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Abstract of the Dissertation

Uncovering the structure of (super)conformal
field theories

by

Pedro Liendo

Doctor of Philosophy
in
Physics
Stony Brook University
2013

Conformal field theories (CFTs) are of central importance in mod-
ern theoretical physics, with applications that range from con-
densed matter physics to particle theory phenomenology. In this
Ph.D. thesis we study CFTs from two somehow orthogonal (but
complementary) points of view.

In the first approach we concentrate our efforts in two specific
examples: the Veneziano limit of N’ = 2 and A/ = 1 superconfor-
mal QCD. The addition of supersymmetry makes these theories
amenable to analytical analysis. In particular, we use the corre-
spondence between single trace operators and states of a spin chain
to study the integrability properties of each theory. Our results in-
dicate that these theories are not completely integrable, but they
do contain some subsectors in which integrability might hold.

In the second approach, we consider the so-called “bootstrap pro-
gram”, which is the ambitious idea that the restrictions imposed
by conformal symmetry (crossing symmetry in particular) are so
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powerful that starting from a few basic assumptions one should
be able to fix the form of a theory. In this thesis we apply boot-
strap techniques to CFTs in the presence of a boundary. We study
two-point functions using analytical and numerical methods. One-
loop results were re-obtained from crossing symmetry alone and
a variety of numerical bounds for conformal dimensions of opera-
tors were obtained. These bounds are quite general and valid for
any CFT in the presence of a boundary, in contrast to our first
approach where a specific set of theories was studied.

A natural continuation of this work is to apply bootstrap tech-
niques to supersymmetric theories. Some preliminary results along
these lines are presented.
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Chapter 1

Introduction

Conformal field theories (CFTs) are of central importance in modern theoreti-
cal physics, with applications in condensed matter physics and particle theory
phenomenology, among others. On a more fundamental level, they play a deep
role in our understanding of Quantum Field Theory (QFT) in general. QFTs
are expected to flow to conformal fixed points in the extreme ultraviolet and
infrared energy regimes. This being the case, a natural first step towards un-
derstanding general field theories would be to understand CFTs; a reduced
set that however represents the asymptotic behavior of general QFTs at high
and low energies. Once a strong understanding of CFTs is obtained, one can
proceed to study more general field theories starting from a conformal fixed
point and adding relevant operators.

CFTs play a crucial role in String Theory as well. In particular, in the
worldsheet formulation, but also from the spacetime point of view, thanks to
the AdS/CFT correspondence. In recent years, String Theory has become a
major tool in understanding various aspects of QFT, especially for some se-
lected supersymmetric models. Nowadays, the line dividing String Theory and
QFT is somehow blurred, with both frameworks complementing each other.
CF'Ts therefore allow us to understand QFT from several fronts.

Having said that, this thesis is devoted to the study of CFTs. The work
presented here is naturally divided into two parts: the “spin chain part”, in
which we will enhance the four-dimensional conformal symmetry to supercon-
formal symmetry; and the “bootstrap part”, where we will consider CFTs in
the presence of a boundary, and we will focus mostly on the three-dimensional
case. These two lines of research are somehow orthogonal but complement
each other and together give a coherent picture of the implications of confor-
mal symmetry in field theory. Both subjects will be studied in detail in the
remainder of this thesis, but let us start with a short description motivating
each of them and highlighting the main results of our work.



1.1 Integrability in supersymmetric theories

The study of supersymmetric CF'T's might help us understand one of the long-
standing unsolved problems in theoretical physics: the strongly-coupled regime
of QCD. Since the arrival of the gauge/string duality one can ask the following
question: what is the string dual of QCD? This does not solve the problem
of understanding QCD at strong coupling, but it does give a whole new angle
to attack it. The vast majority of the results concerning the AdS/CFT corre-
spondence rely heavily on supersymmetry. A logical line of development would
be to systematically reduce the number of supersymmetries, until we reach the
more realistic case of no supersymmetry at all. We can therefore ask: what is
the string dual of N=2 SYM? The scope of this question is certainly smaller
than the one posed before, but it does point out towards the same ultimate
goal.

One of the most remarkable aspects of the original AdS/CFT example
(Type IIB String Theory/N = 4 SYM) is the presence of integrability (see
chapter 2). If integrability is present in less supersymmetric theories, it would
certainly play a major role in helping uncover the structure of the putative
string dual descriptions. It is then natural to ask whether this prominent fea-
ture is present in theories in which supersymmetry is not maximal. In the first
part of this thesis we attempt to answer the question whether integrability is
present in theories with reduced supersymmetry. In particular, the Veneziano
limit of A/ = 2 superconformal QCD and N = 1 super QCD in the upper edge
of the conformal window. In chapter 2 we will give an introduction to the
“spin chain picture” in which single trace operators of a large-NV gauge theory
are associated with states on a spin chain. The Hamiltonian acting on the
chain is identified with the dilation operator of the conformal theory. The ap-
proach we take is perturbative and in chapter 3 we obtain explicit expressions
for the complete one-loop dilation operator of the N'= 2 and A = 1 theories.
Its integrability properties are studied in chapter 4 by means of direct diag-
onalization of the Hamiltonian. This analysis is complemented with a higher
loop calculation also in chapter 4 where we conclude that the N = 2 theory is
not completely integrable. However, we argue that integrability might still be
present in a special subsector of the theory.

1.2 The modern bootstrap program

The second part of the thesis concerns the “bootstrap program”. It is the
ambitious idea that postulates that the restrictions imposed by conformal
symmetry are so powerful, that starting with a few basic assumptions (in



particular, crossing symmetry) one should be able fix the form of the theory.
The bootstrap approach was mostly studied in two dimensions; however, there
has been a revival of the program applied to conformal field theories in higher
dimensions. The authors of [3] showed that it is possible to extract important
information from the crossing symmetry equations using numerical methods.
Among other things, they obtained a numerical bound for the conformal di-
mension of certain operators valid in any four-dimensional theory.

In this thesis we will concentrate on CFTs in the presence of a boundary.
Boundary CF'Ts have diverse physical applications, in condensed matter they
describe surface phenomena in systems near criticality, while in string theory
two-dimensional world-sheet BCF'T's are interpreted as D-branes. In particu-
lar, we will study the conformal block decomposition of two-point functions
in the presence of a boundary. In chapters 5 and 6 we present various im-
plications of these boundary bootstrap equations. Our results are obtained
using analytic as well as numerical techniques. On the analytic side, in chap-
ter 5 we set up the boundary bootstrap equations for scalars and reproduce
the one-loop critical exponents of the Wilson-Fisher fixed point in the epsilon
expansion. Additionally, we use the embedding space formalism to write the
bootstrap equations for the stress tensor. On the numerical front, in chap-
ter 6 we apply the numerical techniques of [3] to obtain a handful of bounds
valid for arbitrary theories, but also more specific results concerning the 3d
Ising model. In particular, we managed to bound bulk quantities using the
boundary bootstrap equations. We also obtained bounds for the stress tensor,
which is notoriously difficult to study using the standard bulk crossing symme-
try equations (i.e. without a boundary) due to the proliferation of spacetime
indices in the equations.

We conclude in chapter 7 with a summary of our results and discuss pos-
sible extensions. In particular, we describe the “supersymmetric bootstrap”
which is a natural continuation of the two lines of research presented here, in
which we enhance the bootstrap equations adding the constraints coming from
supersymmetry.



Chapter 2

The Dilation Operator and Spin
Chains

As we will review below, the dilation operator of a planar gauge theory can be
identified with the “Hamiltonian” of a spin chain. In the case of N' = 4 super
Yang-Mills (SYM), this spin chain turns out to be integrable: it has an infinite
set of conserved charges and its spectrum is described by a set of algebraic
equations (see e.g. [4-9] for a partial list of references and [10] for a recent
comprehensive review). The spectrum of energies of the spin chain is identified
with the spectrum of conformal dimensions in the gauge theory; if we solve the
spectral problem of the spin chain, we also solve the spectral problem of the
gauge theory. Perturbative field theory calculations of the dilation operator
have played a crucial role in uncovering the integrability properties of N' = 4
SYM. As the integrability structure is common to the planar field theory and
the dual string sigma model, one might even imagine an alternative history
where the AdS/CFT correspondence is discovered following the hints of the
field theory integrability.

In this thesis we present the calculation of the complete planar one-loop
dilation operator (or Hamiltonian) of two paradigmatic superconformal theo-
ries: the N =2 SU(N.) super Yang-Mills theory with Ny = 2N, fundamental
hypermultiplets, in the flavor singlet sector; and NV = 1 SU(N,) super QCD
(SQCD) in the conformal window.

Let us start our discussion with the A/ = 2 theory. This theory is per-
haps the simplest 4d conformal field theory outside the “universality class” of
N = 4 SYM and is a very interesting case study. It admits a large N ex-
pansion in the Veneziano sense [11] of Ny ~ N. — oo with A = ¢§,, N, fixed,
and a perturbative expansion in the exactly marginal 't Hooft coupling A. Is
the planar theory integrable? Does it have a dual string description? Some
progress in answering these two questions, which are logically independent,



was described in [12, 13]. In particular in [13] the planar one-loop dilation
operator in the scalar subsector was obtained. As explained in [12, 13], it is
illuminating to embed N = 2 superconformal QCD (SCQCD) into the ' = 2
SU(N,) x SU(N¢) quiver theory (with Nz = N.) which has two independent
marginal couplings gy and gy . The quiver theory interpolates between the
standard Z, orbifold of N' =4 SYM for gy = gy y and SCQCD for gy = 0.
With minor extra work, we can keep our calculations more general and derive
the full one-loop spin chain Hamiltonian for the whole interpolating quiver
theory. In the closed subsector of scalar chiral fields the Hamiltonian of the
quiver theory has been obtained to three loops [14].

The quiver theory is known to be integrable at the orbifold point gy =
gy [15], but it is definitely not integrable for generic values of the couplings,
since the two-body magnon S-matrix does not obey the Yang-Baxter equa-
tion [13]. The question whether integrability is recovered in the (somewhat
singular) SCQCD limit gyys — 0 is the subject of the first part of this thesis.

Before the work presented here, only the one-loop Hamiltonian in the scalar
sector was known for SCQCD [13]. There are two natural ways in which this
result can be improved. One is to add more fields and consider the complete
one-loop Hamiltonian, where in addition to scalar fields we consider fermions
and covariant derivatives. The other is to go to higher loops in some tractable
subsectors where the integrability properties of the theory can be studied.
In this thesis we pursue both directions, starting with the complete one-loop
result in this chapter. The higher loop analysis of the SU(2|1) subsector is
presented in chapter 4.

We find that the full spin-chain Hamiltonian of N' = 2 SCQCD is com-
pletely fixed by symmetry, as is the case for N' =4 SYM [16, 17]. This came
as a surprise, because representation theory is less restrictive for the N' = 2
superconformal algebra. Unlike N' = 4 SYM, where each site of the spin
chain hosts a single ultrashort irreducible representation, in our case single-
site letters decompose into three distinct irreps, and the tensor product of two
nearest-neighbor state spaces has a considerably more intricate decomposition.
Nevertheless, by a non-trivial generalization of Beisert’s approach [16, 17], we
find that symmetry is sufficient to determine the Hamiltonian up to overall
normalization. The generalization to the interpolating quiver is then as simple
as one may hope: symmetry leaves a single undetermined parameter, which
gets identified with the ratio of the two marginal gauge couplings.

For N' =1 SQCD, we again consider the large N Veneziano limit of N, —
oo, Ny — oo with N;/N, fixed, near the upper edge of the superconformal



window Ny < 3N.. If one defines

Ny

N, 3—e, (2.1)

the large N theory flows for ¢ < 1 to a weakly-coupled Banks-Zaks fixed
point [18], with 't Hooft coupling ¢%,,N, ~ €. The one-loop planar dilation
operator captures the spectrum of the theory at this isolated fixed point, while
higher-loop corrections (reorganized in powers of €) correspond to moving down
the conformal window. The dual “magnetic” theory admits a perturbative
expansion starting from the lower edge of the conformal window Ny 2 %NC,
with a Banks-Zaks fixed point that is weakly-coupled for € < 1, where

Ny 3

FC — § + €. (2.2)
A complete large N solution of SQCD would entail determining the dilation
operator of the electric theory to all orders in €, and that of the magnetic
theory to all orders in €. The resummations of both expansions should then
coincide — in the ultimate triumph of Seiberg duality. Needless to say, this is
a tall order, and one cannot hope to fulfill this program unless integrability
comes to the rescue.

The one-loop dilation operator of N' = 1 SQCD in the Veneziano limit
has been determined in the scalar subsector [19], and shown to coincide with
the Ising spin chain in a transverse magnetic field, one of the best known
integrable models. This is a tantalizing hint, well-worth subjecting to more
stringent tests. As in the N/ = 2 case, we consider the evaluation of the
complete one-loop Hamiltonian a natural continuation of the work of [19].

The calculation for A/ = 1 SQCD proceeds along similar lines as AN/ = 2
SCQCD, and again we are able to fix the one-loop Hamiltonian from symmetry
considerations alone. A preliminary investigation of its integrability properties
is presented in chapter 4.

2.1 The N =2 Spin Chain

We begin by quickly reviewing ' = 2 superconformal QCD, the closely related
Zo quiver theory, and the structure of their spin chains. For more details,
including the explicit Lagrangians, we refer to [13].



SU(Ne) | U(Ng) | SU@2)r | U(1),

Q" 1 1 2 +1/2

S;° 1 1 2 ~1/2
Aaa Adj 1 1 0
b Adj 1 1 —1

Mo || Adj 1 2 ~1/2
Q1 O O 2 0

Va O O 1 +1/2

Vo O O 1| +1/2

Table 2.1: Field content and symmetries of N' = 2 SCQCD. We show the
quantum numbers of the Poincaré supercharges Q,%, of the conformal super-
charges S;“ and of the elementary component fields. Conjugate objects (such
as Qrq and ¢) are not written explicitly.

2.1.1 Field Content and Symmetries

We summarize in table 2.1 the field content and quantum numbers of the
N = 2 SYM theory with gauge group SU(N.) and N; = 2N, fundamental
hypermultiplets, which we refer to as N' = 2 superconformal QCD. Its global
symmetry group is U(Ny) x SU(2)gr x U(1),, where SU(2)g x U(1), is the
R-symmetry subgroup of the superconformal group. We use indices o, § = +
and &, 3 = = for the Lorentz group, Z,J = 1,2 for SU(2)g, 4,j = 1,... Ny for
the flavor group U(Ny) and a,b = 1,... N, for the color group SU(N.). The
N = 2 vector multiplet consists of a gauge field A,4, two Weyl spinors Az,,
Z = 1,2, which form a doublet under SU(2)g, and one complex scalar ¢, all
in the adjoint representation of SU(N,). Each N' = 2 hypermultiplet consists
of an SU(2)r doublet Q7 of complex scalars and of two Weyl spinors 1, and
Yo, SU(2)g singlets.

N = 2 SCQCD, which has one exactly marginal coupling gy, can be
viewed as a limit of the ' = 2 Z, quiver theory with gauge group! SU(N,) x

!The gauge groups are identical, Nz = N,, but we find it useful to distinguish with a
“check” all the quantities pertaining to the second gauge group.



SU(N.) | SUNe) | SU2)r | SU@2)L | U(Lr
Q. 1 1 2 1 +1/2
0 1 1 2 1 -1/2
Ans || Adj 1 1 1 0
Aps 1 Adj 1 1 0
¢ Adj 1 1 1 -1
¢ 1 Adj 1 1 1
Mo || Adj 1 2 1 -1/2
Ao 1 Adj 2 1 -1/2
Qs O O 2 2 0
Vs, O O 1 2 +1/2
b, | O 0 1 2 | 412

Table 2.2: Field content and symmetries of the quiver theory that interpolates
between the Z, orbifold of N' =4 SYM and N = 2 SCQCD.

SU(Ng), which has two exactly marginal couplings gy s and gy s, as gy — 0.
When gy = gy the quiver theory is the familiar Z, orbifold of N'= 4 SYM.
Table 2 summarizes the field content and symmetries of the quiver theory. Be-
sides the R-symmetry group SU(2)r x U(1),, the theory has an additional
SU(2)r global symmetry, whose indices we denote by 7,7 =1,2. Super-
symmetry organizes the component fields into the N/ = 2 vector multiplets
of each factor of the gauge group, (¢, Az, Aaa) and (¢, Az, Ans), and into two
bifundamental hypermultiplets, (Q7 i, wi,z/;i) and (Qz3,¥s, 1;2)

Setting gy = 0, the second vector multiplet (gfv), Az, Aad) becomes free and
completely decouples from the rest of the theory, which coincides with N/ = 2
SCQCD (the field content is the same and N' = 2 susy does the rest). The
SU(N;) symmetry can now be interpreted as a global flavor symmetry. In fact
there is a symmetry enhancement SU(N;) x SU(2);, — U(N; = 2N,): the
SU(N;) index @ and the SU(2);, index Z can be combined into a single flavor



index i = (a,I) = 1,...2N..
We work in the large N. = N; limit, keeping fixed the 't Hooft couplings

A= g, N, = 8ng%, A= G2 Ne = 81%5° . (2.3)

We will often refer to the theory with arbitrary g and ¢ as the “interpolating
SCFT”, thinking of keeping ¢ fixed as we vary ¢ from g = g (orbifold theory)
to g =0 (N =2 SCQCD & extra N2 — 1 free vector multiplets).

2.1.2 The Spin Chain

The planar dilation operator of a gauge theory can be represented as the
Hamiltonian of a spin chain. Each site of the chain is occupied by a “letter”
of the gauge theory: a letter D¥ A can be any of the elementary fields A acted
on by an arbitrary number of gauge-covariant derivatives D. A closed chain
corresponds to a single-trace operator.

In the interpolating SCFT, letters belonging to the vector multiplets are
in the adjoint representation of either gauge group (index structures * , and
a B)’ while letters belonging to the hypermultiplets are in a bifundamental
representation (index structures * ; and @ ). In SCQCD, vector letters have
index structure ¢ ;, while hyper letters have stuctures ® ; and * ,. We restrict
attention to the flavor-singlet sector of SCQCD. Then, as explained in [12, 13],
in the Veneziano limit of N, — oo, Ny — oo with Ny/N,. = 2 and g3, N. fixed,
the basic building blocks are the “generalized single-trace operators”, where
consecutive letters have contracted color or flavor indices, for example

Tr[pppQrQ7 ¢] = %" .0, Q2 , Q7" . ¢°,, a,be,de=1,...N., i=1,...N;.
(2.4)
In the large NV Veneziano limit the action of the dilation operator is well-defined
on generalized single-traces, because mixing with multi-traces is suppressed.
We write the planar dilation operator as

D=g¢*H, (2.5)

where H is the spin-chain Hamiltonian. At one-loop, H is of nearest-neighbor
form,

L
H=> Hyp. (2.6)
(=1

The one-loop Hamiltonian of the interpolating theory depends on the ratio of
the couplings, k = §/g, while the one-loop Hamiltonian of SCQCD has no
parameters. We can obtain Hgcoep as the k — 0 limit of the interpolating



Hamiltonian, restricted to the U(Ny) singlet subsector (consecutive SU(2)y,
indices are contracted).

2.2 Lifting the Full One-loop Hamiltonian from
a Subsector

Computing the complete one-loop Hamiltonian appears to be a daunting com-
binatorial task, because of the sheer number of possible two-letter structures
on which the Hamiltonian can act. For N'=4 SYM, Beisert [16] was able to
determine the full one-loop Hamiltonian by making maximal use of the power
of superconformal symmetry. The letters of N' = 4 SYM belong to a single
representation of the superconformal algebra, the ultrashort “singleton” repre-
sentation Vg. The tensor product of two singletons has a simple decomposition
into an infinite sum of irreducible representations,

Jj=0

The one-loop Hamiltonian can then be written as
Ho =S 1G)P; (2.5)
5=0

where P; is a projector on the V; module for letters at sites 1 and 2. Beisert’s
strategy was to identify a simple closed subsector of the theory, such that each
of the V; modules contains a representative within the subsector. The coeffi-
cients f(j) and thus the full Hamiltonian can be read off from the Hamiltonian
of the closed subsector. A particularly clever choice [17] of subsector is the
SU(1,1) x U(1]1) subsector comprising the letters D ; A, where A, is one of
the four Weyl fermions. To obtain the Hamiltonian in the subsector a Feynman
diagram calculation is needed. However, as pointed out by Beisert [17], the
algebraic constraints of superconformal symmetry are so powerful that they
fix the Hamiltonian of this sector, up to the overall normalization which cor-
responds to a rescaling of the coupling.? All in all, the one-loop Hamiltonian
of N =4 SYM is determined by superconformal symmetry alone.

In adapting Beisert’s strategy to our case, we are faced with the compli-

2In his first calculation [16], Beisert considered the SU(1,1) subsector consisting of
the letters Di +Z , where Z is a complex scalar, and determined the SU(1,1) one-loop
Hamiltonian by direct evaluation of Feynman diagrams.

10



cation that the letters belong to three distinct representations of the N = 2
superconformal algebra, with their tensor products containing different copies
of the same module. This leads to a rather intricate mixing problem. Never-
theless, the problem turns out to be tractable and we are able to identify a
subsector from which the full Hamiltonian can be lifted.

2.2.1 N = 2 superconformal representations

Our notations for superconformal representations are borrowed from [20] and
reviewed in Appendix A.1. The letters of SCQCD (as well as of the whole
interpolating theory) belong to three superconformal representations, which we
denote by H, V and V. The hypermultiplet letters (Q7 and its descendants®)
belong to the representation H = B 1 while the vector multiplet letters split

into the two conjugate representations V = 8_1(0,0) (¢ and its descendants)
and V = &0 (¢ and its descendants). It is not difficult, using N' = 2
superconformal characters?, to evaluate the relevant tensor products®

HxH = Z CAO(%%), (29)
qg=—1
qg=-—1

HxV = Y Cyguny=VxH, (2.11)
qg=—1

3We are suppressing for now SU(2),, indices, since SU(2) commutes with the super-
conformal algebra.

4See for example [21] for an illustration of superconformal character techniques in N’ = 4
case.

SFollowing [20], we extend the definition of the ¢ multiplets to j1,j2 = —% according to
the rules: o B . . B A
CO(—%,—%) = Bl, CO(O,—%) = D%(O,O)v CO(—%,O) = D%(O,O)’ CO(%,—%) = 'D%(%p) and CO(—%,%) =

3(0,3)

11



VxV = (9_2(070)4—2&0(%17&), (2.12)
q=0
)_/ X ]_} = 52(070) + Zéo(q%l’%) ) (213)
q=0
VxV = > Cyuay=VxV. (2.14)
q=0

The two-site Hamiltonian His can still be written as a sum of superconformal
projectors, but we must take into account mixing between different sectors.
For example, since the representation CO s 4y appears in the tensor products
HxH,VxVandV x V, these states W111 mix. The restriction of His to this
subspace takes the form

N Anlq) Anle) A
Hyp = Ay (-1 73( i-4 Z An(q) Axn(q) Axn(q) | Pag, (2.15)

Asy (Q) Asp (Q) Ass (CI)

where for each ¢ the 3 x 3 matrix A,4(q) is the mixing matrix of H x H, V x V
and V x V. Similarly, there is mixing between H x V and V x H, and between
H xV and V x H, but no mixing for either ¥V x V and V x V, since these latter
products decompose into representations that do not appear anywhere else.

2.2.2 A Convenient Subsector

A straightforward way to obtain the coefficients that multiply the supercon-
formal projectors would be to evaluate the dilation operator on the supercon-
formal primaries of each module. The projectors act trivially on these states
and the mixing matrix could be read immediately. However, the primaries
are complicated objects (see Appendix B.3) and it will be easier to consider
certain descendants instead.
We have identified a closed subsector, somewhat analogous to the SU(1, 1) x

U(1]1) subsector [17] of N' =4 SYM. In SCQCD, our subsector consists of the
letters Aoy, Ao +, Q2 and Q2, acted upon by an arbitrary number of covariant
derivatives D, ;. Note that all the SU(2)y indices are taken to be subscripts®

SIf the natural position of the SU(2)r index is as a superscript, as in ;\g and QF, we
lower it using ez 7.

12



with the value Z = 2. In the interpolating theory, we add Ao, and 3\2 i to the
list. It will be convenient to define (with D =D, ;)

Dk - Dk _
A = ﬂ)\Q-i-a Ak = ﬁ/\”’ (2.16)
. Dk . = Dk:
)\k - ﬂ)\}i_’ )\k - E)\Q_i_, (217)
DF . Dk
Qi = ﬁ@zja Qr = EQIQ' (2.18)

The SU(2),, indices 7 = 1,2 will often be suppressed to avoid cluttering.
The sector (2.16)-(2.18) is closed to all loops, as one easily checks by us-
ing conservation of the engineering dimension and of the Lorentz and the
R-symmetry quantum numbers. The subgroup of the superconformal group
acting on the sector is SU(1,1) x SU(1|1) x SU(1|]1) x U(1). The SU(1,1)

generators are

Jig) = Piilg), (2.19)
J(g) = K™ (g), (2.20)
J3(g) = %Do+%5D(g)+%£;+%£j, (2.21)

where dD(g) = D(g) — Dy is the difference between the quantum dilation
operator and its classical limit Dy = D(0). The states Qo and Qr—o are

primaries of spin —% representations of SU(1, 1), while the states Ag—o, Agx=0,
Ak—0, Ak—o are primaries of spin —1 representations of SU(1,1). The SU(1]1) x
SU(1|1) x U(1) generators will be presented in section 3.1, and they play a
key role in the evaluation the complete one-loop Hamiltonian.

