region

is independent of this choice of the planar embedding.

(a) A choice of a planar embed- (b) A different planar embedding
ding for the dual graph for the dual graph

Figure 6.4: The region at the boundary of the dual graph “in between” bound-
ary points vg and v; for two choices of planar embedding for the dual graph,
depicted in blue.

Let us make this more precise.

8By covariance, we mean that the region is always given by the set of nodes on the
tensor network “in between” the given boundary points. The boundary points will in general
transform under PGL(2, Q,,) to a new set of points, and accordingly, the region will transform
to one between the transformed pair of points.
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Definition 5. The shortest bonds on the tensor network comprise the subset
of bonds (contractions) on the tensor network which are in bijective corre-
spondence with the set of edges on the Bruhat—Tits tree situated at the cutoff
boundary.

Definition 6. A connected region on the tensor network is defined to be a
set of vertices on the tensor network which are “path-connected” to each other
(by which we mean one can jump, solely via the shortest bonds on the tensor
network, from any vertex in the set to any other without landing on a vertex
which is not in the set). We define a disconnected region to be a region which

is not connected.

We will also interchangeably mean the (connected or disconnected) region to
stand for the uncontracted tensor legs situated at the vertices in the specified

region.

As noted earlier, we specify the connected region (on the dual tensor network)
by specifying two boundary points on the Bruhat—Tits tree and considering all
vertices on the dual graph which lie “in between” the boundary points (after

making a choice of orientation), which we now define.

Definition 7. Given two points z and y in 07, and a choice of a planar
embedding, we define the connected region on the tensor network in between
x and y (up to a choice of orientation) as the set of nodes on the tensor network
path-connected to each other via the “shortest bonds” starting at the “start
bond” and ending at the “end bond”, without backtracking. The “start” and
“end” bonds correspond to bonds on the tensor network dual to the cutoff

edges on the Bruhat-Tits tree ending at = and y.

For instance, in figure 6.5a, the chosen connected region lies in between the
boundary points x and y. By contrast, in figure 6.5b we show an example
of a “disconnected region”, associated to a given set of four boundary points.
The von Neumann entropy of the chosen region in such a case will depend
on the von Neumann entropy of its disjoint connected parts and the mutual
information shared between them. We will discuss the case of disconnected

regions in more detail in Sections 6.5-6.5.

Looking ahead, we make two more definitions.
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(a) (b)

Figure 6.5: (a) The set of vertices on the dual graph marked in blue form a
“connected region”. (b) The set of blue vertices form a “disconnected region”
which can be specified by a set of four boundary points. Note that for the
given set of boundary points and a chosen planar embedding, another choice
of disconnected regions, shown in black circles, is possible.

Definition 8. Given a planar embedding (i.e. a choice of a dual graph tensor
network) and a geodesic y that separates the tensor network into two connected
components, called bulk regions P and @), the boundary of each bulk region is
a collection of uncontracted tensor legs, which includes the tensor legs which

were originally contracted across 7.

Definition 9. Given a boundary interval A specified by a set of nodes on
the tensor network (where more precisely, by A we mean the collection of
uncontracted tensor legs at the specified set of nodes), we say a geodesic 7 is
homologous to A if there exists a bulk region on the tensor network, part of
whose boundary is given by (the full set of uncontracted tensor legs at) A while
the remaining uncontracted legs forming the boundary of the bulk region are

in bijective correspondence with the edges of the geodesic ~.

This definition applies to both connected and disconnected regions A, and has
an obvious extension to the setting with multiple geodesics. This notion of
homologous geodesics is a natural adaptation of the notion in continuum case
to tensor networks, and makes a natural appearance in our tensor network

setup.
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Results

We now summarize the entanglement entropy results for the tensor network
described above; the detailed calculations can be found in Sections 6.5-6.5. In
the case of a connected region A, parametrized by the points z,y € Q, as
described previously, we prove in Section 6.5 that the vacuum von Neumann

entropy is given by
rT—Y

S(z,y) = (2logr)log, ) (6.35)

p

where ¢ = p* € Q, is the UV cutoff, and the tensor network is built out
of perfect tensors of rank r 4+ 1. The overall factor of logr can be absorbed
by taking a logarithm in base r when computing von Neumann entropy via
S = —Trplog p. We use the notation S(z,y) to emphasize that the entropy is
independent of the choice of planar embedding and only a function of p-adic
coordinates x and y. The p-adic norm | - |, appears naturally in this tensor
network setup, and the expression (6.35) makes sense in the limit |e|, — 0 when
the finite cutoff tree approaches the infinite Bruhat-Tits tree.” The quantity
|z —1y|, has a natural interpretation as the measure of the smallest clopen set in
Q, containing both z and y and is the analog of the “length of an interval” over
the reals. The result (6.35) is obtained by explicitly computing the reduced
density matrix and diagonalizing it. The entanglement entropy obtained is in
direct analogy with the corresponding classic result for the entanglement of a
connected interval (of size |x — y| over the real line) with its complement, on
a static spatial slice of a massless CFTy with UV cutoff € [216, 214].

The tensor network also affords a bulk interpretation for (6.35). We show
in Section 6.5 that the von Neumann entropy S(x,y) is precisely equal to the
length of the minimal geodesic in the bulk homologous to the connected region
A, consistent with the Ryu-Takayanagi formula. On a static slice of CF Ty, the
minimal geodesic joins the end-points of A, given by the “entangling surfaces”
z,y € Q. Indeed, we show that

length(~,
S(z,y) = %ﬁy) logr, (6.36)

where v,, is the minimal geodesic on the cutoff Bruhat-Tits tree joining bound-

ary points x and y, and ¢, the length of each edge on the tree, is proportional

9For a finite tree bulk geometry, the expression (6.35) continues to make sense if one
views the boundary points z,y, which are now elements of the ring Z/p*Z, as p-adic numbers
with a truncated power series expansion.
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to the AdS radius. As remarked earlier, this result is consistent with the
minimum-cut rule obeyed by networks of perfect tensors in the case of bipar-
tite entropy of connected regions [99], although we do not assume it in our
setup. Essentially, the dual graph tensor network proposed in this chapter has
the property that the minimal number of tensor contractions on the tensor
network which must be “cut” across to completely separate the connected re-
gion from the rest of the network, precisely equals the length of the minimal
geodesic on the Bruhat-Tits tree. Indeed, we show in Section 6.5 that these
cuts trace out precisely the path of the minimal geodesic joining the entangling

surfaces.'’

Moreover, we have the bulk formula

length(v,y)/¢ = 6(C = z,C = 2) +0(C = y,C —=y) —20(C - z,C = y),

(6.37)
where C' is an arbitrary node on the Bruhat-Tits tree (or its boundary),
and (-, -) is the signed-overlap between the two directed paths in its argu-
ment [82].'" Equations (6.36)-(6.37) are applicable for connected regions in

the genus 1 geometry as well, which is discussed in the next section.

We also show in Section 6.5 that the result (6.36)-(6.37) continues to apply
to a (massless) CFT defined over a circle, more precisely the projective line
P'(Q,). Let’s first recall the result in the real case. Over the reals, the entropy

formula

S(z,y) o logé , (6.38)

where L = |x — y| is the size of the connected interval A = [z,y] and € the UV
cutoff in the CFT, gets replaced by [214]

2R L
1 — sin — .
S(x,y) «x log ( — sin QR) , (6.39)

where R, the IR cutoff parametrizing the total size of the spatial boundary,
is the radius of the Poincaré disk, and L = R|argz — argy| is the arc length

10Tn fact the geodesic is homologous to the specified region. This condition is especially
important in black hole geometries where there can exist shorter geodesics not homologous
to the given region. The tensor network always picks the one which is homologous. This
will be discussed in more detail in the next section.

HFor example, the signed-overlap of a path with itself is simply the length of the path,
while the signed-overlap with the same path but with opposite orientation is negative the
total length of the path. The signed overlap vanishes for paths which do not share any
edges.
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of the interval with z,y € P'(R) = S'. In the limit L < R, (6.39) reduces to
(6.38).

When the spatial slice at the boundary is the projective line over Q,, the
results in the p-adic tensor network setup continue to be analogous to the real
case. The measure of the smallest clopen set in QQ, containing x,y € Q,, given
by |x — yl, in (6.35) gets replaced by the Patterson-Sullivan measure of the
smallest clopen set in P'(Q,) containing z,y € P*(Q,) [239], so we have

1B (2, y)|ps _

|€‘p

S(z,y) = (2logr)log, (6.40)

Explicitly, choosing C' to be the radial center of the cutoff Bruhat—Tits tree in
the Poincaré disk picture (recall figure 6.3b), the Patterson-Sullivan measure is
given by |B(z,y)|ps = p~UE2@¥) where d(-, -) is the graph distance between
the nodes in its argument, and anc(x,y) is the unique vertex on the Bruhat—

Tits tree at which the geodesics from z,y and C' simultaneously intersect.

When d(C,anc(z,y)) < d(C,z) = d(C,y), the Patterson-Sullivan measure is
approximated by |z — y|,, thus recovering the formula (6.35) from (6.40)."
Moreover, the Patterson-Sullivan measure rises, attains a maxima, and then
falls as the boundary points x and y are moved away from each other, similar
to the sine function in (6.39) which rises, reaches a maxima, and then falls as L
is increased. This can be seen from the explicit form of the Patterson-Sullivan
measure quoted above, by fixing one of the boundary points while moving the

other “away” from it.'?

We remark that as is clear from (6.35) and (6.40), the measure of the clopen
set is more fundamental than the number of boundary vertices falling within
a connected region in a chosen planar embedding. Fixing a planar embedding,
a given pair of end-points z,y may simply contain “in between” themselves
a single vertex on the tensor network but may still correspond to a clopen

set with a larger measure than that of another pair of points which carry “in

2Here we are being loose about the distinction between z € P*(Q,) and z € Q,. The
precise statement is that when the radial center C is sent to a boundary point, say co €
P}(Q,), the remaining boundary of the Bruhat-Tits tree is described precisely by the p-
adic numbers Q, and in this case, the Patterson-Sullivan measure on P(Q,), |B(z, y)|ps =
p~HCane(@y) reduces exactly to the Haar measure on Q,, given by the p-adic norm |z —y|,.

13The Patterson-Sullivan measure rises, attains a maximum, and then eventually falls in
discrete steps in contrast to the smoothly varying sine function in (6.39), as one fixes one of
the nodes but moves the other “away” in the sense of increasing the path length along the
“shortest bonds” between the two nodes for a chosen orientation.
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between” themselves a larger number of vertices. This essentially is due to the

inherent ultrametric nature of the setup.

In Section 6.5 we extend the results for a single connected interval to the case
of a disconnected interval. Instead of two boundary points specifying a single
connected interval, we now have four boundary points parametrizing the dis-
connected case, with the full interval written as a union of its two connected
components. We show that the entropy is independent of the planar embed-
ding and obeys an RT-like formula exactly (see, for instance, the discussion
around (6.104)). We also verify the non-negativity of mutual information as
well as the Araki-Lieb inequality, and in fact in (6.103) write down an explicit
expression for mutual information in terms of the conformal cross-ratio con-
structed from the boundary points. We then provide a dual bulk interpretation
of mutual information in terms of the overlap of the minimal geodesics of the
individual components. Finally, in Section 6.5 we give a simple holographic
proof of strong subadditivity in the p-adic setting, demonstrating its relation
to ultrametricity, and a proof for monogamy of mutual information. In fact,
we find that mutual information is extensive, that is, the tripartite entropy is

identically zero. We refer to these sections for more details.

6.4 p-adic BTZ Black Hole

In this section, we continue the study of the proposed tensor network in bulk
geometries which can be considered the p-adic analog of black hole or thermal
states. We will first summarize the construction of these p-adic geometries (Q,)
in analogy with the complex case of Euclidean AdS3 (C) or a time slice of the
Lorentzian counterpart. This uniformization procedure is an algebraic way to
obtain black hole geometries from empty AdS, and there is a natural way to
apply this construction to the perfect tensor network of the previous section.
Instead of a pure state on the boundary in this toy model, one finds degrees of
freedom behind the ‘horizon” which must be traced out. The result is a thermal
density matrix, and following [199] we interpret this as the thermal state at
the conformal boundary with entropy analogous to the entropy first observed
by Bekenstein and Hawking [241, 242]. In this discrete p-adic model, using
computational tools described in the next section we find precise agreement
between the perimeter of the black hole horizon and the thermal entropy of
the boundary density matrix. We postpone the details of this calculation until

Section 6.5, and here we will focus on the setup and results.
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One can further study entanglement entropy in these genus 1 backgrounds
by tracing out regions of qubits at the boundary. The resulting entangle-
ment entropy has a dual interpretation in the bulk as the lengths of minimal
geodesics homologous to the boundary intervals in the black hole background,
the analog of the Ryu-Takayanagi formula in this geometry [92, 93]. In our
model, the boundary anchored geodesics wrap non-trivially around the horizon
to minimize the total length, and one might have expected this minimization
property of tensor networks from the minimal cut rule of [99]; however we
emphasize that the genus 1 tensor network is fundamentally different from the
one considered in [99] and is obtained instead as a quotient of the genus 0
construction. We have verified this agreement between the boundary entropy
and the bulk geodesic length by direct computation, and conjecture that this
gives a holographic derivation of entanglement entropy in p-adic AdS/CFT in

thermal backgrounds.

Genus 1 curves and Schottky uniformization

In analogy with the complex case of AdS3/CFTy where the Banados, Teitel-
boim, and Zanelli [73] (BTZ) black hole boundary in Euclidean signature is a
T2, the boundary picture of these p-adic BTZ black holes can be understood as
genus g = 1 curves over non-Archimedean fields. These curves were originally
described in the classical work of Tate for ¢ = 1 and Mumford for g > 1 [75],
and while we focus on the genus 1 case we will often refer to the boundary
curve as a Tate-Mumford curve. The applications of the boundary curve/bulk
graph to p-adic AdS/CFT are described in Chapter 5 as well as [74]. The
bulk spaces are then given by quotients of the p-adic Bruhat—Tits tree (the
analog of empty AdS) by the action by isometries of a discrete group. For a
general introduction to Mumford curves and their associated bulk spaces see
[243, 244].

In the complex case of a torus boundary, a familiar realization is a uniformiza-
tion of the elliptic curve E(C) by the complex plane C. If the modular pa-
rameter is 7 with Im(7) > 0, one may construct a C lattice A = Z & 7Z and

describe the curve as the quotient
T? ~ E(C) ~ C/A. (6.41)

This is the familiar procedure of identifying opposite sides of a parallelogram.

However, a direct p-adic analog using a lattice turns out to not be possible. An
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alternative approach due to Tate is essentially to consider the exponentiated
map. Defining the standard Fourier parameter ¢ = > which satisfies |¢| < 1
since Im(7) > 0, we may instead consider a quotient of the multiplicative
group C*:

T? ~ E(C) ~ C*/q*, (6.42)

where ¢” for the integers Z form a discrete abelian group. This construction of
the elliptic curve is an example of complex Schottky uniformization of genus
1 curves, which can be generalized to g > 1 curves and has a natural p-adic
analog. Schottky uniformization is the uniformization of an elliptic curve by
quotienting the projective line by a chosen discrete subgroup of its Mobius
transformations. More precisely, we must first remove a certain limit set of
the projective line where the Schottky group acts poorly; in the present g = 1
case these can be chosen to be the two points {0, 00}, which explains the
C* used above. At higher genus the limit set is much more complicated, see

Sections 5.2 and 5.5 for details.

At genus 1 we can be even more explicit. Recall in the complex case that
Mobius transformations form the group G = PSL(2,C) which acts on P(C)

with complex coordinate z by fractional linear transformations,

a b az+b
gEG—(C d). Z'_>cz+d‘ (6.43)

Removing the aforementioned limit points, we may now pick a discrete sub-
group I' € PSL(2,C) with which to perform the quotient. For genus g = 1

with the abelian group I' = ¢%, a generator 7 acts on the domain by

q1/2 0
vyel = 0 g D2 qz, (6.44)

and we may obtain a torus by dividing by this action; explicitly points in the

plane are identified under this scaling.

In Euclidean signature, this action uplifts to the 3-dimensional hyperbolic
upper half plane which has the complex projective line as its boundary. Here
we view PSL(2,C) as the group of isometries of Euclidean AdS; with the
scaling extending into the bulk direction. In the bulk, this Schottky generator
q acts by scaling of geodesic surfaces, and in particular it acts on the unique

geodesic connecting {0, 0o} as translations by logq. Taking a quotient of the
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bulk by this action gives the Euclidean BTZ black hole, presented as a solid
torus with the desired elliptic curve E(C) at the conformal boundary. This
is was illustrated in the Chapter 5 in figure 5.3. (In fact, one may obtain
a family of black hole and thermal AdS solutions by acting with modular

transformations [199, 245].)

It is possible to repeat the above uniformization in Lorentzian AdSs. In this
case, the isometry group is SO(2, 2), the connected part of which is isomorphic
to (SL(2,R) x SL(2,R))/Zs (in fact, there is a subtlety in the choice of covering
group [246], which will not concern us here.) As before, quotienting with
discrete abelian subgroups can be used to find BTZ black hole spacetimes
in Lorentzian signature, possibly with angular momentum. In our case in
analogy with genus 0, we would like to interpret the p-adic tensor network
as describing a time slice of a static black hole. To this end, one may pick a
discrete subgroup of the diagonal PSL(2,R) acting on the ¢ = 0 slice, which
is now a copy of the upper half plane H? ~ R x R*. For ¢ € R, the Schottky
group is again I' = ¢% with matrix form (6.44), acting by fractional linear
transformation, but now on H? (rather than the complex boundary coordinate
as in the Euclidean case.) The result of this quotient is the t = 0 slice of
the non-rotating BTZ black hole in Lorentzian signature. In the bulk, this is

two-sided and has one non-contractible cycle— the black hole horizon.

In the conventions of [247] with unit cosmological constant, this black hole

with mass M = r, and angular momentum J = 0 is generated by the Schottky

emrt 0
= ) 6.45
v ( 0 €_m> (6.45)

From this one my find the horizon perimeter and compute the Bekenstein

element

Hawking entropy. In these units it is simply Spy = 4nr, = 2logq in terms of

the ¢ parameter.

When moving from R or C to Q,, the topology and geometry of both the
bulk and boundary change dramatically. The goal of the present work is not
to define or classify the possible choices in this p-adic setting (which might
involve even more exotic structures such as buildings), but rather to provide a
discrete toy model of holography in which aspects of the bulk can be computed
exactly. For this reason, in discussing genus 1 black holes we will assume the

simplest interpretation of a static black hole where we work on a spatial slice;
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this is the situation where our formulas have qualitative similarity to real
AdS/CFT in 3-dimensions. There may be other interpretations of our results,
and we will remain agnostic about more general signatures and situations such

as rotating black holes.

We now proceed to describe the uniformization of the Tate-Mumford curve
by the p-adic multiplicative group Q. This describes the boundary geometry
for the black hole, and there is a natural extension to the bulk Bruhat-Tits
tree. As explained above, we will not rely on a lattice, but rather identification
of points under a Schottky generator; now a discrete subgroup of the p-adic
conformal group. Mathematically, we will mimic the above construction with
the substitutions PSL(2,R) — PGL(2,Q,) along with the discrete Schottky
generator I' C PGL(2,Q,). Physically as we have explained, we interpret
the result in the bulk as a time slice of a static black hole. Asymptotically,
this geometry looks like the Bruhat-Tits tree, but the center contains a non-
contractible cycle of integer length. In a different context, this uniformization
was used in the context of open p-adic string theory to compute multi-loop
amplitudes in [81], which viewed the Bruhat-Tits tree and its higher genus

generalizations as worldsheets.

We seek a p-adic version of equation (6.42), which is the desired Tate-Mumford
curve at the boundary. Beginning with the usual boundary z € P}(Q,), the
Mébius transformations now form the group PSL(2,Q,) acting on z by frac-
tional linear transformations, though below we will use G = PGL(2, Q,) which
is the isometry group of the tree.!* We choose the abelian Schottky group
I = ¢* € PGL(2,Q,), with ¢ € Q) lgl, < 1. The PGL matrix which gener-
ates the Schottky group can be chosen to be

0
76F—<g 1): Z > qz. (6.46)

Performing the quotient, which identifies p-adic numbers related by this scal-

ing, we obtain a curve of genus 1 at the conformal boundary, which is the

14We have passed from the special linear group to the general linear group because this
more properly accounts for the isometries of the Bruhat-Tits tree. One may see that the
SL(2) matrix in (6.44) requires us to take a square root in C; this is in general not possible
for ¢ € Q, without extensions. Among other things, restricting to SL(2) thus excludes
translations on the tree by non-square elements, while a GL(2) matrix allows one to act
with isometries of this type.



261

elliptic curve uniformized by the p-adic multiplicative group:

E(Q,) ~Q; /" (6.47)

This in principle completes the description of the boundary curve for the black
hole geometry which might be interpreted as a thermal state of a conformal
field theory at a fixed time slice. An important technical caveat is that not all
elliptic curves over Q, can be uniformized in this way, only those with split
multiplicative reduction. However, it is precisely these Tate-Mumford curves
which have a natural extension to the Bruhat-Tits tree 7,, so we will only

consider these in this work.