Each of the modules appearing on the right hand side of the tensor products
(2.9)-(2.14) contains a representative in this subsector. The representatives are
primaries of SU(1, 1), and descendants with respect to the full SU(2,2|2). This
is sufficient to uplift the Hamiltonian of the subsector to the full Hamiltonian.

2.3 The N =1 Spin Chain

Let us now review N/ = 1 SQCD, the N' = 1 supersymmetric Yang-Mills
theory with gauge group SU(N.) and Ny flavors of fundamental quarks. In
table 2.3 we recall the familiar symmetries of the theory and set our notations.
Besides the N/ = 1 vector multiplet (A.q, o), in the adjoint representation
of the gauge group, there are two sets of Ny chiral multiplets, (Q,v,) and
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(Q, @a), respectively in the fundamental and antifundamental representations
of SU(N,). The color and flavor structure is then

(A% 2%, (@v™),  (Qui V), (2.22)

where a = 1,... N, are color indices, and ¢ = 1,... Ny and 7 = 1,... Ny two
independent sets of flavor indices, corresponding to the independent flavor
symmetries of the gauge-fundamental and of the gauge-antifundamental chiral
multiplets.

SU(N.) | SU(Ny) | SUNg) | U(L)p | U(1),
Qa 1 1 1 0 -1
S« 1 1 1 0 1
Aa Adj 1 1 0 1
Apa || Adj 1 1 0 0
Q O O 1 1 1 g_f
Ve O O 1 1 N
Q O 1 O -1 | 1- g
U O 1 O —1 —3

Table 2.3: Field content and symmetries of N'=1 SQCD. We use a = + and
& = = for Lorentz spinor indices. Q, and S denote respectively the Poincaré
and conformal supercharges. Conjugate objects such as \; are not written
explicitly.

In the large N Veneziano limit, the basic flavor-singlet local gauge-invariant
operators are again “generalized single-traces” of the schematic form

Tr (¢" MP2fsMPe ) (2.23)

Here ¢ denotes any of the color-adjoint “letters”, for example ¢% = (D"\)4,
where D is a gauge-covariant derivative, while M is any of the gauge-adjoint
composite objects obtained by the flavor contraction of a fundamental and an
antifundamental letter, for example M% = Q¥Qy,; or M9 = DQy:.
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2.3.1 N =1 superconformal representations

As in the N' = 2 case we will make crucial use of superconformal symmetry
to constraint the form of the the spin chain Hamiltonian. The letters that
occupy each site of the A/ =1 SQCD chain belong to four distinct irreducible
representations of the SU(2,2|1) superconformal algebra. We denote them
by X (chiral multiplet), X (antichiral multiplet), V (vector multiplet) and V
(conjugate vector multiplet).

The setup is now analogous to N' = 2 SCQCD. The Hamiltonian density
acts on two adjacent sites and can be written as a sum of projectors onto
the irreducible representations that span the two-site state space. Because
of the index structure of the spin chain, not all orderings of two single-site
representations are allowed in the two-site state space. For example, it is not
possible to have two (s adjacent to each other because there is no way in which
to contract the indices, so two adjacent X representations are not allowed. On
the other hand, @ and ) can be placed together and, in fact, there are two
ways in which this can be done, we can contract either adjacent gauge indices
or adjacent flavor indices. The gauge-contracted combinations are (the order
matters):

VXV  VxV VxV  VxV (2.24)
VxX X xV VxX X xV (2.25)
VxX A xV VxX AxV (2.26)
XxX XxX XxX XxX , (2.27)

while the flavor-contracted combinations are:
X x X X x X (2.28)

For clarity we have added a “tilde” to distinguish the fundamental from the
antifundamental chiral multiplets, though of course this is a distinction that
pertains to the color and flavor structure, not the superconformal structure
(X and X are isomorphic as superconformal representations).

The classification of multiplets of the A/ = 1 superconformal algebra is
reviewed in Appendix B.1. We follow the notations of [22], according to which
the multiplets that span the single-site state space are given by

X =X =Dy, X =X =Dy, V=D, V=D,
(2.29)
Using superconformal characters it is not difficult to decompose the tensor

15



products of any two such multiplets into irreducible representations. We find

2.3.2 Another

XXX =By + D Cou g
q=0

Consider the subsector generated by the letters

q=2
VXDZZ&(%%):))XV
q=1

convenient subsector

Dk _ Dk _
M= e Fe= 7774+

Dk — Dk _
Qk:ﬂQv @/Jk:ﬂwir,
~ Dk . = Dk =

Qk—k!Q; 1/%:?%-

16

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)
(2.41)

(2.42)



with D = D, ;. By using conservation of the engineering dimension, of the
Lorentz spins and of the R-charge it is easy to see that this sector is closed to
all loops under the action of the dilation operator. Moreoever, the one-loop
Hamiltonian restricted to this subsector can be uplifted to the full one-loop
Hamiltonian, as each of the modules appearing on the right hand side of the
tensor products (2.30-2.39) contains a representative within the subsector.
The representatives are primaries of SU(1, 1), and descendants with respect
to the full SU(2,2|1) algebra.

The subgroup of the superconformal group acting on the sector is SU(1, 1) x
U(1|1). The SU(1, 1) generators are the same as in the N' = 2 case. The U(1]1)
generators will be given in chapter 3 and will be essential for our calculation
of the complete one-loop Hamiltonian.
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Chapter 3

Algebraic Evaluation of the
Dilation Operator

As described in the previous chapter, the evaluation of the complete one-loop
Hamiltonian can be simplified dramatically by restricting its action to a special
subsector with SU(1,1) symmetry. However, even with this simplification,
it remains to calculate the SU(1,1) Hamiltonian using Feynman diagrams.
The diagrammatic calculation was done in [16] for ' =4 SYM and [23] for
N = 2SCQCD. In this chapter we will use the more elegant algebraic approach
developed in [17], avoiding Feynman diagrams altogether.

3.1 The N =2 Hamiltonian

In this section we describe the algebraic evaluation of the one-loop Hamiltonian
in the SU(1,1) x SU(1|1) x SU(1]|1) x U(1) subsector, and its uplifting to the
full Hamiltonian. We present the result for the interpolating theory, as a
function of K = g/g. The result for SCQCD is obtained by taking the limit
k — 0 and focussing on the relevant subspace (that is, discarding the “checked”
fields and contracting adjacent SU(2)., indices). We can focus on evaluating
the Hamiltonian on two-site states with open indices * , and * ;, since the
Hamiltonian acting on the structures “ ; and * , is immediately obtained by
interchanging g < g.

In addition to the SU(1,1), our closed subsector has an extra SU(1|1) x

18



SU(1|1) x U(1) symmetry. The generators of the two SU(1]1)s are!

B= oL oL 4 Dotr, So)=5"(s), Q=@ ), (1)
1 1

5£;‘+§DO—T, Sg)=52g), Qo) =Qsg), (3.2)

and can be checked to commute with the SU(1,1) generators (2.19). The
U(1) is a central element corresponding to the quantum part of the dilatation
operator, 6D(g).

The (anti)commutators are

B=2r -
25, +

1B, Q(g)] = Qg), B, Q(9)] = Qlg), (3.3)
[378(9)] = —S(g), [ 75(9)] = _8(9)7 (3'4>
{5(9), Q(0)} = 59D(). (5(0), ()} = 30D(g) . (35)

The operator L = B + B evaluates to 1 on each of the elementary letters of
the subsector, and thus measures the “length” of a state. Since

[L,Q(9)] = Ql9), (L, Q9)] = Qlg) .
(L, S(9)] = =S(9), [L,S(g9)] = =S(9)-

we learn that Q(g) and Q(g) increase the length of a state by one unit while
S(g) and S(g) decrease it.

3.1.1 First order expressions for Q(g) and S(g)

In the classical limit ¢ — 0 one easily checks that the SU(1|1) generators
annihilate all the states of the subsector, consistent with the fact that they
must change the length of a state. As in [17], we know that there must be
quantum corrections to Q(g) and S(g), because their anticommutator must
yield a non-vanishing quantum dilation operator. Writing Q(g) = ¢Q+ O(g?),
the most general ansatz for the action of @ on A compatible with Lorentz and

IThe bar in B, Q, and S does not denote complex conjugation, we are going to impose
the appropriate hermiticity condition below.
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R-charge conservation is

n

Q)\n = Z an,k’Qk’ Qn—k’

k'=0

n—1 n—1
+ ) b A A1+ Y o A Anop—1 (3.8)
k=0 k=0

for arbitrary coefficients a, 4/, b, and c,p. The coefficients can be con-
strained by requiring that Q@ commutes with the SU(1,1) algebra. Requiring
[T, Q] = 0 fixes a, 1 to be a constant a,p = o/, and by = cpp = 0.
This is however too restrictive, and as in N/ = 4 SYM [17], one should only
require that [J’, Q] annihilates all gauge invariant states (closed spin chains).
We should demand [J’, Q]\, ~ 0, where ~ stands for equivalence up to a
gauge transformation. There are two independent gauge transformations, cor-
responding to adding an extra A or A to the chain, so we impose

Q. T A = a(MA+2AN,) , (3.9)
Q. T A = a(MA+2AN,) . (3.10)
Q7000 = a(AQu—1QuA) . (3.11)
Q.71100 = a(1Qu-QuA) . (3.12)
Q. 70% = ay (Xni+ikn : (3.13)
Q.7 x = oy (ini+iin> : (3.14)

where we have labelled by o and a7y the two independent gauge parameters.
We now find

anp = o, (3.15)
e

buw = —— (3.16)
o

k= , 1

C k k’—i— 1 (3 7)
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where at this stage a and o’ are arbitrary constants. Similarly, for the action

on the other states of the sector,

A\,

n—1
1 ¢ < 1
Ak Ap— e/ —

n—1

k'=0
n—1
_ n+1 < <
)\n = A ’)\n— =1,
Q a};)(k’—i—l)(n—k’) k k-1
n—1
= n + 1 Y X
>\n = A ’>\nf '—1,
< O”};)(kurl)(n—kf) K An—k=1
n—1 1 B v _
Q. = a% ( @k~ k,Qk/An_k/_1> :
- n—1 v - 1 _
QQn = a/k/z::o (k" T lAk/Qn_k/—l - n— k,Qk’/\n—k’—1> :

5\k'5\n—k'—1> )

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

One can check that the commutators [J', Q] = 0 and [J4, Q] = 0 are then
identically satisfied with the action of Q given by the above expressions. An
analogous analysis can be performed for §. Now the relevant gauge transfor-

mations are

(S, T Ak = B (Ok=0 + nei) An

S, T At = B0n—tAn
S, T I NAn—r = BOr—oAn ,
S, T IM@n—k = BOk=0Qn »
S, T 1QkAn—k = —B0n—kQn ,

—

<l

(S, T M Ak = B9 (o + Gz
S, ji];\kin—k = B9 0
[87 ji];\kj\nfk = ﬁfylék:(];\n )

[87 ji]j\anfk = ﬁﬁ)/lfsk:o@n )
[87 ji]@kj\n—k = _nylgn:k:@n 5
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and the action of S consistent with them is

. B/ . . 5// .
SQuzQy = =97, SQYQuaz =~ (3.28)
Shidn—k = BAnt1 s Shidnt =V Bt (3.29)

i k1 - k41
S\pAn—k = 5n—_i_2)\n+1 ; SNk =7 ﬁn—_i_Z)\n-l—l , (3.30)

N n—k+1 T . /n_k_i_lv

S\ An—k = ﬁn——i—2)\"+1 ; S>\ki\n—k =7 ﬁn——i—2)\"+1 . (3.31)
S/_\an—k - BQn—I—I s SQan—k = _fy/ﬁQn-H ) (332)
Sij\n—k = —ﬁQnH ) Sij\n—k = —7'5Qn+1 . (3'33)

With these expressions, the remaining commutators [ ,S] = 0 and [J3,S] =
0 are automatically satisfied.

As we are interested in unitary representations of the superconformal al-
gebra, we impose the hermiticity condition?

QN =S8, (3.34)

which implies the following reality constraints for the undetermined coeffi-
cients:

a= 8" (3.35)
o = 8%, (3.36)
o = g™ (3.37)
v=9". (3.38)

Having determined the O(g) action of Q(g) and S(g), we are now in the
position to evaluate the one-loop Hamiltonian, since the algebra (3.5) implies

H =2{S,0}. (3.39)

Let us proceed to find H’ in the different subspaces:

2To exhibit hermiticity explicitly one needs to rescale the fermion letters as x, — %7

where x,, stands for A\, , 5\n , A, OF j\n
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3.1.2 VxVandVxV

The V x V case is identical with N/ = 4, we refer the interested reader to [17]
for details of the calculation. The result is

H{25\k5\n,k = 2‘0&|2 Z Cn,k,k’j\k’j\n—k’ s (340)
k'=0
with

g Ok n Op<k/
=W WAl WAl

Cnggy = Operr (R(k+ 1)+ h(n—k+1))

where h(k) are the harmonic numbers, h(k) = 3% L and h(0) = 0.

=1
For V x V the calculation is very similar, and the result is

n
Hiz)\k)\nfk = 2‘C¥|2 Z Cn,k,k’)\k’)\nfk’ R (341)
k'=0

with

jo'f?

Cnkk! = 5k::k’ <h(k‘ + 1) + h(n —k + 1) + ‘(;P — 1)

Ok Ok n Ok<k!
=W T h—kWEl Wl

(3.42)

We now impose the physical requirement that the action of the Hamiltonian on
A is identical to the action on AX (this is CPT invariance in the field theory).
This fixes |o/|? = |o|?, which implies o = e®1a, where 6 is an arbitrary phase.

Using the oscillator representation (see Appendix A.2) it is easy to check
that Hj, is invariant under SU(1,1). We can then write the Hamiltonian
density as

H{2 = Z A(j)Pl—l—j ) (3.43)
j=0

where P, _; is a projector on the SU(1, 1) module of spin —1 — j. To obtain
the coefficients A(j) we act on the SU(1,1) highest weights,

)R oY GV FAY AR AT
j(]):_(j+1);k+1(k)( i )D Aoy DF sy . (3.44)

0
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The result is
H1,J(j) = 4lefh(j + )T (), (3.45)

which implies A(j) = 4|a|?h(j + 1). The lifting procedure is now straightfor-
ward: J(j) is not only an SU(1, 1) highest weight but also a superconformal
descendant, it can be obtained by applying —%R;Qﬁ to (A.29) for j = 0
and Q,'Q., to (A.30) for j > 0. The SU(1,1) modules are sub-modules of
the the superconformal modules with j = ¢q. The only module not present in
this sub-sector is 52(070), but we know that this is a protected multiplet so its
coefficient is just zero. All in all, the Hamiltonian density in V x V is

His =0xPs+ |a|224h(q+1)73(%17%). (3.46)
q=0

The overall constant |«|? cannot be fixed algebraically and is related to a
rescaling of the coupling. To match with the Feynman diagram calculation of
23] we need to set |a|? = 1.

31.3 VxHHXY

Since this case is somewhat different from N = 4 SYM because of multiplet
mixing, let us give a few more details of the calculation. We need to evaluate

Hi oM Qi = 2(SQ + QS8) M@y (3.47)

In the first term inside the parenthesis we can act with Q in either the first or
the second site, we will denote this contributions by Q; and Q,. Both choices
will increase the length of the chain by one, which implies that S can act in
either sites 1-2 or 2-3, we will denote this by S5 and Sy3. Taking into account
all possible combinations the action of the Hamiltonian is

Hiy = 2(8512Q1 + S23Q1 + S12Q2 + 52395 + Q1S12) - (3.48)
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Each individual contribution can be calculated by straightforward application
of the action of the supercharges given in the previous section,

S1201 Q- = 4h(k)\Qur (3.49)
k-1 ) )
NeQroe = —2 Mot Qi .
Sos QM Q—i ;(k,+1+k_k,> W Quo | (3.50)
N - 1 — "}/ ~
_ p— _2 ! L/ —_— ! L/ . ]_
S12Qo M Qn—k k/:zk;l(k,_kkk Qn—rk +n_k,+1Qk)\n k)(35 )
S23QoMeQn-r = 2(1+ [7[*)h(n — k) \Qn—r , (3.52)
N - ]_ N ’y v
QISIQ)\an—k: — QIC/ZZO <kj/——|—1>\k,Qn_k, — m@k’)\n—k’) . (353)

Now, since 51597 and Sy3Q- act at the single site level, they are analogous to
the self-energy contributions in a field theory calculation. As usual for spin
chains, we distribute them evenly in two adjacent sites by adding an extra
factor of one half. An analogous calculation can be done for 2{S, Q}Qkﬂn,k,
the action of the Hamiltonian in this subspace is

HoMQno = 2 Z W o Ay Qi + 2 Z btk Qi M, (3.54)
=0 k=0

HyQuhur = 2 Z i ot Qi A + 2 Z Dokt M Qi (3.55)
k'=0 k'=0

where
1+ ? 5 / 6 ’

s = G (W) + TN ) G g

(Skzk/
e = —VW, (3
¥ 1+ |y[? . S
e L O = A

(3

7 (S ’
bngp = —V*k,kj_kl. 3

In this case, the Hamiltonian density Hi, is notan SU(1, 1) invariant. How-
ever, conformal symmetry only dictates that the total Hamiltonian ), Hy,
acting on a closed spin chain must be invariant. A redefinition of the two-site
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Hamiltonian of the form
Hy g1 = Hypp — Ko+ Koy (3.60)

where K, is a local operator at site ¢, leaves the total Hamiltonian invariant.
So what we must really check is whether we can make the two-site Hamiltonian
invariant by an appropriate choice of K,. The choice of K, that makes Hi,
invariant for the whole SU(1,1) x SU(1|1) x SU(1|1) x U(1) subsector is

Ke=>" (f0)Ph, = FR)PG,) . f(K)= (1 =hP)k(k),  (361)

k=0

where Pék is the projector on the state @)y at site ¢, and similarly for Pék.
We have verified this claim for the restriction of Hj, to each of the tensor
products. For the tensor products V x H <> H x V, the transformation (3.60,
3.61) amounts to redefining the coefficients (3.56, 3.58) as

An k! — Qo gk + %f(n — k), Qnigr = Gngr — %f(k) ) (3.62)

The new coefficients read
G = Opp(h(k+1)+h(n—k)) — | : ’ﬁf’;f' + ]f’“fl (3.63)
i = 2 (5k:k/(h(k) +hn = k1)~ ;f’“_’"};/‘ 5k];kf+ 1);; 64)

and these combinations are SU(1,1) invariant as can be easily checked with
the oscillator representation. (The coefficients by, and b, were never
problematic). Now we can write Hj, in (3.54, 3.55) as a sum of projectors

> [ Au(j) Aw(d)
Hiy=>_ Pla_,. (3.65)
i=0 \ A (j) Ax(j) ’

To obtain the undetermined coefficients we act on the SU(1, 1) highest weights
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(of spin —% —7),

J) = i(—l)’“(i) (‘j;:1)Dj"“X2+D’“Q2, (3.66)

=
k() = g(_l)k(@ (ii)pjk@p’ﬁﬂ. (3.67)

As before, these are also superconformal descendants. They can be obtained
by applying —3R,'R,'Q,* to (A.33) and (A.36) for j = 0 and Q,'Q, to
(A.34) and (A.37) for j > 0.

HIG) = 206+ +hG)TG) - 5KG). (369
HLKG) = 20 (G + 1)+ ) KG) — =776 (.09

The lifting procedure works as before: there is a one-to-one relationship be-
tween SU(1,1) modules and superconformal modules, now with ¢ + 1 = j.
Defining v = ne'®2, where n and 6, are real parameters, we find

< [ h(g+2)+h(g+1) — et
Hyp=23 Pl g)-
g=—1 — e n*(h(g +2) +h(g +1))
(3.70)

The phase 05 does not enter in any physical anomalous dimension, and can in
fact be set to zero by a similarity transformation.

A quick check: Let’s consider the action of the Hamiltonian on the two
dimensional vector space formed by ¢Q and Q¢. These are the superconformal
primaries of the ¢ = —1 modules. The mixing matrix is just (3.70) evaluated
at ¢ = —1. The result is

2 =27
Hyy = : (3.71)
—2n 21’

in perfect agreement with [13], if we identify n = . This is a nice check
because in the above calculation we never considered ¢ and ¢.
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314 HXHVXV VXY

Following similar steps as in the previous subsection, we obtain for this sub-
space

H15Q,,:Q5 = 22 U e i) Ig Qk’ICQn k' (3.72)
=0

n—1

+5g2 Z (bn,k,k/)\k/j\nfk/fl + Cn,k,k’j\k’)\nfk’fl) ;
k'=0

where (with I = 5557 K = 5“7(5’C)

7L
K 94 6k¢k/
nkk = I(0p—p(h(k)+h(n—Fk))— , (3.73
QA k., k (n—i—l)—i_li (kk((>+ (n )) |]€—]€,| ( )
e~ Ok Ok<k/
bn r= - — 5 3.74
ok n—i—l( n—k’+k’+1) ( )
e~ Ok>k/ Op<i
n ’ —= — — — . 375
Cnsk (n—i—l)( n—k’+k’+1) ( )
For the action on the fermions, we get
B n+1
Hipp Ay = 2 Z Ao bt Ao An— ke + Do b At A k’ +2 Z Cnk k/Qk/IQn.H K
k= k=
(3.76)
B n+1
HipAeAn = 2 Z (@b M Ante + bt A Anier) = 2D Coe Q@i w
k'=0 k'=0
(3.77)
where
Ao = Opew (R(E+1)+h(n—k+1) — L) _ O
ok h n+2)  |k—FK|
k+1 n—k+1
Orwpr Oretr 3.78
ok e N =R+ 1) WD) (3.78)
et n—k+1 k+1
bprr = Opepr + Opopr —————— + Oper ——— | 3.79
ek n+2(kk+ k>k —k’+1+ k<kk,+1) ( )
kE+1
nkkl = — Op>p + —— 3.80
Cn k. k < K>kt - 2) (3.80)
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Let us now distinguish the two possible combinations of SU(2),, indices:

SU(2),, singlet

The Hamiltonian density can be written as

N An(j) Aw(l) Ais(d)
Hyy = An(0)PZ; + Z An(§) An(j) As() | Pl (3.81)

T AnG) Anl) As()

To fix the undetermined constants we consider the SU(1,1) highest weights
(of spin —1 — j),

70) = —kzi;(—wk(i) (1) P e, 3.2
KG) = VG +D) ko(”’“k%l(‘;) (j zl)DJ’—’f—lmD’% (3.83)
K(j) = — 2j(j+1)§(—1)kk—}r1(‘li> (jgl)pﬂ'kuﬂp%@.m)

These states are superconformal descendants obtained by acting with —%R;RQI
on (A.38) for j = 0, and with Q,'Q., on (A.39) and (A.41) for j > 0. The
action of the Hamiltonian is, for j > 0,

2,/2e~it1 2201
V2e i V2e ©

LJI(G) = 4k*h(j ‘ — —

)

T . . L2 o 2v/2¢' .

H,K(j) = 2(h(j+1)+h(j —1))K() j—(j+1)/C(J)+—\/mJ(J),
6@'91

HLEG) = 20+ 1)+ h(j — DEG) - — 2 Ky + 222

G+ (j)+—mj(j),
and for j =0,
H1,7(0) = 47(0). (3.85)
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We can immediately read off the full one-loop Hamiltonian density in the
HXH+—V XV« V XV subspace,

the = Pepp (3.86)
2k2h 1 N2 it N2 iy
N k*h(q+1) (Q+1)(q+2)6 (q+1)(q+2)e
V2 i0 1
+2Z; Toeme | Mat2 e —gmem | Pus
q:
V2 b 1
@@ ey Ma+2) +h(9)

The phase 6; can be set to zero by a similarity transformation, and we find
perfect agreement with the field theory calculation of [23].

A quick check: Let’s consider the action of the Hamiltonian on the three-
dimensional vector space spanned by 2¢¢, 2¢¢ and inQII . These are the
superconformal primaries of the ¢ = 0 modules. The mixing matrix is the one
given in (3.86) evaluated at ¢ = 0,

4?2 2
Hypy = 2 3 -1 | (3.87)
2 -1 3

again in agreement with [13].

SU(2), triplet

In this case H x H does not mix with V x ¥V and V x V, and the Hamiltonian
on H x H is simply

Hyp = 45°h(q+ 1)Pg ) . (3.88)

q=0

3.2 The N =2 Harmonic Action

While we have obtained an explicit expression for the full one-loop Hamiltonian
in terms of superconformal projectors, evaluating this expression on concrete
states is still a rather cumbersome procedure. For N' = 4 SYM Beisert [16]
was able to find a very explicit and elegant formula for the the action of the
Hamiltonian on any state, using the oscillator representation, which he called
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the “harmonic action”. Beisert’s approach easily generalizes to our case and
allows to write a harmonic action for the interpolating SCFT.

3.2.1 VxV

For a state in V x V we found that the action of the Hamiltonian is identical
with that of NV = 4 SYM. Let’s review then how the harmonic action works
in this case. As pointed out in [16] a general state in V x V can be written as

|S1y ey Sy A)y oy = A11A1"'Alnz4n|0> ®10), (3.89)

where A, = (al, bl cl) and s; = 1,2 indicates in which site the oscillator
sits. The action of the Hamiltonian on this state does not change the number
of oscillators but merely shifts them from site 1 to site 2 (or vice versa) in all
possible combinations. This can be written as

H12|317-'-7Sn;A>V><V: Z Cn,n127n21501,0502,0|$/1a---:S;L;A>V><V7 (390)

! !
8 5y80,

where the delta functions project onto states with zero central charge and n;;
counts the number of oscillators moving from site ¢ to site j. The explicit

formula for the function ¢, 5,5 n, 18

L(5(n12 +121))T(1 + 5(n — n1s — nay))
(1 + 3n) ’

_ 1+ni2n21
Cnnigmor = 2(_1)

(3.91)

with ¢, 00 = 2h(3). In [16] it was proven that this function is a superconfor-
mal invariant and that it has the appropriate eigenvalues when acting on the
Co( atl a1y modules, namely

HioCyazt a1y = 4h(g + 1)Coast oty - (3.92)

2 20 2

3.22 VXHHXY

General states in ¥V x H and H x V can be written as

|51, e Si Ao = Al AL (0) @ |d), (3.93)
|51, s S0 Ay = Al AL (d) @ 0), (3.94)
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where |d) = d'|0). We claim that the action of Hi, is given by 3

H12|81,...,8n;A>V><H - E Cn+1 nlz,n21|31>-~ Sn; >V><7—L
sl’ 7Sn
+r E Crt1ima,man 11815 o S0y Ay v (3.95)
8 5eeySh,
and
Hials1, ooy Sn; A)piiy = K E CrtLnignor 515 -0 S A) s x v
517 75n
—K E Cn+l,n12,n21+1|$17 ey SH;A>V><H (396)
A1
12°n

Invariance under the superconformal group is guaranteed by the same argu-
ments given in [16]. The only thing we need to check is that this expression
correctly reproduces the 2 x 2 matrix given in (3.70). This can be easily done
with an algebra software like Mathematica..

Let us work out an example. Consider the action of the Hamiltonian on
ArQ 7 (Lorentz and SU(2)y, indices are open and go along for the ride). First,
we need to write the state in a “canonical order” to make sure all our signs
are correct,

MQg = alcl, 70) @ cly S1d) = al) el el £10) @ [d), (3.97)

Qrds = cly|d) ® aly cly 710) = —cfypal el Ad) @ [0).  (3.98)
For A\1Q)1, the action of the Hamiltonian is
HipMQ1 = 04003(1) 1 1 (2)1’0> ®[d) + can 132 )CIQ)1CJ(F1)1|0> ® |d)
K (0471,1312)0(1)1C(2)1’d> ® |0) + 04,2,2322)CI2)1CJ(F1)1|d> ® ‘()>)
= 2)\1Q1 — 2%@1;\1 s (399)

3To simplify the notation we will omit the delta functions d¢, 08¢, ,0-
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while for )\1 QQ s

oM Q2 = 0470»0311)CJ(F1)1CI2)2’O> ®[d) + c4,171a21)022)1011)1|0> ® |d)
T ool At 2 T ot af 2
FhCa1 (3(1)0(2)1C(2)2’d> ®[0) + a(y) €y, Cypld) @ ’0>>

+eapaaly el el 10) ® |d) + keaasaly el el ,ld) @ [0)

= 3MQ2 — Q1 + ¢U — K (Q1ha + Q2h1 — ¥9) . (3.100)

Similar calculations can be done for Ao(); and A2Q)>. The final result is

HiphQy = 3MQgy — A\gQr — erg ¢t i
—KQZ;\j — KQJS\I - HEIjQﬂ(;g . (3101)

323 HXHVXV VXY

For these multiplets we have the following states

151, coes 05 Ay = AL, Al LAY @ d) (3.102)
|51, e Si Ayyp = Al 4 AT L [dd) ®0), (3.103)
|51, e 80 Aoy = AL, AT |0y @ |dd). (3.104)

Let us consider the SU(2), triplet and singlet cases separately. We have found:

SU(2),, singlet

. _ E 2 .
H12|317 <oy Sy A)H xH (I{ Cn,nlz,ngl - 2Cn+2,n12+2,n21) |Sl7 oy Snj A>7—L X H
EANCA
+2 § Cn+2,n12,n21+1|517 ---vsn;A>v><\7
R
+2 E Cn+2mn124+1,n21 |51a ey Sp; A>fi XV (3105)
A%
JRERES) n
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H12|817°"a8n;A>V><\7 = Z cn+2,n12,n21|817"'7871;A>V><\7 (3106)

8 5enyShy

+ E Cn+2,n12+2,n21 ‘817 LAY Sn; A>\_/ XV
R

+ E Cn+2,n12+1,n21|817 "'7Sn;A>H><’H )
E/RRCIA

H12’317"'73n;A>\7><V = Z Cn+2,n12,n21’517"'75n;A>\7xv (3107)
AR

+ E Cn+2,n12,n21+2|81a "'7Sn;A>V><fJ

ERRCIA

+ E Cn+2,n12,n21+1‘517 "'7SH;A>’HX’H .
ERCIA

SU(2),, triplet
. _ .2 E .
H12|317--'73n7A>H><H =K Cn,niz,m21 Sla"'asnaA>H><H- (3108)
sh,...,8!
129°n

3.3 The N =1 Hamiltonian

The procedure here is the same as in the previous section. We consider the
SU(1,1) subsector and determine the Hamiltonian using the constraints of
superconformal symmetry. We then uplift the result to the complete theory
and obtain the full Hamiltonian as a sum of superconformal projectors. Finally
we rewrite the Hamiltonian in an “harmonic action” form.

In addition to the SU(1,1) symmetry, the subsector (2.40-2.42) has an
additional U(1|1) symmetry generated by,

L=L +L."+Dy, Qlg)=0Q-(9), Slg)=38-(9), dD(g) (3.109)

and can be checked to commute with the SU(1,1) generators (2.19). Their
(anti)commutators are

[L,Q(9)] = Ql9), (3.110)
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L.8(0)] = ~8(9). (3111)
{5(9), (o)} = 59D(). (3112)

The generator L can be identified with the length operator, this implies that
Q increases the length of a chain while S decreases it.

3.3.1 First order expressions for Q(g) and S(g)

The procedure is now very similar to the one before and we shall be brief.
Writing Q(g) = ¢Q + O(g?), we formulate an ansatz for the action of the
supercharges on the states of the sector compatible with the quantum numbers
of the fields and impose invariance under the SU(1, 1) algebra, [J, Q] = 0 and
(7', 8] = 0. As before, strict invariance is too restrictive and one needs only to
impose vanishing of these commutators up to local gauge transformations on
the chain. It can be easily checked that the following transformations evaluate
to zero on any closed chain,

(T, 0N = a(AA+2A\,), (3.113)
(T, QIF, = a(=FA+\F,), (3.114)
(T4, QlQn = a)Qu, (3.115)
(T4, Qs = athp), (3.116)
(7,900 = —aQu), (3.117)
(TL Q= aXiy, (3.118)
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where « is an arbitrary gauge parameter. The action of Q consistent with
these transformations is

_ n + 1
o\, = « Z T ))\k/)\n_k/_l, (3.119)
OF, = a Z =i\ T T
n k' \n—k'—1 ]C k'Y n—k'+1
+O/ Z Q;:c’d_}nfk’i + CY” Z ”&lic’@nfk’i ) (3120>
k'=0 k'=0
B n—1 1
QQ, = az - HAH@n_k/_l, (3.121)
Q’g/;n = O./Z k’)\ k-1, (3122)
QQn = —Oéz k,Qk n—k'+1 5 (3.123)
- oy B
an = OéklZ:O [ 1)\k’¢n—k’+1 . (3124)

The terms with o and o are invariant on their own and that’s why we assigned
them independent gauge parameters. Similarly, the gauge transformations
associated with the § supercharge are

[T, SIMAn—ie = B (0k=0 + On=t) An , (3.125)
[T, S Fnk = Br—oFn , [T, S| Fidni = —B6niFn, (3.126)
[T SIM@n—k = BO=0Qn , [T, 81Qidnk = —B0,1Qn, (3.127)
[T, Ak = BOnitln , [T, S s = Borothn,  (3.128)
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and the action of S consistent with them is

SMAnk = Bt (3.129)
= (n=k+2)n—k+1) -
SM\Fn—rk = f T30+ 2) Fni1, (3.130)
_ (k2R +1) -
SFidn_i = _B(n TR o) (3.131)
SNeQn—r = BQui1, (3.132)
SQk)\n—k = _BQn—i—l s (3133)
S,@/;k:)\n—k = ﬁ:—i_;¢n+l ) (3134)
S\t g = Bng—f_;l@% , (3.135)
i o, o n—k+1 -
SQYn—ri = EDCE 1)f”’ (3.136)
SO Quri =" il g (3.137)

(n+2)(n+1)""

As before, the terms with 3’ and 8" are invariant on their own. Note that the

action of S on Q,_j and @Zk Qn_k is non-zero only for the flavor-contracted
combinations. Indeed the action on the gauge-contracted combinations would
have to give a single letter with open flavor indices which is impossible. Now
we impose the hermiticity condition

ol =8, (3.138)

which implies the following reality constraints for the undetermined coeffi-
cients:

a = /B* , O/ — 6/* ’ O// — 5//* . (3139)
3.3.2 The Hamiltonian as a sum of projectors

Having determined the O(g) action of Q(g) and S(g), the one-loop Hamilto-
nian is easily obtained from

H =2{S,90}. (3.140)

This result suffers from a certain gauge ambiguity analogous to the one en-
counter in the A/ = 2 calculation, we fix it by demanding the stronger condition
that the Hamiltonian density be SU(1,1) invariant. We can then write Hj, as
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a sum of projectors onto the SU(1,1) irreps of the two-site state space, with
coefficients determined by explicit evaluation on the primary of each module.
The uplifting procedure is straightforward: one writes the full Hamiltonian
as a sum over SU(2,2|1) projectors and fixes the coefficients by comparison
with the SU(1,1) subsector, as each SU(1,1) primary is also a SU(2,2|1)
descendant. We simply quote the results in the various subspaces.

YxYVand V xV

We find .
His =0 x Pg,,, +2laf* Y 2h(q)Past a2y, (3.141)
q=1
for YV x V and
Hiy =0 X Pg_y,, +2(=2la]* + o' + w) i 2h(q)Paz2 at1y, (3.142)
’ 2 2 o 2 02

for V x V. CPT invariance implies that these expressions should be identical,
which imposes an extra restriction on |o/|* and |a'|? namely,

|/|? + |@”|* = 6]al?. (3.143)

Now, o and o are parameters associated with (X, X) and (X, X ) repectively.
Parity (which is a symmetry of the theory, see section 4.1) interchanges the
two, in order to have parity invariant Hamiltonian we need to set

o = V3e'a, (3.144)
o = —V3e'a, (3.145)

where 6 is an arbitrary phase, which can be set to zero by a similarity trans-
formation.
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Vx X, XxV,VxXand X xV

The Hamiltonian in these subspaces is*
1 -
Vx X =2af? Z (g+1) +h(q) = 5)Pragt sy = X x V), (3.146)
X xV=2| |2§:(h(+1)+h()—1)7? —Vx X (3.147)
= z|( - q q 5 (51,2 = ) ‘
q:
Vx X =2 |2i(h( +2)+h()—1)73 =X xV (3.148)
= 2| . q q o/ (g ’ '
q:
X xV =2|a)? i(h(q +2)+ h(q) — 1)77 L =V XX (3.149)
- 2/ (*3) ' '
q:

X x X, X¥xX, XxXand X x X (gauge contracted)

Here we find

X x X = 2|a)? Z ) +h(g) = )Prag =X x X, (3.150)

X xX=20a ) (2h(g+1) = )Pt g, (3.151)
qg=-—1

X x X =20al2 Y (2h(g+1) = )Py a1, (3.152)
qg=—1

X x X (flavor contracted), X xX (flavor contracted), V xV and V x V.

This is the most involved subspace since we have mixing between different
copies of the same superconformal multiplets. The Hamiltonian acting on this

4Some of the modules with low ¢ are not present in the subsector so the corresponding
coefficients are not determined by the algebraic constraints. However, these coefficients can
be fixed by invoking CPT.
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subspace is a 4 x 4 matrix,

XX XX VY Yy

Hi=3lof’| %x| -1 1 0o o0 |[Poo (3.153)

XX XX vy Y
o | XX 0 0 V/3e~ 10 _\[%19
+2?> | 2@ 0 0 /et Vet
El IV T aar  Ma+t D +h@-1) FICESVICE= )
W - q(q[%e(jw) ﬁf; @D h(g+2)+h(g—1)

3.3.3 Scalar Sector

Let us compare our results with the scalar sector computation of [19]. Apart
from providing a check of our procedure, this comparison allows us to fix the
overall normalization of the Hamiltonian in terms of the gauge theory 't Hooft
coupling. The action of the Hamiltonian for the gauge contracted @ and Q
pairs can be obtained from (3.150) at ¢ = 0 and (3.151,3.152) at ¢ = —1,

QQ QQ QQ QQ
QR | 0
Hip =2la)* | QO 1 , (3.154)
QQ -1
)0 0
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in perfect agreement with equation (3.6) of [19] provided we identify 2|a|? = ).
For the flavor contracted pairs we obtain from the first matrix in (3.153),

QQ QQ
Hyy = 3|af® Q| 1 -1 ; (3.155)

QQ| -1 1

again in agreement with [19]. It is interesting that the value of the transverse
magnetic field for the Ising spin chain in the scalar sector, namely higng =
Ny/N. = 3 [19], turns out to be determined by superconformal symmetry
alone.

3.3.4 The N =1 Harmonic Action

In this section we present the explicit oscillator form of the Hamiltonian.

YxVand V x V.

For states in these two subspaces the action of the Hamiltonian is identical
with that of A" =4 SYM and of N/ = 2 SCQCD. General states in V x V and
Y x V can be written as

|51, e Sni Ay = AT, AT |0y ®0), (3.156)
51,0 805 Ay v = AL AL L(ds) @ ds) (3.157)

where A; = (af, bj-l, c’) and s; = 1, 2 indicates in which site the oscillator sits.
The action of the Hamiltonian on this state does not change the number of
oscillators but merely shifts them from site 1 to site 2 (or vice versa) in all
possible combinations. This can be written as

H12|817"'78’n;A>V><V = Z Cn,nlg,n21501,0602,0|5,17"'7SIn;A>V><V(23'158)
/PRI

Hl2’517 -y Sns A)V xV = Z Cn,nlg,n21501,0502,0|$/17 cee 517,; A> V X 9(73159)
ERRCIA

where the Kronecker deltas project onto states with zero central charge and
n;; counts the number of oscillators moving from site ¢ to site j. The explicit
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formula for the function ¢, 5,5 n, 1S

nig + ngp ) ) I(1 + %(n — N1z — Na1))

1
_ (_1)1-1-71127121 F<§( -
F(l + 5n)

Cn:n127n21 -

(3.160)

with ¢, 00 = h(g) As before, this function is a superconformal invariant and

has the appropriate eigenvalues when acting on the é( o+l g2, and é( -2 ot
20 2 2 2
modules, namely

H12C(%17%) = 2h(q)C(%17q;2), (3.161)

VxX,XxV,XxVandV x X.

General states in these four subspaces can be written as

51, s s Ay = AL, AL L0) @ |dy),
Txv = ALAl---AZnAJal) ® |0,
oy = Al LA didy) @ |ds),
Vxx ALAl'-'AlnAJd?)) ® |&1&2) ;

|S1,.eey 83 A
’51, ...,Sn;A

|51, ey Sn; A

where |d;) = d!|0) 3. The action of Hi, for all these four subspaces is given
by 6

His|s1, .oy 83 A) = Z Crt1miama |S1s -os Sy A) — %|51, ey Sy Ay (3.167)
ERCA

Invariance under the superconformal group is guaranteed because we are using

the ¢y 5,5m, constants. We need only to check that this expression has the

correct eigenvalues when acting on the corresponding N = 1 primaries (see

Appendix B.3), which can be easily done using Mathematica.

5The tilde in some of the d oscillators is just a reminder that we are looking at the X
multiplet or its conjugate.
6To simplify the notation we will omit the Kronecker deltas d¢, 08¢, ,0-
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VxX,XxV,XxVandV x X.

In this case we have

|51, o8 Apr = Al L AT L ds) @ ]dy), (3.168)
|51, s Ay = Al LAT L) @ ds) (3.169)
|51, s Ay = Al L AL  (didy) ®10), (3.170)
|51, i Ay = Al 4 AL (0) @ [didy) (3.171)

and the action of Hiy reads

1
Hisls1, .y $ny A) = Z Crt2,m1nma1 |S15 ooy Snj A) — §|81, Sy A) . (3.172)

X x X and X x X (gauge contracted).

The states are given by

|51, e Si Az = Al AL L dide) @ |dy) (3.173)
|51y s Aew e = Al AL L dy) @ [didy) (3.174)

and the action of His is

Hyg|s1, o sn3 A) = ) Cottimismnn 515 803 A) = |51, ., 805 A) . (3.175)

/
1o Sn

ixXand??xé?.

The states are given by

(515 e 80 Az = Al AL L (dy) @ [dy), (3.176)
’817 ceey Snis A)A? «x = A11A1"'Ainx4n|d1d2> ® |d1d2> 5 (3177)

and the action of Hy, is
H12|81, coey Sn A) = Z (Cn+2,n12,n21 - Cn+2,n12+1,n21+1) |51, -eey Sm A>—|817 vy Sm A> .

(3.178)
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X x X (flavor contracted), X xX (flavor contracted), V xV and V x V.

The states are

|51y e 80 Aawe = Al AL L dy) @ [didy) (3.179)
|517---7Sn;14>:></\? = AllAl”'AlnAn|d1d2>®|d1>7 ( )
vey = Al AL |0y @ |ds), (3.181)

(3.182)

|81, ceey Sns A>
|51, 0oy 503 Ay oy = ALAl...AZnAn|d3>®|O>.

<l

The action of His is given by

H12|Slu---7sn;A>X><A? = E Cn+3,n12+1,n21+1‘817~--;$n;A>X></? (3183)
S yeesshy
+3 E cn+3,n12+17n21+2|81a "'7871;A>/\:’></\?
8 5eenyShy
—i6 .
+\/§€ § Cn+3,ﬂ12,n21+1|517 "'75n>A>v><\7
R
—i6 .
+\/§€ E Cn+3,n12+1,n21+1|817 "'7Sn7A>\7><V ’
E/RRCIA
H12|517"'7SH;A>2\:’><2 = E Cn+3,n12+1,n21+1‘817"'7SH;A>2§'></'\_’ (3184)
/PRI
_3 E Cn+3,n12+1,n21+2|817 <y S A)X x X
8 yeyShy
—i6 .
—|—\/§€ § Cn+3,ﬂ12+1,n21+1|517 "'75n7A>v><\7
R
—i6 E .
_’_\/ge cn+3,n12+1,n21|817 -"78717A>\7xv )
sh .8t
12°n
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H12|817"'7Sn;A>V><\7 = Z Cn+3,n12,n21|81;"'78n;A>V><\7 (3185)

/ !
815038

+ E Cn+3,n12+2,n21+1 |817 ey Sn; A>\7 XV

/ !
517"'78’”

0 § .
+\/§6 Cn+3,'rl12+1,n21 |817 cey Sns A>X x X

/ /
E A

0 E : . _
—\/§€ Cn+3,n12,n21+2‘817'-'7Sn7A>22><A7 ’
!

/
8 5y80,

and

H12‘317"'73n;14>17><v = Z Cn+3,n12,n21‘817"'78n;A>17><V (3186)

/ /
819950

- E Cn+3,n12+2,n21+1|817 <y Sns A)V x V

/ !
E

0 E .
_\/§€ Cn+3,n12+2,n21 ’817 LRRS) Sn7 A)X x X
’

/
57 5eesSh,

0 . _
+\/§€ E Cn+3,n12,n21+1|81= "'78n7A)??xA? :

! /
81518,
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Chapter 4
Integrability Analysis

In the first part of this chapter we will use the complete one-loop Hamiltonians
obtained above for a preliminary analysis of the integrability properties of the
N =2 and N = 1 spin chains. The analysis consists in the systematic search
of “parity pairs”. These pairs correspond to degeneracies in the spectrum
of the theory and they are associated with extra conserved charges, one of
the consequences of integrability. In the famous N' = 4 SYM example, the
presence of parity pairs was an early hint for the full itegrability of the theory.
The results of our search are inconclusive, but they seem to indicate that the
N =2 and N = 1 theories do not retain the integrability properties present
in A/ = 4 SYM. In the second part we make this conclusion stronger for
the case of N' = 2 SCQCD, by studying the Hamiltonian at higher loops in a
special subsector with SU(2|1) symmetry. We conclude the chapter with some
comments on the SU(2,1|2) sector of the theory, and suggest that it may be
integrable to all loops.

4.1 Spectral analysis

Spectral studies in planar N' = 4 SYM have shown the systematic presence of
degenerate pairs of states of opposite “parity”, where parity is the Z, symmetry
associated with complex conjugation of the SU(N) gauge group [17, 24-26].
These degeneracies persist at higher loops, but are lifted by non-planar cor-
rections. This phenomenon is naturally explained by the integrable structures
of planar N' = 4 SYM: the theory admits higher conserved charges that are
parity-odd and map the degenerate eigenstates. In some models it is even
possible to prove that the existence of parity pairs is a sufficient condition for
integrability [17].

The upshot is that in A/ = 4 SYM the existence of parity pairs is one of the
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many pieces of evidence for the complete integrability of the theory. With this
precedent in mind, we can look forward to a similar analysis in N' = 2 SCQCD
and in N’ =1 SQCD. In this section we determine the low-lying spectrum of
the one-loop dilation operator of both theories, in the closed non-compact
subsectors that were used to uplift the full Hamiltonian.

4.1.1 N =2 SCQCD

We start our analysis with A/ = 2 SCQCD and with the more general quiver
theory that interpolates between the Z, orbifold of N' =4 SYM and N = 2
SCQCD.

Parity

The first thing we need to do is define a meaningful parity operation. We will
take A" = 4 SYM as our starting point where parity amounts to conjugation of
the SU(N) gauge group. Under parity, the Lie algebra generators transform

as
T% — —(T%)* = =T, (4.1)

where we have used hermiticity to trade conjugation by transposition.

Now, as reviewed in Chapter 2, N' = 2 SCQCD can be thought of as a limit
of a two-parameter (g, §) quiver theory with gauge group SU(N,) x SU(N;)
(with Nz = N.): one has N' = 2 SCQCD at g = 0 and the Z, orbifold of
N =4 SYM at g = §. Starting from A" =4 SYM with gauge group SU(2N.)
the Zsy orbifold theory is obtained by the projection

Aty 0 o, 0
Ay = ’ . Z= ’ , (4.2)
0 Al 0 o
A2, 0 0 s
A = v L A= Y . (4.3)
0 )\%) ijiﬁbg 0
0 Q%
Xy = e ) (4.4)

~AbT T
—GIJEijQ b 0

where Z, 7= 1,2. The parity operation described above implies the following
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transformations. For the fields in the vector multiplets,
Al & —Asa Ay & =Ap, 0% & —¢',,

ya i ya 5 g 1
Alsp & —4A ALy & —Aza 9% =074,

ada

(4.5)

and analogous expressions for the conjugate fields. For the fields in the hyper-
multiplets,

U o =02 Qhy o Qg (4.6)

and analogous expressions for the conjugate fields. These transformations
remain a symmetry also away from the orbifold point (that is, for arbitrary
(g9,0)), as can be easily checked by inspection of the Lagrangian (see e.g. [13]
for the explicit expression of the Lagrangian). This implies that the parity
operation commutes with the dilation operator to all loops. Its action on
single-trace states is then given by

PlAy .. Ap) = (—1)EHREED21 4, A (4.7)

where k is the number of fermions and we replace ¢ <> ¢, ¢ <> 1/:J, Q< —Q.

Diagonalization

We consider the SU(1,1) x SU(1|1) x SU(1|1) x U(1) used to uplift the Hamil-
tonian. We focus on SU(1,1) primaries (since descendants have the same
anomalous dimensions) and take with no loss of generality » > 0. Table 4.1
corresponds to states with maximal r-charge. This subsector is made exclu-
sively out of {D¥A} and is therefore identical to the SU(1,1) subsector used in
[17] to obtain the complete dilation operator of N' =4 SYM. Being a subsec-
tor of N/ = 4, it is integrable and, indeed, our results indicate that degenerate
states with opposite parity show up consistently at each stage of the diagonal-
ization. The notation P, (z) denotes the roots of a polynomial of order n, we
will not write the polynomial explicitly because we are really interested in the
amount of parity pairs and not in the actual values of the energies. We will
denote by P, (x) all the roots of polynomials of order n we encounter, even if
they are different from each other.