The situation so far over the p-adics may be somewhat abstract, but a very
intuitive picture resembling a black hole emerges when we consider the quotient
of the Bruhat-Tits tree itself by the above Schottky generator. Algebraically,
one again removes the boundary points {0,000} of 7, and identifies vertices
and edges of the tree related by the action of the Schottky generator; we can
express this as (7, \ {0,00})/¢%. In analogy with the real case, an explicit
form of this generator is a PGL(2,Q,) element which translates along the
{0,00} by log, |¢|,". Pictorially (and more formally), the geometry after the
quotient is obtained by taking the entire tree and identifying points which are
related by translation by ord,(q) = log, |q|; ! steps along this main geodesic.
The condition on the norm of ¢ means this translation is always an integer
number of steps, and the result is a central ring of length ord,(¢) with branches
which asymptotically look like 7,. It is a motivating result that the boundary
of this ring geometry can be identified with the Tate-Mumford curve, and
mathematically it is guaranteed by our uniformization procedure. This is was
already illustrated in Chapter 5, but here we reproduce the figure 6.6, where

by analogy with the real case we interpret this as a time slice of a static BTZ

black hole.

Our final task of this section is to explain how to extend this p-adic uniformiza-
tion to the tensor network living on the dual graph of the Bruhat-Tits tree.
The most natural way to do this is to simply perform the identifications under
the Schottky generator on both the tree and the dual graph simultaneously,
and one can see graphically that this will introduce a special vertex behind
the ‘horizon’. This vertex is most naturally traced out (as in a two-sided

black hole geometry,) and we will later show by explicit computation that this
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Figure 6.6: The p-adic BTZ black hole, obtained here for p = 3 by a quotient
of the Bruhat-Tits tree by a Schottky generator with log, |¢|,' = 6. The ge-
ometry is locally indistinguishable from the Bruhat-Tits tree, but the presence
of the horizon signifies the boundary interpretation will be very different. In
the tensor network analysis we will find the boundary state of this geometry
will have a thermal entropy proportional to 6 log p.

choice produces a mixed density matrix for the boundary state. The thermal
entropy of this density matrix is proportional to the perimeter of the p-adic
BTZ black hole, giving agreement with Bekenstein-Hawking formula up to an
overall constant. In this toy model, the interpretation of these microstates
are those legs (namely contracted bonds) of the tensor network which stretch

across the horizon.

As usual, the identification and resulting BTZ black hole tensor network are
best done with the aid of a figure. We first redraw the tree in a form that is
‘flattened out’ along the preferred {0 — oo} geodesic, as shown in the top sub-
figure of figure 6.7, where we have explicitly chosen p = 3 and log, |¢|,' =5
as an example. While we can only display a small portion of the tree, one
should think of this geodesic as stretching infinitely, with branches coming off
and continuing to the conformal boundary. This is nothing but a relabeling of
figure 6.2b, but we have now labeled a special vertex O on the tensor network

which sits above the central geodesic as well as a special vertex a on the tree.
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Figure 6.7: The quotient construction of the dual graph tensor network (in
black). As pictured, p = 3 and ord,(q) = 5.

After the quotient, O will be in the black hole interior and a will be identified
with its image under a — a — log, |q|,. Recall also that all the vertices on
this dual graph have dangling legs and represent degrees of freedom on the
boundary, but we have not yet specified the rank of these tensors due to a

subtlety explained below.

After taking the quotient, we can redraw the tree and its dual graph in a form
that has rotational symmetry as seen in the second figure 6.7. The infinite
geodesic has now become the central cycle or horizon of the black hole, and
the genus 1 boundary is now the boundary of the infinite branches coming off
of this cycle. The center point O, which before the quotient was just another
vertex on the boundary, has now moved behind the horizon. The number
of internal bonds connected to O is determined by the p-adic norm of our

Schottky parameter ¢, which can be any integer greater than 1.

This is an intuitive picture of how one might make a black hole tensor network
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state which agrees with our uniformization procedure for the tree. It is now
necessary to explain both the subtleties of how the dual graph is defined as
well as the cut-off prescription. Recall in the genus 0 picture, the bulk IR
regulator A was defined as half the length of the longest geodesic- this meant
truncating both the tree and the dual graph A steps from the central vertex in
all directions. For the black hole case, we would like the analogous statement to
be that we truncate the tree and network A steps from the horizon. However,
in order to achieve this, we had to use a different cutoff before identifying
points related by the Schottky group. This should be clear from examining
the ‘flat” picture of the tree, which for finite cut-off would not correspond to
something radially symmetric. Conceptually, we could treat the genus 0 and
genus 1 on an equal footing if we worked with the infinite tree and network

and only apply the cut-off prescription after taking the quotient.

One can note that the two criterion expressed in Section 6.3 continue to hold
in the black hole background; every edge of the tree has exactly one bond of
the dual graph which “cuts” it, and every vertex of the tree is surrounded by a
plaquette with p + 1 sides. These facts do not guarantee that the dual graph
after taking the quotient is uniquely defined, but later we will discuss the
boundary measure associated to the Mumford curve and the dual graph and
find a canonical choice. Recall that in the genus 0 case, the non-uniqueness

could be interpreted as the lack of ordering of p-adic numbers at the boundary.

A further technical point concerns black holes that are large compared to the
cutoff scale. When working with the genus 0 network with a finite cutoff, we
observed that our uniform use of a single kind of perfect tensor of rank r + 1
required certain conditions on the rank and the cutoff in order for the Ryu-
Takayanagi formula to hold. Roughly speaking, the number of bulk contracted
legs at any tensor could not exceed the number of boundary uncontracted legs.
Increasing the cutoff thus meant increasing the rank, corresponding to a large
number of UV degrees of freedom at the boundary. Similarly, the perimeter
of the black hole horizon at genus 1 also constrains the minimum rank of the
tensor, as now the center point may have a larger number of bulk bonds than
other points in the network. This becomes an issue for black holes that are
large compared to the cutoff, but using a sufficiently large rank perfect tensor

will always produce the correct answers for the black hole entropy.

There is one final point to address, which is the curious case of a horizon with
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f

Figure 6.8: The genus 1 tensor network after tracing out the vertex behind the
horizon. One should imagine the two sides corresponding to [¢) and (7|, and
the total state being the mixed density matrix which has von Neumann entropy
proportional to the number of shared bonds. We postpone the explanation of
the graphical rules and the computation of the entropy until Section 6.5, but
the reader might be reminded of the 2-sided BTZ black hole.

length log, |ql; 1= 1. This is the minimal Tate-Mumford curve allowed by the
uniformization; the corresponding quotient of the Bruhat—Tits tree contains a
self-looping edge, and it correspondingly leads to a degenerate configuration
of the network. One of the plaquettes of the dual graph network collapses.
Nonetheless, the entropy computed from this degenerate network still leads to

the expected result.

Black hole entropy

In the previous subsection, we described the construction of BTZ black holes
in p-adic AdS/CFT via the algebraic process of Schottky uniformization. We
also explained how this naturally extended to the dual graph tensor network,
essentially by identifying all nodes and bonds related by a translation by the
horizon length. The result is a graph with a cycle and a dual graph tensor
network with many desirable properties; crucially there is one special vertex
behind the horizon which cannot be identified with any boundary degrees of
freedom. In this section, we present the results of a computation on the tensor
network for the thermal entropy of the boundary density matrix obtained by
tracing out this vertex, explained in more detail in Section 6.5. We find perfect
agreement between the thermal entropy and the black hole horizon perimeter,

as predicted by an analog of the Bekenstein-Hawking formula.

Tracing out the center vertex in our tensor network amounts to constructing
a mixed density matrix reminiscent of a two-sided BTZ black hole. This

is depicted in figure 6.8 and follows from our graphical rules for computing
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density matrices from tensor networks, explained in Section 6.5. Defining

-1
p

Neumann entropy of the boundary state to be proportional to the perimeter,

the perimeter to be 7 = log, |¢|;', we find by detailed computation the von
which is the same as the number of bonds stretched across the two sides.
The result is surprisingly simple and analogous to the BTZ black hole entropy

discussed in the previous section:
SBH = TlOg’l" . (648)

Ryu—Takayanagi formula in the black hole background

Here we will briefly summarize our results which combine the main ideas of
Sections 6.3 and 6.4. This involves computing the boundary von Neumann
entropy of a single connected interval in the thermal background, holograph-
ically found to be dual to the length of a minimal geodesic in the black hole
geometry homologous to the interval. This presents further computational
challenges which are discussed in Section 6.5. As is often the case with quan-
tities that can be computed in the dual picture, the bulk result is easier to
state than derive, but we find agreement in all cases considered. A schematic
depiction of the behavior of the minimal surface is shown later in figure 6.17.
It is a surprising and nontrivial fact that the tensor network proposed here
automatically captures the three topologically distinct cases for the surface.
We take the success of this tensor network proposal as a conjecture for the
entanglement entropy of a connected interval in p-adic field theory at finite

temperature.

A key conceptual difference from the genus 0 Ryu—Takayanagi formula is that
the entropy of a boundary region and its complement are not equal, since the
holographic state generated by the network is no longer a pure state. The bulk
interpretation of this is the presence of the black hole horizon which minimal
surfaces may wrap around. Varying the (p-adic) size of the boundary region,
a minimal geodesic might jump from crossing one side of the horizon to the
other, and one observes this behavior in the boundary von Neumann entropy
as well. This is a feature that is desirable in principle and in practice, though
care must be taken in the precise definition of the boundary measure and dual
graphs. We chose to parametrize the size of the boundary ‘intervals’ using
the measure for the covering space (before taking the quotient), and this is

explained in greater mathematical detail in Section 6.6. However, after making
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Figure 6.9: Geodesics in the BTZ black hole geometry. Moving y to vy’ leads
to a “‘jump” of the minimal geodesic to a path wrapping the other side of the
horizon.

a choice of a planar embedding for the tensor network, the intuitive picture of

the genus 1 minimal geodesic behavior is easy to see in figure 6.9.

The structure of entanglement in this p-adic black hole setting has a particu-
lar novel feature not present in the usual picture of AdSs. In that case, small
interval sizes or low temperatures will have entanglement entropy very nearly
equal to the flat space result [214|, which can be seen by Taylor expansion or
noting the minimal surfaces do not approach the BTZ horizon. In contrast,
for p-adic AdS/CFT the transition would seem to be much sharper. If one
considers boundary regions that are small enough in the measure described
above, one may see that the minimal geodesic never reaches the horizon, and
the length and thus the entropy will be precisely equal to the genus 0 case.
This is an interesting prediction for entanglement in thermal p-adic field the-
ories, where the indication is that low enough temperatures have exactly zero
effect on the short distance physics (rather than parametrically small effect.)
This is ultimately due to the non-Archimedean or ultrametric nature of p-adic

numbers.

The various features of the minimal geodesics in the black hole background can
be described using a distance measure in the bulk. Given a planar embedding,
the entropy of the connected region (z,y) is given by a minimal geodesic ho-

mologous to the given region (recall definition 9 of the homologous condition).
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In the p-adic black hole background, given two boundary points, there are two
possible boundary anchored geodesics to choose from, only one of which will
be homologous to the given region. The geodesic homologous to the compli-
mentary region will be given by the other path. This can be unified together
into the formula

S(x,y) = w logr, (6.49)

where

length(vy,y)/¢ = 6(C = 2,C = 2) +0(C - y,C = y) —20(C = z,C —y).
(6.50)
Here ¢ is the constant length of each edge of the tree, and C' is an arbitrary
reference point on the genus 1 graph. Recall that 6(-,-) is an integer which
counts the signed overlap between the two paths in its arguments. Equation
(6.50) does not depend on the choice of C', but the two choices of paths for
C — z (as well as C' — y) in (6.50) correspond in all to the two possible
values of S(z,y), corresponding to the interval (x,y) and its complement on
the boundary (such that the geodesics are appropriately homologous). Define
e € Q, to be the cutoft
e=ph, (6.51)

which goes to zero p-adically, i.e. |e[, = 0 as A — oco. If z,y € E(Q,) ~

Q;/qz, then
B({z,y})lg=1
€l ’

where |B({z,y})|,=1 is the measure of the set containing z,y € E(Q,). On

length(vzy)/¢ = 2log, (6.52)

the covering space geometry, there are infinitely many sets which contain z
and y because there is an infinite set of image points which correspond to these
boundary points. From the point of view of the fundamental domain, there
are two minimal sets which correspond to the two ways to wrap around the
horizon. The measure above corresponds to choosing one of the two depending
on which choice of minimal surface(s) is homologous to the boundary region.
This measure is further explained in Section 6.6, and the explanation from
tensor network contractions is outlined in Section 6.5. Here we comment that
up to an overall constant factor, the entanglement entropy for the mixed states
is equal to these geodesic lengths, and this is encapsulated by this measure.
One can see this as a kind of prediction for the single interval entanglement
entropies for thermal states in p-adic AdS/CFT.
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6.5 Von Neumann Entropy and Inequalities
In this section we present the detailed computations leading to the results sum-
marized in Sections 6.3 and 6.4, as well as proofs of various entropy inequalities

in Sections 6.5-6.5.

Perfect tensors and density matrices

Before getting to calculations in the holographic setup, we point out some of
the basic ingredients and properties which will be useful later using simpler toy
examples. We focus on simple states (not necessarily holographic) constructed
using rank-(r+ 1) perfect tensors; the indices of such tensors will label bases of
fixed finite-dimensional Hilbert spaces, which we interchangeably call “spins,”

“qubits,” or “qudits.” For example, for r = 3, consider
|1)) = Tupea |abed) a,b,c,d € {0,1,2}, (6.53)

where repeated indices are summed over, and |abed) = |a) ® |b) ® |¢) ® |d)
is a product state of four qutrits. T,p.q is the rank-4 perfect tensor, and we
normalize it so that all its non-zero components are unity. Graphically, we

may represent (6.53) as

) = ¢ a. (6.54)

Since T is a perfect tensor, specifying half of its indices uniquely fixes the

remaining half. For instance, we may choose

Toooo = To111 = Too22 = Tr012 = Tr120 = T1201 = T2021 = T2210 = T2102 = 1,

(6.55)
with all other components vanishing. One may check that for any choice of
two indices, there is a unique non-vanishing component of 7', so the other two
indices are also determined. The “perfectness property” is useful in writing
out the full state [¢) starting from (6.54). This [¢) as constructed is a very
special entangled superposition of 9 of the 3* = 81 possible basis states. In
this state, any choice of 2 spins are maximally entangled with the remaining

two. This is a general feature of perfect states.

One can construct more complicated states by contracting multiple copies

of the perfect tensor 7' in different ways. For example, the following graph
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represents a new state,

Y') = : (6.56)

where we have suppressed the index labels. In (6.56) and future graphical
representations, a shared edge between two vertices will denote that the cor-
responding index is to be summed over. Thus, explicitly, (6.56) represents the

state

|0") = Tagbocodo Taobyerds Thobacads Leobsesds Lobacads |D1C1d102Cadobscadsbycady)
(6.57)

In this example, the internal lines (denoted by indices with a 0 subscript)

appear traced over in the tensors but do not label the basis of boundary states.

The (normalized) density matrix corresponding to the state |¢)) is given by

1
p= WWWN : (6.58)
For example, for the state in (6.53),
1
p= §Tabcha/b/C/d/]abcd><a’b’c’d’\ , (6.59)
where we used
<¢|¢> - Tabchabcd = 9, (660)

which follows from the perfect tensor property of T" and the fact that a,b, ¢, d €
{0,1,2}.

Just as states built from perfect tensor contractions had a convenient graphical
representation, we will sometimes also write the density matrix in the same
way. Because the density matrix is a product of the perfect state vector and

the dual, graphically we can write (6.59) as

S

b/

c a ¢ a (6.61)
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with the understanding that (6.61) represents a density matrix, with the ma-
trix elements given by specifying the external indices and performing the tensor

contractions.

The normalization in (6.60) is a contraction on all indices, and we can represent

this contraction by connecting the lines of (6.61), producing:

(Wly) = @ . (6.62)

This has no external legs, so it is a pure number. It evaluates to 9 as this
is the number of non-vanishing components of T', equivalently the number of

allowed assignments of the internal legs.

Taking partial traces leads to reduced density matrices. For example, for the
p given in (6.59), if T'ry denotes tracing out the second factor of the direct
product state [¢)) = |abcd), then

1
p1= Try p= Z<b”’p’b//> = 5 Tab“cha’b”c’d/‘aCd> <a’c’d’] . (663)
b//

Graphically, we represent this as

” _% >. < | (6.64)

We have suppressed index labels on the graph. There is a slight abuse of nota-

tion by representing both states and reduced density matrices using the same
kinds of pictures, even though the corresponding equations are unambiguous.
We will be careful to distinguish between states and matrices in more com-
plicated examples later; a rule of thumb is that the reduced density matrix is

mirrored across the contracted lines.

The diagram in (6.64) is identical to that of a reduced density matrix where
instead of the second factor, we traced out any of the other single qutrits in

|1)) = |abed). This follows from the permutation symmetry of the legs.

If instead we trace out two sites, say the first two, we obtain
1
P2 = Tr12 p= Zb”<a//b//‘p‘a”b”> = § Ta”b”cha”b”c’d’|Cd> <Cld/’ . (665)

Graphically, we write

0y = % ><>< . (6.66)
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Similarly, tracing out three sites leads to the following representation,

pgz% <> . (6.67)

Explicitly evaluating expressions such as (6.63) and (6.65), and in fact the

norm of a given state constructed out of perfect tensor contractions can become
cumbersome for more complicated states. It would be useful to have a set of
graphical rules which can be used to simplify and evaluate reduced density
matrices without resorting to tedious (though straightforward) algebra. In the
end, our goal is to evaluate the von Neumann entropy of the reduced density
matrix pq = Trac p,

S=—Trpslogpy, (6.68)

which for pure p corresponds to a measure of quantum entanglement between
the traced out region A° and its complement (A°)¢ = A. With this in mind,

we present some useful (diagrammatic) rules and techniques.

For two rank-(r+1) perfect tensors 7" which have n.. indices contracted between

them, with ng free indices each, so that n. + ng = r + 1 we have
c—na)/2
Tal...andbl...b"cTa'l...a;Ldbl...an = 5a1a'1 e 5anda;Ld X T.(n na)/ N Z Nng . (669)

This easily follows from the “perfectness property” of perfect tensors and cru-
cially assumes n. > ny. In this situation, we are tracing out at least half of the
available indices on each tensor; once we have specified half the indices (for
each term in the sum), the rest are uniquely determined. Tracing more than
half the indices means we are performing a free sum on the remaining indices,
this introduces the multiplicity given by r("<="4)/2_ In fact in (6.69), we need
not have contracted precisely the final n. indices, but some other subset of n.
indices to obtain the same form by symmetry. The Kronecker delta functions
between “dangling” (uncontracted) indices in that case would still be between

indices at matching positions.

Graphically, we write this contraction identity as

/ /
al_ a a1 S ay (ne—ngq)/2
a : T a : /
ng a ng ——————— @

N (6.70)
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which is valid whenever n. > ng. The horizontal line-segments correspond
to the delta function factors in (6.69), with the understanding that precisely
the free (dangling) indices at matching positions in the two tensors share a
delta function. After doing the contraction, we see that we have “split” open
the tensor to obtain the delta functions, and we refer to this operation as a
“split”. The meaning of each disconnected loop represents a factor of r coming
from the free sum. To see this, note that contracting a delta function d,, with
another d,; results in

Sabdab = Oaa =T, (6.71)

which diagrammatically is represented as joining together the end-points of a
line-segment, turning it into a (disconnected) loop. One checks that using rule
(6.70), the inner product in (6.62) evaluates to (O)* = 7% = 32, which was the

number of allowed terms in the free sum.

We may also interpret the Lh.s. of (6.70) as representing the partial trace of
a pure (unnormalized) density matrix, leading to a diagonal reduced density
matrix, as long as we remember to include appropriate ket and bra state factors
in (6.69) when translating (6.70) back to equations. More precisely, starting

with the pure (unnormalized) density matrix

p = Tal~~~Cbndbl~~~bncTa/1---a41db/1---b;Lc ‘Cll . andbl Ce bnc><a’1 Ce a;dbll . b;lC’ y (672)

where n. + ng = r + 1, and tracing out, say, the final n. sites (indices),
one obtains a reduced density matrix p, which is diagonal in the basis B =
{lar...an,) 1a;=0,1,...r —1}:

- Ung

(a1 ... anglpeldy .. a,)y = rTe 026, e Oangal, > (6.73)

as long as n. > ng (this is the case where the sum over internal contracted
lines fixes the values of the external legs.) Thus, p, is a 7™ x r™ diagonal
density matrix. To start with a normalized p such that Tr p = 1, we normalize
p in (6.72) by multiplying with an overall factor of 1/{y|¢)) = r~0+1/2 =
p~(metna)/2  Then we see that the Tr p, = 1 condition is satisfied automatically,
and in fact p, has r™ eigenvalues each equaling r~"¢. The von Neumann

entropy associated with p, is then

S = —Trp,logp, =nglogr (perfect state with n. > ny spins traced out) .
(6.74)
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If n. < ng, then the reduced density matrix will no longer be diagonal in the
previously chosen basis. In fact, since in this case ng > (r + 1)/2, not all

possible combinations for the string “a;...a,,” are permissible anymore, as

d
some combinations will lead to a vanishing tensor component T, 4, by.. by, -
Thus the basis of states in which we may represent the reduced density matrix
is no longer r™-dimensional, but in fact an r"*+Y/2-dimensional subset V C B
(the exponent is (r + 1)/2 because that is precisely the maximum number of

a; indices one needs to specify before fully determining the tensor component

T, ...an br.. b, Uniquely).

The reason that the reduced density matrix is not diagonal in V is because
in the Lh.s. of (6.69) (or (6.70)) knowledge about all the contracted indices
no longer uniquely fixes the free dangling indices, since n. < (r 4+ 1)/2. In
such cases, with an eye on computing the von Neumann entropy (6.68) —
which comes down to finding the eigenvalues of the reduced density matrix —
we use a convenient parametrization of V in which the reduced density matrix
assumes a Jordan block-diagonal form, with each diagonal block a matrix with

all elements equal to 1.