Being identical to the analogous N' = 4 SYM sector, we cannot use the
results of table 4.1 as a test for integrability. The true dynamics of N = 2
SCQCD is encoded in subspaces where the r-charge is not maximal. For this
we need states with @ and Q. Our results are presented in table 4.2. As
opposed to the results of table 4.1 the presence of parity pairs here is less

48



L|r| Ag SAT [2¢2 N/
3 5+
315175 7
133 %
9.5 56
761t 761~
10.5 ™0 560
115 179
5+
4 12 8 1
9 =(73+/37)"
19F 133%
10 12 196
- 761%F
11 P3(.’L') y 480
5151 95 =(73£V37)*F
7 19%F
10.5 1 12
11.5 | P3(z)~, (43 £ V5)*
Paired eigenvalues: ~ 69 %

Table 4.1: SU(1, 1) primaries with maximal r-charge (r = £) in the SU(1,1) x
SU(1]1) x SU(1|1) x U(1) sector of N' =2 SCQCD. We have omitted the one-
dimensional subspaces where there is no room for a parity pair.

systematic.

More insight is obtained if we also look at the Zs orbifold (¢ = g). For the
the orbifold theory (and for the whole interpolating theory with general g, g)
we have an SU(2), symmetry not present in ' = 2 SCQCD, so to make the
analysis more transparent we restrict the diagonalization to SU(2);, singlets.
Our results for the Zs orbifold are shown in table 4.3. As in the case with
maximal r-charge, parity pairs show up consistently. This is again expected
because this theory is known to be integrable [15].

Finally we look at how some sample parity pairs of the orbifold theory
evolve when we move away from the orbifold point. Our results are shown in
table 4.4. We see that for arbitrary values of Kk = §/g the pairs are lifted and
they are not in general recovered in the SCQCD limit k — 0. (Note that not
all SU(2);, gauge singlets evolve to legitimate states of N/ = 2 SCQCD, which
must obey the stronger condition of being SU(Ny) singlets. In the last column
of table 4.4 we indicate whether the states belong or not to N' =2 SCQCD.)
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L|r| A SAF [2¢2,,N/72]

4.5

55 | 15, 51(16 £31)7, (21 £V57)*"

25— 25— 25+
6.5 ﬂ 7ﬂ ,E

N

a5 (81 + v/561) ™, 5=(83 & v/409)™

+

)

Wl
ool

+ 15t 15t
6 1’16’16

3 (21 £ V/57)7, 35(21 £ VE7)~
L(16£+31)*, 2, 0F
_ + —
1|6 17, 127, 521 £ VA7)

7 5+ 9— 25+

4 78 724
(16 £v6)*, & (81 ++/561)F
2 (83 £ 1/409)~

+ 1+ 15—
6.5 1%, 1+, 18

2 (21 £v/57)*F

N

Paired eigenvalues: 16 %

Table 4.2: SU(1,1) primaries with 0 < r < £ in the SU(1,1) x SU(1[1) x
SU(1]1) x U(1) sector of N'=2 SCQCD.

4.1.2 N =1 SQCD
We now repeat the same analysis for A/ = 1 SQCD. Inspired by the transfor-

mation used in the A/ = 2 theory, we define the following parity operation.
For the fields in the vector multiplet,

and analogous expressions for the conjugate fields. For the chiral multipets,

QY + _Qim (ARES —1;5m (4.9)

20



L|r| A SAF [2¢2,,N/72]
1 1+ 3— 3— 3-—
35|45 201 01 01
;:ﬁ:
4
3= 7— 25— 1+
5.5 108 124 13
+
127, 527+ V57)*
3+ 25— 25— 25—
6.5 T 051 »31 >4
5% 15% 25+
4 7 16 0 24
25 (93 £ v/249)*
41015 1.1, 26+ V13)"
3t 3+
101
7+t 25+ 1— 1-—
6 S 02 12 13
L5+ VE)*
3 5+t 5% 7*
104 8 8
+ +
1 1BEV2)E
=27+ V5%, (27 £V67)*
Paired eigenvalues: ~ 68 %

Table 4.3:  SU(1,1) primaries with 0 < r < £ in the SU(1,1) x SU(1]1) x
SU(1|1) x U(1) sector of the orbifold theory (¢ = g). We have restricted the
diagonalization to SU(2), singlets.

and analogous expressions for the conjugate fields. Again, these transfor-
mations are a symmetry of the Lagrangian and therefore commute with the
dilation operator to all loops. The action on single-trace states is given by

PlAy .. Ap) = (—1)EFREED21 4,0 A (4.10)

where k is the number of fermions and we make the replacements 1 <« 0,
b, Qe Q,Q < Q. Our results for the diagonalization of generalized
single-trace operators of length L < 5 are shown in table 4.5. We restrict
to states with r-charge 0 < r < L. (We omit the sectors with » = L and
r = 0, which are spanned respectively by {\.} and {F,}. These sectors are
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L r| A k=1 k=07| k=03 k=0 SCQCD
3135 |55 55027+V57) | 097 0.94 8 Yes
(27 4 V/57) 0.95 0.90 2 (27 4+ V/57) Yes
314155 55(27-V57) | 0.39 0.08 0 No
3 (27 = V/57) 0.47 0.30 3 No
313165 s 1.12 1.09 | 95(81+V561) | Yes
5 1.11 1.08 | 5=(83+V409) | Yes
314165 5(934+v249) | 0.81 0.63 | 5=(81—+/561) Yes
£ (934 /249) | 0.82 0.68 | g5(83 — /409) Yes
314165 55(93—+v249) | 048 0.09 0 No
35 (93 —1/249) | 0.57 0.31 : No
4101 6 5 1.08 1.01 1 Yes
g 1.06 1.01 1 Yes
410/ 6 s 0.45 0.29 i No
: 0.49 0.28 i No
4101 6 1(3+V2) 0.74 0.54 : No
1(3+V2) 0.81 0.66 s Yes
4101 6 1(3-v2) 0.26 0.06 0 No
1(3-v2) 0.30 0.08 0 No

Table 4.4: Examples of evolution of Z, orbifold pairs for different values of the
parameter kK = <.

ks

isomorphic to the analogous sectors in N' = 4 SYM and thus inherit their
integrability. )

The results are qualitatively similar to the ones for N' =2 SCQCD: there
are a few parity pairs, but their presence is not as striking and systematic as

in =4 SYM.
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L|r| Ao SAT (g}, N/7?]

3145 8 gt
5.5 95 (67 £ V/457)~, P3(x)"
6.5 27 L(81+V473), Pa(z)*t
25+
48
2| 4 37 97
5 T o9 e 2 (13 VB
401165 3t 8-
7.5 P3(x)™, Py(x)™

B0
T | (81 VAT3)T, Py(x)™, Pr(x)*, Ps(x)”
25+
48
3|55 5B
+ — —
6.5 B 1L, &= (T1 £ VE53) T, Ps(x)
_ +
50365 LO£V3T)~,

Paired eigenvalues: ~ 13 %

Table 4.5:  SU(1, 1) primaries with 0 < r < L in the SU(1,1) x U(1|1) sector
of N =1 SQCD.

4.2 The SU(2|1) sector of N/ =2 SCQCD

The results of the spectral analysis seem to indicate that the ' = 2 and N = 1
theories are not fully integrable. They do have some integrable subsectors but
these are isomorphic to the respective sectors in N' = 4 SYM, and therefore
trivially integrable. In this section we will study an SU(2|1) subsector of
N =2 SCQCD that has no analog in N' = 4 SYM. By studying the scattering
of magnons and the Yang-Baxter equation we will prove that the SU(2|1)
sector is mot integrable.

Let us start with a symmetry analysis of the N' = 2 superconformal group.
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It has the following Lorentz and R-symmetry subgroups: SU(2,) x SU(24) X
SU(27) x U(1)g C SU(24,24|27). The spin chain vacuum is the chiral state
Tr¢*. It breaks the superconformal group to the subgroup PSU(24|27) X
SU(24) X R, where R is a central generator that gets identified with the spin
chain Hamiltonian. In accordance with Goldstone’s theorem, broken symme-
try generators are manifested as gapless excitations of the spin chain called
magnons. Table 4.6 shows the symmetry generators of the N/ = 2 supercon-
formal algebra. The diagonal boxed generators correspond to the symmetry
preserved by the vacuum while the off-diagonal ones are broken and correspond

to Goldstone magnons, which transform in the bifundamental representation
of PSU(2a|21) X SU(ZQ)

SU(2;) SU(25) SU(25)

SU(2:) | L,° Qs | Dls

«

SU@2) | S§*F | R,7 ALF

SU(2,) D°P A0 L,"

Table 4.6: The N’ = 2 superconformal generators. The boxed generators are
preserved by the choice of the spin chain vacuum while the unboxed ones are
broken and correspond to Goldstone excitations. The broken generators are
identified with the corresponding magnon: the upper-right column contains
magnon creation operators while the lower-left row contains magnon annihi-
lation operators.

A priori, the two-body magnon S-matrix when decomposed according to
SU(24|27) x SU(2,) quantum numbers will take the form

SSU(26,20122) = SSU@al22) X S5U(20) T Ss0(24122) X S80(20) (4.11)

where the superscripts 1 and 3 denote the singlet and triplet SU(2,,) represen-
tations. Remarkably, the product of two fundamental SU(2|2) representations
consists of a single irreducible representation, which implies that the SU(2|2)
two-body S-matrix is completely fixed by symmetry, up to an overall phase
[7]. Thus, the total two-body S-matrix of our model factorizes as

SSU(2,24127) = OSU24[27) X OSU(24) - (4.12)

The Ssu(2,)2,) factor is the two-body S-matrix of the magnons in the SU(2,)
highest weight state, namely { A\, *, D, }, while Ssu(2,) is the two-body S-
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matrix of the magnons in the SU(24|27) highest weight state, namely {\,*}.

We can identify two “orthogonal” all-order closed subsectors, associated
with either factor of the two-body S-matrix. Exciting an arbitrary number
of SU(2,) highest weight magnons { A\,”, D} above the spin chain vacuum
Tr ¢*, and demanding closure of the dilation operator, we obtain a subsector
with enhanced SU(2,1|2) symmetry, spanned by the following letters:

SU(2,1/2) sector: (Dia)"{ o, A5 Foy b (4.13)

Here the covariant derivatives are understood to be totally symmetrized at
each site, so for example (D 4)"¢ is shorthand for D, 4, D14, - - - Dig,1¢. The
introduction of the self-dual field strength F. . = [D, i, D, ] is necessary to
achieve closure of the dilation operator because of the transition ez 7\, * A,
OF .

Similarly, considering the SU(24|27) highest weight magnons {\, "}, and
demanding closure we obtain a sector with SU(2|1) symmetry:

SU(2|1) sector: {op N MY (4.14)

where we have introduced the notation M7 = QZQ"7. Inclusion of the M*+
dimer is forced at two loops by the transition ¢ >‘a+)‘6+ < M,

In the following sections we will study scattering in the SU(2|1) sector.
Having no analog in N' = 4 SYM, this sector has the potential to reveal a
new integrability structure. The SU (2, 1|2) sector exists in any N' = 2 gauge
theory, including N' = 4 SYM, and will be discussed at the end of the chapter.

4.2.1 The two-loop Hamiltonian in the SU(2|1) sector

In this section we will use symmetry arguments to fix the two-loop Hamiltonian
of the SU(2|1) sector, up to a few arbitrary coefficients. With this result
at hand, we will proceed in the following section to calculate the two-body
scattering of magnons and test integrability of the sector. To avoid cluttering
we will suppress the “+7 SU(2)g index and write the letters as

{ Aoy M} (4.15)

At one loop the sector decomposes into {¢, Ao} and {4, M}. Each of these
subsectors is separately integrable: The first one, because it is identical to the
corresponding sector in N' = 4 SYM. The second one, because its Hamiltonian
turns out to be trivial [13] — the dimer M does not move on the ¢ chain
so each string of ¢’s and M'’s is already an exact eigenstate. The SU(2|1)
sector becomes interesting at two loops, where interaction with M affects the
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scattering of the asymptotic A, magnons.

To avoid an explicit Feynman diagram calculation we will use the approach
of [25], where the symmetry algebra was used to restrict the form of the spin
chain Hamiltonian in the SU(2|3) subsector of N/ =4 SYM. In that case, the
two-loop Hamiltonian turned out to be completely fixed by symmetry.

Parity
The parity transformations for the fields in the SU(2|1) are as follows,

R A R Y.V L ARSIy L (4.16)

This is just transposition of adjoint indices with an extra minus sign. The
action on a single trace state is then (using a ket notation for the states of the
chain):

P|Ay .. Ap) = (=1)EHURD214, A (4.17)

where f is the number of fermionic fields and L is the length of the state
considering M as a single-site object.

4.2.2 Symmetry analysis

The states of the sector furnish a representation of the SU(2|1) algebra. In the
interacting theory, the symmetry generators can be written as a perturbation
series in the coupling constant [17, 25],

J@)=> 3" (4.18)

As usual when working with spin chains we will focus in the local action of
the generators, the complete action being a sum of local terms. Following [25]
we will represent the action of a generator by the symbol

Je~ {4} (4.19)

This replaces the string of fields a; ...a, by by ...b,, and gives zero otherwise.
To obtain the total action we apply this transformation at each site of the
closed chain. For example,

{22} ABEABF) = |CDEABF) + 0+ 0+ [ABECDF) + 0+0. (4.20)
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Of course, we will pick up an extra minus sign each time a fermionic generator
(Q or §) hops a fermionic field. An interaction with n+m entries will be said
to have n + m legs. Because corrections to the generators have their origin
in planar perturbation theory, the number of legs is restricted by the order of
the coupling constant we are considering. The counting is easier if we forget
for a moment our definition of M and consider () as fundamental field of our
sector. The number of legs is then restricted by,

n+m==k+2, (4.21)

where % is the order of the coupling.! Now, if a @ field sits at the far right in
the upper or lower row of (4.19), we know that the next field to its right will
be a @, in order to have a flavor singlet. An analogous statement holds for a
@ sitting in the far left. This means that after writing the J generators using
the Q and Q fields, we can replace all the Q’s(Q’s) in the far right(left) with
an M symbol, in addition to the explicit QQ = M replacement.

The SU(2|1) algebra

To obtain the SU(2|1) algebra we start from the full SU(2,2|2) generators:?
{ Eaﬁa ‘C.dgv RIja aB’ ’Ca67 D7 T, Qaza SZaa Qo’zIa SdI } ’ (4'22>

where £ and £ are the Lorentz generators, R and r correspond to SU(2) and

the U(1) r-charge, D is the dilation operator and Q and S are the supercharges.
We now define

Q.=0Q.", (4.23)
S =8,°, (4.24)

U=R, " +5(Dy—r), (4.25)
IH =0D (4.26)

We have split the interacting dilation generator as

D = Dy + 6D, (4.27)

1 As in [25], we use gauge invariance of cyclic states to increase the legs of the generators
to its maximum value, i.e. k+ 2 at order k in the coupling.
2See Appendix A.2 for our conventions.
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where Dy measures the classical conformal dimension and dD its quantum
corrections.® The SU(2|1) generators are then:

\7 = {£a67u7 (SHa QOH Sa} . (428>

As in [25], we enhanced the algebra by the extra central U(1) generator 0H.
The commutation relations are easy to obtain from the original SU(2,2|2)
commutators. Generators carrying SU(2) Lorentz indices transform canoni-
cally according to:

L0, T) =80T, — 3687, (LS, T =-01Ts+ 35007, (4.29)
The only non-zero anti-commutator is:
{S%, Q. =L,° + 65U+ 15H) (4.30)
and the non-zero U-charges are:
U, Qu] =-10Q,, U, 8% = 1s. (4.31)

Also,
[T, 0H] =0, (4.32)

confirming that 6 is indeed a central element. Note that U is defined in
terms of generators that do not receive quantum corrections and therefore it
will not be modified in the interacting theory. The same applies to £_? if we
choose a regularization scheme consistent with Lorentz symmetry.

4.2.3 The interacting generators

The tree-level representation of the SU(2|1) algebra reads

u = {Zr+:{a
£ o= {5 =350
(Qa)o = {7},
(8% = e {3}, (4.33)

where the subscript “0” indicates that we are working at tree level. The idea
is to consider perturbative deformations of these generators and restrict their

3To be consistent with (4.26) we also define Ho = Dy, although H is not an SU(2|1)
generator.
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form using the SU(2|1) algebra. In principle, there should be fluctuations in
the length, but because we consider the dimeric impurity M as a single-site
object, the length always stays constant. For H, we have:

Ho = co{ (5} + {0} +e{wig) +es{ii) +ed) +es{l]

+es{ g} Her{fn) Hes{in) teoltat taoii) ten{fi}
(4.34)

Imposing invariance under parity we obtain:
L =co, cy = Cs, ce = Cr, cg = Cy. (4.35)

In addition, protection of ¢¢ implies ¢y = 0.* This still leaves seven indepen-
dent coefficients. Imposing that the algebra commutation relations are satis-
fied perturbatively eliminates six of them, leaving us with one undetermined
parameter, ¢; = o2, which is associated with a rescaling of the coupling and
cannot be fixed by algebraic means. The procedure is now completely algo-
rithmic and it was described in detail in [25]. For each perturbative correction
we consider the most general ansatz consistent with conservation of classical
energy, r-charge and equation (4.21). Consistency of the algebra commuta-
tions relations significantly reduces the number of independent parameters. As
extra input we use the fact that in the SU(1|1) subsector spanned by { ¢, A} }
the two-loop Hamiltonian of A/ = 2 SCQCD should be identical to the corre-
sponding Hamiltonian in N/ = 4 SYM [14]. We present our results in tables
4.7 and 4.8. At first sight, there seems to be a high number of independent co-
efficients, however most of them are unphysical. The two coefficients { ay, as }
can be reabsorbed by a redefinition of the coupling,®

g— a9+ a393 ) (4.36)

The six coefficients { 81, (2, 01, 02, 03, 04 } correspond to similarity transforma-
tions and never show up in physical quantities like anomalous dimensions or
S-matrix elements. We are then left with { n, x } which do show up in physical
quantities and therefore cannot be ignored. However, the S-matrix elements
that we will study in the next section happen to be independent of {7, x }.

4In [25] this condition was obtained using the algebra constraints, in our case we have
to give it as extra input.

5Note of course that o # 0, otherwise the whole one-loop Hamiltonian #Hs would vanish.
The actual value of a; can be fixed by comparison with the results of Chapter 3: a2 = 2.
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Ho

Hs
Hy

{oy+2{0r+3{0)

ot ({gvt +{e ) +200 {00} + et ({50} + {80 —o2({25} + {821

+ o aM}+{Ma})+&l{ st +aet{Gl)

—afe® eap({ S0 +{e}) —ote™ e ({0 + {55 )

(=501 + 2010) ({iﬁZH{Zii ) + (o — anas) ({305} + {600 1)

—z0i({oge + {56 }) + (ad — enas) ({55} + {550 })

tol + o —n+ ) ({Gon )+ {00 )

Lo +7a1a3+x( }—l—{ﬁz}) 4—2a10z3—|—77( }+{¢ )
%o/f—l()alag—i-Zn—ZX ﬁzﬁ}—i—%{

—2a7 + 20na3 — 0+ x +iai(0) + 02)) ({giﬁ}—l—{ﬂﬁz )

—2a7 + 20103 — 1+ x — ia; (61 + 02)) ( zgﬁ}—k{ﬁzz )

—Fai+3mas —n+0)({font + {Meo})

20/11%—20410@,%—77( O‘M}+{M°‘ ) + (20 — 20103 + 1) ({ }—1—{24/\3 )
—qot+oas) ({55 + {50 }) + (=01 + anas) ({ G50} + {050 })

1= 00y —iaid) ({iZEH{gii ) + (a1 — g +iato) ({325} + {525 )

Lriads) ({90} + {%90)) + (Lot —ia2ss) ({225 + {5°})

N

Q

=
Q

+ + + + + + o+ o+t

—Iai + dajas) {gig}—i— 1o {gdﬁ}
=50t +donas —n+x0) ({Vg b+ {Gan})

sai — 20103 + 1 — X ({ﬁ;ﬁih{i%ﬁ )

=§oit 4+ 3oaas) ({573} + {30 }) + Got = 20000) ({52} + {255})
% + 20 ai3) {Wa )

Table 4.7: The Hamiltonian up to order g*.

4.2.4 The magnon S-matrix in the SU(2|1) sector

We now proceed to calculate the magnon two-body S-matrix in the SU(2|1)
sector, and to check whether it satisfies the Yang-Baxter equation. Let us
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(Qado = €7{2},

(Qu)i = ar @R { 01,
(Qa)2 = e (O + 0 +a)({00} +{50}) +e™ (Gt + i) ({2} +{Ma))
+ e (jod +ids) ({ 5o} — {251) +ie” @+ o) ({25} — {50 1)
(S = eﬂﬁl{gb}’
(8 = age et A0
(82 = —iem 0+ +a) ({5} +{50}) +e M God —i) ({S0t + {Xe )

+e M (jat —id)( ¢,3}_{5¢ ) i€ (2 + 04) ({ } { })

Table 4.8: Fermionic SU(2|1) generators up to order g*.

start by defining the momentum eigenstate of a single excitation,

Ma(p)) = e™an), (4.37)

k

where k labels the position of the particle,

k

1
lag) = ... PN ap...) . (4.38)
Its dispersion relation is easily obtained by acting with the Hamiltonian:

H|Xa(p)) = g?ai [(2— € — ™) + g°ai (=3 + 2(e” + e ) — 3(*P + e 7*7))] [Aa(p))
(4.39)
hence,

Py 2g*aysin®p + O(¢%) . (4.40)

EMp) = 4(g°a] — 2¢*a}) sin® 5
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To extract the S-matrix we will use the familiar perturbative asymptotic Bethe
ansatz, see e.g. [5]. For the SU(2,) singlet two-body state we define:

k l
4 4
Nadg) = Y Uik, D)]... oAad.. Ao ...)

k<i—1 (4.41)
k k+1 k
o s

+Y WL (k)] AN D)+ > Tm(R)] oM. ),

k k

valid up to order g>. The U’s correspond Schrodinger wave functions and k
and [ label the positions of the particles in the ¢ vacuum. At this order in
perturbation theory a transition A\, Ag — M is possible and this is taken into
account by the last term in (4.41). In order to solve the scattering problem
we consider the following ansatz:

Uy (k1) = eipik+pal) | Sl(p%pl)ei(plumk)’
\Iln(k) = Sn(anpl)ei(p1+p2)k7 (442)
Vri(k) = Spa(pz, pr)e® P2t

Here S1(p2,p1), Sn(p2,p1) and Sy(pe, p1) are functions of g and represent the
different scattering amplitudes. Imposing the Schrédinger equation

HINaAg) = E(p1,02)|Aarg) » (4.43)

for the separate cases | > k+ 2,1l =k+2 and [ = k + 1 we can solve for the
scattering amplitudes to order g?. The interesting term is Sy (p2,p1), which
governs the asymptotic magnon scattering,

1 — 2¢iP2  ei(p1+p2)

Sl(p27p1) - - 1 — 2¢ip1 + ei(p1+172)

X (1 + 2ig%a? (cospr — 2cos(p1 — pa) + cos py) sin & sin £ (sin p; — sin py)
1 COS(Pl;Dz)(S — 2COSp1 -2 cos po + COS(pl + p2))
(4.44)

+ 0(94)>.
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In the triplet sector the ansatz is simpler since A\;oAgy does not mix with M,

k l k k+1
1 { L4
Naday) = D Ts(k, D). dMad. . Oy} + > Usa(k)| ... oA Mgy ...),
k<l—1 k
(4.45)
where
sk, ) = eilprk+p2l) 4 o : ol (P1l+p2k) 7
a(k, 1) | 3(p2 fl) (4.46)
\I’3n(k) = SBn(p27p1)€Z(p1+p2) .
We find

S3(p2,p1) = — 1 —ig’ai(sinp; — sin (p; — po) — sinps) + O(g*).  (4.47)

Checking the Yang-Baxter equation

We are finally ready to check the Yang-Baxter equation for the two-body
magnon S-matrix. The equation reads

S (1, p2) ST (p1,13) S5 (P2, ps) = S5 (p1,12) S (P, 13) ST (D2, p3) -

(4.48)

Defining:
Alpr,p2) = S3(p1,p2), (4.49)
Blpip) = 5(Sulpup) — Salpa)), (450)

we can rewrite the S-matrix in terms of the identity operator I and the trace
operator K,

S(p1,p2) = Ap1,p2) 1+ B(p1, p2)K. (4.51)

As explained e.g. in [13], the Yang-Baxter equation is equivalent to the single
constraint

0 = 2B(p1, p2)A(pr, ps)B(pa, ps) + A(pr, p2)A(pr, ps) B(p2, ps) + B(p1, p2) A(py, p3) A(pa, p3)
+B(p1, p2) B(p1, p3) B(p2, ps) — A(p1, p2) B(p1, p3) A(p2, p3) - (4.52)

A necessary condition for factorization of many-body scattering is the vanish-
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ing of the right-hand side. However, working at order g?> we obtain

sin (%)2 sin (%)2 sin (%)2 tan (2522) tan (252) tan (2522)

(1 + ei(p1t+p2) — 2€ip2)(1 + ei(P1t+ps) — 2€ip3)(1 + ei(p2+ps) — Qeips)
(4.53)

which is certainly non-zero. Failure of the Yang-Baxter equation conclusively

shows that the SU(2|1) sector is not integrable at two loops.

642'04%6’(”1 +p2+p3)

?

4.3 The universal SU(2,1|2) sector

The SU(2,1|2) sector (4.13) consists entirely of letters that belong to the
N = 2 vector multiplet, and it is then present in any N = 2 gauge theory.
Diagrammatic arguments [14] show that the planar dilation operator in this
sector is the same up to two loops in any N/ = 2 superconformal theory, as it
coincides to that order with a restriction of the N' = 4 SYM dilation operator.
The model dependence kicks in at three loops.

Choosing the usual chiral vacuum Tr ¢*, the Goldstone magnons { A\, , D4}
transform in the fundamental representation of SU(24|27). Their two-body S-
matrix Sgy(2,2,) is uniquely determined up to an overall phase by the SU(2|2)
symmetry [7], and thus, just as is the case in N/ = 4 SYM, it automatically
satisfies the Yang-Baxter equation. This is a first hint to suspect that this sec-
tor may be generically integrable, at least in the sense of the asymptotic Bethe
ansatz on the infinite chain.” Of course, factorization of the n-body S-matrix
into two-body S-matrices is a stronger condition than Yang-Baxter, and an ex-
plicit test at three loops will be required. A three-loop diagrammatic analysis
is in progress [27]. The strongest conjecture [27] suggested by this perturbative
study is that the SU(2,1|2) Hamiltonian of any N' = 2 superconformal gauge
theory can be mapped to that of ' =4 SYM by a redefinition of the 't Hooft
coupling, ¢ — f(g?) = g+ O(g®). This would be a trivial operation from the
viewpoint of the integrable structure. Indeed recall that it is still somewhat of
a mystery why the dispersion relation of the A/ =4 SYM magnons takes the

exact form
A—r|= ,/1+8g2sin2§, (4.54)

while integrability alone would be compatible with the replacement ¢ —

6In the context of N' =4 SYM, the SU(2,1|2) sector can be regarded as a non-compact
cousin of the SU(2|3) sector, whose Hamiltonian was determined up to three loops by Beisert
[25] using symmetry arguments. The Hamiltonian of non-compact sectors is much harder
to fix. Zwiebel’s paper [26] represents the state of the art.

"We are postponing at this stage the harder questions about finite-size effects.
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f(g*) (which is indeed what happens in the ABJM model [28]). However
a redefinition of g can have drastic dynamical consequences, for example it
may radically change the strong coupling behavior of anomalous dimensions
(ABJM is again a case in point.)

A second indication in favor of integrability of the SU(2, 1|2) sector comes
from the AdS/CFT correspondence — at least, that is, for the subset of mod-
els that admit a string dual. The simplest N' = 2 theories with a known
string description are the orbifolds of N/ = 4 SYM by a discrete subgroup
' C SU(2) C SU(4)g, which are dual to the IIB backgrounds AdSs x S°/T
29, 30]. These are quiver gauge theories with product gauge group SU(N)*,
where k is the order of I'. The k gauge couplings are exactly marginal pa-
rameters. If all gauge couplings are equal, the spin chain (and the dual sigma
model) is completely integrable [15, 31], but when they are different, integra-
bility of the full chain is broken.® However, the situation is much better in
the SU(2,1|2) sector.? At strong coupling one can study the S-matrix of the
SU(2|2) excitations using the dual sigma model. Changing the relative gauge
couplings is dual to twisted-sector deformations in the sigma model: to leading
order in o' (tree level in the sigma model) they do not change the scattering
of the SU(2|2) excitations, which live in directions of the target space unaf-
fected by the orbifold. So the n-body S-matrix still factorizes into two-body
S-matrices. To be more precise, the only effect of the twisted deformation
felt by the SU(2|2) excitations is a renormalization of the string tension. For
example, in the Z, case, the relation between o/ and the AdS radius R reads

RY  2X)

= 0 4.55
A+ A (4.55)

o
where A and X are the two 't Hooft couplings. It would be very interesting
to confirm this picture to next order in o', where the effect of the twisted
deformation is non-trivial, by an explicit one-loop calculation of the sigma-
model S-matrix. Recall that the two-body SU(2|2) S-matrix is completely
fixed by symmetry, so to really probe integrability one would have to study
factorization of the n-body S-matrix or devise some other test.

In summary, the SU(2,1|2) sector(s) of N’ = 2 superconformal gauge the-

8For the simplest example of the Z, orbifold, this phenomenon was studied in detail in
[13, 14, 32], which focussed on the magnons transforming in the bifundamental represen-
tation of the SU(N.) x SU(N;) gauge group, with N, = Nz For X\ # X their dispersion
relation develops a gap. The form of their two-body S-matrix is fixed by symmetry, and
fails to satisfy the Yang-Baxter equation except when A = .

9There are actually k separate SU(2,1|2) sectors, one for each of the SU(N) vector
multiplets.
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ories have the same Hamiltonian as in N' =4 SYM for small A (to two-loop
order, O(\?)); and in theories with AdS duals, the large A limit of the Hamil-
tonian is also the same as in N/ = 4 SYM, modulo a renormalization of the
coupling. For example, in the Z, quiver theory, it follows from (4.55) that for
large A and large A (with A\/X fixed) the dilation operator in the SU(2,1|2)
sector coincides with the one in V' = 4 SYM if one replaces A — 2A\/(A+X).10
We are led to conjecture that this remains true for all intermediate values of
the coupling, with the appropriate redefinition A — f(\) that matches the
weak and strong coupling behaviors.

SU(2,1|1) sector

In closing, it is tempting to entertain the natural extrapolations of this conjec-
ture to N’ = 1 conformal gauge theories. Every N’ = 1 superconformal gauge
theory contains a closed SU(2,1|1) sector, with letters belonging entirely to
the N = 1 vector multiplet,

SU(2,1]1) sector: (Do) { sy Fis }- (4.56)

The diagrammatic arguments of [14] show again that in any N' = 1 supercon-
formal theory the dilation operator in this sector coincides up to two loops
with the restriction of the N =4 SYM dilation operator. (Of course this is a
meaningful statement only for A/ = 1 SCFTs that have a weak coupling limit).
Choosing the chiral vacuum Tr )\ﬁ, the asymptotic excitations on the chain are
the massless magnons {D,}, transforming as a doublet of SU(2). This is
not enough symmetry to completely fix the form of the two-body magnon
S-matrix, which makes integrability of the SU(2,1|1) sector somewhat less
compelling as a general conjecture. For models that admit string duals, some
evidence for integrability comes again from the AdS/CFT correspondence. For
example, while the generic Leigh-Strassler deformation of A/ = 4 SYM is not
fully integrable (see [37] for a review), there is still hope for integrability in the
SU(2,1|1) sector. Indeed, one can argue for integrability at strong coupling
(to leading order): the deformation of the AdSs x S® background that corre-
sponds to the Leigh-Strassler deformation (whatever its explicit form may be)
is not expected to affect the tree-level scattering of excitations in the SU(2, 1|1)
subsector, since those excitations live entirely in AdS5.

Seiberg duality implies that the resummation of the e expansion in the
electric theory must coincide with the resummation of the € expansion in the

10This correspondence is also precisely confirmed [33] by considering the strong coupling
limit of the matrix model [34] that calculates the expectation value of the 1/2 BPS circular
Wilson loop in the Zs quiver theory, following [35, 36].
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magnetic theory. In the SU(2,1|1) sector, the dilation operator is the same
as in N' = 4 SYM, and thus obviously integrable, up to two loops in both
expansions. The optimistic scenario is for the sector to remain integrable
throughout the conformal window. It will be interesting to perform higher
order checks in both € and €. Integrability would offer the exciting prospect of
much more quantitative tests of Seiberg duality than presently possible.
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Intermission

Up to this point, we have concentrated our efforts in two specific theories, N' =
2 SCQCD and A = 1 SQCD in the upper edge of the conformal window. Both
these theories are supersymmetric and therefore, their conformal symmetry is
enhanced to superconformal symmetry. The superconformal group is a very
powerful and superconformal theories are amenable to analytical analysis. In
the absence of supersymmetry and in dimensions higher than two, analytic
results based on conformal symmetry alone are harder to obtain. Therefore,
starting with the following chapter, our philosophy will be different to what
we have been doing so far. Instead of studying a specific set of theories, we
will look for structural constraints in the space of conformal theories. Our
analysis will be embedded in the so-called “bootstrap program” and it will be
mostly numeric.
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Chapter 5

The Boundary Bootstrap
Program

The “bootstrap” has been a recurring dream in theoretical physics. It is the
ambitious aspiration that, starting from a few basic spectral assumptions, sym-
metries and general consistency requirements (such as unitarity and crossing)
will be powerful enough to fix the form of the theory, with no reference to
a Lagrangian. The dual models of the strong interactions emerged as an in-
carnation of the S-matrix bootstrap attempts of the 1960s and eventually led
to the discovery of string theory. The bootstrap program for conformal field
theories (CFTs) in d dimensions was formulated in the early 1970s [38]. De-
spite important formal developments such as the operator product expansion
and the conformal block decomposition (see e.g. the early books [39, 40]),
attempts to solve CFTs in arbitrary dimensions were not successful. For two-
dimensional CF'Ts, the revolution came in the 1980s with the discovery of
many exactly-solvable “rational” models. While this is a beautiful incarnation
of the bootstrap idea, the methods that work in 2d rational CFTs! are too
specialized to be imitated in higher dimensions, or even in two dimensions for
the generic non-rational model.

The interest in CFT in various dimensions is nowadays stronger than ever,
sustained by phenomenological questions in condensed matter physics (d = 3)
and particle physics (d = 4), as well as by more formal motivations such as the
AdS/CFT correspondence and the rich integrability structures of superconfor-
mal field theories (d < 6). A pioneering work [3] has rekindled the conformal
bootstrap, turning it into a concrete computational tool. This approach has
been refined and extended in a series of papers [1, 41-48].

The modern bootstrap starts with the simple question: in a generic theory,

Lor in closely-related models such as Liouville theory
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which values of operator dimensions and OPE coefficients are compatible with
the constraints of crossing symmetry and unitarity for the four-point functions?
There is a shift of viewpoint, from trying to find analytic answers in a specific
model to deriving (by numerical methods if necessary) universal bounds valid
for any model. As it turns out, one can derive strong constraints already from
the analysis of a single four-point function of identical scalar operators [3].
This should be regarded as the first step in a systematic exploration of the
space of CFTs. More surprisingly, important theories such as the 3d Ising
model appear to live at interesting corners of the parameter space, sitting at
“kinks” of the exclusion curves [1, 41, 48]. So even the solution of some special
models in d > 2 may not be too far-fetched, after all.

In its simplest version, the revived conformal bootstrap works as follows.
The four-point correlation function (p(z1)@(xe)(x3)p(z4)) of a scalar opera-
tor can be written as a sum over conformal blocks in two different channels, by
taking OPEs in two different limits. The conformal block decompositions in
either channel must sum up to the same four-point function, giving crossing-
symmetry relations for the couplings and scaling dimensions. While this was
understood long ago, the main idea of [3] is that these constraints can be put to
good use by taking derivatives of the four-point function at symmetric points
and applying linear programming techniques to obtain contradictions if cer-
tain conditions for e.g. the operator spectrum are not met. The prototypical
example of a constraint that arises in this way is an upper bound for the dimen-
sion of the first scalar primary ? appearing in the OPE of two ¢’s. Crossing
symmetry and unitarity imply that A, < f(A,) for some numerically de-
termined function f(A,). The method admits straightforward extensions to
bounds on scaling dimensions of tensorial operators, central charges and OPE
coefficients.?

In this thesis we extend this program to conformal field theories with a
boundary. An Euclidean CFT in d dimensions can be defined in the half-space
xq > 0, with boundary conditions at x4 = 0 that preserve an SO(d, 1) subgroup
of the original SO(d + 1,1) conformal symmetry [54, 55]. For a given bulk
CF'T, different consistent boundary conditions are usually possible. Boundary
CFTs (BCFTs) are very interesting in their own right and find diverse physical
applications. They describe surface phenomena in systems near criticality,
with surface critical exponents related to the conformal dimensions of the
boundary operators. In string theory, two-dimensional worldsheet BCFTs are
interpreted as D-branes. These would be sufficient reasons to consider the
boundary bootstrap, but one of the main questions we would like to address is

2Analogous “sum rule” techniques can also be used to obtain non-trivial bounds from
modular invariant partition functions, see [49-53].
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whether by probing the theory with a boundary one can constrain the original
bulk theory itself.®> One could in fact also go ahead and consider a more general
setup where conformal defects of all possible codimensions (boundaries being
the special case of codimension one) appear on a democratic footing.

Besides the spectrum of bulk operators and their three-point functions,
which are unaffected by the boundary conditions, a BCFT is characterized by
additional boundary data: the spectrum of boundary operators, their three-
point functions, and the bulk-boundary two-point functions. A correlator
containing both bulk and boundary operators can be decomposed in different
channels, giving crossing-symmetry constraints that in general involve both
bulk and boundary data. We will focus on the simplest non-trivial type of
correlator, the two-point function of two bulk operators, which in the presence
of a boundary is a non-trivial function of a single conformal cross-ratio. It
can be decomposed in the bulk channel, by first fusing the two bulk operators
together, or in the boundary channel, by taking the boundary OPE of each
bulk operator. See figure 5.1 on page 76.

The main advantage of using the boundary bootstrap to constrain bulk
dynamics is the simplicity of the setup just described. This follows from the
results of section 5.1, where we discuss the two-point function of bulk scalar
operators: its functional form and its conformal block decomposition in the
bulk and boundary channels. The conformal blocks turn out to be simple
(hypergeometric) functions of the single cross-ratio and furthermore depend
analytically on the spacetime dimension d. This is to be contrasted with the
standard conformal blocks for four-point functions (in a theory with no bound-
ary), which depend on two cross-ratios and admit closed-form expressions only
when d is an even integer.

5.1 Boundary crossing symmetry for scalars

In this section we introduce the general setup of boundary CFT and derive
the crossing symmetry equations for the two-point function of bulk scalar
operators. For background material on BCFTs see [54, 57-60], and especially
the paper by McAvity and Osborn [61], whose results we borrow at several
points in this and subsequent sections.

3A prototype is the the beautiful theory developed by Cardy [56, 57] in 2d rational
CFTs, which relates the set of consistent boundary conditions with the bulk spectrum and
its modular transformation properties.
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5.1.1 Scalar two-point function

Let us start by deriving the form of the scalar two-point function in the pres-
ence of a boundary, a classic result dating back to [54]. We will use standard
Euclidean coordinates z# = (x!,...,2%) and consider the half-space defined
by % > 0, the coordinates tangential to the boundary are denoted z. It will
be useful to embed this physical space in a higher dimensional space as the
so-called null projective cone [62, 63]. Consider Minkowski space in d+2 di-
mensions in lightcone coordiates denoted by P4 = (P+, P~, P! ... P%). The

null projective cone is defined as,
PAP,=0 with PA ~APA. (5.1)
The map from the null projective cone to our physical space is given by

PH

=55 (5.2)

oz
One easily finds that the usual SO(d+1, 1) Lorentz group of the d+2-dimensional
Minkowski space becomes the conformal group of the d-dimensional Euclidean
space. The null projective cone provides a linearization of the action of the
conformal group.

As we mentioned above, the presence of a boundary at ¢ = 0 breaks the
symmetry group to SO(d, 1). In the null projective cone this breaking can be
implemented by introducting a fixed vector V' with components

VA =1(0,...,0,1), (5.3)

and restricting ourselves to those Lorentz transformations that leave V4 in-
variant. The residual conformal transformations for the coordinates x* are
easily obtained from the linear transformations of the P4 coordinates.

Let us now consider scalar fields that are homogeneous functions of the
coordinates,

O(AP) = A™20O(P), (5.4)

where A is the conformal dimension of the field @. The physical CFT scalar
operator is defined as

O(z) = (PH2O(P). (5.5)

The two-point function of O should be invariant under SO(d, 1) and consis-
tent with (5.4). The only SO(d, 1) invariants that can be formed with two
coordinates and the fixed vector V4 are

PP, V-P, and V-P. (5.6)
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The two-point function must then be of the form

! G (5.7)

(O1(P)Os(Py)) = QV - PA2V - Py (

where f(&) is an arbitrary function of the conformal invariant,

PP

= ) 5.8
v RV )
In physical coordinates,
(1 — x2)°
- 5.9
3 PP (5.9)

We see that the limit & — 0 corresponds to bringing the operators close to-
gether while the limit £ — oo amounts to bringing the operators close to the
boundary. It will be useful to introduce a function G(&) = £A1+82)/2£(¢) the
two-point function then becomes

1
(22) 31 (225) 22

(O1(71)O0x(72)) = ¢BraIRG g, (5.10)

For two identical (canonically normalized) operators limg_,o G(§) = 1, since
we need to recover the usual two-point function far away from the boundary.
Although using the null projective cone is somewhat of an overkill for the
scalar two-point function, this formalism will become essential for the tensor
calculations of section 5.3.

5.1.2 The boundary bootstrap

Much like a four-point function for a CFT without a boundary, one can de-
compose the correlation function (5.10) into conformal blocks. In this case
there exist two different decompositions (or channels) and we review both of
them below.

In the bulk channel we simply substitute the bulk OPE in the two-point
function (5.10). For two identical scalar operators the bulk OPE takes the
form (omitting tensor indices for simplicity):

O(2)0(y) = m + 3 MCle — 3, 0,)0u() (5.11)

where k labels conformal primary fields. The differential operators Clx —y, 0,
are determined by the (bulk) conformal symmetry and the couplings A, can be
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taken to be real [3]. We emphasize that this OPE is a local property of the bulk
CFT and therefore unaffected by the presence of a boundary. On the other
hand, whereas in the absence of any boundaries only the identity operator
gets a non-zero one-point function (and all other terms in the OPE therefore
drop out of the two-point function of O), this is no longer the case once a
boundary is present. Using the null projective cone it is easily demonstrated
that boundary conformal invariance allows for one-point functions of scalar
operators of the form:

ao
(O(z)) = 2295 (5.12)
with a coefficient ap whose magnitude is unambiguous as we have normalized
the operator using the first term in (5.11). One-point functions for operators
with spin are not allowed by conformal invariance, see section 5.3.2 below.
Substituting now (5.11) in (5.10) and using (5.12) one arrives at the bulk
channel conformal block decomposition:

G) =1+ Z etk fou(Ag; €) (5.13)
k

where the bulk conformal blocks fuun(Ax; &) can be determined by working out

the expression:
1

(y?)ae
This computation was performed in [61], with the result that (see appendix C
for a derivation)

Clz — vy, 0,] (5.14)

Ap Ay

fou(Ag; &) = €3/ ( 55 AR+ 1— g; —5) - (5.15)

Equations (5.13) with the explicit expression (5.15) summarize the bulk block
decomposition of the two-point function. Notice that the blocks are naturally
defined as a series expansion around £ = 0, which is when the two operators
approach each other. Convergence of the OPE away from the boundary how-
ever implies that the conformal block decomposition should converge for all
physical values of £, that is for all 0 < ¢ < cc.

In the boundary channel we use the bulk-to-boundary OPE where a bulk
operator is written as an infinite sum over boundary operators. For a scalar
operator this OPE takes the form:

O(z) = @iﬁ + ; uD[at, 8,]10,(z) | (5.16)
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where the index [ runs over boundary primary fields, the differential operators
D[z, 8,] are again completely determined by (boundary) conformal symmetry
and the couplings y; are again assumed to be real. The first term in (5.16)
corresponds to the one-point function of O(x) and represents the contribution
of the boundary identity operator. Subsequent operators all have to be scalars
by boundary Lorentz invariance. Notice also that in equation (5.16) we used a
hat to denote operators living on the boundary (and such operators obviously
can depend only on x).

The constraints of boundary conformal invariance for the correlation func-
tions of boundary operators O(m) are exactly the same as those of ordinary
conformal invariance in d — 1 dimensions. This implies in particular that
boundary operators cannot get one-point functions and their two-point func-
tions take the canonical form,

!
e -y

(O(x)O(y)) (5.17)
which also provides a normalization for boundary operators. Combining now
(5.16) and (5.10) and using (5.17) one arrives at the boundary channel con-
formal block decomposition:

G(e) = € (aé 5708 foay (A 5)) , (5.18)

where the boundary conformal blocks fuay(Ar; €) can now be determined from:

1

D[z%, 0, D[y", 3y]m :

(5.19)

Just as for the bulk blocks, this computation was done in [61] (and rederived
in appendix C),

foay (A 6) = €25 F, (A, A+1-— g; 2A + 2 — d; —%) : (5.20)

The boundary blocks have a good series expansion when both operators ap-
proach the boundary, that is around & = oo.

The boundary block decomposition is summarized by equations (5.18) and
(5.20). The convergence of the bulk-boundary OPE away from other operator
insertions implies that this conformal block decomposition should converge for
all 0 < £ < 0o as well.

The statement of crossing symmetry is nothing more than the fact that
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the two decompositions (5.13) and (5.18) should agree,

G =1+ ZAkak found(Dg; €) = €2 (azo + ZNZZ fbdy(Al;f)> | (521)
k !

A pictorial representation of this equation is shown in figure 5.1. The aim of
this thesis is to explore how equation (5.21) can be used to constrain the space
of boundary conformal field theories.

DGR DA

Figure 5.1: Two-point function crossing symmetry in boundary CFT.

5.2 The boundary bootstrap in the epsilon ex-
pansion

In this section we demonstrate that in a few special cases it is possible to ob-
tain an analytic solution of the crossing symmetry equation (5.21). As we will
see below, in this way we can in fact bootstrap the outcome of a one-loop com-
putation and recover the order e critical exponents of the Wilson-Fisher fixed
point! This is possible because our solutions turn out to have only one or two
blocks in either channel and equation (5.21) reduces to a finite-dimensional
linear system. This should be constrasted with the conformal block decom-
position for the bulk four-point function, whose asymptotic properties dictate
that it always decomposes into an infinite number of conformal blocks [3],
which makes the problem much harder. The results in this section therefore
highlight the relative simplicity of the boundary bootstrap program. At higher
orders in the epsilon expansion, the problem becomes infinite-dimensional even
in the boundary case, and more powerful methods will have to be developed.

5.2.1 The simplest bootstrap

Let us begin our exploration of the constraining power of the crossing sym-
metry equation (5.21) by considering the following question: is it possible to
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satisfy crossing symmetry with just a single block in either channel? It turns
out that this question can be answered affirmatively and leads to a rederivation
of the free-field theory two-point functions. In formulas, our question becomes
whether there exists a solution to the equation

14+ Aay, foux(n; €) = I3 (a?) + 12 foay(1); f)) ) (5.22)

for all £ and with unknowns Aa,,n, A, a? and 7/. We use 7 and ' to denote
the dimensions of the single bulk and boundary operator, respectively.

In order to find a solution we will expand both sides in £. The bulk confor-
mal blocks (5.15) have a natural series expansion in powers of £ around £ = 0,
which is when we bring the two points close together. On the other hand, the
boundary conformal blocks of equation (5.20) are naturally defined via a series
expansion around £ = oo where both points approach the boundary.

Now, using standard hypergeometric transformation formulas (see for ex-
ample [64]), we can expand a boundary block around £ = 0,

foay(n':6) =ar(1+...)+ €1+ L), (5.23)

with the dots representing subleading integer powers of £ and ¢; and ¢y certain
constants. Substituting this expansion into (5.22) and simply matching the
powers of £ to those possibly appearing on the left hand side of (5.22), we
directly find that:

A=Ay==—1, n=20,=d—2. (5.24)

This is our first non-trivial result: the scaling dimension A has to be that
of a free field ¢ and the value of n reflects the simple free-field bulk OPE,

o x¢=1+4¢"
Our next step is to notice that the bulk block with n = 2A4 becomes
particularly simple,

&\
fbulk(2A¢§£) = (5"‘—1) , (5.25)

and expanding now both sides of (5.22) around £ = oo we find that

1+)\an<1—|—1_§d/2+...> = ¢he (aé—l—/fﬁ"/ (1—;’—;+...)> . (5.26)

which allows us to solve for all the other coefficients. We find two possible
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solutions:

+: Aa, = +1, at =0, N =27, u =2,

d—2 5.27
—: Aa, = —1, at, =0, n=2A,+1, u=—" (5.27)

Although we have only used the series expansions of the conformal blocks
around the endpoints £ = 0 and £ = oo, it turns out that for the above values
of the coefficients the crossing symmetry equation is miraculously satisfied at
every order in &. Therefore, the two functions

Ay
GH(€) = 14 foum(284;6) = €5 <2fbdy(A¢>;5)> =1+ (5 j 1) )

Ay
G7(6) =1~ four(284:6) = €2 (d 2fbdy<A¢> + 1; f)) (55?) :

(5.28)

are valid solutions to the crossing symmetry equation (5.21) with just a single
block in each channel. Using (5.10) we find that they correspond to two-point
functions of the form:

1 1

(9(x)o(y)) = TR + TR (5.29)

where 3" is the coordinate vector y reflected in the boundary, so if y = (y, y%)
then y" = (y,—y%). This equation informs us that we have derived the two
possible two-point functions of a free field on a half-space, with the + sign
corresponding to Neumann boundary conditions and the — sign corresponding
to Dirichlet boundary conditions.