To arrive at this convenient block diagonal form, enumerate the basis states
|y ... ay,) such that the first r"*1)/2="¢ states correspond to the set of {ay, ..., a,,}
such that given a particular numerical combination of the string “b;...b,.",
the tensor Tal...andbl...bnc is non-zero. There are r"e distinct combinations

7

possible for “by...b,,", and for each single combination, the set of allowed

{ai,...,an,} such that Ty, 4, b5, i non-zero has cardinality plr)/2=ne
The next r("+1)/2=7¢ correspond to a different choice of “by...b,.”", and so
on. In this way of enumerating the basis, the reduced density matrix as-
sumes a block-diagonal form, with r™ blocks along the diagonal, each of size
pr+D/2=ne s p(r+1)/2=ne - Thus the total size of p, is r+1/2 x p(+1/2 a5 ex-

pected (since dimV = r(r+1/2),

So for n. < ng, by abuse of notation, we write graphically

aq all Jr(r+1)/27nc
@< = I ne < Ng,
an a’
¢ nd Jorr1)/2-nc

7'(7'+1>/2 Xr<r+1)/2

(6.75)
where J,, is the n x n matrix of all ones and all other entries are 0. We note

that this argument holds regardless of precisely which 7. indices in (6.72) were
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traced out. If we normalize p with an overall factor of 1/{¢|¢)) = r=01/2 50
that Tr p = 1, the reduced density matrix will automatically have Tr p, = 1.
Further, it will have r"¢ non-zero eigenvalues, each equaling A\; = r~" (this fol-
lows from a standard result on block diagonalization of these matrices.) From
the eigenvalues, it follows that the von Neumann entropy of the (normalized)

reduced density matrix will be

S =— Z Ailog \; = n.logr  (perfect state with n. < ng spins traced out) .
(6.76)

Since n. counts the number of contractions between the two copies of the state
¢ in the reduced density matrix (and consequently the number of diagonal
blocks in the matrix representation of p,, which is 7™¢), we conclude in this
case that for n. < ng, the von Neumann entropy is proportional to precisely
the number of such contractions (more precisely, equal to the logarithm of the

number of blocks in the Jordan block-diagonal matrix representation of p,.).

It is instructive to apply what we have learned so far to the previous ex-
amples of (6.63)-(6.67). We conclude that the latter two examples satisfy
n. > ng and the reduced density matrices have the explicit diagonal form
p2 = 35132, p3 = 315, The first example has n, < ng, and in an appropriate
basis, p; = %diag(Jg, J3, J3). Correspondingly, the von Neumann entropies
are Sy = 2log 3, S3 = log 3 and S; = log 3, which is consistent with the expec-
tation that the von Neumann entropy in tensor networks built out of perfect
tensors is proportional to the minimal number of cuts needed to separate out

the traced out part of the tensor network from the rest.

We have so far focused on the simplest explicit examples, but the reasoning
we have used for the state given by (6.72) works for any state constructed out
of any number of copies of the perfect tensor T' of fixed rank-(r + 1), with
the proviso that we have already applied the rule (6.70) wherever possible to
reduce the reduced density matrix to its “simplest” form. With even only a few
tensors of modest rank, one can quickly construct enormous density matrices
due to the doubly exponential power scaling of various quantities. However,
armed with (6.70) and the properties of perfect tensors, it becomes possible

to determine these density matrices analytically.

The dimension of the basis V in more complicated examples will differ from

the case of a single tensor determined above, but one can still parametrize
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the basis such that the matrix representation of the reduced density matrix
pr (for n. < ng) is in Jordan form. The size of each diagonal block will also
depend on the details of the original state p and the choice of n., ng (even with
n. + ng no longer equaling r + 1), but the number of blocks will still equal
r™ . where by definition, n. is the number of contractions between the two
copies of the state v in the “simplified” reduced density matrix as described
in the previous paragraph. Thus the von Neumann entropy (for normalized
states) will evaluate to S = n.logr as long as n, < ng. As an example, if the
reduced density matrix was obtained by tracing out the bottom three legs of
the state in (6.56), we first apply rule (6.70) to replace the contraction of the
form - - —c@-— -+ + by a single horizontal line (times a constant factor)
to obtain the simplified reduced density matrix, which now has simply one
contraction (n. = 1) between the two copies of the state ¢». Thus S = logr.
This was also expected from the “minimal number of cuts” intuition, as we
only needed one cut to separate the three sites to be traced out from the rest
of the tensor network. We will return to similar calculations for holographic

states next.

Efficient techniques: splits and cycles

Before discussing the partial trace of density matrices associated with the dual
graph tensor network, let’s warm up with a simpler computation: the inner
product of the holographic state with itself. As described in Section 6.3, a
holographic state in the vacuum AdS cut-off tree geometry is specified by a
prime p which labels the Bruhat-Tits tree 7,, a prime r which relates to the
rank of the perfect tensors forming the tensor network, and the bulk IR cut-off
parameter A. In fact, before discussing this in full generality for any p,r and
A, let’s work it out in the case of the state shown in figure 6.2b and in the
process introduce some more useful tools and techniques (the state in figure

6.2b corresponds to the choice p = 3,7 =7, and A = 2).

Diagrammatically, computing (¢|¢)), which is the same as contracting all free
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dangling legs of ¢ with another copy of 1, is represented as

(6.77)

We have chosen to omit the lines representing contraction of dangling legs at
the outermost vertices, but no confusion should arise. To evaluate the inner
product, one must contract the dangling legs at all vertices. The contractions
between the two copies of 1, shown in blue in (6.77) to guide the eye, take
precisely the form of the contraction rule (6.70). Note that the number of
dangling legs at the vertices of |¢)), which we denoted vy in Section 6.3, is now
reinterpreted as the number of contractions n. between pairs of vertices from
the two copies of 1). On the other hand, the number of contractions at a vertex
within each |¢), denoted v, in Section 6.3, can be reinterpreted as the number
of “dangling legs” ng in each of the contractions between the two copies of
1. Since v. < vy at any vertex, which we recall follows from the requirement

(r+1)/2 > 2A, we now have n. > ng for the contracted pair of vertices.

Thus we can apply rule (6.70). For example,

Se - —. -

at each of the four pairs of vertex contractions between the dangling legs of

vertices of 1) which originally had four dangling legs each. The second kind of
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contraction between the two copies of ¢ depicted in (6.77), which is between
vertices carrying six dangling legs each, also admits a simplification. Since

n. > ng here as well, we may simplify this contraction using rule (6.70),

>@<: (©>2x 22 . (6.79)

The result of applying the contraction rule at all vertex contractions is,

(6.80)

We note the creation of new “cycles” (or disconnected loops) in (6.80). Each
such cycle contributes a factor of r, as explained in (6.71). The factors of 72
explicitly shown in (6.80) originate from the application of (6.79). One counts
16 new cycles and eight factors of r?, thus (|¢)) = r1¢ x (r?)® = 32 where

r="7"

Clearly this method is cumbersome to implement. We now propose a short-
hand procedure which makes the computation of the norm much more efficient

(see figure 6.10 for reference):

1. We start with the holographic state |¢) depicted in figure 6.2b con-

structed from rank-8 tensors, but suppress drawing the dangling legs.

15The normalization, as well as several other quantities as computed by these kinds of
diagrams, are reminiscent of similar calculations in topological quantum field theory. In
that setting, for example, the norm of the state determined by a nullbordism of a particular
manifold is computed by gluing two copies of the nullbordism along their common boundary,
corresponding to the inner product in Hilbert space.
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Figure 6.10: Computation of (1[1)).

The number of dangling legs at each vertex can be reconstructed from

the knowledge of the rank of the tensor.

2. (Splits.) We wish to contract all vertices of ¢ with itself. Since the
number of dangling legs at each vertex of ¢ is greater than or equal to
half the rank of the perfect tensor, we can apply the contraction rule
(6.70) at each of the vertices. However, we draw just one-half, say the
left half, of the entire diagram, and label the vertices with an appropriate
power of r wherever the contraction rule (6.70) prescribes factors of r.
In practice, as explained below (6.70), this comes down to “splitting”
open each vertex of the tensor network as shown in the second step in
figure 6.10, and assigning any prescribed powers of r at the corresponding
vertex, coming from the application of the contraction rule (6.70). Such

powers of r will be referred to as “splits”.

3. (Cycles.) Finally, we would like to count the number of new cycles
created upon performing all the “splits” in step 2. Focusing on the left-
half of the diagram in (6.80), it is clear that each disconnected bond
(line-segment) in step 2 above will end up in a “cycle” (disconnected
loop). So we simply join together the end-points of each line-segment

creating as many cycles as disconnected line-segments.

Following this procedure to compute (1|1, as depicted in figure 6.10, we verify

that we have created 16 new loops (coming from 16 cycles) and introduced 8
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factors of 2 as before, yielding ([1)) = 16 x (r?)® = 132,
Norm of a holographic state
In this subsection we work out the norm of a general holographic state dual
to the (p + 1)-regular Bruhat-Tits tree geometry, with cutoff A and which is
constructed as a dual graph tensor network made from perfect tensors of rank-
(r + 1), where we assume (r 4+ 1)/2 > 2A. This ground state normalization is
necessary for any computation involving the vacuum state or density matrix
at the p-adic boundary. The black hole and more general backgrounds require

an analogous normalization constant which will be determined later.

Let us begin by tabulating the “type” of vertices which make up the tensor
network corresponding to a general holographic state. Two vertices are of the
same “type” if the tensors at the respective vertices have the same number of
legs (indices) contracted with other tensors. We refer to this number as v..
Since the total number of legs (contracted and uncontracted) is constant (and
equals 7+ 1), vertices of the same type also have identical number of dangling
(uncontracted) legs (which we refer to as vy). Thus each type of vertex may
appear with a non-trivial multiplicity in the holographic state. Some reflection
immediately leads to the conclusion that for a fixed cutoft A, all vertices with
the number of contracted legs v. in the set {2,4,...,2A} will appear in the
tensor network. The multiplicity of each type of vertex is straightforward
to work out thanks to the highly symmetric nature of the dual graph. We
tabulate the results in Table 6.1. The multiplicities in the table add up to

\ Ve \ Vg \ multiplicity M \
2A (r+1)—2A p+1

2A—2 | (r+1)—(2A-2) (p+1)(p' —p°)

2A—4 | (r+1)—(2A—4) (p+1)(p* —phH)

1 (rr1)—4 | (p+ M2 - pr?)
2 (r+1)—2 (p+ 1) —p?)

Table 6.1: Types of vertices in a general holographic state |¢).

give Y, M® = (p + 1)p*~1, where M@ is the multiplicity of the vertex type
1 and we sum over all vertex types. This precisely equals the total number of

vertices in the tensor network, and consequently the total number of vertices
at the boundary of the (cutoff) Bruhat-Tits tree, which is P'(Z/p"Z).
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While computing the norm of |¢), we argued that we may apply the contraction
rule (6.70) at each vertex, where the role of vy gets mapped to n., the number
of legs contracted within each vertex pair coming from the two copies of 1),
while that of v. is mapped to ng, the number of “dangling” legs. We put
dangling in quotes because in fact these legs are still contracted with other
vertices within the same copy of ¢, but for the purposes of applying the
contraction rule (6.70), we may treat them as dangling. We are able to apply
(6.70) because vy > v, = n. > ng. As outlined in the previous subsection, we
begin by performing “splits”. At each vertex, we pick up a factor of r(e—ma)/2 =
r(va=ve)/2 a5 prescribed by (6.70). Since each vertex type comes with a certain

va=ve)/2 for each vertex type.

multiplicity, we really pick up a factor of rM(
Multiplying together factors from each vertex type, we obtain that “splitting”

leads to an overall factor of r™slits where

. - p _'_ 1 A A
]VSis— E M(Z) Yd Ve = r—3) — L +1 —|—4
o type ¢ ( 2 2(Z 1) <p ( ) P (T ) )

(6.81)
In the previous example, we specialized to p = 3, A = 2,r = 7, in which case
Neplits = % (32-4 — 3-8 +4) = 16 as we found earlier.

After the “splitting” we proceed to counting the number of new cycles created.
Each new cycle contributes a factor of r. Now the number of cycles is equal to
the number of disconnected bonds obtained after the splitting. This number
can be obtained by summing up the number of contracted legs v. in a single
copy of ¢ at each vertex, and dividing by half to compensate for the over-
counting. This gives,

Noyeles = % > MO = % (»" —1). (6.82)

type @
In our previous example, we had Neycles = %(32 — 1) = 16, as expected.

Combining the results, we obtain

p+1

Q(p——l) (pA(r —1) —pA_l(r +1)+ 2) logr.

(6.83)

10g<@/}|¢> - (Nsplits + Ncycles) IOg r=

For A > 1= r> 1 and fixed p, the norm takes the asymptotic form

log(y|y) — Z%lp/\r logr. (6.84)
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Bipartite entanglement and the Ryu—Takayanagi formula
As explained in Section 6.3, fixing a planar embedding, two given boundary
points = and y define a unique (up to the choice of the complimentary set
which can be eliminated by specifying the orientation) connected interval on
the tensor network, which we denote by A. Particularly, A is given as a set
of nodes on the tensor network each of which has a number of contracted and
uncontracted legs attached to it. Our goal is to compute the entanglement of
A with its compliment B = A¢. We proceed by writing down the pure density
matrix for the full holographic state |1},

p= . (6.85)
and computing the reduced density matrix obtained by tracing out the region

B,

1
pa=Trpp= D) Trp V) (Y] . (6.86)

The trace over region B is performed exactly in the manner we described
previously. Graphically, one may represent this trace by taking two copies of
|1}, then “gluing” the vertices along B. Just as in the computation of the
normalization, this set of contractions implements the trace of the density

matrix, now only over the qudits in B.

The first step is the application of the contraction rule (6.70) wherever possible
to reduce the density matrix to its simplest form. At this point, like in the
previous section, we parametrize the basis of states V such that the reduced
density matrix in this basis assumes a Jordan block-diagonal form with all
diagonal blocks simply matrices of ones. Then the calculation of the von
Neumann entropy reduces to the computation of the number of blocks, since

as discussed earlier S = log Npoeks-

We begin by simplifying the reduced density matrix using the contraction rule
(6.70) at all vertices in B. Like in the previous subsection, we would like keep
track of the number of splits and the number of new cycles generated in the
process, as these factors not only affect the overall normalization of p4 but
also dictate the form of the simplified reduced density matrix. We have

Vg — Ve
Nsplits = E 9

veEB

1 (6.87)
Nc)’cles = § (Z Ve — CAB) )

veEB
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where Cyp is the number of tensor legs which extend between A and B (equiv-
alently, the number of tensor leg contractions between vertices in A and B),
and thus are precisely the number of contractions between the two copies of
1 in the diagrammatic representation of the reduced density matrix. For each
of the C'4p tensor legs, we sum over the possible values in 0,1,...r — 1, giving
r©48 terms. In fact, from our discussion in the previous section, it follows
that the number of blocks in the block-diagonal representation of p4 will be
precisely 7948 where each term of the internal sum implies a certain block of

non-vanishing matrix elements.

With the choice of basis explained in the previous subsection, the density
matrix becomes block diagonal with identical blocks of all 1’s. The size of
each block can be explicitly determined using the properties of perfect tensors,
essentially by counting the number of allowed configurations of external legs
for a given assignment of indices on the Cy5 legs. This is always a power of r
which can be determined in terms of other quantities by demanding the usual
condition that the trace of the reduced density matrix is 1. If the size of each
block is 77 x 77, then the total size of the density matrix is r7+¢48 x ro+Cas (or
equivalently dim V' = r?+¢48), Thus the explicit form of the reduced density

matrix for any single interval can always be written as:

rr»Nsplits +Ncycles

PAT T

TU+CAB XT.0'+CAB

(6.88)
where the number of blocks is 745, This is a generalization of the earlier
examples, where the various parameters depend on A and the specific interval

chosen.

Now we compute the trace

T ,’,,Nsplits"'_NCyCles +C (6 89)
rpA _ —7,,0' AB , :
(¥[)
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and we recall that we computed the norm of the holographic state |¢)) in the
previous subsection. However, for the purposes of simplifying the trace, we

note that we can write the norm of ¢ as an independent sum over vertices in

A and B:

1ogr<¢\¢):<z%+zvd_%> (Zvc Z%). (6.90)

vEA vEB vEA vEB

where the first parenthesis corresponds to the total power of r originating from
the contraction rule (6.70) upon “splitting” all vertices of 1, while the second
parenthesis counts the total number of new loops created after “splitting” all
vertices of ¢). Combining all the results, we obtain an expression which only
depends on quantities in region A and the number of bonds which connect A
to B: o

log, Trps = — ) 1o % (6.91)

vEA
For any (normalized) reduced density matrix, the trace is always unity, so
the logarithm on the left hand side vanishes. This determines the size of the
blocks in terms of other quantities which depend only on the chosen region to

be traced out.

Returning back to the calculation of the von Neumann entropy, we have
SA :CABIOgT‘. (6.92)

This follows by direct diagonalization of the block diagonal reduced density
matrix, and gives an explicit connection between the von Neumann entropy
and the number of tensor bonds extending between A and B. This kind of
behavior for single intervals in perfect tensor networks was an attractive feature
of [99], where a general argument was given for this behavior based on the
properties of perfect tensors. We will explain in this section that the network
proposed here for p-adic AdS/CFT gives analogous results for a broader class

of physical situations such as black hole backgrounds and multiple intervals.

A key motivation for this specific (i.e. “dual graph”) tensor network is the
relationship between Sy, thought of as the boundary entanglement entropy
between A and B, and the bulk geometry of geodesics on the Bruhat-Tits
tree. Recall that by construction, C4p is the number of edges in the dual
graph tensor network which originate from a vertex in A and end on a vertex

outside A. For example, in the single interval example in figure 6.5, C'xp = 4,
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where A is the connected region on the tensor network in between boundary
points x and y. In other words, Cyp is the number of edges which start on a
tensor network vertex belonging to the region A “in between” x and y, but end
outside this region. In the case when the boundary is P!(Q,) (although this
argument also works when the boundary is the “infinite line” Q,,) the outside of
A is precisely the region “between” x and y which is complementary to A. Thus
by construction, the edges on the tensor network constituting C'4p cut across
those edges (geodesics) on the Bruhat—Tits tree which separate the boundary
points x and y into two disconnected parts of the tree, if we imagine cutting the
tree at precisely those edges (geodesics). In fact, on a tree geometry, there are
precisely as many such edges as the length of the boundary anchored geodesic
joining z and y (if we normalize the length of each edge to unity). Thus we
conclude that

Cap = length(v,,) /¢, (6.93)

where 7., is the (regulated) geodesic on the Bruhat-Tits tree joining x to y
and / is the length of each edge on the tree. If the boundary is Q, so that
z,y € Qp, then

length(vs,) /¢ = d(C,z) + d(C,y) — 2d(C, anc(z, y))

=2A +2log, |r — yl,
r—y (6.94)
€

= 2log,

p

where C'is the any point on the Bruhat—Tits tree, anc(x, y) is the unique vertex
on the Bruhat-Tits tree where geodesics from C,z and y meet, and d(-,-)
measures the graph distance between two points. We have defined € € Q, to
be the cutoff

e=pt, (6.95)

which goes to zero p-adically, i.e. |e|, — 0 as A — oo. If z,y € P}(Q,), then

length(v,,) /¢ = d(C,z) + d(C,y) — 2d(C, anc(z, y))
1B (2, y)|ps (6.96)

|€|p 7

= 2log

P

where we take C' to be the “radial center” of the Bruhat—Tits tree (so that
d(C,z) = d(C,y) = A), and as explained around (6.40), |B(z,y)|ps is the
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Patterson-Sullivan measure of the smallest clopen ball in P'(Q,) containing
both z and 3.'® As discussed in Section 6.3, equations (6.92)-(6.96) correspond
to the p-adic analog of the RT formula.

We end this discussion by remarking that it is straightforward to see that
the lengths in (6.96) and (6.94) can be re-expressed using the signed-overlap
function 0(-, ) described in Section 6.3 (see (6.37)). This is more convenient
because 0(+,-) admits a choice of alternate paths, which is important in the
genus 1 case (see, for example, Sections 6.4 and 6.5) where there are always

two choices.

Bipartite entanglement for a disconnected region and subadditivity
So far we have discussed bipartite entanglement entropy only in the case of a
connected region, where we are given a pair of points on Q, (or P*(Q,)). We
now extend the discussion to include the case of a “disconnected region” (recall
definition 6).

To specify a disconnected region built from two connected subregions, we must
specify a set of four distinct points on the projective line on which the spatial
slice of the CFT resides, and which constitute the entangling surface. Given
a set of four boundary points and a choice of planar embedding for the tensor
network, there are two different choices for constructing a (complementary
pair of) disconnected region on the tensor network, as previously illustrated
in figure 6.5b. Each “path-disjoint” piece of a disconnected region is specified
by the set of vertices at the boundary of the tensor network “in between” a
chosen pair of boundary points, just like for connected regions in the previous
subsection (recall definition 7 for the notion of “in between”). We define “path-

disjoint” as follows:

Definition 10. Two regions (i.e. sets of vertices) on the dual graph tensor
network are path-disjoint if they do not share any common vertices, and the
tensors located on the vertices in one set are not contracted with the tensors

in the other set via any of the “shortest bonds”.'”

161n fact, we can interpret the “interval size” |z —y|, = |B(2, y)|Haar in (6.94) as the Haar
measure of the smallest clopen ball in @, containing both = and y.

1"Recall that the “shortest bonds” on the tensor network are the bonds in bijective corre-
spondence with the UV edges (equivalently the boundary edges) of the cut off Bruhat-Tits
tree (see definition 5). For a choice of planar embedding, the notion of “shortest bonds” is
PGL(2,Q,) invariant.



287

Particularly, we use the notation A = (z,y) to specify the connected region A
in the tensor network which corresponds to vertices on the network between
boundary points x,y on the tree. The ordering inside the parenthesis is used
to tell A apart from its complement. We will often use the convention that
given a planar embedding, the region A = (z,y) is given by the set of vertices
“in between” x and y going counter-clockwise from z to y. Then the two
choices for the complimentary pairs of path-disjoint subregions in figure 6.5b
correspond to Ay = (x1,22), Ay = (x3,74) and As = (z4,21), Ay = (22, 23).
The disconnected region A = A; U A, is the complement of A= A3 U A,. In
vacuum, we expect S(A) = S(A°), and indeed this is borne out in our setup.
A different choice of planar embedding will lead to a different pair of path-
disjoint intervals Ay = (z;,x;), As = (xy, x,) for distinct 4, j, k, £ € {1,2,3,4};
however the von Neumann entropy S(A;A2) will be independent of the choice
of embedding, for the same reasons as in the case of the single-interval setup —
in this case it will depend solely on the specified boundary points x1, xo, 3, T4
via a conformally invariant cross-ratio constructed from them. For this reason,

we make the following definition:

Definition 11. We define the bipartite entanglement entropy of a discon-
nected region constructed using boundary points z1, xo, x3 and x4, and denoted
Sdise- (1, w9, w3, 74), as the von Neumann entropy of the union A = A; U A,
of connected regions A; = (x;,x;) and Ay = (x4, 2) in any chosen planar
embedding, where the distinct indices 4,7, k, ¢ € {1,2,3,4} are selected such
that A; and A, are path-disjoint.

The calculation of bipartite entanglement in the case where A = A; U Ay with
Ay, Ay appropriately chosen, proceeds almost identically to the single interval
calculation described above. We begin by applying the contraction rule (6.70)
on all vertices in B = A°. In this case, after applying the diagrammatic
methods from the previous subsection, two things may happen. Simplifying
using the contraction rule, one either ends up with two disjoint pieces for
the simplified form of the reduced density matrix (here by disjoint, we mean
the diagrammatic representation of the reduced density matrix splits into two
pieces which do not share any edges), or a single connected diagram. In either
case, the bipartite entanglement for the disconnected region follows the Ryu—

Takayanagi formula.
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The case of the disjoint reduced density matrix is interpreted as a direct prod-
uct reduced state, pg = pa, ® pa,. Each of the disjoint reduced density matrix
pieces can be evaluated using the method described in the previous subsection.
This case is precisely when S(A) = S(A1As) = S(A1) + S(As), that is, A; and

Ao share no mutual information, defined to be
I(A;: Ag) = S(A1) + S(As) — S(A1Ay) . (6.97)

This general result follows from elementary results on diagonalization of tensor
products of density matrices. We also write this in the alternate, more suitable

notation
(zi, g, 2, 70) = S(24,75) + S(wh, 70) — SV (21, 79, 73, 74) (6.98)

where 4,7, k, 0 € {1,2,3,4} are distinct labels chosen so that (x;,z;) and
(zy, w¢) are any connected subregions path-disjoint from each other, and SV (2, ..., x4)
is the bipartite entanglement of the union (z;,x;) U (), x,)."® This situation

is depicted schematically in figure 6.11a.

In the other case, where we obtain a reduced density matrix given by a single
diagram (as opposed to two disjoint diagrammatic pieces), we can again employ
the method of the previous subsection to calculate the reduced density matrix
as well as the entanglement entropy. In this case S(A;A4s) < S(A4;) + S(Aq),
i.e. the mutual information I(A; : Aj) is non-negative. This situation is
depicted schematically in figure 6.11b. In this case the entanglement entropy
of the disconnected region A = A; U Ay, S(A) is still given by the logarithm
of the number of blocks in the Jordan block-diagonal representation of the
reduced density matrix. Just like in the case of the single interval, the number
of blocks is 7948, where Cyp is the number of edges on the tensor network
which originate on a vertex in A = A; U A, but end outside A (i.e. in B = A°).

Let us now describe these cases in more detail. The two possible scenarios
discussed above can be classified in terms of the entangling surface consisting
the boundary points specifying the disconnected region A. If A; = (21, ),
and Ay = (x3,24) are two path-disjoint intervals on the tensor network (with
x; # x;,Vi,j) with A = A; U Ay, then the sign of the logarithm of the cross-

ratio

_ | T12%34
U(Z’l,fg,l'g,l'gl) - ’ (699)
L14723 |,
18n fact as we stressed previously, S¥¢(x,..., 24) equals the bipartite entanglement

of any disconnected region constructed from boundary points x1,...,z4.
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Figure 6.11: A schematic representation of the bipartite entanglement entropy
calculation for the cases shown in figures 6.12 and 6.13b, here (a) and (b)
respectively, to emphasize the parallel with the usual story over the reals. The
disconnected region A = A;UA, is shown in black, while the minimal geodesics
homologous to A is shown in blue.

dictates which of the scenarios depicted in figure 6.11 will occur.

If the logarithm is non-positive, then the pairwise boundary anchored geodesics
between 71 & x9 and x3 & x4 do not overlap (i.e. they intersect at most at
a single vertex) on the Bruhat-Tits tree, and in fact constitute the minimal

surfaces homologous to A; and As, respectively.'” Thus S (z1, 29, 23, 74) =

Figure 6.12 shows an example of a disconnected region setup for A; = (x1, z3),
Ay = (w3,14) with u(xy, 9, 3,74) < 1.2° As usual, the tensor network is
shown in red with regions marked by blue vertices, while the Bruhat—Tits tree
geometry is shown in black. Applying the contraction rule (6.70) to the trace
out the complement of A = A; U Ay in the state shown in the left subfigure
“splits” open vertices on the tensor network marked in black (in the manner

described in the previous subsections), while the dashed bonds on the tensor

9Recall definition 9 for the homologous condition.
20In figure 6.12, u(xy, o, x3,24) = p~'. See the discussion around (6.102) for the expla-
nation.



290

Figure 6.12: The setup for the bipartite entanglement calculation for a dis-
connected region, in the case when the cross-ratio u(xy, zo, x3, x4) defined in
(6.99) is strictly less than one. Left: The holographic state with the region
marked in blue. Right: Computation of the reduced density matrix, and the
depiction of the minimal surface homologous to the boundary region. See the
main text for the detailed explanation of the figure.

network turn into “cycles”. The bonds marked in green connect vertices in A
to vertices in the complement of A. The simplified reduced density matrix is
given by the subdiagram containing blue vertices, along with black and green
colored bonds, where we remember to “split open” all the black vertices so
that all bonds originally coincident on such vertices no longer meet. Thus the
reduced density matrix manifestly decomposes into two disjoint pieces, and
can be written as the direct product of the density matrices for the individual
sub-intervals. The number of green bonds in each individual piece correspond
to the (base-r logarithm of the) number of blocks in the Jordan block form of
the individual reduced density matrices. It is clear from counting the green
bonds that S4¢(xy, ... x4) = S(A; Ay) = S(A;) + S(Az).*! The edges on the
Bruhat—Tits tree corresponding to the green bonds are highlighted in blue.
Together they correspond to the minimal length boundary-anchored geodesics
homologous to A. Thus the RT formula is satisfied. Schematically, this case
is the p-adic analog of the configuration depicted in figure 6.11a, where the

minimal surface homologous to a disconnected region is the union of the min-

21Particularly, applying the methods from the previous subsection, we have S(A;) =
4,5(As) =2 and S(A) = 6, which can be confirmed visually in figure 6.12 by counting the
length of the corresponding minimal geodesics homologous to various regions.
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imal surfaces homologous to each disjoint piece of the region separately. Fig-
ure 6.13a shows the disconnected region setup for A; = (x1,x2), Ay = (23, 24)
with w(zy, g, x3,24) = 1. The analysis in this case proceeds identically to the

one above, so we do not repeat it here.

In figure 6.12, we could have considered the alternate choice of path-disjoint
intervals, A} = (x4,21) and A}, = (x9,x3) with the full disconnected region
given by A’ = A} U A}. Then the cross-ratio of interest (6.99) would become

1

= > 1. 6.100
U($1,$2,$3,CE4) ( )

T41T23

u($47 X1, T2, $3) -

XL43T12 »

We discuss this case in more detail next. Before proceeding, we note that in
this case although the individual von Neumann entropies S(A}) and S(Aj)
will in general differ from S(A;) and S(Az), the von Neumann entropy of
the union S(A}AL) = S(A1Ay) = S (xy,...,24), and in fact the minimal
surface homologous to A]UA} is the same as the minimal surface homologous to
A;UA,. Thus the bipartite von Neumann entropy is independent of the choice
of choosing the disconnected region given a set of four boundary points.?”

Moreover, it is independent of the choice of the planar embedding.

Let the logarithm of the cross-ratio u(xq,xs,23,x4) be positive; then the
boundary anchored geodesics between x1 & x5 and between z3 & x4 overlap
(i.e. share non-zero edges on the Bruhat—Tits tree). The bulk interpretation of
mutual information I(z1,...,x4) = I[(A; : Ay) is that it is given precisely by
(twice) the number of edges of overlap between the minimal geodesics homolo-
gous to A; and A, individually. Each such edge corresponds to a bond on the
tensor network which extends from a node in A; to a node of As, explaining
why the combination I(A; : Ay) = S(A;)+S(A2) — S(A1As) is given precisely
by twice the number of such edges (up to an overall factor of logr). From
the boundary perspective, the mutual information between the path-disjoint

intervals A;, As is given by
I(zi, x5, 2p,00) = I(Ay 1 Ag) = (2logT) log,, u(zi, T, Th, Tp) (6.101)

provided w(zy,...,x4) > 1 (which is the same as u(xq,...,2z4) > p since the p-
adic norm in (6.99) takes values in p?), with A; = (z;, z;), Ay = (w1, z¢) where
i,7,k, 0 € {1,...,} are distinct and chosen such that A;, A; are path-disjoint.

22The two choices are illustrated in figure 6.5b.
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(a) u(xy, e, x3,24) =1 (b) w(z1,x2, x3,24) > 1

Figure 6.13: The case of a disconnected region with cross-ratio u(z1, g, 3, T4)
defined in (6.99) greater than or equal to 1.

This result follows from a basic entry in the p-adic holographic dictionary

between cross-ratios and graph distances on the Bruhat—Tits tree,

(z = y)(z — w)

_ d(ad)
CESITE (6.102)

p

where z,y, z,w € P'(Q,) such that the bulk geodesics joining = to z, and y to
w intersect precisely along the path between the bulk points a and b on the

Bruhat-Tits tree, and d(a,b) is the graph distance between a and b.%

This possibility is depicted in figure 6.13b. We consider the disjoint intervals
Ay = (z1,22) and Ay = (x3,24) with A = A; U Ay and u(xq, 29,23, 24) > 1.
Applying the contraction rule (6.70) to the trace out the complement of A in
the state on the left “splits” open vertices marked in black, while the dashed
bonds on the tensor network turn into cycles. Like for figure 6.12, the bonds
marked in green connect vertices in A to vertices in the complement of A, and
the simplified reduced density matrix is given by the subdiagram containing
blue vertices, along with black and green bonds. Importantly, the reduced
density matrix in this case does not split into individual disjoint pieces. The
number of green bonds once again correspond to the (base-r logarithm of the)

number of blocks in the Jordan block form of the reduced density matrix,

23If the bulk geodesics do not intersect along a path on the tree, (6.102) can still be used
after a simple relabelling of the boundary points.
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and thus contribute to the von Neumann entropy as explained in Section 6.5.
It is clear from counting the green bonds that SU¢(zy,... z4) = S(A;45) <
S(A;)+S(As).>* The excess on the r.h.s. (or equivalently the non-zero mutual
information I(A; : Ay)) can precisely be accounted for by the existence of a
black bond on the tensor network joining a vertex of A; with a vertex of A,.
This establishes the non-negativity of mutual information. The edges on the
Bruhat-Tits tree corresponding to the green bonds are highlighted in blue, and
together they specify the minimal boundary-anchored geodesics homologous
to the boundary region A. Thus once again the RT formula holds. This case is
the p-adic analog of the situation in figure 6.11b, where the two regions share

mutual information.

We note that while the sample computations presented above for the discon-
nected interval case considered specific examples (for a specific choice of cutoff
and specific value of p), the lessons and results obtained here hold in full gen-
erality for arbitrarily chosen disconnected regions and arbitrary cutoffs for any
prime p. In summary, from the boundary perspective, given path-disjoint re-
gions Ay = (z;,z;) and Ay = (x4, x¢) with 4,7, k,¢ € {1,2,3,4} distinct and
Ay, Ay path-disjoint, the sign of logu(z;, z;, x, ) fixes whether the mutual
information I(z;, z;, x, x¢) = I(Ay : Ag) is positive or vanishing. Combining

the cases described above, we write

(s, 2, 21, 70) = (2logr) max{0,log, u(z;, v, Tr, v¢)}

= (2logr) yp(ﬂ) log,, |~ (6.103)
LijTke LitLjk |,
> 0,
where v,(x) is the characteristic function on Z,, that is v,(z) = 1 if 2 €

Z, (equivalently |z|, < 1), and zero otherwise, and we emphasize the non-
negativity of mutual information in the final inequality. From the bulk per-
spective, mutual information equals twice the number of shared edges between
the minimal surfaces homologous to the individual regions A; and A, (or
equivalently twice the number of bonds in the tensor network which start in
A; and end in As) up to an overall factor of logr. The entropy of the discon-
nected region, S(A) equals the entropy of any disconnected region built out of

boundary points x1, ..., x4, thus we alternately denote the bipartite entropy

ZParticularly in figure 6.13b, S(A;) = 4, S(A2) = 4 and S(A;43) = 6.
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as S(x1,...,x4). Using the results from this and the previous subsections, we

write

disc.
S [E17ZE2,$3,[E4)

= S(IL'Z,I'J) + S(l’k,l’g) - I(ZL‘Z‘7I’J‘,I‘]§,ZE()

B (@, 7)) |ps B (k, z0) |ps _%(Iiﬂjk) log log 7
l€lp lelp TijTke »
= (8(x; = mj,; = x;) + 0(p, — 3, 11 — 1) — 2|0(2; = x5, 1% — 20)]) logr
(6.104)
where we used (6.92), (6.93), (6.96) and (6.37) for the first two terms in the

last equality above,?” while the third term in the last equality explicitly counts

Tiil

=2 | log, »

TigZ jk

the number of shared edges between the minimal surfaces x; — x; and x;, —
(for regions A; and A,, respectively) which appear in the bulk interpretation
of mutual information. Recall that the indices i, j, k, ¢ € {1,2,3,4} are chosen
such that the subregions (x;,x;) and (zy,x,) are path-disjoint. Thus, the
three terms on the r.h.s. in the first equality of (6.104) depend on the initial
choice of the dual graph tensor network (i.e. the choice of planar embedding).
The second and third equalities show explicitly the functional form of the
three terms, entirely in terms of the boundary coordinates (as well as the UV
cut off). We now show that SU¢(zy, w9, 23, 74) as given by the particular

combination in (6.104) is independent of the choice of a planar embedding.

Assume, without loss of generality, u(xy, z2, 3, 24) < 1 (the associated config-
uration on the Bruhat-Tits tree is shown in figure 6.14). (If not, we relabel
the boundary points to ensure the inequality holds.) The choice of the path-
disjoint intervals A; = (z;,z;) and Ay = (x4, x,) depends on the choice of the
planar embedding. Depending on the chosen planar embedding, there are in

all three inequivalent possibilities:*°

® Ty =T1,Tj = T2, Tk = T3, Ty = Ty, O

® T = XT1,Tj = X3, T = T2, Ly = Ty, OT

25Moreover, we made convenient choices for the arbitrary node C in (6.37) to obtain the
simplified forms in (6.104).

26 Technically, one needs to be careful about the orientation of the interval to ensure there
is no overlap, but we will assume proper orientations have already been chosen to ensure the
subregions are path-disjoint. This simply amounts to being careful about the order of the
boundary points in specifying the intervals A;, As; however, the argument in the following
is insensitive to this ordering as long as we assume the intervals are path-disjoint.
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Figure 6.14: Boundary anchored bulk geodesics on the Bruhat-Tits tree and
the boundary point configuration such that u(xy, zo, x3,x4) < 1.

& Ty =T1,Tj = T4, = T2, Ty = T3-

In each of the three cases, the graph-theoretic quantity in the third line of
(6.104) is easily computed to explicitly verify that S (zy, 2y, 73, 24) is iden-
tical in all cases, and in fact equals the minimal length of the geodesics ho-
mologous to the intervals A; and A,.>” Thus the bipartite entanglement for a
disconnected region is given exactly by the RT formula. The bipartite entan-
glement S (z, ..., x4) as defined above is not only PGL(2, Q,) invariant but
also independent of the choice of planar embedding (equivalently the choice of

a valid tensor network associated with the bulk geometry).

We are now in a position to show that the Araki-Lieb inequality [248] is

satisfied as well. In our setup, this corresponds to showing that the inequality

S(xy, o, w3, x4) > |S(2i,25) — S(Tk, T0)| (6.105)

holds, where the various terms are defined below (6.98). Once again, without
loss of generality, we assume the boundary point configuration of figure 6.14.
As already discussed, in this case, S(z1,...,x4) is proportional to the sum of
the lengths of the unique geodesics joining xq to x5 and x3 to x4. On the other

hand, the entropies of the path-disjoint intervals, S(z;,z;) and S(xy,z¢) are

27This observation is also illustrated in figure 6.11 where the two cases shown have the
same minimal surface homologous to the disconnected regions.
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proportional to lengths of the unique geodesics joining z; to z; and x, to zy, re-
spectively. Comparing lengths of geodesics in figure 6.14 it is immediately clear
that for all possible choices of i, j, k, ¢ (subject to the requirements specified
below (6.98)), the inequality (6.105) reduces to checking whether a+b > |a—10|
for positive real numbers a,b. This is clearly true, and thus establishes the
Araki-Lieb inequality for path-disjoint intervals. The simplicity in comparison
of lengths of geodesics such as the ones in figure 6.14 is a direct consequence
of ultrametricity of the p-adic numbers (or equivalently, the simplifying tree

structure of the bulk geometry).

Together, the Araki—Lieb inequality and the non-negativity of mutual infor-
mation, which we have now established for path-disjoint intervals, are referred
to as the subadditivity property of entropy. In the next subsection, we de-
fine path-adjoining intervals, and the proofs presented here extend easily to
this case (we leave them as trivial exercises for the reader), thus establishing

subadditivity in full generality in our setup.

More entropy inequalities: SSA and MMI

So far we have shown that the p-adic bipartite entropy satisfies an RT-like
formula, as well as subadditivity of entropy. One should also expect strong
subadditivity (SSA) and monogamy of mutual information (MMI) [249] to

hold. Indeed in this section we establish these inequalities holographically.

Given three regions A;, As and Aj, SSA is the statement that [250, 251]
S(A1Az) + S(AzA3) > S(A1A2A3) + S(A,), (6.106)
or equivalently”®
S(A1As) + S(A2A3) > S(A1) + S(A3) . (6.107)

In the previous subsection, we discussed the bipartite entropy of unions of
path-disjoint regions. However, here we will focus on regions A; such that in
a given planar embedding, they are disjoint (i.e. they do not share any nodes
on the tensor network) but are “adjoining”, that is they share end-points on

the Bruhat—Tits tree. We refer to them as “path-adjoining” regions.

Definition 12. Given a planar embedding, two regions A; and A, are path-

adjoining if they are disjoint as sets of nodes on the tensor network, but there

28The inequality (6.107) can be obtained from (6.106) (and vice versa) by first purifying
the system pa, 4,4, by formally adding a fourth region Ay.
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exists exactly one “shortest bond” on the network which contracts a vertex in

A, with a vertex in A,.

A consequence of this definition is that if two regions are path-adjoining, then
written as a set of nodes “in between” two boundary points, the two regions
share a common boundary point. (This notion is also PGL(2,Q,) invariant.)

The converse of this statement is not always true.

Given four boundary points x1, ..., x4 and any choice of a planar embedding,
we will assume that regions A; and A, are path-adjoining as well as A, and As
are path-adjoining.”” Without loss of generality, we take A; = (z;,2;), Ay =
(xj,zr) and x3 = (xy,x), where 4,7, k, ¢ are distinct indices from the set
{1,2,3,4} chosen such that A; and A, are path-adjoining, and similarly for
Ay and Asz. This setup might be familiar to the reader from the holographic
proof of strong subadditivity over the reals [97]. The proof presented here is

similar in spirit but has a distinct p-adic flavor as will be apparent shortly.

Under the hypotheses of the previous paragraph, we can write

S(A1> = S(l’i,l‘j) S(AQ) = S(ZE]‘,{E]C) S(Ag) = S(l’k,l'g)
S(A1A2) = S(ZL‘Z,[Ek) S(A2A3) = S(l‘j, l’g) S(AlAgAg) = S([Ei,ﬂfg) s
(6.108)

where the two-point bipartite entropy S(z,y) is the entropy of a connected
region (x,y), discussed previously in Section 6.3. Consequently all terms in
(6.106) (and (6.107)) turn into bipartite entropies of connected regions. Thus
to check SSA, we need to show

S(z, ) + S(z5, 20) é S(zi,xe) + Sy, ), S, ) + S(xj, 20) é S(xi, ;) + S(xg, x0) .
To be concrete, (without loss of generality) we label the given boundary points
x1,...,x4 such that the pairwise boundary anchored bulk geodesics intersect
as shown in figure 6.14. Now recall from Section 6.3 that in a genus zero
background, S(z,y) is given simply by the unique minimal geodesic joining
boundary points = and y. Thus the inequalities in (6.109) turn into (trivial)

statements about lengths of various boundary anchored geodesics in figure

29Tn this chapter, we will not discuss the case where the regions A;, A, and A3 are path-
disjoint from each other, although we expect SSA to hold here as well. This case requires
an input data of six distinct boundary points. The notion of bipartite entropy presented in
Section 6.5 given a set of four boundary points should generalize in a systematic way to the
case of six (and higher) boundary points, but we leave this for future work.