Let us offer a few more comments on the above solutions. First of all, the
bulk-to-boundary OPE is consistent with the boundary conditions. Indeed,
the bulk-to-boundary OPE of a free field ¢ contains a priori a boundary field
¢ and its normal derivative (’3d¢ of dimensions A, and Ay + 1, respectively.
(Notice that these are both SO(d, 1) primaries.) As expected, in the Dirichlet
case the operator q; vanishes by the boundary conditions and only the block
corresponding to 8dg5 is present. In the Neumann case the situation is reversed.
Finally, the operator ¢? is the only operator appearing in the bulk channel
and the sign of its one-point function is reversed between the two boundary
conditions.
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5.2.2 Order ¢ bootstrap

Having obtained the scalar two-point function for the free theory, let us apply
the bootstrap technique to the interacting theory in the epsilon expansion. In
this section we will allow for N massless scalars with strength 2(¢*)?. The
N-dependence of the free two-point function comes from the overall normal-
ization, so the results of the previous section remain unchanged. Defining
d = 4 — €, the Wilson-Fisher fixed point is given by

s 3€

167r2_N+8+

O(e?). (5.30)

We can now write the bootstrap equations as a perturbation series in €. Fol-
lowing the strategy used in the free case we will assume a finite number of
blocks in each channel. In particular, we will consider two non-trivial blocks
in the bulk channel and a single block in the boundary channel. This ansatz
has some partial justification in Feynman diagrams. In order for an operator
O to appear in the bulk OPE of ¢ with itself, the three-point function (¢p¢O)
should be non-zero. For operators of the form ¢*" (ignoring O(N) indices) the
only allowed possibilities at order € are ¢? and ¢*. For n > 2 the correlator
is higher order in €, two or more vertices are needed to contract all the legs.
In the boundary channel* we are only considering the operator (ﬁ, similarly to
the bulk case, the bulk-to-boundary OPE between ¢ and ¢2"*! for n > 0 is
higher order in €. Let us then proceed to bootstrap the order € correlator and
comment on the validity of our ansatz at the end of this section.
We want to solve the following equation,

L+ >‘a¢2fbu1k(A¢>2§ §) + /\%4fbu1k(A¢>4§ §) = M2§A¢fbdy(Aq§a £). (5.31)

Because we are working perturbatively we will write all coefficients as a power
series in €. For the spacetime dimension d and the external dimension confor-
mal dimension Ay we have

d=4—¢,

5.32
A¢:g—1+6A¢e+O(62). (5:82)

4For concreteness we will consider the Neumann case but a parallel analysis can be done
for Dirichlet boundary conditions.
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For the internal conformal dimensions we write,

Age=d—2+46Aze+ O(?),
A¢4 = 2d — 4 —|— (5A¢46 + 0(62) s
d

Aé:§—1+5Aq§€+O(E2).

(5.33)

Finally, for the coefficients multiplying the blocks,

Aagz = 1+ dAage + O(e?),
Aags = 6Aagie + O(€), (5.34)
P =2+ 0pte + O(e?),

where the quantities denoted by “0” correspond to deviations from the free-
field solution. For example, Aags has only a correction term since it is not
present in the free theory. We will again use the transformation formulas that
led to (5.23) in order to expand the boundary blocks around ¢ = 0. The
procedure now is the same as before, we Taylor expand both sides of the
equation and match equal powers of the parameter £. As in the free case, after
matching the first few coefficients, equation (5.31) is solved to all orders in &.
The order € solution is,

(5A¢:0, (5A¢2:2057 (SAQA&:—CY,

5.35
Shag: = o, (5)\%4:%, St =0, (5.35)

where « is an arbitrary coefficient. The zero one-loop anomalous dimension
for ¢ is not a surprise, the anomalous dimension of ¢? is also well known and
can be used to fix the value of «,

1 (N+2
=—|(—. 5.36
¢T3 <N n 8) (5-36)
The first order corrections to the OPE coefficients of the ¢? and ¢* blocks are
positive, while the order € correction to u? is zero, as expected from Feynman
diagrams. We find a negative anomalous dimension for the boundary opera-

tor corresponding to ¢. The anomalous dimension for ¢* does not enter the
equations at this order in the expansion. The complete corrected two-point
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function is then

¢ \'# N+2\/ ¢
Gl =1+ <ﬁ) +§ (N+8) (€+110g<g>+10g<5+1>) L0
- 1—%(2fbdy<1— -5 (ﬁ—jé) ) +0(), (537

where the + sign indicates Neumann boundary conditions. An analogous
calculation can be done for the Dirichlet case. We simply quote the result:

"2 1 /N2
G%ﬁ“(i%) T <N18>< f—iﬂog(g)“‘)g(“l))+O<62)
1 (N+2 N+2
:1_(1_§€(N_L5))fbulk ( ) 4(N18)fbulk<4£>+0<>
€
2

N +8
51%((1—%4—% (%—ig))fbdy( - _g(N—i—Q

V) 9) o),
(5.38)
which features only minor changes with respect to the previous case. Com-
parison of these expressions with the explicit calculation of [61] shows perfect
agreement. We have used the bootstrap equations to obtain a one-loop result!
Let us now return to our original ansatz. We did not consider primary oper-
ators with derivatives acting on ¢, which we denote schematically by [1*¢? and
[O*¢*. For the first family, we can never have 9,0, acting on the same field, be-
cause the equations of motion imply 8,0,¢ ~ €¢* and the operator is not really
of the form [0*¢?. The only possibility is to have 9,0y, - . . 0, 90,1, Oy - - - Oy
but these operators are conformal descendants, and their contribution is al-
ready taken into account by the ¢? block. For the second family, the equations
of motion argument still holds, but not all operators are conformal descen-
dants. In fact, there is an infinite number of primaries of the schematic form
O0%¢*> Our original ansatz was thus incomplete, we should have added an
infinite number of blocks to the left-hand side of equation (5.31) with tree
level dimension A, = 2(d — 2) + 2k. As we obtained the correct answer, it is
clear that these operators do not appear at one loop. We believe that this is
due to the vanishing of the three-point functions (pp(1F¢*) for k& > 0, a fact
which should follow from the higher-spin Ward identities of the free theory.
Starting at order €2, crossing symmetry can no longer be solved with a finite

5This statement can be checked using conformal characters.
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number of blocks. It would be nice to find more powerful analytic techniques
to deal with the infinite-dimensional linear system, and develop a bootstrap
apprach to the all-order epsilon expansion. At each order a new infinite family
of bulk primary operators appears. Perhaps the constraints of sligthly bro-
ken higher-spin symmetry [65, 66] could help in organizing the information
contained in (5.21).

5.3 Boundary crossing symmetry for stress ten-
SOrs

In section 5.1 we derived the crossing symmetry equation (5.21) for the two-
point function of scalar operators using the bulk and boundary conformal
block decompositions. In this section we will derive a similar equation for the
two-point function of the stress tensor.

5.3.1 Summary of results

As we show in equation (5.55) below, the two-point function of a spin two op-
erator in the presence of a boundary features three independent tensor struc-
tures. FEach tensor structure comes multiplied with its own scalar function of £
and we find it convenient to collect these three functions in a three-component
vector of the form (f(&), g(&), h(€)). Furthermore, for the stress tensor the
Ward identities relate the three components in the following way:

(d— 2)§2dig = (d®+3d —2)h —2(d — 1)&(1 + §)dih
3 < 2 52 ] (5.39)
Adg* o] = —4(1+ Eh+ <§(d 4 9d — 4) — 2d¢ (1+§)%)g,

so up to a few integration constants there is effectively only one independent
function of €.

In the following subsections we derive the conformal block decompositions
of the functions (f,g,h) in the bulk and the boundary channel. The main
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result of these subsections will be the following crossing symmetry equation:

1 Sou(Ax; €)
0|+ a0, | guun(Au:€)
0 k ik (A; €)
Foan(:€) Fian(d:€) Foa (Bni€)
= 1) | g (d:€) | + ity | gi () | + Zﬂm g (A €)
Py (d: €) iy (d:€) Py (803 €)

(5.40)

where all the functions (f, g, h) are explicitly known functions of £. Equation
(5.40) is the analogue of (5.21) for scalars and we will use it in section 6.4
to obtain bounds on operator dimensions and OPE coefficients. Let us now
discuss it in a bit more detail.

First of all, because of the three independent tensor structures we get a
three-dimensional vector of equations (and the conformal blocks themselves
also become three-dimensional vectors). It is then important to realize that
the Ward identities are operator equations and therefore they must be true for
the individual conformal blocks as well. Each vector appearing in (5.40) thus
individually satisfies the Ward identities (5.39).

The left-hand side of (5.39) is the bulk channel conformal block decompo-
sition. As in (5.21), we separated out the conformal block corresponding to
the identity operator. For the other operators we should recall that SO(d, 1)
conformal symmetry dictates that only scalars can get non-zero one-point func-
tions and therefore only scalar blocks can contribute to the bulk channel ex-
pansion.

The right-hand side of (5.39) represents the boundary channel conformal
block decomposition. A priori, a spin 2 operator has a boundary OPE decom-
position involving operators with spins ranging from 0 to 2 and indeed we find
all these possibilities in (5.39), where the spins of the exchanged operator is
written as the superscript in parentheses. However in this case the Ward iden-
tities turn out to further constrain the conformal block decomposition. More
specifically, the boundary scalar and vector appearing in the boundary OPE
decomposition of T}, must have scaling dimensions equal to the spacetime
dimensions, so A©® = AM = 4. There is thus a unique block for the exchange
of a scalar of dimension d and also for a vector of dimension d. These two
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blocks are the first two terms on the right-hand side of (5.40). On the other
hand, the dimensions of the spin 2 fields are not constrained in this way and
there can therefore in principle be infinitely many spin 2 blocks, represented
by the final sum in (5.40).

Let us offer a few more comments on the spin 0 and 1 boundary opera-
tors. As one may have anticipated, in physical theories they correspond to
the Tyq and Ty (7 being a tangential index) components of the bulk stress
tensor, restricted to the boundary. These operators are intimately related to
infinitesimal variations in the location of the boundary surface which explains
the “non-renormalization” of their scaling dimensions, see [59] for details. For
physical BCFTs the displacement operator Tyq is generically present on the
boundary and we encountered it already in the discussion of the extraordinary
transition in section 5.2. On the other hand, the vector operator is only present
if there is a non-zero energy flow across the boundary. For BCFTs this is an
unphysical boundary condition and we can then set u%l) = 0. (Notice that an
energy flow would be allowed if the surface x¢ = 0 was actually an SO(d, 1)
preserving interface between two different theories, one defined for 2¢ > 0 and
the other for ¢ < 0, and in such cases the vector block will generically be
present. )

In appendix E we present a few explicit solutions to the crossing symmetry
equation (5.40). We discuss the universal solution in two dimensions (which is
fully determined by the Virasoro algebra), the free-field theory solutions in d
dimensions and the extraordinary transition to leading order for the Wilson-
Fisher fixed point.

5.3.2 Correlation functions of tensor operators

In this section we discuss correlation functions of operators with spin in con-
formal field theories. We will use the results of [67], see also [68], and adapt
them to conformal field theories with a boundary. Many of the results in this
and the next two subsections were also obtained in [59, 61| but we present
here an independent derivation which is straightforwardly implemented on a
computer.

The index structures appearing in correlation functions of tensor operators
are easily found in the null projective cone formalism discussed in section
5.1.1. According to [67], a generic tensor field f,, ., (z) lifts to a tensor field
Fa,..a,(P) in the null projective cone with the following properties:

e equal symmetries in the indices of Fy4, a,(P) and of f,, ., (2);

o transversality, so P4 Fy, 4., (P)=0for 1 <i<mn;
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e a gauge equivalence defined as Fa, _a,(P) ~ Pa, Ny, 4,4, for any A
and 1 <3 <n.

For symmetric traceless tensors it is convenient to contract the indices on
F with auxiliary variables Z4 and write F(P,Z) = Fa,. a,(P)Z4 ... Z4.
Tracelessness implies that we may restrict ourselves to the subspace defined
by Z? = 0 and the gauge equivalence implies that we may take Z - P = 0 as
well. The transversality condition becomes:

B,
P~ F(P.Z)=0. (5.41)

Correlation functions of n symmetric traceless tensor primary operators
can now be written as scalar functions G(P;, Z;) with 1 < ¢ < n with the
following properties:

e the dependence on Z; should be a homogeneous polynomial of degree I;;
e the dependence on P; should be homogeneous of degree —A;;
e transversality dictates that P, - 0;,G =0 for 1 <i < n;

e for any conserved tensor there is a Ward identity of the form [67]

(0p - DG =0, (5.42)
with d oy 8 1. o
(d _ (% L 7 A
Dy = (2 1+2 8Z>8ZA 37457 07 (5-43)

where P and Z are the variables corresponding to the conserved tensor,
for example P, and Z; if the conserved tensor is the first operator.

As an example, let us review the well-known result for the three-point func-
tion of two stress tensors and one scalar operator Grro(Py, P, Ps, Z1, Z5). The
first three constraints together dictate that there are three different invariant
tensor structures,

1
G =
TTO (_2p1 -Pg)d*A/Q(—QPQ . P3)A/2(—2P3 . pl)A/z

<a(W12)2+bH122+0H12W12) ;
(5.44)
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with for now arbitrary constants a, b, ¢ and with building blocks

(- PP Py) = (21 PP P)) ((Z2- PP Py) = (Ze - By)(Py - )

W - 9
2 (Pi- Po)(Po- Py)(Ps- P1)
[T (Z1- Z)(Py - Py) — (Zy - Po)(Zs - )
12 PP, .
(5.45)
The Ward identities for the stress tensor furthermore dictate that:
A(A +2)
=—— ")
T 4dd+1)TTO
A—d?d-1)-2d
I C ) o . W (5.46)

d(d+1)(d —2)
A(A—d)d—1)-2),
dd+1)(d—2) T

where A\rro is an undetermined overall coefficient. Upon sending A — 0 we
find that a,¢c — 0 but b — Appq and we recover the unit normalized stress
tensor two-point function,

2
H12

(T'(Py, Z))T (P, Z3)) = (2P, - Py

(5.47)

provided we set Apr; = 1. The normalization in (5.46) is therefore such that
Arro is a natural three-point coupling coefficient.

Let us finally take the OPE limit by sending P, — P». In that case His
remains finite whilst

(Zy - P)(Zy - Py)
(P P)

Wiy — WHPE = (5.48)

and therefore

CL(WSPE)Q + bH122 + CHHWBPE
(—2P1 . Pg)diA/2(—2P1 . Pg)A ’

Grro — (5.49)

and we infer that the T'x T" — O operator product expansion becomes to
leading order

(L(WBPE)Q + bH122 4+ CH12W102PE
(_2P1 . P2>d—A/2
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where we assumed that O is normalized such that (O(P)O(F,)) = (—2P; -
Py) ™A,

As we mentioned in section 5.1.1, the breaking of SO(d + 1,1) to SO(d, 1)
due to the presence of a boundary is implemented by introducing an additional
fixed vector

VA =1(0,0,...,0,1), (5.51)

representing the unit normal to the boundary. Correlation functions are still
required to be SO(d+ 1,1) scalars with the same four properties as above but
they can now depend on V4 as well. For example, we have already mentioned
that the one-point function of a scalar operator can take the form:

(O(P)) = (VC‘L—(;)A, (5.52)

with arbitrary coefficient ap. For one-point functions of tensor operators one

directly sees that the numerator would have to involve a factor (V - Z)! but

this is not transverse and so higher-spin one-point functions must vanish.
With two points we can build the invariant object £ of section 5.1.1,

—P P ($1—$2)2

SSAV RV P dadad (5.53)

and conformal symmetry thus determines two-point functions only up to ar-
bitrary functions of £. For the scalar two-point function this leads to equation

(5.10),
1

= v Rm Gy o)

where fo,0,(§) is not fixed by conformal symmetry. Two-point functions in-
volving tensors are easily found, e.g.

(01(F1)O0x(P)) (5.54)

(Zy V) (P P)— (P V)(Zy- P)

2O IAB)) = = psaripy . pyport— 107(9),
- ((22 VYPy - P) — (P V)(Zs - Pl))2
25 Zy (O(P1)Tap(P2)) = (V- P)Bor2(V - y)ar? for(§),
ZAZE (T (PO T (Py)) = fr7(E)Hia + 977(§)Q12

AV P)A(V - By)Ae
A c (O HEG + gr7(§) H12Q12 + hrr(§)QF,
Zl ZIBZQ Z2D<TAB(P1)7EJD(P2)> - (4§)A1(V . pl)Al(V . pQ)Az ( ’ )
5.5H
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with Hy, already defined above and with

B (V-P)(Z - P) (V-Py)(Zy- Py)
Q12_< (P P) _(V.Zﬁ)( (P P) _(V.ZQ))'
(5.56)

If the above tensors are conserved then we write J and 7T instead of J and
T. In that case Ay =d —1 and Ar = d and from the Ward identities we also
find that:

fou(€) = cos(E(1+ €)™,

for(€) = cor(§(1+ €))7,

((d +1) — 25%) 977 — 2526% (fJJ + 9JJ> ;
(d—2)Egpr = (d* + 3d — 2)hpp — 2(d — 1)E(1 + )iy,

4de frp = —4(1 + ) hyr + <£(d2 +2d — 4) — 2dE*(1 + f)%)gw,
(5.57)

0

with ¢ denoting an integration constant. We see that the two-point function
of two stress tensors and the two-point function of two currents are both fixed
up to a single function of {. The last two equations in (5.57) were already
presented in equation (5.39). They agree with equation (2.27) and (2.31) of
[61] with the replacements f(£) = C(v), g(£) = 4v2B(v) and h(§) = v*A(v)
and with v? = £/(£ + 1).

We can also insert operators at boundary points labelled X satisfying X -
V = 0. As before, we will denote such operators with a hat. We project the
indices of such operators to lie along the boundary, which in the null projective
cone is implemented by the constraint V - D = 0 with the operator fo)
already given by (5.43). The correlation functions of interest are those with a
single stress tensor in the bulk. We find:

((Z- V)P X0) = (P2 V) (22 Xl))2
(—2X, - )2 )
((Z-V)(Py- X0) = (P V)(Z2 - X))
(—2X, - Pp)ot ’
Hfy — 50%

(—2X1 : PQ)A%(V . Pz)d_A’f ’

Z3 73 (O(X1)Tap(Py)) = daay Cor

Z3 73 75 (Ta(X1)Tae(Pa)) = ban, Cip

212025 23 {Tap(X)Ten(Pa)) = g

(5.58)
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with

. (Zy Zo)(Py - ) — (Z1 - Po)(Zo - P)
12 = :
PPy

Zh =78 — (7, - V)VA.
(5.59)

Notice that for scalars and vectors the scaling dimension is required to be d
whereas the dimension of 7 is unconstrained by the Ward identity.

Up to terms that ensure that V - DY annihilates the correlator, two-point
functions of boundary operators are of the same form as two-point functions
of bulk operators in the absence of a boundary. In particular we find that:

A N 1
(O(X1, 21)O(Xy, Z5)) = (22X, - XA

5 5 _ Hip — (V- 20)(V - Z»)
<x7(X]_,Z]_)\7(X2,Z2)> - <_2X1 . XQ)A )

<H12 (V- Z)(V - Zz)>2 — (V- Z)A(V - Zy)?

(T(X1, Z)T (X, Zs)) = — .Xz)_Al

(5.60)

Equation (5.60) defines our normalization of the boundary operators. Notice

that Hyo descends from the projective cone to 2425 (8,, — 2x19 4212, /T1,) SO it

is easily verified that our normalization is consistent with reflection positivity.

Using (5.58) and (5.60) we find the bulk-to-boundary OPE of the stress tensor,
o A Ca ~

T(P,Z)— C@T(Z-V)Q(’)<X) —CjT(Z-V)j(X, Z)+ WT(X, Z)+...

(5.61)

5.3.3 Bulk channel blocks for the stress tensor

In this subsection we compute the conformal blocks for the two-point function
of the stress tensor using the conformal Casimir differential equation method
of [69]. These are the conformal blocks appearing on the left-hand side of
(5.40).

On a symmetric traceless tensor F/(P, Z) the action of an element Lp of
SO(d+ 1,1) takes the form:

0 0 1 (d+2) (d+2)
_p Z,D\D_7.D >F PZ
oPB B@PA+g+l—1( A p B A ) ( ) )7
(5.62)

LagF(P,7Z) = (PA
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with the operator ngH) given by (5.43) but with d — d + 2 since we are

rotating in d + 2 dimensions. The conformal Casimir equation is then:
1 AB
§LABL F(P,Z)=—Ca,F(P,Z), (5.63)

with Cay; = A(A —d) + (Il +d —2). We used this equation in appendix C to
find the result (C.6) for the conformal block in the bulk channel for a scalar
two-point function. For two stress tensors the conformal block can be written
as:

So(E)HT + g5(§) Hi2Q1a + hy(€) Q7

GbA(PhP%ZhZ?) = (4€)d(v . pl)d(v . p2)d ’

(5.64)

and the constraint %(ng)g + LELY(LWAB 4 [@ABYGA — (1, (G2 together
with the Ward identities leads to the unique solution for the coefficients:

d

A(A+2 A A
(A+2) (46)2/%F2, Fy (2+ —, 24+ —;1— 3 + A; —5) . (5.65)

"7 16d(d + 1)

2 2

with f, and g, determined by the Ward identities (5.57). Let us verify the
normalization by taking the OPE limit £ — 0. We already mentioned that
Hi5 then remains finite and it is not hard to find that

Quz — ——W3IFE, (5.66)

with WQRPE defined in (5.48). From the expansion of (5.65) and the Ward
identities we find

=90+ 0), = e
fo= 16> (b+ 0(9)) - B D2 )
G CECTGE
and the entire block behaves as:
GO (PL Py, 20, Z) = a(WSQFE)? + bHZ, + ¢Hy,WQPP (5.68)

(—2P1 : PQ)diA/2(V . pl)A ’

which is compatible with (5.46), (5.50) and (5.52).

90



Explicit expressions for f, and g, are also available in terms of linear com-
binations of 5 F} hypergeometric functions.

The identity block can be found by sending A — 0. We then find that
szlandgbzhb:().

5.3.4 Boundary channel blocks for the stress tensor

We label the boundary block associated to a primary operator of dimension A
and spin [ as gAY (with a subscript “s” for surface). Each block has again the
same form as the TT" two-point function given in (5.55) with three associated
functions fs(A’l), ggA’l) and h™Y . In the two-point function of the stress tensor
there are three types of boundary blocks, ng’o), G and G, To find
these blocks we act with the SO(d,1) Casimir operator on one of the two
points and solve the resulting differential equation. In the equations below we
use h = d/2.

For a block corresponding to the exchange of a boundary scalar of dimen-
sion d we find:

(d,0) _ 1 h —h- _ _

h(d0) — TITESAE (146 3<2h(2h+ 1)€2 + 2(2h +1)(h — 1)€ + h(h 1)) ,
(d,0) _ 1 h —h—2
(d,0) _ ; h—1 ~h—1

(5.69)

where we already fixed the normalization. In the limit where & — oo we find
that only the third tensor structure contributes and

(V- Z0)2(V - Zy)?

ng,o)(Pl,P% Zlu Z2) ~ ( 2P, - P >2h 7
— 1° 2

(5.70)

which agrees with (5.61) and the first equation in (5.60).
For the block corresponding to the exchange of a boundary vector of di-
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mension d we find:

d1l) _ _ —  ¢htl —h=3( _ 2 - -
h@D — T (1 4 €) ( 2(2h + 1)€ + 2h(h — 1)¢ + h(h 1)),
(d,1) _ 1 h —h—2 2 2
o) = G U+ (€ R0+ 26+ 26),
(d1) _ ; h—1 —h—1
A9 =t e 7 20,
(5.71)
and the block behaves for & — oo as
(V- 2)(V - 2) (Ho = (V- 20)(V - 25))
GV (Py, Py, Zy, Z5) ~ (5.72)

(=2P; - Py)*" ’

which is again consistent with the formulas given above.
Finally, for the spin two blocks:

2(h—1 1
hA2) = —éh — 1)(45)2hA3F2<2+ A3 —2h+ A1 —h+A;1—2h+ A2 —2h 4 2A; _5) ,
g™ = 2042+ 0, (5.73)

FAA =42 0,

where ggA’Q) and fs(A’Q) can also be explicitly written as a sum over two hyper-
geometric functions. As we send & — oo we recover that

(H12 (V- 2)(vV- Z2)>2 — L (V- 22V - Z,)*

(V- P )2-A(V - Py)2h-A(—2P; - Py)A ’
(5.74)

GgA72)(P17P27 Zl) ZZ) ~

which is again consistent with the formulas given above.
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Chapter 6

Numerical Analysis and Results

Review of Statistical Mechanics

Before proceeding with the numerical analysis it will be useful to review some
statistical mechanics concepts. In the study of critical systems with a bound-
ary it is known that Neumann boundary conditions for the Landau-Ginzburg
field ¢ (which corresponds to the bulk spin operator o) describe the so-called
special transition, while Dirichlet boundary conditions describe the ordinary
transition. The phase diagram of the Ising model in the presence of a boundary
is shown in figure 6.1.

Js/ Ty surface

extraordinary | ordered surface

transition \ / transition

bulk
disordered
special _—~
transition
bulk \Ordinary
ordered transition

T

Figure 6.1: Phase diagram for the surface critical behavior of the Ising model
in dimension 2 < d < 4. Temperature is plotted on the horizontal axis and the
(relative) surface interaction strength on the vertical axis. The extraordinary
transition disappears for d = 4, while the special transition is absent in d = 2.