298

6.14. Further they can be related them directly to the conformal cross-ratios

as we now explain.

For example, suppose in a planar embedding we can choose 1 = 1,7 = 2,k =
3,0 = 4. Then it is clear from comparing lengths of minimal geodesics in
figure 6.14 that the first inequality in (6.109) is saturated, while the second
one is obeyed in the strict sense. In fact, the equality S(z1,x3) + S(x2,24) =
S(x1,x4) + S(x2,x3) of the lengths of geodesics has the same content as the
triviality of the cross-ratio, w(xy, x3, z2,24) = |(T13%24)/(T14%23)|, = 1. Simi-
larly, the inequality S(xy,x3) + S(z2,z4) > S(x1,x2) + S(x3,24) has identical
content as the inequality u(z1, To, 24, v3) = |(2122734)/(T13724)|, < 1.>Y The 23
other permutations of assignments for i, j, k, £ which could possibly be made
over all possible planar embeddings admit identical analysis so we do not re-
peat it here. This confirms SSA.

To summarize, in each case one of the two inequalities in (6.109) is saturated,”’
while the other remains an inequality.®? SSA is interpreted as an inequality be-
tween lengths of geodesics and admits a dual description in terms of boundary
cross-ratios. From the boundary perspective, SSA (for path-adjoining regions)
has the same content as the following statement about cross-ratios: Given four
boundary points z1,..., x4, up to a relabelling of coordinates one always has
|(z12234) /(13T24)]p < 1 with |(214%23)/(T13224)|, = 1, which follows from the

ultrametric nature of p-adic numbers.

Next let’s turn to MMI (also referred to as the negativity of tripartite informa-
tion) [249]. Given three disjoint intervals A, B and C' (in our terminology in
a given planar embedding, they can be either path-disjoint or path-adjoining
or a mix of both such that no two intervals overlap), MMI is the following

inequality obeyed by mutual information,
I(A:BC)>I(A:B)+I(A:C) (6.109)
or equivalently

I(A:B:C)=1(A:B)+1(A:C)—1(A: BC)<0. (6.110)

30Refer to the discussion around (6.102).

31Tn the case of path-disjoint intervals A;, Ay and A3 (see the comment in footnote 29),
we do not expect such a saturation of one of the inequalities to hold in general.

32The inequality is obeyed strictly unless the boundary points z1,..., x4 are such that
the geodesics connecting them in the bulk meet at a single bulk point. This corresponds in
figure 6.14 to the collapse of the internal bulk geodesic to a single point.
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Figure 6.15: Boundary anchored bulk geodesics on the Bruhat-Tits tree
and the boundary point configuration such that w(zi,zq,x4,25) < 1 and
u(ws, x4, 21,25) < 1. Up to relabelling, this is the most general configura-
tion of five boundary points at the terminus of the Bruhat—Tits tree.

Such an inequality does not hold in general for arbitrary quantum mechanical
states, but is special to quantum states which admit a holographic dual. The
inequality makes sense even for adjoining intervals since the divergences in
the individual mutual information pieces cancel out among the various terms.
We will now prove (6.109) holds in the p-adic tensor network setting for (con-
nected) intervals A, B and C chosen in an arbitrary planar embedding such
that they are either path-adjoining or path-disjoint but never overlapping. In
fact, we show the inequality is always saturated. We will first prove this in the
case these intervals are specified in terms of given set of five boundary points

(see figure 6.15), and then extend this to full generality.

Fix a planar embedding. Let’s first consider the case where B and C' are
chosen such that they are path-adjoining but B U C' is path-disjoint from A.

There are then three inequivalent choices of intervals in figure 6.15:%

o A= (x1,29),B = (x3,24),C = (x4, 25), Or

o A= ($5,$1)7B = ($27173),C = ($371‘4)7 or

33We will suppress keeping track of orientation of intervals and simply assume the in-
tervals are chosen with the correct orientation such that they are path-adjoining or path-
disjoint as desired. Keeping track of orientations simply adds an extra layer of detail without
changing the basic analysis.
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o A= ('r?vxfﬂ)vB = (ZE475L’5),C = (I57$1)'

In each of these cases, the mutual information measures I(A : BC),I(A : B)
and /(A : C) take the form of I(z;, x;, xx, ) for appropriately chosen 1, j, k, £
and can be determined simply by considering the overlap of minimal geodesics
for given intervals A, B, C' and BUC, as discussed in detail in Section 6.5. We
immediately see that the inequality (6.109) is saturated in all three cases — in
the first case each of the individual mutual information measures are identically
zero, while in the second and third cases there is non-trivial overlap of minimal

geodesics so not all I’s vanish.

The remaining cases involve choosing A, B and C such that A is path-adjoining
to either B or C, where at the same time B and C' may be path-adjoining or
path-disjoint to each other. In all such cases, some of the mutual information
measures will diverge, but the divergences still cancel out on both sides of
(6.109). We leave it as a simple exercise to the reader to consider the finitely
many inequivalent cases to consider and verify that in each case, (6.109) is
satisfied, and in fact saturated. Thus we conclude that in the case of five

points, (6.109) is saturated in the p-adic setting.

The restriction to five boundary points allowed us to prove (6.109) in the p-adic
setting in almost full generality. The only case remaining is when the intervals
A, B and C' are pairwise path-disjoint, in which case we need six boundary
points to specify the intervals. Once again there are a small number of cases
to individually consider, with the analysis identical to the previously studied
cases. We find (6.109) is saturated here as well. In all, we conclude in the

p-adic tensor network considered in this chapter, I(A: B : C') = 0, that is
I(A:BC)=I(A:B)+I(A:C). (6.111)

It is interesting to compare this observation with the result over real CFTs
where it was shown that the inequality is saturated for a massless fermion
in two dimensions (i.e. mutual information is exactly extensive), but not for

instance for the massless scalar [249, 252 253].

Black hole backgrounds
We now change gears and present some of the computational methods and

results for black hole entropy and a Ryu-Takayanagi like formula for minimal
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geodesics in the black hole background. This discussion is essentially an ex-
tension of Sections 6.4 and 6.4; we refer to these for the basic setup of the
tensor network geometry. We will define the integer length of the horizon to
be 7 = log, |ql, ! with ¢ our uniformizing parameter; we also assume a non-
degenerate geometry so 7 > 1. As before, the cutoff is A (defined now from
the horizon) and the rank is r + 1, where we assume (r 4+ 1)/2 > 2A 4+ 1 and
(r4+1)/2 > 7. The first condition ensures there are enough boundary dangling
legs for minimal surfaces to extend into the bulk and the second condition

ensures a similar property for the center vertex.

As in the genus 0 case, our first task is to calculate the norm of the black hole
boundary state. This quantity is obtained by contracting all legs, including
those at the center vertex behind the horizon. Denoting the boundary state
of a black hole of size 7 as |1}, we may compute (1, |1),) graphically using
techniques of the previous sections. This involves counting the number of each
type of tensor, where again the type is the number of legs contracted with
other tensors (in the network), v.. The number of dangling legs is vy, and

v. + vy =1+ 1 for every tensor.

In the black hole geometry, one can see all vertices with v, in the set {2,4, ..., 2A,2A+
1} will appear, as well as the central vertex which always has v. = 7. The
counting is similar to the genus 0 case, though all numbers explicitly depend
on 7. The multiplicity of each type of vertex is found in Table 6.2, where we
have singled out the center vertex multiplicity, even though it may coincide

with one of the other types of tensors.

\ Ve \ Vg \ multiplicity M \
T (r+1)—r7 1
2A+1 | (r+1)—(2A+1) T
2A (r+1)—2A (p—2)T

IN—2|(r+1)—2A=2)| (-1 —p")r
AN—4 | (r+1)—RA—4) | (p-1)@E*—pH)r

4 rt1)—4 | (-1 —
2 (r+1)—2 (p— 1D —p*Hr

Table 6.2: Types of vertices in a black hole holographic state |¢,).

As in previous sections, we contract each vertex and obtain splits which con-

tribute an overall factor of r("4=")/2 for each vertex as prescribed by (6.70).



Figure 6.16: The density matrix associated to the thermal state on the bound-
ary of a BTZ black hole tensor network.

After, splitting we must now count the number of new cycles created, where
each new cycle contributes a factor of r. The number of cycles is the number
of internal lines in the tensor network. These considerations mean that the

norm of the state will go as a power of r, and we find:

1 M@y r+1 7 ,_
log(t-|t6-) = 5 D —logr = (T + 5" (=1 =0+ 1))) log 7.

type i

(6.112)
Having found the norm of the state, we may now compute the density matrix
and entropy which comes from tracing out the central vertex behind the hori-
zon, as shown in figure 6.16. The intuition is that these degrees of freedom
cannot be associated to any boundary state, so we should trace them out of
the Hilbert space. The result is a mixed density matrix describing only the
boundary qudits. As we are only tracing out one vertex, the result is sur-
prisingly simple and parallels the computation of the entanglement entropy at

genus 0.

Applying our rule for tensor contractions to the center vertex as in figure 6.16,
where the two sides denote |1,) and (.|, we see that in general we have
a mixed density matrix with 7 bonds stretched across the two sides. This is
somewhat reminiscent of a two-sided BTZ black hole, as depicted in figure 6.8.
Based on the computation for the entanglement entropy, one would expect the
thermodynamic entropy of this state to be proportional to 7, and this can be

supported by explicit analytic computation.

Performing the split of the center vertex gives a factor of r(va=ve)/2 = p(r+1)/2=7

and the general density matrix has a form similar to (6.88), with 77 blocks of
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all 1’s of size r7:

1 - 1
o
1 .- 1
[CESV re
r2
PBH = W (6.113)
ro
|
o

1 ... 1

ro+T po+T

We may fix the value of o by diagrammatic computation, but it is easier to
simply impose the unit trace condition. Using the value of (6.112), we find o

is given by the second piece,

o= 5" N (p = Dr—(p+1). (6.114)

We now compute the von Neumann entropy of this state, which corresponds

to the black hole entropy.

Spn = —Tr ppr log ppu , (6.115)

where each block of pgy may be diagonalized before taking the trace. This

gives a sum of identical terms with the o dependence cancelling,

.

Spu = —ZT_T logr™", (6.116)
or the main result of this section,
Spn = Tlogr = (logr)log, |q|," . (6.117)

We see that the von Neumann entropy of the boundary state is large and

directly proportional to the perimeter of the event horizon.

We now briefly discuss the entanglement entropy between an interval and its
complement in the thermal background, dual to minimal geodesics in the black
hole geometry. We have already explained the results of these computations in
Section 6.4, which match the expectations of real AdS/CFT and the cut rule

for perfect tensors. The computation of specific examples is straightforward
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using the rules we have used throughout this section, but the general formula
is cumbersome to present in detail, so we elect to explain the basic geometry

and the result of the contractions.

Tracing out a boundary region in the black hole background is obtained by
combining the two graphical rules for reduced density matrices so far. The
mixed density matrix is constructed by gluing the state and its dual along the
boundary interval to be traced out (implementing the partial trace), as well
as along the center black hole vertex. Physically, these two gluings are two
separate effects, but the resulting mixed state has an entropy which is sensitive
both to the black hole horizon size and to the interval size. As before, we apply
the rules of splits and cycles to the perfect tensors which are contracted, and
from this point of view we treat the various contractions on equal footing
to ultimately obtain the correct entropy. Several cases are possible, as the
entanglement entropy of a region is no longer equal to that of the complement
due to the presence of the black hole. There are essentially three possible cases

which are schematically depicted in figure 6.17:

e Given a cutoff, if the region to be traced out is sufficiently small such
that the entanglement wedge does not approach near the horizon of the
black hole as in the first picture, the resulting entropy will be completely
insensitive to the presence of the horizon. As in the genus 0 case, this en-
tropy is proportional to the log of the interval size and can be graphically
computed by counting the number of bonds shared across the traced-out
region after performing all contractions. (These are exactly the bonds

which cut the minimal surface on the genus 1 tree geometry.)

e For a larger region, the graphical rules imply that bonds crossing the
horizon interfere with those for the traced-out region. The suspended
bonds between the state and its dual now use up some of the bonds
which were originally part of the horizon contraction. This is interpreted
as the minimal surface wrapping around the horizon, and a computation
reveals the entropy is given by exactly this length. This schematically
looks like the middle figure.

e For a sufficiently large region, the available bonds inside the black hole
become exhausted. The entanglement is now given by the number of

remaining bonds across the state and the dual, which corresponds to a
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Figure 6.17: A schematic depiction of the three topologically distinct cases of
minimal geodesics for a connected region A.

minimal surface which wraps the other side and includes the black hole;
this is show in the final figure. The entropy is given by the sum of the

horizon area and the length of the minimal surface.

In each case the minimal geodesic is homologous to the boundary region as
desired. From these basic geometric rules, the results of Section 6.4 follow,
as one can see by direct though non-trivial calculation. The minimal surfaces
we find closely resemble their Archimedean counterparts, but are distinctly

discrete and ultrametric.

We take the success of this network as a prediction for entanglement in thermal
p-adic AdS/CFT. We also suspect the methods we have described for single
intervals in black hole backgrounds generalize, possibly to higher genus black

holes and more intervals.

6.6 Geometric Properties of the Tensor Networks
Certain features of the tensor network we have introduced may appear to be
ad hoc, such as the seemingly artificial choice of planar embedding and the

choice of boundary measure.

Therefore, in this section we discuss in more detail some aspects of the geome-
try of the tensor networks introduced in this chapter. In particular we discuss
more in detail the symmetries and the dependence in the choice of embed-
ding. We also discuss measures on the p-adic Tate-Mumford curve induced by
different restrictions of the Patterson—Sullivan measure on the projective line.

Practical calculations have shown us that these issues do not appear to affect
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the physical quantities we compute, and here we only touch on why this is the

case.

Tensor networks: symmetries and embeddings

Recall from Section 6.2 that we can label the nodes on the Bruhat-Tits tree
as cosets G = PGL(2,Q,) = U2, ¢;H where H = PGL(2,Z,) and g¢; € G.
Suppose we pick a particular planar embedding, or in other words, make a
choice of all incidence relations among bonds on the dual graph consistent with
definition 3. Further, focus on the particular bond in the dual graph specified
by the corresponding edge between the nodes g; H and g H on the Bruhat—Tits
tree. Let it be incident with a bond in the dual graph corresponding to the edge
between the nodes g3 H and g4 H. After an isometric G transformation, suppose
the nodes on the Bruhat-Tits tree go to the cosets ¢\ H, g4 H, gsH and ¢gjH
respectively. Then the G transformation sends the edge on the Bruhat—Tits
tree between g1 H and goH to the edge between ¢) H and gt H (and similarly
for the other edge). Correspondingly, the bonds on the dual graph transform
as well, in such a way that all incidence relations are preserved on the dual
graph. In other words, G acts as an isometry on the dual graph. The point of
intersection of the two bonds on the dual graph before the GG transformation
was a node on the dual graph where the two bonds corresponding to cosets
g H & goH and gsH & g4H met. After the transformation, the intersection
node on the dual graph is mapped to the node which is the point of intersection
of the bonds specified by the cosets g1 H & ¢g4H and gyH & gy H respectively.

Other choices for the dual graph can be obtained as follows. Starting with
the Bruhat-Tits tree where the nodes are specified via the cosets ¢;H for
1 = 0,1,...,00, we specialize to a particular planar embedding. Now we
perform an isometric G transformation, which transforms ¢g;H — ¢/H for all
1. The original dual graph incidence relations, given in terms of cosets g;H
transform to the ones in terms of the transformed cosets g/H as explained in
the previous paragraph. However, we can construct a different dual graph,
whose bond incidence relations are the original incidence relations (in terms
of original labelling of the cosets g;H) but the Bruhat—Tits tree nodes are
given in terms of the transformed cosets g;H. (Here we are using the fact
that G = U2, ¢:H = Uiy ¢;H.) From this we conclude there are at least
as many possible dual graphs as elements of the isometry group G. In fact

there exist more choices for the dual graph. One can act with any element of
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the automorphism group of the Bruhat—Tits (which is still an isometry) and
obtain a different planar embedding. All such planar embeddings are allowed
but there is no preferred choice among them. For the purposes of computation,
we usually picked a particular choice of a dual graph (i.e. a particular planar
embedding); however, the final physical result of the computations was always

independent of this choice as discussed in previous sections.

A measure on the Tate—Mumford curve

In the genus-zero case, the boundary P!(K) of the Bruhat-Tits tree Tk is
a finite extension K of @, carries a measure that is the Patterson-Sullivan
measure for the action of PGL(2,K) on Tk, which has the full boundary P!(K)
as limit set. It is known by the general construction of [254] that any Gromov-
hyperbolic space with a proper discontinuous action of an isometry group
determines a Patterson—Sullivan measure on the hyperbolic boundary, with
support on the limit set of the group, and quasi conformal of dimension equal
to the Hausdorff dimension of the limit set. In particular, in the case of a p-
adic Schottky group I' of rank at least two acting on the Bruhat-Tits tree and
its boundary, one obtains in this way a Patterson-Sullivan measure supported
on the limit set Ar C P}(K) of the Schottky group. The properties of this
Patterson—Sullivan measure are used to prove rigidity results for Mumford
curves, [240]. However, notice that the Patterson—Sullivan measure lives on the
limit set Ar, which is the complement of the boundary region that determines
the Mumford curve Xt(K) = (P'(K)~\Ar)/T. Thus, unlike the genus zero case,
the natural construction of a Patterson—Sullivan measure does not produce a
measure on the Mumford curve, but only a measure on the limit set. Moreover,
in the particular case of genus one, even this measure on the limit set would
be uninteresting, since in the genus one case the limit set only consists of two
points (which we can always assume to be 0 and co), rather than a Cantor
set type object as in the higher genus cases. One can also see that the other
interesting group action that is present in the case of Mumford curves, namely
the action of the automorphism group of the curve, also fails to give rise to
an interesting Patterson—Sullivan measure (except in genus zero where the
automorphism group of the projective line is PGL(2, K) and one obtains again
the Patterson-Sullivan measure on P!(K)). Indeed, in the case with genus at
least two the automorphism group Aut(X) of the Mumford curve X is a finite

group hence the limit set is empty, hence we do not have a Patterson—Sullivan
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measure supported on the Mumford curve X itself.

In the case of genus one (BTZ black hole) the automorphism group of the ellip-
tic curve is a semidirect product of the elliptic curve F itself as a group (acting
on itself by translations) by the automorphism group Aut(E) of this group. In
particular, the action on the Bruhat-Tits tree of arbitrary translations along
the geodesic with endpoints {0, 00} induces automorphisms of the Mumford
curve, which act on the infinite graph 7'/T" and its boundary 07/T' = Xt as
rotations of the central polygonal ring and of all the outgoing trees attached to
it. The change of orientation that exchanges the endpoints {0, co} also induces
a self map of T/T" and its boundary Xr. Again we do not obtain a non-trivial
limit set on the boundary Mumford curve X (K) = (P!(K) \ {0, 00})/T, hence
we cannot just replace the Patterson—Sullivan measure on P! (K) with a similar
Patterson—Sullivan measure on the Mumford curves X1 (K) of genus at least

one.

However, for the genus one case of Tate-Mumford elliptic curves that we are
mainly interested in here, it is possible to define a measure on X (K) induced
by the Patterson—Sullivan measure on P!(K). Consider the geodesic Lio,00) in
the Bruhat-Tits tree T' that connects the fixed points {0, 0o} of the Schottky
group. Fix a fundamental domain Fr of the action of the Schottky group
I' ~Z on T. The intersection Fr M Lo} consists of a finite set of vertices in
bijective correspondence with the vertices of the central polygon in the graph

T/T.

There are then two main choices for how to construct a measure on Xr(K)
using the Patterson—Sullivan measure on P'(K). The first choice generates a
measure on Xp(K) that is invariant under the automorphisms of Xr induced
by arbitrary translations along Ly ~}, while the second one does not have this

invariant property.

For the first construction, fix a choice of a root vertex vy in the tree T contained
in Fr N L{o}, and consider the tree Ty stemming from vy with first edges the
g — 1 directions at vy that are not along Lo y. Let Qo(K) C P'(K) be the
boundary region Qy(K) = 97p, endowed with the restriction py = pulq, of the
Patterson-Sullivan measure p on P'(K). Every other subtree of the Bruhat—
Tits tree that has root vertex on Ly} and first edges not in the direction of
L0} is obtained from T via the action of a translation along L ). We can

endow the boundary region of these trees with copies of the same measure .
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In this way we obtain a measure on P! (K)\ {0, oo} that has infinite total mass
and that is invariant under arbitrary translations along Ly ). Since it is in
particular invariant under the action of the rank one Schottky group I'" with
limit set {0, 00} it descends to a measure on Xt = (P'(K) \ {0,00})/T. This
measure on X has finite total mass, since it consists of finitely many copies of
o (one for each tree stemming from one of the vertices of the central polygon
of T/I'), hence we can normalize it to a probability measure on Xr which is
invariant under the automorphisms induced by translations along Lo} and

also by orientation reversal.

The second construction is similar, but instead of considering the tree Ty stem-
ming from the root vertex vy along the directions complementary to Loy,
we consider now the forest T which is the disjoint union of the trees T, stem-
ming from the vertices in Fr N Lyg . We denote by Qz the corresponding
boundary region Qr = 9T C P}(K). The normalized restriction pr of the
Patterson-Sullivan measure p on P'(K) to the region Qz induces a I'-invariant
measure on P!'(K) \ {0, 00} of infinite total mass, and a probability measure
on the quotient Xr(K) = (P*(K) \ {0, 00})/T.

While the first construction gives a more “symmetric” measure on Xr(K), the
symmetry under arbitrary translations along Lo ) has the disadvantage that
the boundary measure no longer keeps track of geodesic paths along the central
polygonal graph in 7/I". The second measure instead is more useful for our
purposes: while invariance under translations in I' means that the measure
descends to the quotient X1 (K), hence it does not detect the number of times
that a path in the bulk 7'/T" wraps around the central polygon, it still does
distinguish the number of polygon edges along the polygon modulo its total
length.

6.7 Outlook

The study of holography over non-Archimedean fields such as the p-adics is still
a very young area, and there is much more to be learned both from the study of
models in the continuum and from the relation to tensor network constructions
such as we have pursued here. In these paragraphs, we summarize a few

questions and directions that seem worthy of further investigation.

One lesson of our computations is that, in this p-adic setting, it is more natural

to think of the entropy as a function of boundary points and configurations



310

of points, rather than as a function of boundary regions (intervals). This is in
spite of the fact that our computations always rely on a choice of region in the
dual tensor network. Thus, our results are consistent with an interpretation in
a continuum p-adic field theory, for example, in terms of correlation functions
of twist operators (as used in real two-dimensional CFT computations by [216,
214]). This is also consistent with the physical intuition that the main contri-
butions to entanglement entropy should arise from UV modes localized near
the entangling surface. In our scenario, as in CFTy, the entangling surfaces
are just points, and in particular live at the boundary of the Bruhat—Tits tree
itself, rather than being associated to the dual tensor network. It would be
interesting to find a calculational framework depending only on the positions
of entangling surfaces that would work in parallel fashion in real and p-adic
field theories.

One can interpret our results as giving predictions for entanglement entropies
in certain continuum p-adic field theories, which we expect to be valid up
to certain overall theory-dependent factors (such as the overall normaliza-
tion). For pure states, these predictions include the connected interval (two
point) entropy in (6.35) and (6.40), disconnected-interval (four point) en-
tropy (6.104), and mutual information (6.103); when considering the thermal
state dual to a p-adic BTZ black hole, we give the form of the connected
interval result in (6.49) and (6.52). Furthermore, our proofs of entropy in-
equalities are evidence in support of such results—such as subadditivity and
strong subadditivity—in continuum p-adic field theory. Extending these re-
sults to holographic codes [99] which include bulk logical inputs would be a

natural next step.

It would also be interesting to investigate the recently conjectured duality be-
tween entanglement of purification and entanglement wedge cross-section 255,
256, 257] and its extensions [258, 259, 260, 261] in this setup, as well as other
measures of entanglement for mixed states, such as entanglement negativ-
ity [262] and the conjectured bulk interpretation (see e.g. [263, 264, 265, 266]).
The simplifying features of the tensor networks studied here provide an effec-

tive computational framework to explore such questions.

Along these lines, we have shown that many aspects of the bulk p-adic geome-
tries closely parallel the situation in real AdS/CFT. Even so, it is comparably

simpler to work with the discrete geometries, and this specific network pro-
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vided a model in which we could efficiently compute many holographic entropy
quantities. One might hope this trend will continue, and we expect that more
complicated holographic quantities will be computationally easier to study in
the p-adic setting. A major goal of this program is to reconstruct bulk quan-
tities in smooth AdS from knowledge of the corresponding p-adic quantities
for all p. We hope to return to the reconstruction of real AdS quantities from

p-adic in future work.

Finally, generalizations of the BTZ black hole given by higher genus Mumford
curves (quotients by higher rank Schottky groups) and higher dimensional
models based on higher rank buildings may also exhibit more intricate rela-
tions between entanglement entropy on the boundary p-adic varieties and the
geometry of the bulk regions, and may help identify a covariant generalization

of the RT formula in the context of p-adic theories.
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Appendixz A

APPENDICES FOR CHAPTER 2

A.1 Further Technical Details
D3 theory
The goal here is to show that the n-particle amplitude A, in Eq. (2.53) contains

the delta functions exhibited in the formula

A, = (H&p?w?(u@-q{»a?([xi qﬂ)) A, (A1)

i=1
as well as additional momentum-conservation and supercharge-conservation
delta functions, which are included in A,,. We also wish to compute the Jaco-
bian Jp that arises from extracting the momentum-conservation and mass-shell
delta functions from the bosonic delta functions,

appearing in the formula for the D3 n-particle amplitude A,,.

It is clear that these delta functions imply masslessness, since they constrain
P& to take a factorized (rank one) form. It is less obvious that they imply

momentum conservation. The delta functions imply that

> _pt = Z Z po o (A.3)

This will vanish provided that

n m

g, _ _
ZB(U)_O for m=0,1,2,...,n—2, (A.4)

i=1

since 2d = n — 2. To prove that this is the case, let us introduce the Vander-

monde determinant
o) =[]0 (A.5)
i>j

Recalling the definition P;(0) = [];; 0ij, we note that
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Then, momentum conservation is a consequence of the following theorem:
Wm(a):ZUimVi(a):O for m=0,1,...,n—2. (A.7)
i=1

This is proved by noting that W, is a symmetric polynomial of the n o vari-
ables whose degree does not exceed n—2 in any of them. Therefore, it vanishes
if there are n — 1 zeros in each of the coordinates. This is achieved if W,,, van-
ishes when any pair of variables are equal. For example, when o1 = o5 only
V1 and V4 are nonvanishing. But then W,,(¢) = o7*(V1 + V3). This vanishes
because Vi + V5 = 0 when 07 = 0. This completes the proof of momentum

conservation.

We have seen that n + 4 of the 4n delta functions in Ag account for the
mass-shell conditions and momentum conservation. The integrations over the
p and p coordinates use up 2n — 1 more of the delta functions, leaving n — 3
to account for. The important fact is that the remaining delta functions lead

to the scattering equations

E=Y "l g i=12..n (A.8)
—  Oij
J#i
and the n — 3 integrations over the o coordinates imply that one should sum
over the solutions of these equations. Only n — 3 of the scattering equations
are linearly independent, since the mass-shell and momentum-conservation

conditions imply that

i=1 i=1 i=1

Thus, there is just the right number of delta functions to account for the
scattering equations. As discussed earlier, the scattering equations have (n—3)!
solutions, but only Ny of them give nonzero contributions to the amplitudes.
These are the ones that are helicity conserving, as required by the U(1) R

symmetry.

Let us now verify that the delta functions in Apg actually do imply the scat-
tering equations. Substituting for p; - p; gives

m+m/ _n+n’

d {(PmPn) [P ~n’]ai 0;
ZEDVID VRS 1 (410

j#i mnm/n'=0
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However, (pmpn) = —{pnpm) and (P pn) = —{pp pms). Therefore we can
replace ;"0 by

1 m__n m __n

5(0'2- of —05'0y) = 0jQumn(0i, 05) (A.11)

where @Q),,,, is a polynomial. It then follows that

n

Bi=— Zaijif?;sgj) (A.12)

j=1

where

Q(0i, Uj) = Z {PmPn) [P Pt | Qo (0, Uj)Qm’n’(0i7 Uj)- (A.13)
Since 0,;Q(0;, 0;) is a polynomial function of o; of degree n — 3, the scattering

equations E; = 0 follow as a consequence of Eq. (A.4).

The structure of the 4n delta functions in A ensures masslessness, momentum
conservation, and the scattering equations, which is a total of 2n+1 conditions.
They can be expressed as delta functions and used to rewrite Apg as these 2n+1
delta functions times 2n — 1 additional delta functions and a Jacobian factor,
which will be described later. Given this, it is natural to examine next what
can be learned from the structure of the 8n fermionic delta functions
- *(o1)x" (04) ~af ﬁd(ai)f(A(Uﬂ
Ar(g,p.x) =[5 ?”—p(— st gt -2 ) (A4
(g, p, X) 11 <qz Po) d; Bo) (A.14)
First of all, the delta functions in Ar imply the conservation of eight super-

charges:

i ¢ = i @l =0. (A.15)
=1 =1

This is proved by exactly the same reasoning that was used to establish momen-
tum conservation earlier in this appendix. Note that these eight supercharges
are mutually anticommuting, as are the other eight, but there are nonzero
anticommutators between the two sets. The conservation of the second set of

eight supercharges needs to be established separately.

Next we wish to account for the factors [T, 02((\: ¢!))6%([A; ¢/]) in Eq. (A.1).
The first set should derive from the first set of delta functions in Ar and the

second set from the second factor (by identical reasoning). It is important that
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the bosonic analysis has already been completed, so that masslessness, i.e., the
presence of the factors [, §(p?), can be invoked to justify writing p¢® = A& A&
Therefore the fermionic delta functions imply that (\; ¢/) = [\; ¢/] = 0. These
relations are implemented by the 4n fermionic delta functions exhibited in

Eq. (A.1). They provide the justification for using the relations
gt =Xl and G =X (A.16)
in the amplitude A,,.

Having established masslessness and momentum conservation, we can now
write Ap as:

- - 0 b pa 0 ﬁd 0 ad pa On ﬁd On
where the three-dimensional delta functions can be chosen, for instance, to be
{aa} = {11}, {21}, {22}, and the two-dimensional delta function of particle
n can be chosen to be {a¢} = {11}, {21}. For these choices, the Jacobian .Jp

1S
. . n—2 )
Jp =\ A (n—1n) ] p". (A.18)
=1

By the same kind of reasoning, the first set of fermionic delta functions in Ag

can be recast in the form
- - o)X ()
10 TT o T (nf - Z5 ™) - aag
i=1 i=1 i=1 i

with Jg given by

n—2

=1

and similarly for the second set of fermionic delta functions.

M5 theory
Let us now consider the 6D formula for the M5-theory amplitudes. Begin-
ning with the bosonic delta functions, we can extract the mass-shell and

momentum-conservation delta functions as follows

n

11 (plAB - %) =3Q_r) [To0D) (A.21)

i=1

< T ﬁ55 <piAB _ %) 5t <pﬁ3 B Pf(ajgii;(an)) :
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If we choose the five-dimensional delta function with {A, B} # {3,4} and the
four-dimensional one with {A, B} # {3,4},{1,3}, Jp is given by

JB—Hp (” p"). (A.22)

pn 1 pn

Next, we proceed similarly for the fermionic delta functions. Extracting the
fermionic “wave functions” and supercharge conservation from the fermionic

delta functions gives

8 (Al _ Pa TX"(00)\ _ s N AN T ad(s AT
H5 < T) =9 (Z;qz )H5 (Niaag") (A.23)

< 252 (qgf - %) & (q?”— %) |

with the Jacobian

1 n—2 2
Jp = — (A.24)
[An— 1a)\ An 1b>\b )2

=1

where [A? Aj] = e®AZ L.

A.2 R-Symmetry

D3 theory

Let us now verify the SU(4) R symmetry of the D3 theory. (The U(1) fac-
tor of the R symmetry was established in the main text.) As presented in
Sect. 2.4, the formula for the amplitudes only makes an SU(2) x SU(2) sub-
group manifest. However, as we saw in the case of the four-particle amplitude,
the full SU(4) symmetry can be made manifest by performing an appropriate
Grassmann Fourier transform. For this purpose, it is useful to first recast the

fermionic delta functions as follows
H g1 (e () _
Pi(U)
1 I
2 P (0:)x" (07)

and similarly for the ¢ and ) sector. Here the explicit expression for the

fermionic Jacobian Jr is not important for the following discussion.
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Now let us consider the Grassmann Fourier transformation
d . n .
Ir = / (Hd?xfnd%) exp(>_/¢;)
m=0 =1
< [Tl a* oo} — tix*(0:)82 (il — T X' (02)),  (A.26)
i=1
where we have Fourier transformed f)if and defined

- M an P (04)
t; = NP (o) d t;= ;\ZiPi(U) . (A.27)

Since the bosonic delta functions (not displayed in this Appendix) imply that

1 i
1i_ P (0:)p"(04) i
11 _ AR AT A2
ol =0T = (A.28)
we have

Integration over d%j! gives
d A
Ir :/ (H d2X£nd2)A(£n> eXp(Z UZ 1] H52 —t X )) 7(A30)
m=0 =1

and further integration over d2{!, leads to
d n d
=TT icor) [ ] H(s? L tl(o). (A3
m=0 i=1 m=0

The final integration over d?x! involves n integrals of 2n delta functions,

m

thereby leaving n delta functions. Using Eqgs. (A.4) and (A.29), it is

d n n d n
[T @ T1#0 - o) - LT TT O fndor) . (a2
m=0 i=1 i=1 m=0
n? and (3 = 1}, as before, we now have a complete SU(4)

multiplet n! with I =1,2,3,4, and

Iy ~ H 54 ( Ztmz o™, (A.33)

which is now manifestly SU(4) invariant.

Renaming (;; =
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M5 theory
Next we wish to verify the USp(4) R symmetry of the M5 theory. As in the
case of 4D, it is useful to begin by decomposing the supercharge-conservation

delta functions as follows

/ f_[oth xm—H58 ( v palo o) Op)zg (Ui)) (A.34)

= JF H54(5\1Aaql / H d2Xm+

where d = 3 — 1 and the Jacobian is given by

n

Jp = 11 ((X;X;l))Q . (A.35)

Again the choice of singling out Lorentz indices 1, 3 is arbitrary. Ignore all the

Jacobi, which are not relevant to the R symmetry, the integration over y’s in
the second line of Eq. (A.34) reduces to

d n
X!\ XA
/ H dzxfmcprn_ H(;z <77{+ _ <+>13) 52 (m{_ _ %) (A.36)
m=0 i=1 [

b;
where
(X Niad1s = XML — XT3 (A.37)
with
1 Ia
X1 — Pa(Ui)X (o) A
P(0) (A.33)

and similarly for X/3. Fourier transforming over /_ now gives
i (X; N
/ H Pl Pl exp <Z Gurl ) G ( f;wm.gg)
i p;

The remaining 2n delta functions are exactly enough to integrate out the x’’s

and y’’s. Explicitly, the delta functions lead to,

d
T]iIJr = Z Iii,m,a()‘—i-) ana ) <A40>
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where the matrix k is a square n X n matrix (with ¢ running from 1 to n, and
m, a together from 1 to n), and it is given by
(Pa(00)A} — paloi)Aij)ol"

’fi,m,ll()\-‘r) = plgPZ(O_) : <A41)

la
m

Solve x!¢ in terms of n/, using Eq. (A.40), and plug the result into the ex-
ponent (again ignoring the Jacobian, which is not relevant here), we arrive

at

exp (Z Cz‘[MijUJI»Jr) , (A.42)

ij=1
with the matrix M;; given by
d
My =Y 5 mA ) (M) - (A.43)
m=0

If the matrix M;; is symmetric, then (as we showed for the case of n = 4 in
Sect. 2.3), the expression has manifest R symmetry. We have checked explicitly
that is indeed the case for n = 6,8. We also note that the matrix M;; has

following property of converting )‘}4+ into )\]A_,

> Myat =AY (A.44)
J

Multiplying A2 on both sides of the equation and summing over i gives
S ONIMAL =) ABAL (A.45)
irj i

Due to momentum conservation, the right-hand side of this equation is sym-
metric in exchanging A and B, which is consistent with the fact that M;; is
symmetric. Curiously, the complete formula for the amplitude with manifest
R symmetry is somewhat more complicated than the original one, which only

makes a subgroup manifest.
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Appendix B
APPENDICES FOR CHAPTER 3

B.1 Symmetry Algebra

This appendix examines the group of redundancies of the odd-point scattering
maps that preserves their polynomial form. This consists of a five-dimensional
subalgebra of the full Lie algebra. We will examine this five-dimensional al-
gebra now, and leave the analysis of the full algebra for the future. More
concretely, we first fix two generators of SL(2,C), corresponding to dila-
tions and special conformal transformations in a suitable way, and then show

that the algebra of residual symmetries corresponds to the semidirect product

SL(2,C), x C2.

It is instructive to start by analyzing the even-point symmetry group SL(2, C), x
SL(2,C), in this setup. For n = 2m + 2 let us call the polynomials p*+(2) =
w(z) and ph(2) = ¥94(2), both of degree m. We consider transformations

(2,04, p™) — (2,65, p1*) such that

A ()7(z)
T N 2= e £ 22
[Tizi(2 —63) [Tici(z — o)
This contains the SL(2,C),
bility subgroup satisfying 2 = z. Among these, let us consider only the shift:!

(B.1)

transformations, which can be defined as the sta-

J= ( 8 (1) ) e SL(2,C),, e @(2) =w(2)+ad(z),  U(z) =V(2).
(B.2)

The other two generators should be thought as fixed. For instance, consider
the SL(2,C), scaling Z = e“z. This induces the following transformation on

the polynomials:
e w(z) = ePw(e z), 0(z) = e®9 (e 2), (B.3)

with p + ¢ = n — 1. Since the generator of SL(2,C), scaling is fixed, so are
the values of p and ¢, which will be determined below. Similarly, for the shift

n this section we will mostly suppress the SU*(4) index, since it is not relevant to what
follows.
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Z=z+ [ we find

el w(z) =w(z—0), I(z) = 9(z — B). (B.4)

The last generator is defined by ¢, = Z/_1Z, where inversion Z acts in
the following way. Consider the transformation 2 = —1/z. The polynomials

should then transform as
I: &k)=2"Yiw(-1/2), D) =2"Yi9(-1/z), (BS5)

where Y = [[I, 0;. It is straightforward to check that Z? = (—=1)"1. The
minus sign can be neglected since we are only interested in a representation of
PSL(2,C),, which corresponds to the Mobius transformations acting on the
punctures, for which we have the Z, identification —1 = 1. Let us consider

the action of the following composition
T e T(wo(2)) = T e (zm Yi(0,)w (—l/z)>
=7 <epae’ame%mzm Y%(ai) w (—ea/z)>
2 PO 2 (7)), (B.6)

~Y

where the symbol = indicates we have used the Z, identification. Imposing
TlyT = —{y we find:

2m+2_

1
p— p— -_ B.7
5 p = p=g=m+tg, (B.7)

—p+m-+

which coincides with the choice of [1|. The analysis for ¥(z) is identical. It

then follows that
o0 Bt ( w(2) ) — Blogal ( @ (2) ) 7 (B.8)
U(2) U(2)

or equivalently, [J, ¢y] = 0. We also have

e I(w(z) =T [zm Y3 (@ (=1/2) + ad (—1/,2))]
= w(z) + ad(z)
= e w(z), (B.9)
which gives ZJZ = J or [Z,J] = 0. This analysis is consistent with the fact

that we are considering the subalgebra SL(2,C), x J of the direct product
SL(2,C), x SL(2,C), and Z belongs to the first group.
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Let us now examine how this situation changes when considering the odd-
point maps with n = 2m + 1. Now, we fix the generators of SL(2,C), such
that deg w(z) = m and deg ¥(z) = m — 1. Note that this is consistent with
the fact that J is a residual symmetry. In fact, the actions of J, ¢, and /_;
are not modified, even though the values of p, g differ, as we will show below.

The inversion Z now acts as
I: &()=2"Yiw(-1/2), Oz)=z""'Y29(-1/z). (B.10)
Repeating the computation in (B.6) we find that

2 1 =m+ 1
m; —p = 7T ' (B.11)

—p+m+

Furthermore, we have:

o0 oBlo < @ (2) )
U(2)

et/ DBz (e7P2) + aem=1/D8Y(e=Fz)
em=1/DBY(e=Bz)

_ ( em T8 (e Pz) + ad(e Pz)) )

em=1/DBY(e=Bz)

_ Plog ( Z((;) > ’ (B.12)

where & := ae™?/2. This means that [J, (o] = —1.J.

In contrast to the case of even n, we have shown that for odd n the group
structure is a semidirect extension of SL(2, C), by an (Abelian) shift factor J.
In other words, the Riemann sphere symmetry group SL(2, C), and the group
SL(2,C), are intertwined. Moreover, we will now show that the J extension

of SL(2,C), is not enough to achieve closure of the group. In fact, consider
e I(w(2) = [Zm Y2 (—1/2) + az™ Vi (—1 /z)]
= [Zmy% W(a>(—1/Z)]
= @) (2), (B.13)
where we have defined the polynomial

oT

W) (2) == w(2) — azd(z) = e w(z). (B.14)
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This shows that conjugating the shift J by an inversion leads to a new shift
symmetry not present in the even-n case: ZJZ = —T. This precisely cor-
responds to the T-shift symmetry, introduced previously, acting on the fixed
frame with £ = (1,0). Conjugating the equation [J, o] = —1J we find:

1

T o] = 5T. (B.15)

Because J and T are Abelian shifts it follows that [J, T] = 0, i.e., they generate
the translation group C? and transform as a doublet under SL(2, C),. The rest
of the SL(2,C), x C? algebra is

[glaT] = [6717 J} =0, [6717T] =—J [617 J] =T, M“gj] = (Z_j)gwr]

(B.16)
More succinctly, if we define (J,T) = (112, T1/2), then we have [T,,T;] = 0
and

[0;,T,] = (% — r) Tiwr, i=-1,0,1 r==+1/2, (B.17)

as well as

ILT'=—-1,; i=-1,0,1 and ZT,Z'=-T_, r=+1/2. (B.18)

Finally, one can directly check that the remaining generators of SL(2,C), do
not preserve the polynomial form of the maps. Hence we claim that this is the

maximal subalgebra associated to polynomial maps.

B.2 Details of the Soft-Limit Calculations

In this appendix we analyze the soft limit of the connected formula, treating
the measure and the integrand separately. Because of its simplicity, we start
in B.2 with the soft limit of the CHY measure and the deformation of the
maps in 4D. In B.2 we turn to the even-n measure for 6D, where several new
technical ingredients appear due to the SL(2,C) little-group structure. This
analysis allows us to recover the form of the odd-point maps and measure as
well as the emergent symmetry T discussed in appendix A. In B.2 the odd-
point integrand is derived from the even-point one for the case of N'= (1, 1)
SYM. Finally, in B.2 we obtain the even-n measure from the odd-n one, and

use it to prove that the constraints have (n — 3)! solutions.