In our investigations the bulk is always critical so we are always on the
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vertical line in figure 6.1. For weak boundary interactions one finds the or-
dinary transition where the boundary follows the bulk and also orders at the
bulk critical temperature. There is a critical boundary interaction strength
where the boundary and bulk critical temperature just coincide which is the
special transition. Finally, in the presence of strong boundary interactions the
boundary can order at a higher temperature than the bulk. The bulk tran-
sition where the boundary is already ordered is then called an extraordinary
transition. This transition breaks the Z, symmetry of the Ising model, as ¢
should acquires a one-point function of the form (5.12). The extraordinary
transition cannot be described in free-field theory (such a one-point function
does not satisfy the free equations of motion), but it appears at first order in
the Wilson-Fisher fixed point in 4 — € dimensions, see appendix D.4. We refer
the reader to [70, 71] for introductions to boundary critical phenomena.

The BCF'T associated to the extraordinary transition is the most “stable”
as there are no relevant boundary scalar operators. In fact it is believed
that its lowest-dimensional boundary scalar is the “displacement operator”
Tdd, which is the boundary limit of the bulk stress tensor with both indices
pointing in the direction normal to the boundary. The displacement operator
has protected conformal dimension exactly equal to d, and it is thus irrelevant
on the (d — 1)-dimensional boundary. The BCFTs associated to the ordinary
and special transitions preserve the Z, symmetry, which thus remains a good
quantum number for boundary operators. The boundary spectrum of the
BCFT associated to the ordinary transition contains a single relevant scalar
operator which is Zy odd, and corresponds to 8dgz3 in the Landau-Ginzburg
description. Finally there are two relevant scalars in the BCFT for the special
transition, one Zs odd and the other Z, even, corresponding respectively to QAS
and 2.

In d = 2, the extraordinary transition is associated to the Cardy boundary
states |1)) and |¢)) labelled by the identity and the energy, respectively. We
have

1) )+ )+

L2 1
ARV AR
B \/5! 7 717

where the kets on the right-hand side denote Ishibashi states. We see that the
two states are physically equivalent since they are related by Z, conjugation.
The ordinary transition is associated instead to the Cardy boundary state |o))

(6.1)
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labelled by the spin, which is given by

o) = 11) — ) - (6.2)

There is no 2d BCFT associated to the special transition, since the one-
dimensional boundary cannot order dynamically at non-zero temperature and
so the surface transition is absent.

6.1 Implementation for Scalars

In this section we adapt the numerical methods of [3] to the boundary boot-
strap equations and derive exclusion curves for operator dimensions and OPE
coefficients. The results we obtain below will depend sensitively on some as-
sumptions about the boundary operator spectrum and thereby fall naturally
into different categories related to the different possible boundary conditions.
Following [1] we will focus mainly on correlation functions of the o operator in
the three-dimensional Ising model, whose possible boundary conditions were
presented in figure 6.1. For reasons to be discussed in subsection 6.1, our focus
will be on the special and eztraordinary transitions, which will respectively be
discussed in subsections 6.2 and 6.3 below. The relevant bulk and boundary
operator product expansions and scaling dimensions are summarized in table
6.1. For d = 4 there are several operators that do not appear in OPE and we
indicated this with a dash. The quoted values for the Ising model in d = 3
are of course approximate, but good enough for the numerical precision of this
paper. We were unable to find a reliable estimate of the dimension of the &
operator for the special transition.

Let us review how to implement the optimization problem numerically.
The following techniques were explained in great detail in [3, 44] so we shall
be brief. We start by isolating the contribution of the identity operator in
equation (5.21),

== Mar Foun (D ) + €2 (aé + 742 foay (A 5)) . (63)
k !
and introduce the compact notation,

1= paFa(). (6.4)
A
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bulk special extraordinary

oxo=14ec+e +e"+-- c=6+6+ ||o=1+Tyu+--
d 2 3 4 d 3 4
A, 5 0.5182(3) | 1 Ay || 042 ] 1
A, 1 1.413(1) | 2 As || 7 -

Ao || 4 3.84(4) | -

Ao || 8 | 46711) | -

Table 6.1: Bulk and boundary operator product expansions and operator di-
mensions in the Ising model in various dimensions. There is no special tran-
sition in two dimensions. For the extraordinary transition the first boundary
operator is T whose dimension is always equal to the spacetime dimension d.
The results for d = 3 are approximate and were obtained from [1, 2] whereas
the results for d = 2 and d = 4 can be found in the appendices.

where

ba = (/\kakaCLQOa:u%)a
FA(€) = (= fou(Qr; ), 2, 65 fray (A €))

With these definitions equation (6.4) is analogous to the sum rule of [3]. There
is however a crucial difference between the boundary problem that we are
studying compared to the four-point function crossing symmetry of [3]: even
assuming unitarity (as we shall always do) the coefficients pa are not all guar-
anteed to be positive. They are certainly positive in the boundary channel,
since they are squares of real numbers, but in the bulk channel the combi-
nation Agay is not manifestly positive. Indeed it is not difficult to find coun-
terexamples (such as a free scalar with Dirichlet boundary conditions). In the
following, we will assume positivity for the bulk expansion such that pa > 0 as
in the four-point function case. The conjecture is that for a given bulk CFT,
there exists a choice of boundary conditions that exhibits positivity. In the
Ising model, the ordinary transition is excluded from our analysis, since both
signs occur in the bulk expansion (as can be demonstrated in d = 2 and in
d = 4 — € dimensions). We will however assume positivity for the special and
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the extraordinary transitions. This assumption is supported by the results in
the previous section as well as in appendix D. We have found positivity of the
bulk block coefficients around d = 4, both for the free field and the Wilson-
Fisher fixed point at order €, as well as in d = 2 where it is a consequence of
the positivity of the first two coefficients in the first line of (6.1). In appendix
D.7 we also found that the coefficients for the special transition are positive
in the O(N) model at large N for any dimension.

We are now ready to start extracting information from the sum rule (6.4).
The simplest possible bound can be obtained as follows: We allow for the bulk
spectrum to span all possible values consistent with unitarity,

d—1

Apuik > —5 (6.7)

while restricting the boundary spectrum to be greater than a given value,
Abdy 2 Amin . (68)
Then, we consider a functional A with the following properties,

0, (6.9)
0, (6.10)

where, according to our definitions, Fa stands for any of the blocks appearing
in (6.6) with scaling dimensions obeying (6.7) and (6.8). If such a functional is
found, equation (6.4) becomes inconsistent and we can rule out that particular
CFT. The idea then is to see how high we can push A ;,.

Before implementing the machinery of linear functionals we need to choose
a set of “coordinates” in our function space. We will parametrize the blocks
by an infinite vector of derivatives {F&} evaluated at £ =1,

9 Fa(§)
k A
Fi = —5e n

(6.11)

and crossing symmetry becomes now an infinite set of algebraic equations.
In order to make the problem numerically tractable we will discretize the
spectrum of bulk and boundary dimensions and consider a maximum number
of derivatives. With this truncation we have an optimization problem with
a finite dimensional set of inequalities, this is an example of a linear pro-
gram. In order to solve the linear programs we used the Mathematica routine
LinearProgamming and the IBM ILOG CPLEX Optimizer. In all our plots
below we used a grid of 0.01 and a total of 15 derivatives.
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6.2 Special transition

In the following we present our numerical results for the special transition. The
one-point function of the bulk spin operator o vanishes since the Z, symmetry
is unbroken by the (Neumann) boundary conditions. As we have emphasized
in the previous subsection, positivity of the bulk channel coefficients will be a
working assumption.

6.2.1 Simplest bound for the boundary channel

Let us start by plotting the simplest possible bound of the form described
above. Our only assumption for the bulk spectrum will be the three-dimensional
unitarity bound, Ay > 0.5, but otherwise bulk operators of any dimension
are allowed to appear in the OPE. Crossing symmetry and positivity however
imply that the conformal dimension of the lowest dimension boundary oper-
ator cannot be arbitrary. Instead, we found that depending on the external
dimension the first boundary operator has to lie below the curve of figure 6.2.

Abd [
Y13

1.2

11

1.0f

0.9F

052 054 056 058 060 062 064

Aext
Figure 6.2: Upper bound for the first boundary operator in the special transi-
tion.

Although this is a correct bound, we should mention the following caveat:
The bulk block blows up at the unitarity bound and our more precise assump-
tion for the bulk spectrum was actually Apux > 0.5 + 107%. Unfortunately, it
turns out that the numerics are quite sensitive around this point. For example,
the bound becomes much stronger if we change our assumptions on the bulk
spectrum to Apux > 0.51. Because of this, we do not consider this plot to be
particularly relevant but it serves as a good warm-up example before tackling
the most interesting cases below.
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6.2.2 Improved bound for the boundary channel

The boundary bound obtained above can be improved by making further as-
sumptions. In the bulk channel decomposition of a scalar two-point function
we expect, on physical grounds, a “gap” between the unitarity bound and the
conformal dimension of the first operator appearing in the bulk OPE. For ex-
ample, according to table 6.1, in the three-dimensional Ising model the first
bulk operator appearing in the OPE of the spin operator ¢ is the energy op-
erator ¢ with A, = 1.41, far above the unitarity bound. Clearly, allowing
for the bulk spectrum to go all the way down to the unitarity bound is very
unphysical. In figure 6.3 we present an improved bound in which we assumed
that the bulk spectrum satisfies Apue > 2Aext-

Ay 066f
0.64.
062
0,60
058/
056/
0.54]
052

T 052 054 056 058 060 062 064

Aext
Figure 6.3: Improved bound for the first boundary operator in the special
transition. The bulk spectrum is assumed to satisfy Apui > 2Acx.

Our solution seems to indicate that the bound cannot go below the straight
line where Ay = Aeyi. The reason for this is the trivial solution (z;—zy) 28
which we discuss in appendix D.5. This two-point function contains no non-
trivial bulk blocks and thus effectively has an infinite gap in the bulk spectrum.
On the other hand, it also has a boundary channel expansion which starts
with a block of dimension A and our bound of course cannot get past this
particular solution. In a sense, the bound is optimal in this case, going down
until it hits a known solution to crossing symmetry.

For the Ising model the dimension of the first boundary operator has a
value of ~ 0.42 and is well inside the allowed region of figure 6.3. Ideally, we
would have found a plot with some striking feature around this value, like the
kink of [1]. However, in our case the trivial solution is standing in the way.
A qualitative explanation for this difference appears in the epsilon expansion
results. Namely, the anomalous dimension of the € operator (which is ¢? in
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d = 4) is positive at one loop, so the Ising model lies above any trivial (mean
field-like) solutions for the bulk four-point function. On the other hand, the
one-loop anomalous dimension of the first boundary operator is negative, so we
end up below the trivial solution. This was of course largely a coincidence - we
are not aware of any fundamental reason requiring these anomalous dimensions
to have a definite sign. Some effort was made in order to circumvent the trivial
solution but we did not succeed in obtaining reliable “kinks” that highlight
the presence of the Ising model.

We would like to stress however that our plot is still teaching us something
very non-trivial: the lowest boundary dimension can never be greater than
the external dimension. Interestingly, this result precisely implies that the
bulk-to-boundary OPE is never regular, see equation (5.21). It would be very
interesting to find a more direct argument for this result —perhaps even one
that does not rely on our specific assumptions.

6.2.3 Bounding the second boundary operator in the
Ising model

Our assumptions in the previous section were almost minimal, and the result

is a general bound valid on the space of BCFTs. In this section we will

take a closer look at the three-dimensional Ising model and attempt to bound

the second boundary operator. We will do so for both the (co) and (e¢)
correlators. Using the results from table 6.1 we can assume that!

Aot = 0.518,
Apuie > 1.41,

Al ~ 042,
AR 2 a8

min *

(6.12)

In the boundary channel the first block corresponds to 6. We assume that it
sits isolated at A&)y ~ 0.42 and that all the subsequent blocks have a scaling

dimension greater than Afjﬁn. Proceeding as before we push Afﬁi)n as high as
possible until the CF'T becomes inconsistent. This will give us an upper bound
for the dimension of the second operator ¢’, only valid for the (oo) correlator
of the 3d Ising model. Because ~ 0.42 is our less precise value we will explore
a range around this number. Our result is shown in figure 6.4.

The same can be done for the (eg) correlator. The statistical mechanics

!The number in parenthesis label the operators on the boundary channel,“(1)” being
the lowest.
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040 045 050

1
Abdy

Figure 6.4: Upper bound for the dimension of the second boundary operator
in (o) as a function of the dimension of the first boundary operator.

data [2] in this case are

Ay = 141,
Apuk > 3.80,

Al ~0.75,
A(2) > A(2)

bdy =~ ““min *

(6.13)

and the resulting bound is shown in figure 6.5.

Unfortunately, we were unable to find reliable estimates of the scaling di-
mensions of the second boundary operators in the statistical mechanics liter-
ature. It would of course be interesting to compare our values with e.g. a
two-loop computation for the Wilson-Fisher fixed point.

6.3 Extraordinary transition

In the extraordinary transition the boundary identity operator is always present,
so bounding the lowest boundary dimension is not an interesting exercise in
this case. The second boundary scalar operator is expected to be T, the en-
ergy momentum tensor with indices in the normal direction, evaluated on the
boundary. This operator is always present in the boundary spectrum and has
conformal dimension exactly equal to d, see [59] for details. Having so much
information about the boundary channel we would like to address the follow-
ing question: can we bound the bulk spectrum using the boundary bootstrap?
We will show below that this is indeed possible, although our bound is weaker
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Figure 6.5: Upper bound for the second boundary operator in (e¢) as a function
of the first boundary operator.

than the one obtained in [1] who used the crossing symmetry equations for the
bulk four-point function.

6.3.1 Bound for the bulk channel

The assumptions for the extraordinary transition are

Abulk Z Amin .

Al =0, (6.14)
Al(:)%d)y Z d’

where we used a notation familiar from the previous subsection. The fact that
A,(oh)y = 0 corresponds to the boundary identity operator which sits isolated,
and we then allow for any operator with a dimension greater than (or equal to)
d to be present in the boundary channel. A, is the lowest bulk dimension and
the quantity we want to bound. In figure 6.6 we plot our bound as a function of
the external dimension. Because figure 6.6 can be directly compared with the
bound of [1] we have superimposed their result on our plot. We can see that
the bound obtained using the boundary bootstrap is qualitatively different, it
is weaker and has no kink at the Ising point. Since we successfully found an
“optimal” bound for the boundary spectrum in the previous subsection, it is
surprising that our bulk bound does not exhibit any of the expected features.

There are two possible explanations for the discrepancy seen in figure 6.6.
First, there may be a spurious solution to crossing symmetry that we have not
found yet and that prevents the bound from going lower. If such a solution
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Figure 6.6: Bulk bound for the extraordinary transition as a function of the
external dimension. The dashed line corresponds to the (stronger) bound
obtained in [1] using the bulk crossing symmetry equations.

exists then it would be interesting to understand whether it corresponds to a
full-fledged BCFT or not. Notice that this solution would appear to violate the
bound of [1] but this may be due to the fact that certain operators do not get
one-point functions and therefore do not appear in our bulk block expansion.
The second explanation is that our numerics are not precise enough and that
we would be able to lower the bound by increasing our numerical precision.
We offer some comments on this second possibility below.

Bulk bound for arbitrary d

One of the advantages of studying the boundary problem is that the blocks
are an analytic function of d. In figure 6.7 we plot the bulk bound obtained
above for different dimensions including non-integer values.

The bound we find is always significantly different from any known solu-
tions to crossing symmetry. In particular, in the figure we have shown the line
interpolating through the minimal models in d = 2 and the Ising model for the
integral dimensions. Again, it would be interesting to understand if this is due
to our finite numerical precision or whether there exist ‘spurious’ solutions to
the crossing symmetry equations at the current bounds.

6.3.2 Upper bound for T,a OPE coefficient

The method of linear functionals can also be used to bound OPE coefficients.
In [42] a universal upper bound for the OPE coefficient of three scalars was
found using the four-point function bootstrap. The same technique was used
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Figure 6.7: Bulk bound for different spacetime dimensions in the extraordinary
transition. We highlighted the Ising model in various dimensions with the
crosses. The dashed line is a specific solution for d = 2 which interpolates
through the minimal models, see appendix D.2.

in [43, 44] to obtain an upper bound for the OPE coefficient of the stress
tensor. This coefficient is inversely proportional to the central charge ¢ of the
theory so the result translates into a lower bound for c.

In this section we will use the boundary bootstrap to bound the coefficient
p? of the Ta boundary block Joay(d, ). We recall that this block is always
present in the extraordinary transition, see the OPE in table 6.1. We start by
imposing,

A(ER fray(d,€)) = 1, (6.15)
A(Fa) > 0. (6.16)

Applying this functional to the crossing symmetry relation (6.4) we obtain,
W2 < AL, (6.17)

where 2 is the OPE coefficient of fiay(d,&). The best bound is obtained by
minimizing the action of A on the identity. For the spectrum we require,

Abulk 2 2Aext )

Al =0, (6.18)
A2 >d.

Notice that we have again assumed a gap of 2A. in the bulk. We plot our
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result as a function of the external dimension in figure 6.8. Let us try to justify
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Aext
Figure 6.8: Upper bound for the coefficient of the Ty block as a function of
the external dimension. The dashed line represents and improved bound with
a stronger assumption for the gap, following the dashed line of figure 6.6 (see
text).

our choice of Apuk > 2Ac. A way to make the bound stronger would be to
increase the bulk gap above this value, the maximum value we can assume
for the gap is dictated by the bulk bound of [1], obtained using the four-point
bootstrap equations. In figure 6.8 we have thus plotted an improved upper
bound (dashed line) assuming Apu > f(Aexs), where f(A) is the function
represented by the dashed line of figure 6.6. It is clear that the upper bound
is not too sensitive to the assumed gap. For example, for the Ising model
Aet = 0.518, and the upper bounds are p? < 0.0734 and p2 < 0.0693 for
Apuk > 2(0.518) ~ 1.04 and Apukx > f(0.518) = 1.41 respectively. A change
of ~ 0.37 in the bulk gap translates into a change of ~ 0.0041 in the bound,
so at least for this example 2A. does a good job as a representative gap for
the space of CFTs.

The procedure used above generalizes with no major changes to arbitrary
dimensions, let us then make a quick comparison with some known values.
For the 2d Ising model the coefficient p% can be read from the conformal

block expansion in (D.5), it has the value u3 = ﬁ ~ 0.0221 whereas the

Linear Programming methods result in an upper bound z? < 0.0309. For the
extraordinary transition in the e-expansion equation (D.29) tells us pj = &~ =
0.10, whereas we obtained the upper bound p2 < 0.119 in four dimensions.

~Y

We see that the numbers agree reasonably well.
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6.3.3 Towards the Ising model

In analogy with [1] we may try to isolate the Ising model in various dimensions.
To this end we will improve the results of the previous subsection by using
as additional knowledge the dimension of the next scalar operator ¢’ which
appears in the 0 x ¢ OPE. According to table 6.1, in three dimensions this
operator has a scaling dimension A, of approximately 3.84 whereas in two
dimensions it has dimension 4 (it corresponds to L_yL_51). We again assumed
a boundary channel spectrum consistent with the extraordinary transition, i.e.
a possible one-point function and a gap equal to the spacetime dimensions d.

Summarizing,
Ag)lk > Ao,
AR =0, (6.19)
AZ > d.

with Ay fixed to the values of table 6.1. Our aim is now to find the possible
range of values that A](Dlu)lk can take. The resulting plots are shown in figure
6.9.
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Figure 6.9: Locating the Ising model in d = 2 (left) and d = 3 (right). The
plots show the dimension of a bulk operator versus the external dimension.
With the assumptions explained in the main text, we need at least one bulk
operator in the shaded regions. The Ising model is indicated with the cross in
both plots.

Notice that the plots give results that are qualitatively similar to those of
[1], in a considerably simpler setup. This is of course an encouraging result.
Furthermore, we also did not rule out the Ising model and this provides some
a posteriori justification for our assumption of positivity in three dimensions.
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It is however rather unfortunate that the bounds we obtain are relatively
weak. For this specific example we have tried different numerical implementa-
tions as well, for example we included more derivatives or evaluated the blocks
at different points like £ = 1/2 or £ = 2. In each case we were unable to sig-
nificantly lower the bounds. We have also attempted to improve the results
by imposing an additional gap between the second and the third operator in
the bulk channel. The third bulk operator has scaling dimensions 8 in d = 2
and approximately 4.6 in d = 3. Imposing this additional gap significantly
improved the bounds for d = 2 but unfortunately this was not the case for

d=3.

6.4 Numerical results for stress tensors

The numerical analysis of equation (5.40) proceeds largely as for the scalar
two-point function. In particular, we again translate the constraints of cross-
ing symmetry to an infinite vector of derivatives at ¢ = 1 and apply a linear
functional in order to exclude certain spectra, using the same numerical meth-
ods as described above. Notice that the Ward identities (5.39) can be used to
express derivatives of f and ¢ in terms of derivatives of h. We therefore do not
need to include more than the zeroth derivative for the f and g components if
we include many derivatives of the A component. There is again no guarantee
that the coefficients of the conformal blocks are positive in the bulk channel.
Just as before we will therefore have to assume this condition of positivity in
order to obtain bounds.

6.4.1 Bound on the bulk gap

In order to turn equation (5.40) into a useful equation to constrain conformal
field theories we have to decide which parameters we are going to vary. In
previous computations of this sort the canonical parameter was always the
dimension of the external field but for the stress tensor this dimension is fixed
to be d. In our first analysis we instead chose to vary the dimension of the
lowest spin 2 boundary block which we denote as A(;). We then obtain an
upper bound for the lowest bulk operator dimension as a function of Ay
which we plot as the upper curve in figure 6.10.

We may rephrase this result by saying that the upper curve in figure 6.10
informs us that the crossing symmetry equation (5.40) can only be satisfied if
there is at least one “critical” bulk operator with a scaling dimension some-
where below the curve. We can however subsequently ask whether this “criti-
cal” operator really could be sitting anywhere below the curve (and above the
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unitarity bound Apyx > 1/2). In fact it turns out that the region where such
an operator has to appear can be constrained even further: we can limit it to
the shaded region in figure 6.10. We conclude that for every A () there has to
be at least one bulk operator somewhere within this region. (There could in
addition be other operators, for example somewhere in the white “band” or
multiple operators in the shaded region, but none of this modifies the validity
of our claim.)

8 \
Apuic

6L

‘ 25 B 30 B 35 B 40 B 45 B 50 - 55 - ‘6.0
A

Figure 6.10: Bounds for the energy momentum tensor two-point function
in three spacetime dimensions. The upper curve is the upper bound Ay
for the first bulk operator as a function of the gap Ay for the first spin 2
boundary operator. The other lines denote further constraints for such a bulk
operator, to the extent that for every A() there has to be at least one bulk
scalar somewhere in the shaded region.

In figure 6.10 we assumed that the vector block was not present in the
boundary OPE of T},,. Upon repeating the analysis with a vector block we
obtained exactly the same curves for Ay > 3 (up to small deviations due to
the finite numerical precision), whereas for A < 3 we would not be able to
bound the bulk gap at all. The latter phenomenon has an easy explanation:
the bulk identity operator can be decomposed in the boundary channel into
the scalar block, the vector block and an infinite series of spin 2 blocks starting
with Ag) = 3. For A¢py < 3 and with the vector block present it is therefore
possible to have an infinite gap in the bulk (i.e. no bulk operators apart from
the identity) and so Apyy cannot be bounded. This is reminiscent of the
“trivial” solution for the scalar two-point function discussed in appendix D.5
which we found numerically in section 6.2.

The curves shown in figure 6.10 have several “bumps” and other features
whose origins are unfortunately unclear to us. For example, we were unable to
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find specific solutions of crossing symmetry that reflect the existence of these
bumps. It would be interesting to see if such solutions exist and whether a
conformal field theory is associated to them.

6.4.2 Bound on OPE coefficients in the three-dimensional
Ising model

In subsection 6.3.2 we discussed how to bound OPE coefficients in the confor-
mal block decomposition. Here we repeat the same procedure for the two-point
function of the stress tensor. We will again bound the coefficient of the bound-
ary operator Tya which in equation (5.40) corresponds to the coefficient N%o)
of the scalar block in the boundary channel. In addition, we decided to focus
our attention on the three-dimensional Ising model. In particular, we have
assumed that the bulk spectrum consists of operators with dimensions equal
to 1.41, 3.84, and any operator with a scaling dimension greater than 4.6.
We then obtain an upper bound on N%o) as a function of the unknown scaling
dimension A(y) of the lowest spin two operator in the boundary channel. We
assumed that no vector operator was present in the boundary channel. We
plot our results in figure 6.11.

Figure 6.11: Bounds for the coefficient of the scalar boundary block in the
two-point function of the stress tensor as a function of the gap Ay in the spin
2 boundary dimensions.