Four dimensions
Let us illustrate the use of the soft limit by considering the simpler 4D case
first. Here we will focus on the CHY measure in the Witten—-RSV form and
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show that it has the form given in (3.15). In particular, we consider the
measure associated to the dth sector and show that in the soft limit, where

Pnt1 = T Pni1 With 7 — 0, we have

d/t =4 2 % n ! 4+ conj. + O
/ n+1l,d — (pn—l—l) / n d 15 - 2 e B(En )= En . €O J ( )

where the scattering equation for the soft particle takes the form

n (2 7'L n 5\77, Y n
By = Z Pn+1 " Pi _ +1p(0 +nl)>[ +1P(Ont1)] (B.20)
On+1,i Hizl On+41,i
In (B.19) “conj.” means to consider the first term with the conjugated contour
Pt p(0ns1)] = Mgt p(0ns1)) as well as conjugated sector d — d = n—2—d.

By summing (B.19) over all sectors we obtain (3.15).

Let us now consider the soft limit of
[ | [T doi T i Ty d H 5 ( i _ <az>/sd<ai>>
Hnira = vol SL(2,C) x GL(l,C) Rd oy )
(B.21)
The strategy is to first isolate the leading 1/7 factor, which in this case comes
from the resultants. As we will show, in the soft limit R%(p)R%(p) ~ 7, which

allows us to evaluate the rest of the measure for 7 = 0 (except for the factor

d(p2.1)). What makes the case of 4D simple is that p,11 — 0 has only two
solutions: A,y1 — 0 or 5\n+1 — 0, which account for the two terms in (B.19).
Choosing A\, 11 — 0, the delta function for the last particle in (B.21) takes the
form:

(ot =TIy 02 5 =00000)) P 000300 8 )

i=1 On+1,i Hizl On+1,i

Oq

= (H o’n+1’l->/Edg(SZ(S\nJrl—Zﬁ(0n+1))52(p(an+l>>7
- (B.22)

where we have used (3.24) and dropped the factor §(p2, ;). If we now introduce

a reference spinor |q|, we can recast the result in the form

(H O'n—i-l,i) /fdfé (f— —[,5[5\;::13]61]) d <[5\n+1 ﬁ(0n+1)]> 5*(p(ops1))
(11 UnH,i) % 0 ([:\nﬂ ﬁ<0n+1)]) 52(P(Un+1))7

(B.23)
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where now ~
1 [p(0n+1)Q]

t= — 5
| J [Ans14]

(B.24)

The first constraint is a polynomial equation of degree n — d in o,,1, which
we used for the contour in (B.19). To manipulate the second constraint let us

reparametrize the polynomial as
p*(2) = p°(2)(z — o) + 7% (B.25)

Here p%(z) = Zz;(l) p2zF is a polynomial of degree d — 1, whose coefficients are

shifted from those of p*(z). Therefore the Jacobian is one, i.e.,

d d—1
[[#0x = dr ][ & (B.26)
k=0 k=0

Integration over r* eliminates the second delta function in (B.23), since

/ d?ré®*(p(op)) =1, (B.27)

setting r = 0, i.e., p*(z) = p*(2)(z — 0p11). Putting everything together,
(B.21) becomes

[[ do; Hk (1)d Pr Hk; od pk H54 ad _ p° (o) p°(03)
vol SL(2,C) x GL(1 1.0

y 1. ~ dajm ( 1 ~ ) Lo
270 J {311 plons1)]=0 (—W# ”(f"zj%”) t RY(p) R(p)
1=1Y"n N

(B.28)

Note that in the bosonic delta functions the puncture o, .1 has completely
dropped thanks to the definition of p. We will not prove it here, but using the
definition (3.27) in terms of the matrices ®4 and ® g one can show that in the

soft limit the resultants behave as
t RY(p)RY(p) = (Ang1 p(00s1)) RH(P) R (D) + O(7?) (B.29)

where A\, 1 = O(7) is responsible for the leading behavior, as anticipated. This
concludes the proof of (B.19). The extension of this procedure to the integrand
n (3.26), including the redefinition of the fermionic maps, is straightforward
in 4D, but we do not present it here. After including the integrand one can
deform the contour for ¢, such that it encloses two of the other punctures,
i.e., at 0,41 = 0;. This leads to the soft limit of the N/ =4 SYM amplitude.
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From even to odd multiplicity in 6D

Let us now consider the case of n odd in 6D. We show that the expression
(3.102) can be obtained from the soft limit of the n+1 = 2m+ 2 measure after

extracting the corresponding wave function and scattering equation. That is,

1 do
duSP = 6(p? /dﬁD —7{ o0 B.30
[ b= [ g § TN man

En+1|:€

where

L doy) (I d3pr) diw (€d€) 1
d 6D — (Hz_l 1 k=0 —A ) B 1
Home1 vol (SL(2,C),,SL(2,C),,T) v2~7 (B.31)

The maps entering the bosonic delta functions Ag are defined in (3.45). As

in 4D, the strategy is to first isolate the 7=! piece and then manipulate the
delta function for particle n + 1 to get the corresponding scattering equation.
In Section B.2 we achieve the first goal by proving that if p:5, = vl4gPl is the
direction of the soft momentum, where p,,1 = 7 p,11, then

1 do,, (| |TZ da@-) (| | ) dspk) n
6D 2 +1 i=1 k=0 (n)
du = — A B 2

X <H Jn+1,i) / dz dZE (58 (pf(o_nJrl) — Ea(qA + IL"UA)) + O(TO).
=1

Here Ag) contains the bosonic delta functions for the n hard particles, but
still depends on 0,1 and the even-multiplicity maps. Since the leading power
of 7 has been extracted in this expression, the integral can be evaluated for
7 = 0. Note that this expression is invariant under little-group transformations
of the soft particle. In fact, the SL(2,C), transformation

q — Dq+ Bv (B.33)
v — Cqg+ Av (B.34)

with AD — BC' =1 is equivalent to the following change of variables

Ar+ B
- & = B.35
o o Cx+ D’ ( )
S, = Z¢ = EJ(Cz+ D), (B.36)

which leaves the measure invariant, i.e., do d*’= = d& d?=. The reason for
introducing the variables x and = will become clear in the following section.
In Section B.2 we redefine the maps and isolate the scattering equation as
a contour prescription for the puncture o,,; associated to the soft particle,
leading to (B.30).
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Derivation of (B.32)

We start with the following identity

MG = AR 3020) [ MNP (5 (0) ~ i3 o 104] - [T owens ).
i=1

(B.37)
where we have utilized the linear constraints in (3.47), and denoted M = M,,;;.
Now, up to linear order in 7, the most general form of the soft momenta can

be written as
Apdy = B0 + g (B.38)

which gives paP, = rolgBl + O(7?), once we set ¢ := B,q**. Unlike 4D,
where the soft condition p,.; — 0 has only two branches (the holomorphic
and antiholomorphic soft limits,) here we have a family of solutions due to
the less trivial SL(2,C) structure. Let us now assume that as 7 — 0 all the
components of the maps pA%(z) and the o;’s stay finite, as determined by the
delta functions Apg, since they should be localized by the equations of the hard

particles.

In the limit 7 — 0, the matrix M has a singular piece:

M
M = — + My + O(h). (B.39)
T
The strategy is to input this ansatz into the delta functions and evaluate the
result power by power in 7 leaving only four components of M to be integrated.
That is, impose

—b

M (01) = (M“ ¥ Méia) (50" + 7q™) (B.40)

T

M e
= 9yt ML At + Mot + O, (B.41)

(M" M) — (M M)

T

n 1 .
[[ons1i =M = —5[M| + + | My . (B.42)
=1

Here MJr, M, My, My denote the respective columns of the matrices M and
My. From the finiteness of the LHS of (B.41) and (B.42), we see that M is

degenerate and [ is a null eigenvector, that is

M, ==t8,. (B.43)
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Equating terms at order 771,

0= (M"My)— (M M) =(BEM) = Z,M&,5" =0. (B.44)
This result allows to introduce variables x and T defined by
Mg, 8" =22, E M, =TB. (B.45)

The general solution of these equations for M, can be expressed in the basis
of spinors 8 and = as
a T ﬂa Bb —|— xr EaEb

0,b — <Eﬁ> + Y Eaﬁbu <B46)

and thus

% o e 1
e A S T (B.47)
=) .

The component 7 is a fixed constant, which can only be determined by con-
sidering subleading orders in 7. This is consistent since it only contributes to
the result at order O(7!). In fact, choosing the change of variables {M?} —

{z,7,Z%, =7}, we find

T

1
&M =z ( * W) da dz = ~ dz dz i°E. (B.48)
T

Having identified the singular dependence on 7, we can now select the leading

pieces of the arguments inside the delta functions, yielding

) <|M| — H 0n+1,i) =9 (IL‘f - H Un+1,i> s (B49)
=1 i=1

8 (p™(0n) — MINLY) = 6% (p™(0,) — E(z v + ¢?)) . (B.50)
Integrating out 7, writing V,?,, = V2], 07,,,, and substituting in the

identity (B.37), we finally arrive at the desired result (B.32).

Derivation of (B.30)

In this section we consider the expression (B.32) without the integration over
=% i.e., taking =% to be a fixed spinor. We will also introduce an auxiliary
spinor ¢ such that (Z¢) = 1. Note that & still has one free component, which

we choose to be £t = 1. The integration over =% will be restored later.
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We start by expanding the polynomial maps in basis vectors as
ph(z) = EPw(2) + € 1 (2), (B.51)
the delta functions of (B.32) as

&° (PAb(UnH) - Eb(ﬂf v + qA)) =o' (WA(UnH)) & (WA(UnH) —zot — qA) )

(B.52)
n (A7 Bl (5
A = T[o° <pr ) W) . (B53)
i=1 Hj;éi 0ji
and the integration measure as
H dspk = H d4wk d47Tk . (B54)
k=0 k=0

As in 4D, we now parametrize 74(2) = (2 — 0,,11)7(2) + 14, so that the first

term vanishes at the last puncture. This change of variables gives,

m m—1
[[d'me = d*r I d*#x, (B.55)
k=0 k=0

S (7 (ons1)) = 04 (r?). (B.56)

On the support of the first delta function,

n (V2B (o
it (m“B—‘" )T W) — AP R, (B
T =

Al
Hj;éi Tij

Note that this result does not depend on o,,4.

The leading-order term in (B.32) can be rewritten in the form

5(pi+1)/d25 H?:O d*wy, HZ:()l d'7y, H?:l do; 5 A(n)(w #)
T vol (SL(2,C), x SL(2,C),) V,,2 = % 7

X /danH dx 64 (wA(anH) — vt — qA) (H anﬂﬂ-) . (B.58)
i=1

The integration over [ d?Z has effectively dropped out of the integral. In
principle we could use it to cancel two of the integrations over SL(2,C)? in
the denominator. However, this would fix part of the SL(2,C)? invariance,

which we want to be present in the odd version of the measure. Instead, let us
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reintroduce the integration to get a manifestly symmetric answer. To achieve
this we revert to the change of basis (B.51), i.e., for fixed {Z, £} we define

P (2) = rwl(z) — 22 7(2). (B.59)

This transformation is defined coefficient by coefficient as an SL(2,C) trans-

formation except for the top one, which is not invertible. In fact,

m—1 m—1
d*wm | [ d*wr d*s, = d*wm [] & (B.60)
k=0 =

and

Ag)(w,fr H56 ( A{_O[-;) pB(Uz)>> : <B61)

j#i Oij

where the highest coefficient of the map is given by

Pt =€ wp = ( 2 )wfé, (B.62)

with Zt¢ — == = 1. Noting that

W (Ont1) = (25N (n41)) = 760 (0ns1) = E7p4F (0041) 4 (B.63)

the integral becomes

S 9 m— 1 8 ~ .
(anrl)/ d me d Hf dO’z A(n)( )/d0n+1d dx54 <H0n+1 ’L)

T vol(SL(Q,(C)J x SL(2,C),) V2
(B.64)
where
D4 =25 (ons1) — Z 0 (0ng) — vt — ¢ (B.65)

Now we note that

<H gn-i—l,i) /dz:dm 54 DA (H On41, z) (O-n-i—l)ﬁ_(o-n—i—l) >) — 5( n+1)
i=1

(B.66)
In the last line we recognize the scattering equation for the soft particle (in a

form analogous to (B.20)), which we now implement as a contour integral for

Ont1- This gives

5(]931_;,_1) / d* Wm Hm ] d° Ak Hz 1 do; L dO'n—H A(n ( )
T vol (SL(2,C), x SL(2,C),) V;2 2mi B |=e

En—',—l

(B.67)
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We have arrived at a compact expression. However, there is subtle but es-

sential caveat. Recall that Ag) (p) contains the variable £ = 25— in the
top component of the polynomial, p,,. This variable still depends on the soft

puncture o,,1. In fact, it is implicitly defined through the relation
(Ep(onr)) =z vt +¢7. (B.68)

In order to decouple £ from this soft equation, we introduce a new redundancy
that will enable us to turn £ into an integration variable (which will be fixed
by the hard data). Since v and ¢ are only defined through 13;?51 = pl4ghl,
the formula must be invariant under v — %, ¢ — ag. According to (B.68),
such a transformation can be absorbed into a transformation of (2% z,¢) as
follows:

—b —_—_
.= a—1 a+=
= —>E, E— &+ = =+ (B69)

—

T —

? )
Since « is arbitrary, we add an additional integration in the form

P b
~ vol(T)  vol(T)’

(B.70)

which should be regarded as a formal definition of the T-shift measure. Note
that this is not SL(2, C)? covariant, signaling that the Jacobian is sensitive to

the SL(2,C)? frame. Using this, we recast the formula as promised

ded* o T a8, TT7 . do; A™(5) 1
/duCHY = o >/ Ed'w sy d°pr[1i=y doi AR (p) ]I{ don 41

22 w1 [ ol (SL(2,C),, SL(2,C),, T) V2 270 Jip, 11 Enrr

(B.71)
Some comments are in order. We have used the little-group scaling of the soft
particle to introduce a new redundancy in the hard equations. As the notation
makes clear, this redundancy can be identified with the shift transformation
explored in Section 3.4. Note that this symmetry was absent in (B.67), which
can be regarded as a T-fixed version of the final measure. The reason is that
while AgL) (p) is invariant under the shift p(z) — p(z) + 2B£(E, p), equation
(B.68) is not, meaning that the shift parameter 5 can be determined in terms
of v and ¢. By averaging over the little group, i.e., over different choices of v

and ¢, we unfix this redundancy.

Integrand of N/ = (1,1) SYM for odd multiplicity
Let us now apply the prescription given in the previous section, this time at
the level of the N' = (1,1) integrand. For n + 1 = 2m + 2, this integrand can
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be broken down as follows:

Tomiz = PT(Ln41) Pt Api Vi / H dZXdeXk A%H)&(PKHI)
k=0

= 52 <Qﬁ+1/\n+1,A,d> 52 <)‘ﬁ+1,aQn+1,A> Vn PT(]In) Pf/A?H-l (H Un-l-l,i)
=1

O1n

O1,n+10n+1,n
x / [T xec s AR AL (s = Wi (o) 02 (s — Wi (o) ).
k=0

(B.72)
Here W = W, = M, 4&17 as defined in Section 3.5. The fermionic delta
functions are defined in (3.61), from which we have extracted the on-shell
conditions of the soft particle (recall that Q4 = M\n? etc.). We will first
project out the (n 4 1)th gluon and then take the corresponding momentum
to be soft. For a given polarization this will generate Weinberg’s soft factor for

the even point amplitude. In Section 3.4 we extract it to obtain the odd-point

integrand.

A simple choice of polarization is (a,a) = (4, +), where the spinor in (B.38)

5:5:(2). (B.73)

We will proceed with this special choice, but the answer for a general polar-

and its conjugate are set to

ization (a,a) will be deduced at the end. For now, note that the soft factor
(3.125) for this choice is

~ 2 q D
g+t _ T ldpipnla) (B.74)

2 A ~ )
T 8n+1,15n+1,n

where we have explicitly exhibited the powers of 7. Since they cancel, and the
measure in (B.30) contributes a power of 77!, we expect the integrand to be of
order 7. In fact, the factor of 7 comes from the expansion of the Pfaffian, i.e.,

PfA,,1 = TPfA, 1. Now, to extract the aforementioned polarization from
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the amplitude we perform the following fermionic integration
I;wjﬂ = /d477n+1d477n+1 77711+177711+1 Lom+2

ISPAn—&-l O1n

H;; On+1,i O1,n+10n+1,n
e ~ — —+

X /HdQXde)ZkAg})Agl)é <W:Xa(‘7n+1)> 0 <W& )Za(anﬂ)) )
k=0

(B.75)

=7V, PT(L,)

where f2m+2 corresponds to Zy,, 1o stripped of its on-shell delta functions. We
also have W = W /([ Ony1,4) With

—a T PPy + x =2 1 —
Wb = EacebdMCd = .775 B2:5§: b + <’}/ + ;) aib (B76)
S Tan z E—’—Ea —
W === _ 5, (B.77)
(28)

using (B.47). Here we have implicitly followed all of the steps that were used
in Section B.2 to simplify the form of the W variables in the soft limit. The
antichiral piece works in the same way. Even though M is not integrated, its

behavior in the soft limit allows us to define the antichiral counterparts = and
x:
WA = E&B ML =z

a

[1]:

0 (B.78)

In direct correspondence to the bosonic case of Section B.2, we have managed
to make explicit the 7 dependence in the integrand, and therefore we can

evaluate the delta functions Agl)ﬁgf) for 7 = 0.

We follow now Section B.2; in which the basis element ¢ was defined such that

(€Z) = 1 for a given Z*. Then the polynomials are expanded as

X'(z) = &(z)
X'(2) = €£1(2)

“r(z2) (B.79)
“F(2), (B.80)

where [(z) and r(z) are degree-m polynomials with Grassmann coefficients.

Dropping the powers of 7, we obtain

ISPA O1n

n
Hizl On+1,i O1,n+10n+1,n

T = Va PT(L,)

X / ﬁ dly dry iy, 7, A%)K%)(S(l(anﬂ))é (Z’(anﬂ)) r@. (BS1)
k=0
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All of the following expressions for the integrand should be thought as multi-
plied by the measure, as we continue to parallel the manipulations of Section
B.2. Now we put I(z) = (z — 0,41)I(2) + b, and we note that the fermionic
delta functions fix b = 0 in the same way as the bosonic delta functions fixed

r4 =0in (B.56). Using (B.51) we have

AP T+ (QA W o)l(o) — wA(am(az-))

n+1
Hj;éi Tij

_ T o A_WA(Uz‘)lA(UD_ﬁA(Uz‘)T(Ui) _ T A_<pAA(Ui)>AC<Ui>>
I o= )~ (- )

j#i 9 j#i 9
(B.82)
where we have defined
L(2) = €% (2) — E%(2), (B.83)

and p?(o) is given by (B.59). The top component of this fermionic map is
given by x% = £%,,. We identify r,, = g, hence agreeing with the fermionic

maps introduced in Section 3.4. We now have

b ISPA 01 mt N ~
It =V, PT(I,) == ” m/d dg TT @®xed?se AW AW,
2md ( ) Hizl On+1,i O1,n+10n+1,n 749 ]!_IO ARG Xk S 2

(B.84)
Recall that at this stage the map component & = 1;5: is determined implicitly

by (B.68), which in turn depends on o0,,1. Therefore the 0,1 dependence
cannot be isolated yet. The final step is to turn £ into an extra variable, which
is equivalent to unfixing the T-shift symmetry, as explained at the end of
Section B.2. This is done by performing the transformation (B.69). However,
as I;;;“ 41 will be divided by St given in (B.74), we also need to consider
the scaling of the soft spinors ¢ — ¢/a. Doing the corresponding scaling for
the antichiral piece, § — ¢/&, we effectively promote & and é into integration
variables to be fixed by the bosonic equations. The relationship between the

variables «, & and the components &, é can be read off from (B.69):

a=(2¢, a=[=¢€. (B.85)

Including the scaling of the soft factor S*+ — a@S*t* and putting everything
together, we find the following formula for the N" = (1,1) integrand:

1 do, 1 T _
. OntlZomtl _ 7% / dQUY. (B.86)

2m |Epyr|=e ETH-I St



358

The Vandermonde factor V,, has been absorbed into the fermionic measure
d@l(?l’l), which is defined as:

50 T e e Tt (a0 X @)Y i [palo) (o))
dSp’ :Vndgdg”kaka”5 q — 0"\ Gi,a— :
; [0 [0
k=0 i=1 J#FL 7Y JF#L 7Y
The bosonic part of the integrand 75,41 is given by

O1n

dopyy 1 2k 1 Pf'A
\72m+1 - PT(Hn)Q ; %A B + 1= =~ ~ n
™ |Ent1]=e —n+l S <‘:'£> [‘:'é—] Hi:l On+l,

9

O01,n+10n4+1,n
(B.87)
which encodes the complete o, 11 and p,.1 dependence. It is now straightfor-
ward to repeat these steps for other polarizations (a,a). In fact, from (B.76)
we see that for the choice a = —, the 77! contribution will dominate, yielding
no factor of = in the numerator. At the same time, the different 7 dependence
of this integrand will be compensated by the different 7 behavior of the soft

factor S%. For a general polarization we have:

TT i

= = S (B.88)
where we have defined 2% = (z,—1) and 7% = (&, —1). Setting 0,,,; = 2z and
removing the fermionic delta functions, the integrand becomes
1APT(Hn m]{ dz PfA, 4 xi ?i 7
Saa 21 Jig, == Env1 (z—01)(z—0,) (£2) [€2]

j2m+1 =

where &,,1 = T£n+1 = p(2) * pny1 is the scattering equation for the (n + 1)th
particle, valid on the support of the equations associated to hard particles. In
this form the 7 dependence cancels between the soft factor and the scattering

equation. This form is taken as the starting point in Section 3.4.

From odd to even multiplicity and the number of solutions
Here we consider taking a soft limit of the odd-point measure. The goal is to

prove that the relation

1 do,,
/ dpdly = 6(p2,y) / duﬁD% 7{ - :11 + O, (B.90)

En+1 |:E

holds for any n, whether it is even or odd. (The corresponding measures were
defined in Sections 3.2 and 3.4). This result can be used to prove that the

equations for the maps and the punctures of n particles have (n—3)! solutions,?

2This assumes generic kinematics in the sense of the discussion we give in Section 3.7.



359

as claimed in Section 3.2. Since we have already shown that integrating out
the coefficients of the maps p?’a leaves delta functions localizing the o;’s, this
implies that this measure should correspond to the CHY measure (3.13) up
to a trivial Jacobian. Such a Jacobian must not carry a nontrivial SL(2, C)

weight or mass dimension. This has been checked numerically.

The reasoning used to find the number of solutions follows closely the inductive
proof in [56]. For n = 3 one can analytically check that there is one solution
for the moduli {p,c}. We then assume that the lower-point measure dy, in
(B.90) has support on exactly (n — 3)! solutions. Then, we use the fact that
in the soft limit dy,; decouples into the lower-point measure and 6(FE,1).
In the previous section we recognized E, ., as the soft limit of the scattering
equation for o, 1, which has been shown to yield n — 2 solutions for given hard
data [56]. This can also be seen directly from (B.66). Since the number of
solutions cannot change in the soft limit, we conclude that dp, 1 has support

on (n — 2)! solutions, which completes the argument.

In order to show the validity of (B.90) for odd n we begin with the same

identity used in the previous section for n odd:

MG = AR [ MM

x 6° <PA’Q(Un+1) - (Mn+1) )‘ﬁ&) 0 <|Mn+1\ - H0n+1z‘> )
i=1
(B.91)

where we have used the odd-point parametrization of the rational maps,

—_

,OA’a(Z) p? azk + w/Ag/a m <B92)
0

>
Il

and m = (n—1)/2. To avoid confusion we have labeled the highest-degree
coefficient using primed variables. As before, we parametrize the (n + 1)th
soft particle for 7 — 0 using a 6D spinor of the form )\ffl = 94 + 7¢?e,
which gives piB ~ O(7). We also define ¢**¢, = ¢*. For the odd-point
parametrization of the maps, the symmetry group G includes the T-shift re-
dundancy parametrized by the GL(1, C) parameter a. p(z) and M; both trans-
form under the T shift, as shown in (3.209) for W; = M; .

Much of the soft-limit analysis for n odd is similar to the case of n even; the

coefficients of the rational maps are fixed by the data of the hard particles
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while M, is allowed to have a singular piece in the soft limit. We may
repeat the steps of Section B.2, inserting an ansatz for M, and decomposing
it in a basis of spinors =% and a modulus z. The dependence of the measure

on the (n + 1)th particle can we written in the soft limit as

Hm ' d*pyp d'w' (€'dE') doia H?:l On+1,i

5002 A(n)
70(Pat) vol(SL(2,C),,SL(2,C),, T) V2 B
X /d:c d*2 6% (pM(ops1) — E*(¢" + 20?)) . (B.93)

After decomposing M, in the soft limit as done here, the transformation

rule for M,, 1 becomes one for =

02" = w0, §E'E) . (B.94)

Having isolated the singular 7 dependence in the soft limit, let us now examine
the behavior of the even-point rational maps arising from the soft limit of
odd-point amplitudes. At each point in the d?Z integration, we expand the
odd-point map in a special basis, the one determined by the two preferred
spinors =% and £'®. This basis is not orthonormal, and (Z¢’) # 1. Changing

A

variables to (7, w4) spinor coordinates, the odd-point map w'# becomes the

last component of the latter:
phe(2) = B (2) + €W (2), (B.95)

or more explicitly
m—1 m—1
=E* Tk 4 g (Zwkz + Wz ) : (B.96)

By taking linear combinations of the eight-dimensional constraint equations

for p®, we arrive at a split form involving the basis:

1
Eey

58 (pA,a(O_n_H) . Ea(qA + I’UA)) —
(B.97)
Additionally, the remaining bosonic delta functions also change under this

basis transformation:

A(n H56< ~§> [A(UZ) B](Ui)> 7 (B98)

H] 1 O-TH‘Lj

§* (wh(op41)) 6* (74 (0ns1) — (¢ + z0™)) .
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along with the integration measure, which acquires a Jacobian
m—1 m—1
(H dspk> d'o’ — (2¢ (H d*mp d%k) d''. (B.99)
k=0 k=0

As in the case of taking a soft limit from even n to odd n, we may now use the
delta functions to reduce the degree of the map. To see this, we parametrize

the map evaluated at the (n + 1)th puncture as:

wi(2) = (2 = opp) 0 (2) + 74, (B.100)
m—1 m—1
H pd'w' 6% (wH(on)) — dr? ] d*an s (r?). (B.101)

The r4 integrations are trivial, and now the w’ component has dropped out
of the problem in favor of the w variables. This means we may now use the

hatted variables in the remaining bosonic delta functions.

Having reduced the degree of the map, we may now switch back to the p

variables through another change of basis:

ph(2) = 204 (2) + €901 (2), (B.102)
P22 = (2€) 0(2), (B.103)
() = (€5) 7 (2). (B.104)

This has the effect of undoing several of the Jacobians acquired earlier, and

the relevant piece of the measure and integrand becomes

T it m—1 j8~ (¢ e A (5,)pB (0,
Loyt [ oy, Tlcs dice) = )H56<AB (0 (02)7"( >>>

V2 SL(2,C),,SL(2,C),, T) £ 1 ' [T/ ons1j
1 <PA(<7n+1) ') A A)
5t . — . B.
" ey < gy T (B0

The freedom to projectively scale £ allows us to set the first component to 1
and define the second as £’ so that (¢'d¢’) = d¢’. Now we may focus on the

last piece, which can be written as
H On+1i / o, d€' d*Z dx 5 (ﬁA’a(0n+1)§; - <Ef/>(qA - xUA)) - (B.106)
i=1

There are now five integrations, four delta functions, and the 7' redundancy to

cancel. The strategy is to isolate the scattering equation for the last particle,



362

integrate out the other delta functions, and cancel the T-shift symmetry. The
scattering equation for the soft particle is supported on the solution of £, =

eapcpPt T (0ns1)pP " (Ony1 )0 P

of variables

= 0. To get this, we first make the change

(E) =27 2" —u,

xXr
r— —,
u
d=+
A/ d=* d=" dr — ——d€' duda’,
0 (01 (oni1)&, — (BN (¢ = 20?)) = 8 (pY (00 11)E = p (ong1) —ug —2'v?) .

(B.107)

Now we would like to evaluate the integrals over u, 2/, and £’. As in the even-
point case, we observe that these integrations give the scattering equation for

the last particle after taking the appropriate linear combinations:

—H¢:1 Il /d0n+1 d¢' dudz’ 5 (ﬁA’+(0n+1)§/ — p (Ong) —ug” — x/”A)
-

Tl_ On+1i ~ ~B.—
= —Hl_l + /dO’n+1 (5(€ABCDpA’+(O-n+1>pB’ (Un+1>UCqD> = /dO-nJrl 6<En+1>

(B.108)

So we are left with

m—1 A —_—
— dspk d="
2 -2 k=0
OPn)Va / vol(SL(2,C),,SL(2,C),, T) u
n AA (5N AB (.
% H56 <p;43 . <P (;ﬂ)p (Ul)>> /d0n+1 5(En+1) (B109)
i=1

Hj:l On+41j

In this expression u = (¢'Z) has a value determined by the constraints after
doing the integral. Since T acts as a GL(1,C) shift on the components of =,
we can absorb u and cancel the symmetry. The result is the expected measure

for n even:

[[, do: Z:)l d® i - 6|, AB (p(0:)p" (02)) 2 —2/
i= = AB _ Epi).
/ VOI(SL(Q, (C)o' « SL(Q, C)p) E 5 pz H?Zl 0n+1j 5(pn+1)vn d0n+1 6( ’I’L-‘rl)
(B.110)
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Appendiz C
APPENDICES FOR CHAPTER 5

C.1 p-adic Integration

Here we review some aspects of p-adic integration, including basic properties
and examples, the Fourier transform, and the p-adic gamma function I'). A
more comprehensive review is found in [83]. For formal proofs, as well as

extensive integration tables, the reader may consult [77].

As already discussed, the unique additive Haar measure dx on @, is normalized
so that
/ dr = 1. (C.1)
ZP

To find the volume of the set B”, which consists of x € {Q,, |z|, < p"}, we

may scale the measure and reduce this to the integral above on Z, as:
/ dr = pr/ dx =p". (C.2)
T Zp

As r — 00, the volume diverges as in the real case. Compactifying the point at
infinity amounts to switching from the Haar measure to the Patterson-Sullivan

measure dyio(z); these measures agree on Z, and differ in the complement by
dpo(z) = dx/|x[?.

With this measure the volume is computed with a change of variables:

/ duo(x):/ dx+/ x|, 2dx (C.3)
Qp Zp p_ZP
1

1 d
:1+—/ du, u=—, du:p—f (C.4)
b Ly px |x|p
p+1
=—. C.5
p (C.5)

A large class of elementary integrals may be evaluated using these methods;

see the above references for complete details.

We now turn our attention to the p-adic Fourier transform of a function f(z) :

Q, — C. As discussed in section 5.3, this involves integrating the function
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against the additive character y(z) = e?™{*2} over all Q,. This generates a

new complex valued function in terms of the p-adic momentum k € Q,:

7k = / \(ka) (), (C.6)

P

f(z) = / x (=) F (k) (1)

P

The analogy with the real Fourier transform should be clear. In practice
evaluating this kind of integral often requires one to divide @Q, into spheres
consisting of points with |z|, = p" and performing the integral on each sphere.

This can be seen in the example:

/X(kx)d:r: ks =p (C.8)
r 0, otherwise.

As in the real case, one may find tables with numerous p-adic Fourier trans-

forms of elementary functions in the literature.

The final integral expression is that of the Gelfand-Graev-Tate I" function:

R A s = (©9)

P

This function has some similar properties to the ordinary gamma function.
It is fairly ubiquitous in certain p-adic integral calculations, and we refer the

reader to literature on p-adic string theory for details.

C.2 p-adic Differentiation
As already discussed, complex fields living on the boundary P!(Q,) are maps

f(z) : P{Q,) — C. (C.10)

In the Archimedean case of 2d conformal field theory, we have f(z, z) : P}(C) —
C and it makes sense to define holomorphic and antiholomorphic derivatives
% and %. In the p-adic case, analogous differentiation expressions no longer
make sense are we would be dividing a complex number by a p-adic number

and these fields have different topologies.

The only notion of derivative we may use is the Viadimirov derivative |77, 79],

and it can be thought of as a nonlocal pseudo-differential operator. Roughly
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speaking, this operation is the p-adic analog of Cauchy’s Differentiation For-
mula in which the derivative of a function at a point is expressed as a weighted
integral of the function over a curve. It is also known as a normal derivative
[82] in the context of the p-adic string where it is interpreted as the derivative
of the embedding coordinates X* normal to the boundary of the worldsheet.
Because this operator is defined on Q, without any reference to an embed-
ding or worldsheet, we opt to refer to it as a Vladimirov derivative. The n'"
Vladimirov derivative is defined by
/

o) = | —J['S["l méi?dx'. (C.11)
Some authors may choose a different normalization in front of this integral;
usually in the form of p-adic gamma functions. At first sight the expression
above may not resemble any familiar notions of differentiation. We may see
this as a good notion for derivative in two ways; in the case of the p-adic
string this expression is the limit of the normal derivative on 7}, as we go
to the boundary, as shown in [82]. We may also compute the Vladimirov
derivative of some special p-adic functions and compare with the real case.

This is done in the following section.

Examples
We wish to first compute the derivative of the additive character, x(kxz). This
function is the p-adic analog of a plane wave with momentum k, so we expect

it to be an eigenfunction of the derivative with eigenvalue related to k.

x(ka') — x(kx)

o =l

dx’. (C.12)

(ko) = |

Using the properties of the additive Haar measure of Q,, we can shift the

p

integration measure,

y=k(z' —z), dy=|k|,d' (C.13)
and simplify the integral

x(kx') — x(kzx) ,

/ (|x’)—m|n+1 )dx (C.14)

P p
X(y + kx) — x (k=)
= |k ”/ dy C.15
|\p% e (C.15)
-1

— k[ (kz) / %dy. (C.16)

o T
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Where we used the additive property of the character to extract the x depen-
dence. The integral appears to diverge at y ~ 0; this divergence is actually
canceled by the numerator and can be seen by introducing an infrared cutoff.

Regularization of this integral is discussed in [267] and [268]. The result is

x(y) —1 1—p !
/ |y|g+1 Yy 1 _pn P( ) ( )

P

where we have used the definition of the p-adic gamma function in Eq. (C.9).

So the end result is
Iyyx (k) = Tp(=n) |kl x (k). (C.18)

Up to the factor of the gamma function (which could be absorbed into the
normalization of the derivative,) we see the additive character x(kz) is an
eigenfunction of the Vladimirov derivative with the eigenvalue given by the

p-adic norm of its “momentum.”

Another example we may wish to compute is the n'* derivative of |z|5 for some
s € C. This may be most easily be computed by Fourier transform and serves

as an example of an alternative representation of the Vladimirov derivative:

Ofylely = [ (k) klpJaT, i .10

where |z[* is the p-adic Fourier transform of |z[5, given in [207, 77]:

p

[} = / ©(ka) |zl = Ty(s + D[ (C.20)

everywhere it is defined. Applying this formula twice to the derivative we wish

to compute, we arrive at
Npylwly = Tp(s + 1)Ty(n — s)|z]; 7", (C.21)

which should resemble the ordinary n* derivative of a polynomial function.



367
Appendix D

APPENDICES FOR CHAPTER 6

D.1 The Three-Qutrit Code

In this appendix, based on the discussion in section 6.2, we give an ex-
plicit example of a quantum Reed-Solomon code which has quantum error-
correcting and ‘perfectness’ properties. We start with the classical Reed—
Solomon code [n,k,n — k + 1],2 (note the ¢* in the subscript) and choose
parameters n = ¢ = 3, k = (¢ — 1)/2 = 1, and X = P!(F;) \ {0} = {[1 :
0],[1 : 1],[1 : 2]}. The [3,1, 3]32-code, which will serve as an example of a
D-type code from section 6.2 (see discussion around (6.27)), takes the form
D ={(fa(1,0), fa(1,1), fu(1,2)) : @ = (ao) € Fze, fa € Faz[u, v]}. Since k =1,
the homogeneous polynomial takes a particularly simple form, f,(u,v) = ag €
Fs2. Thus the [3, 1, 3]32-code becomes, D = {(ayg, ag, ao) : ag € Fs2}.

It is easy to check that D is self-orthogonal with respect to the Hermitian inner
product (6.27). Take a = (ag, ag,ap),b = (by, by, bo) € D, where ag, by € Fsz,
then

a*b=3apby =0. (D.1)

One can also check self-orthogonality by constructing the dual code D+. It
follows from the definition of the dual code in footnote 2 that if b = (by, b, b3) €
D+, then for all a = (ag, ag, ag) € D,

a*b:ao(b‘?—i—bg%—bg)éo. (D.2)

Since (D.2) must hold for all ag € F32, we must have b3 + b3 + b3 = 0. Writing
b; = 25:1 b; ;v; where b;; € F3 and {7,7%} = {1,z} form a basis for Fs2 as
an [F3-vector space, we have the result, bf = b;1 — biox. So the condition of

duality becomes

(b11+b21 +b31) — (b1o2+bao+b32)r =0 = by =2by; + 2bs; j=12,

(D.3)
or, in other words, Dt = {(2by + 2b3,by,b3) : bo, b3 € Fs2}. One checks
that D C D+, thus D is self-orthogonal. While establishing self-orthogonality
via the dual code may seem a bit roundabout, the construction of the dual

code helps determine dg, the minimum distance of the quantum code. It is
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straightforward to show that in this example, dg = min{wt(v) : v € D*\D} =
2.

Now consider the classical Reed-Solomon [2n, 2k, 2n — 2k + 1],-code C, with
n=qg=3and k= (¢—1)/2 =1 as before. The input 2-tuple now becomes
a = (ag,by) € F2, and the code takes the form,

C= {((fao(lv 0)7 fbo(la 0))7 (fao(17 1)7 fbo(lv 1))7 (fao(la 2)7 fbo(lﬁ 2)))} (D4)

where f,[u,v] € F3 is the homogeneous polynomial given by (6.33). Like
before, setting k = 1 leads to a significant simplification and results in C' =

{ (a0, b), (@, bo), (a0, o)) : (a0, by) € F3}.

To establish the self-orthogonality of C', we use the inner product given in
(6.28) or equivalently (6.30). Given (a,b) = ((ao, bo), (a0, bo), (a0, by)) € C C
F2" and similarly (a’,0') € C, using (6.28) we have

(CL, b) * (G,/, b/) = Tr(3a0b6 - 3&6()0) =0, (D5>

which tells us C is self-orthogonal.! Alternatively, we can use the inner product
in (6.30). First note that since ¢ = 3, the parameter r = 1 (recall that
g = p"), and consequently ¢ is the trivial identity automorphism. This is
because ¢(a) = (p(a1),p(as), p(as)) where a € F%, but since r = 1, we have
¢(a1) = a1 € F3. Then, given (a,b), (a’,0') € C as before and using (6.30)

along with the fact that ¢ is the identity transformation, we have
(CL, b) * (CL/, b,) = <(l, b/> - <CL/, b> - 3(1066 - 3@6()0 = O) (D6>

which confirms self-orthogonality.

The trivial action of ¢ is due to the fact that we have chosen ¢ to be a prime
number, rather than a power of a prime. This makes the construction of the
corresponding abelian subgroup especially simple: For every element (a, b) € C
(where a,b € F%), the corresponding group elements are given by ¢'E,, for
0 <4 < 2. The cardinality of C, |C| = 9 is small enough that we may explicitly

list all its elements. They are

C ={((0,0)%,(0,1)*,(0,2)*, (1,0)*, (1,1)*, (1,2)*, (2,0)*, (2,1)*, (2,2)°} ,
(D.7)

1One can also construct C* a la our construction of D+ outlined above, and verify
self-orthogonality and check that dg = min{wt(v,w) : (v,w) € C+ N C} = 2.
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where (4, j)* = ((i,4), (4,5), (i, j)) € F3**. The operators in the corresponding

subgroup are given by

S = {€'Ep 03, Egs 15, £ Egs 93, &' Es 05,6 Es 13, €' Es 93, £ Egs g5, €' Eiys 13, § B s - 0 < i < 2}
(D.8)

where 53 = (j,7,7) € Fi. In constructing the simultaneous eigenspaces of

these operators, we can ignore the overall scalar factors £ in (D.8), since they

come from the center of the Heisenberg group. Now using (6.21) we conclude

that if (a,b) € C, then E,, = Ty, Rpy @ Thy Roy @ Tay Rp,- The matrices T, Ry,

where ag, by € 3 are given by

1 1 1
TORO = 1 T()Rl = g T0R2 = 52
1 ¢ §

010 0 ¢ 0 0 & 0
T\Ro=0 0 1| TiRi=|0 0 &| TWwRe=|0 0 ¢| (DY)
100 10 0 1 0 0
0 01 0 0 & 0 0 ¢
ThbRy=11 0 0 bRy =11 0 0 bR, = |1 0 O

010 0 ¢ 0 & 0

Recalling that the orthonormal basis qubits |ag) with ay € F3 are given by

0
2)= (1], (D.10)
0

0) = 1) =

o O =
= o O

it is straightforward to check that the operators E,; have the following com-

mon eigenvectors:

|A) = |000) + |111) + [222) |B) = |012) + [120) + |201) |C) = |021) + |210) + |102)
|D) = |001) + |112) + [220) |E) = [010) + |121) +|202) |F) = |100) + |211) + |022)

|G) =1002) +|110) + [221) |H) = |020) + [101) + |212) |I) =|200) + |011) + |122),
(D.11)
where |ijk) = |i) ® |j) ® |k) € (C*)®". For completeness, we tabulate the
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eigenvalues of each eigenvector under the operators E,;, € S:

Egs s | Eosis | Egsps | Ersgs | Eisgs | Eisgs | Eosgs | Eas s | Eas g
|A) 1 1 1 1 1 1 1 1 1
| B) 1 1 1 1 1 1
|C) 1 1 1 1 1 1 1 1 1
D) 1 & § 1 '3 § 1 3 3
1E) 1 3 § 1 £ § 1 & §
|[F) 1 & § 1 & § 1 3 3
&) 1 § ¢ 1 § ¢ 1 § ¢
H) | 1 § ¢ 1 § ¢ 1 £ 3
1) 1 § ¢ 1 § ¢ 1 § &

(D.12)

From this table, one can see that the invariant subspace of the abelian subgroup
corresponding to C—which is the code subspace of the corresponding quantum
CRSS code—is spanned by |A), | B), and |C). Other equivalent choices of code
subspace are the other mutual eigenspaces of the operators in C', corresponding
to |D), |E), and |F') or to |G), |H), and |I). The resulting quantum code is
the quantum [3, 1,2]3 Reed—Solomon/three-qutrit code, corresponding to the
simplest example of a four-index perfect tensor given in [99]; it maps basis

states according to the rule

|B), [2)— —|C). (D.13)
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