We find a rather surprising plateau for A,y between approximately 2.9 and
3.2 where N%o) ~ 11.5. From the results in appendix E we find that ,u%o) =4
in two dimensions and that iy = 640/¢ + O(e") in 4 — ¢ dimensions so at the
very least our estimate appears to have the right order of magnitude. It would
be interesting to compute the dimension of the first spin 2 operator appearing
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in the boundary channel in the epsilon expansion, since it is natural to expect
that the Ising model lies at one of the corners of this plateau.
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Chapter 7

Discussion and Future Work

The work presented in this thesis is naturally divided into two parts. Let us
summarize our results for each of them.

In the first part consisting of chapters 2, 3, and 4 we found N/ = 2 super-
conformal symmetry is more constraining than naively expected: it fixes the
one-loop Hamiltonian of N = 2 SCQCD completely, and that of the interpo-
lating quiver theory up to a single parameter. The same is true for the N' =1
superconformal algebra. Using the same techniques as in the N = 2 theory,
we constrained the one-loop dilation operator of N' = 1 SQCD. Both results
generalize the scalar sector calculations of [13] and [19]. For the A' = 1 theory
we worked in the “electric” description of the theory, at the Banks-Zaks fixed
point near the upper edge of the conformal window. It would be interesting to
apply the same strategy to the dual magnetic theory, at the Banks-Zaks fixed
point in the lower edge of the conformal window.

One-loop integrable subsectors are easy to identify in both theories, but
they are trivially isomorphic to analogous sectors in N/ = 4 SYM. The question
we would like to answer is whether these theories are completely integrable.
Armed with the full Hamiltonian we performed a systematic search of parity
pairs, a hallmark of integrability, in chapter 4. Our analysis indicates that the
presence of degenerate pairs is not as systematic in in the ' =2 and N =1
theories as it is in A/ = 4 SYM. These preliminary results are not particularly
encouraging, but also not conclusive.

In order to give a definite answer to the question of integrability, at least
for the A/ = 2 theory, in chapter 4 we studied the SU(2|1) sector spanned by,

{¢: Aoy M} (7.1)

We fixed the two-loop Hamiltonian using algebraic techniques up to two unde-
termined coefficients. It turned out that the Yang-Baxter equation for magnon
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scattering is not satisfied in this sector. This proves that N'= 2 SCQCD can-
not be completely integrable. For N' = 1 SQCD we don’t have a proof of
non-integrability, but the results for N' = 2 together with the parity pairs
analysis seem to indicate that this theory is not fully integrable as well.

Even if the complete theories turn out to be non-integrable, we can still ask
whether there is scope for integrability in some closed subsectors. In chapter
4 we argued in favor of the the SU(2,1|2) subsector spanned by

{Did(b?lpid >\Z+ ) ,Dﬁd -FJrJr} ; (72)
and the SU(2,1|1) subsector spanned by
[DE Ay, DhyFiu). (7.3

In the N' = 2 case, while at one loop its Hamiltonian coincides with that
of N = 4 SYM, it will start differing from it at sufficiently high order. It
will be very interesting to investigate whether integrability is preserved. The
two-body magnon S-matrix is completely fixed by symmetry (up to the over-
all dynamical phase) to be the SU(2|2) S-matrix of [7], which automatically
satisfies the Yang-Baxter equation. Still, integrability is by no means obvi-
ous, since factorization of the n-body S-matrix is a stronger condition than
Yang-Baxter. If this sector turns out to be integrable to all loops, its differ-
ence from the analogous sector of N' =4 SYM would be fully encoded in the
expression of the dynamical phase and of the magnon dispersion relation. The
difference with N' = 4 SYM should start appearing at three loops [14]. For
N =1 SQCD, the SU(2,1|1) sector exists of course also in the dual magnetic
theory, so its integrability may allow to interpolate across the whole conformal
window. We look forward to future investigations of this scenario.

In the second part of this thesis, consisting of chapter 5 and 6, we explored
the constraining power of crossing symmetry for BCFTs in general spacetime
dimension. After discussing the basic setup in section 5.1, we illustrated the
relative simplicity of the “boundary bootstrap” in section 5.2 where we found
exact solutions with at most two blocks in each channel. We have then applied
the linear programming methods of [3] to the boundary crossing symmetry
equations for both scalar operators and stress tensors. With our assumption
of positivity for the bulk expansion coefficients, we have demonstrated that
these methods can be useful in the BCFT setup as well and that they lead
to interesting universal bounds on scaling dimensions and OPE coefficients.
Several of our results warrant a more detailed theoretical investigation. For
example, the bound on the second boundary operator in the special transition
and the T,y OPE coefficient in the extraordinary transition should be compared
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with computations in the epsilon expansion. Similarly, our numerical results of
section 6.2 indicate that the bulk-to-boundary OPE always has to be singular,
a result that should be put on a more solid theoretical footing. Finally, our
results for the stress tensor are rather mysterious and certainly call for further
investigations, beginning with the one-loop anomalous dimension of the spin
two boundary operator in the extraordinary transition.

It is unfortunate that the distinct “kinks” of [1] appear not to be generically
present in the BCFT bounds. We emphasize that this (negative) result is
completely independent from our positivity assumption, indeed in d = 2 we
see no kink but we know that the exact result does exhibit positivity. It
would be interesting to see if there is another solution to crossing symmetry
“standing in the way” and thereby preventing us from obtaining such a kink.
More generally our results are a reflection of the fact that there is currently
no deep understanding of why and when such kinks will appear. It would of
course be very interesting to understand this phenomenon better. We hope
that our numerical results will be helpful in further investigations.

The weakest point of our analysis is admittedly the assumption of positivity
for the bulk expansion coefficients. While we have presented strong evidence
that it is satisfied for the special and extraordinary Ising BCF'Ts, it would
be desirable to find a proof. A possible approach would be to derive rigorous
inequalties for boundary correlators on the lattice.

It is clear that the possibilities for further numerical exploration are prac-
tically unlimited. This paper is a first attempt to investigate the boundary
bootstrap with a focus on the three-dimensional Ising model, but we feel we
have just scratched the surface and that there are many interesting open ques-
tions. To mention a few, there are many other operator dimensions and OPE
coefficients to be bounded, one may extend our results to supersymmetric
theories, and to spacetime dimensions greater than four. Furthermore, the
relatively simple form of the conformal blocks makes the boundary bootstrap
especially suitable for investigations involving tensor operators, a research di-
rection that is much more involved for the bulk four-point function in a theory
with no boundary. Finally there is the prospect to broaden the setup and
include conformal defects of all possible codimensions.

The Supersymmetric Bootstrap

The two lines of research presented in this thesis can be somehow combined
by adding supersymmetry to the bootstrap equations. In this last section we
will discuss its implementation and some preliminary results. Let us start by
considering the more familiar case of crossing symmetry for a scalar four-point
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function in a “bulk” CFT (i.e. without the presence of a boundary). This

correlator is fixed by conformal symmetry up to two conformal invariants u
and v: (u.v)
g(u,v

(0(x1)d(w2)P(23)0(74)) = x5, » (7.4)
L1z Tog

where Ay is the conformal dimension of ¢. The function g(u,v) is arbitrary

and using the OPE decomposition

$(x)p(0) = > AoClz,0]0(0) (7.5)

Oepxop

we can write it as a sum of conformal blocks,

g(u,v) = Z N gae(u,v). (7.6)

Ocpxo

The sum goes over the conformal primaries O of dimension A and spin ¢ and
the block ga ¢(u,v) encodes the contribution of the whole conformal family
generated by O. For four dimensions, explicit expressions for these blocks
in terms of hypergeometric functions were found in [72]. Invariance under
1 <> o9 and 1 <> x3 implies:

AN

> Nbgauv) = (5)7 Y Nbgarlv,u). (7.7
Ocpxd O€px¢

Isolating the contribution of the identity operator we can write a “sum rule”

suitable for linear programming techniques [3]:

1= AoFa(u,v) (7.8)

where A A
V29 ga (U, v) — utga (v, u)

Fao(u,v) = ulde — phe

(7.9)

Now, the sum goes over all the primaries O appearing in the ¢ x ¢ OPE,
in supersymmetric theories, different conformal primaries can be related by
supersymmetry transformations. This usually implies that different three-
point couplings are related to each other and we can further constraint the
conformal block expansion.
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7.1 An N =2 superconformal fixed point with
Eg symmetry

Our discussion will be more transparent if we consider a particular example.
Let us study then how crossing symmetry works for the A/ = 2 theory of
Minahan and Nemeschansky found in [73].! This is a strongly correlated theory
with no Lagrangian description and therefore hard to study. It has an Eg flavor
group with an associated current .J,4, this current sits in a superconformal
multiplet whose lowest weight state is a scalar. The structure of the multiplet
is shown in table 7.1.

¢

@bg ,’I)I &

p Jad ﬁ

Table 7.1:  Field content of the B, multiplet. The arrows v and \ correspond
to the action of the Q@ and Q47 supercharges respectively.

Being a scalar, the lowest weight state can be studied using the crossing
symmetry techniques described above. There is however a technicality that
we did not discuss in this work, the fact that the scalar ¢ is in the triplet of
SU(2)r and in the adjoint (78) of the flavor group (we are suppressing flavor
indices). This means that there are several channels in the OPE decomposition
of ¢ x ¢. Apart from the SU(2)g channels

3x3=1+3+5, (7.10)
we also have the Fg Clebsch-Gordan decomposition,
78 x 78 =1+ 650 + 2430 + 78 4 2925. (7.11)

In principle, we have 15 different channels all with their associated crossing
symmetry equation. It turns out that the three SU(2)g channels are related

Bootstrap equations with A" = 1 supersymmetry were studied in [44].
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to each other [74] and so we are left with five different crossing symmetry
equations. Crossing symmetry for scalars with flavor quantum numbers were
studied in [45-47].

Having understood the flavor structure what remains is to impose the con-
straints coming from AN = 2 superconformal symmetry. This analysis was
done in [74] and we will quote their results here. As usual, we will follow the
conventions of [20] for superconformal multiplets. The flavor current multiplet
shown in figure 7.1, denoted by Bl, has the following OPE decomposition,

Bl X Bl ~ 1+ Bl + Bz + CAR:()(J'J') + CARzl(jJ) + A%:O,T:O,(j,j) . (7.12)

Here 1 correspond the identity operator, B, is a short multiplet in the same

family as Bl, Cre 0(j.j) and Cre 134) are semi-short multiplets and AR 0,r=0,(5.5)

denotes the long-multiplets. The C R=0(0,0) and B, multiplets contain the stress
tensor T, ; 55 and the flavor current Ju4 respectively. Its three-point couplings
are therefore proportional to the central charge ¢ and the flavor central charge
k. From the point of view of the bootstrap equations, these central charges
are arbitrary parameters. For the Fg theory we are studying we will fix them
to their known values: ¢ = % and Kk = 6.

Each of the superconformal multiplets appearing in the OPE (7.12) is com-
posed of a finite number of conformal multiplets. This means that we can
assemble different conformal blocks into one “superconformal block”. For ex-
ample, the superconformal block that encodes the contribution of the long
multiplet A%:o,rzo( is given by [74],

,(3.9)
N=2 1 1
gA,Z = gAL — gA+1441 — ZQA—H,E—I + ZQA-i—Q,K
(A+ 0+ 2)? B (A+0+2)?
AA L+ DA+ 0+3)722 2 T 16(A + 0+ 1)(A + £+ 3) 7231
(A—10)° (A—20)°

+64(A —0—1)(A -+ 1)9A+2,E—2 - GiA—(—1)(A—(+ 1)9A+3,ef1

(A+1+2)%(A—1)?

+256(A—|—€+ DA+L+3)(A—0—1) (A -1+ 1)9A+4,e.

(7.13)

As stated above, we have several conformal multiplets contributing with their
respective three-point couplings related by supersymmetry. The conformal
blocks for the short and semi-short multiplets in (7.12) were also calculated
n [74]. We can now set up the crossing symmetry equations with the extra
constraints coming from supersymmetry.

Let us skip the details and present some preliminary results. In table 7.2
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we show an upper bound for the first non-protected scalar in each of the Fj
channels. The columns correspond to the number of derivatives considered
(12,18,22,26). As the derivatives increase, the bound becomes stronger.

12 18 22 26

1 6.55 5.10 4.80 4.72

650 | 3.54 3.42 340 3.36

2430 | 4.84 4.66 4.62 4.60

78 | 5.00 4.75 4.65 4.55

2925 | 530 520 5.15 5.15

Table 7.2: Upper bound for the first non-protected scalar in each of the Ejg
channels. The columns correspond to the number of derivatives considered in
the linear programming.

From the table is clear that the bound has not reached a stable value
and that we need to increase our vector space by adding more derivatives
and maybe using a finer grid. The hope is that once the bound reaches a
stopping point it would correspond to the actual value of the dimension of the
first operator in the OPE, a piece of information that is inaccessible by other
means.

The supersymmetric bootstrap also allows us to study the space of su-
perconformal theories. We could plot the bounds for the first non-protected
scalars as a function of ¢ and k (generalizing table 7.2) and look for kinks or
features (in the spirit of [1]), with the hope of discovering new superconformal
theories. We can also generalize our analysis to flavor groups other than Fg.

Moreover, the B, four-point function is not the only one that can be boot-
strapped. For example, the stress tensor multiplet Cr—o(,0) also has a scalar
as a lowest weight state and can be analysed using bootstrap techniques. The
superconformal blocks for this multiplet however, have not been calculated
yet, and that is a research project on its own.

As we can see, the supersymmetric bootstrap is a beautiful merging of
the two lines of research presented in this thesis. It is a promising research
direction with a lot of new results waiting to be uncovered and we hope to
come back to it elsewhere.
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Appendix A

N =2 Superconformal Algebra

In this appendix we present a collection of results for the N' = 2 superconfor-
mal algebra, necessary for the calculation of the complete one-loop Hamilto-
nian presented in the main text.

A.1 N =2 Superconformal Multiplets

Detailed studies of the possible shortening conditions for the A/ = 2 supercon-
formal algebra were performed in [20, 75, 76]. In this appendix we summarize
their findings in table A.1, following the conventions of [20].

A generic long multiplet of the A/ = 2 superconformal algebra is denoted
by 'Aé,r(j,j)' It is generated by the action of the 8 Poincaré supercharges Q

and Q on a superconformal primary, which by definition is annihilated by
all the conformal supercharges §. When some combination of the Q’s also
annihilates the primary, the corresponding multiplet is shorter. |R, r)?j% is the
highest weight state with eigenvalues (R,r,jj) under the Cartan generators
of the SU(2)g x U(1), R-symmetry and of the Lorentz group. The multiplet
built on this state is denoted as X, ;j), where the letter X characterizes the
shortening condition. The left column of table A.1 labels the condition. A
superscript on the label corresponds to the index Z = 1,2 of the supercharge
that kills the primary: for example By refers to Q,'. Similarly a “bar” on
the label refers to the conjugate condition: for example By corresponds to
()2 annihilating the state; this would result in the short anti-chiral multiplet
BR,r(j,O)y obeying A = 2R — r. Note that conjugation reverses the sign of r
and exchanges j and j in the expression of the conformal dimension.
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Shortening Conditions Multiplet

By | QL|R, r)hw- =0 i=0 A=2R+r Br.r0)
By | Qaa|R,r) =0 j=0 A=2R—r Br.(j,0)
£ | BinB, R=0 A=r €r(0,7)
E | BiNB,y R=0 A=—r 1 (.0)
B | BB r=0,j,j=0 |A=2R Br
&1 | QYR =0 A=242j+2R 47 | Cryg

(QY)?|R,r)v =0 for j =0 A=2+2R+r CR(0.7)
C edBQ25|R, ryhw. — A=2+2j+2R—r | Cpr,;7

(D2)?|R,r)w =0 for j =0 A=24+2R—r Crr(j,0)
F | CinGy R=0 A=24+2j+r Coyr(]-j)
Flane R=0 A=2+2j—r Co.r(3.j)
C |CinG, r=j-—j A=2+2R+j+]j | Cryj
Flanenang R=0r=j—j |A=2+j+] Co(i)
D | BiNCy r=j+1 A=1+2R+j Dro.5)
D | BaNC —-r=j+1 A=1+2R+j Dr(j0)
G | ENCy r=j+1,R=0 |A=r=1+j Dy o,j)
G |Ena —r=j+1,R=0|A=—-r=1+j Do(;.0)

Table A.1: Shortening conditions and short multiplets for the N' = 2 super-

conformal algebra.

A.2 Oscillator Representation

In this appendix we descibe the oscillator representation of the N' = 2 su-
perconformal algebra SU(2,2|2). We introduce two sets of bosonic oscillators

(a®, al), (b% bl) and one set of fermionic oscillators (cZ,ch), where (o, c)
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are Lorentz indices and Z is an SU(2)g index. In addition we will need

two more “auxiliary” fermionic operators (d,d') and (&,&T). The non-zero
(anti)commutation relations are

[a%, ag] = d3, (A.1)
bbl] = df, (A.2)
{ct, c}} = 6%, (A.3)
(d,d"} = {d,d}=1. (A.4)

In this oscillator representation the generators of SU(2,2|2) read
QaI = aLcI, Qur = bj-lcTI, (A.5)
S;% = cla®, S =bc?, (A.6)
P.; = aibl, Ko = aob? (A7)
L = agaa — %(ﬁaia'y, (A.8)
L ﬁ.d = bgbd — %5gb;b*, (A.9)
RS = Cir,]CI - %(5§C}LCCK, (A.10)
ro= —%C,ch’C + %de + %(NiTa, (A.11)
D = 1+ %aiya7 + %bgb% (A.12)
= 1-ala’+ %bgb* Seket - ;de — %a*a. (A.13)

Here C' is a central charge that must kill any physical state. It could be
eliminated from the algebra by redefining r + C' — r, but it is useful for
implementing the harmonic action so we will keep it. The quadratic Casimir
operator is

1 1 0 1agaa 1
1 o 1 - . 1 o

—51Q07, 81 = 51Qar, 8] = S{Pyy K7} (A.14)
1

—5r+O)r+C).
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A.2.1 Vector multiplets V and V

We define a vacuum state |0) annihilated by all the lowering operators. Then

we identify

DFF
DFE
D*¢

and

For example,

Ara = alch|0),  Azs = blchdid'|0).

al)®(b1)¥+2(ch?atd’|o) ,
al)k (b1 (c) dd |o),
ahf (bt (chdtd'|o).

(A.15)
(A.16)
(A.17)

(A.18)
(A.19)
(A.20)

(A.21)

It’s easy to see that all the quantum numbers match, including the zero central

charge constraint.

A.2.2 Hypermultiplet H

Similarly, for the hypermultiplet we identify

DrQ
DFQ
D)
Dk
D)
Dk

( 0
al)*+1(bf)kd’[0 >

N (c )2d 0),
al)*(b") 1 (ch)2d'|0) .

A.3 Two-letter Superconformal Primaries

By demanding that they are annihilated by all the conformal supercharges and
by the appropriate combinations of Poincaré supercharges, we have worked
out the expressions for the superconformal primaries of the irreducible mod-
ules that appear on the right hand side of the tensor products (2.9)—(2.14).
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The grassmannOps.m oscillator package by Jeremy Michelson and Matthew
Headrick was extremely useful for this task. We simply quote the results:
Y x V:

Ex00) = 00, (A.28)
D%(%) = A9 — QA4 (A-29)
g—1 k
; —1)"(q—1\(q . .
k=0

g—1 .
(S (7)o
k=0
+ Z (q . 1) (Zj: ;) DI DNEL +> . (A.30)

For V x V the expressions are identical with (¢, A, F) replaced by (&, A, F).
The Casimir operator acting on these modules gives

Tt2E2(0,0) 0, (A.31)
JiCozr azty = (a+1)(¢+2)Coar a1y, ¢ > —1 32)

VxH
@%(070) = ¢Q1 3 <A33>

. +1 _ _
Coal gy = Z(—l)k (Z) (q I ) (DT * X0 DF Q1 — DTFN . DFQs)

) AW/ P A
() (i orente.
qg—1\(q+1\ ks kT
+qzk+1< . )( i )D Fo Db (A34)

As before, for V x H we replace (¢, \, F) and (1/},12) by its conjugates. The
action of the Casimir is

A 3 5 4
J122Co(q2i1,g) =(q+ 5)(9 + 5)60(%5), q=—1. (A.35)
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25%(0,0) = Q b, (A.36)
. +1 _ X — i
Cocetrg) = ( )(ZJr 1) (D QDA = DT Q1D Aoy
1
() (e
k=0
q-1 k _
—1 qg—1 qg+1 .= .
+q (k+)2( L )(kH)Dq L DRFL L (A.37)
k=0
H x H:
Bl = Ql@l; (A38)
q
Cogy) = Z(_l)k(Z> (Z) (D" @D"Q: - D" QD" Q)
k=0
S G CAY L B P
0> 1) U )P e D
k=0
q—1 k _
~1 I\ kT
k=0
with
JoCorg.g) = (@ + (g +2)Cog,9), ¢>—1. (A.40)
Y xV
5 _ 2(¢+2) [ v k(DN (9 ng—F 1k T
Cog.9) = g+ 1 (k:o(_l) p )\ )P oD
q—1 k
=D (q\ (q+1 _ - 3 _
SR () e o
k=0
q—2 k
—1)"(q+1\[(q+2 _ _
e (k+ 2 <k + 1) ( k )Dq kj:HDk}_H) ' (5.4)
k=0

For V x V we conjugate all fields.
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Appendix B

N =1 Superconformal Algebra

In this appendix we present a collection of results for the N' = 1 superconfor-
mal algebra, necessary for the calculation of the complete one-loop Hamilto-
nian presented in the main text.

B.1 N =1 superconformal multiplets

In this appendix we summarize some basic facts about A/ = 1 superconformal
representation theory [22]. A generic long multiplet Af( i1.7) 18 generated by the
action of 4 Poincaré supercharges Q, and Q, on a superconformal primary
which by definition is annihilated by all the conformal supercharges S. In
table B.1 we have summarized the possible shortening and semi-shortening
conditions.

B.2 Oscillator Representation

In this appendix we describe the oscillator representation of the AV = 1 su-
perconformal algebra SU(2,2|1). We introduce two sets of bosonic oscillators
(a®, al), (b bl) and one fermionic oscillator (c, c'), where (o, ¢t) are Lorentz
indices. In addition we will need three more “auxiliary” fermionic operators
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Shortening Conditions

Multiplet

B | Qulr)hv- =0 j1=0 A=—35r B (0,32)
B | Qalr)v =0 j2=0 A=3gr B, (j1,0)
B|BnB J1,dayr =10 A=0 B
C 6aﬁgﬁ‘r>g~w =0 A=2+42j — %7‘ Cr(j1,4a)
(Q)2[r) = 0 for j1 =0 A=2-3r Cr0,52)
C edBQBIwZ'w' =0 A=2+2p+51 | Cogjyja)
(Q)*r)"* =0 for j2 =0 A=2+5r “r(1.0)
¢clcne 2r=(j1—J2) A=2+jGi+j2 | Ch
D|BnC G1=0,—3r=jo+1|A==3r=1+js | Dy,
D | Bnce ja=03r=ji+1 |A=3r=1+j4 | Dy

Table B.1: Possible shortening conditions for the A/ = 1 superconformal alge-

bra.

(d;,dl), i = 1,2,3. The non-zero (anti)commutation relations are

a Lt _ e
[a 7aﬂ] - 55 )
a 1t sa
{c,c'} = 1,

{d,dl} = 6.

In this oscillator representation the generators of SU(2,2|1) are given by

Qa = 3207
S = cfa®
Pa,@" = agb

Qd = bl'CCT )
S% = bc,
Kod = ao‘bB7
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1
a_ toa _ Tea f_ v
Ly =aza 255a7a ,

. . 1 . .
LY = bgba — ~§%pib7,

B 27877
te - Latq, — 1qt i

r=ccC— gdldl — §d2d2 — dgdg,

1 1 .
Dzl—{—éaiav—kébfyb%

1 1 1 1 1

_ t t t t

C—l—ﬁa,yav—l—gb&bw—icc—§dld1—§

Here C is a central charge that must kill any physical state.

did, —

(B.8)
(B.9)
(B.10)
(B.11)

(B.12)

It could be

eliminated from the algebra by redefining » + C' — r, but it is useful for

implementing the harmonic action so we keep it.

B.2.1 Vector multiplets V and V

We define a vacuum state |0) annihilated by all the lowering operators. Then

we identify

D'F = (al)**2(b')H]0).
Dy = (ah)*!(bl)ello).

and
D'F = (ah)i(bh)clalj0)
DFA = (ah)*(bh)*+1di|o).
B.2.2 Chiral multiplets X and X

Similarly, for the chiral multiplets we identify

DFQ = (ah)¥(b)*cdl|0),
Dy = (ah)k!(bh)*d]|0),

and

D*Q = (ah)*(b)*did}|0),
D = (ah)k(bh)* ctdld]|0).
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B.3 Two-letter Superconformal Primaries

By demanding that they are annihilated by all the conformal supercharges and
by the appropriate combinations of Poincaré supercharges, we have worked
out the expressions for the superconformal primaries of the irreducible mod-
ules that appear on the right hand side of the tensor products (2.30-2.39).
The grassmannOps.m oscillator package by Jeremy Michelson and Matthew
Headrick was extremely useful for this task. We simply quote the results:

Y x V:

32(070) - )\+)\_ - )\_)\+ 5 (BQ].)
82(170) - A+A+ 5 <B22)
q—2
5 (—1)F (q+1\[q—2 —k—2 k
C g+l g—2 — Dq )\ D
(4,952) ; da+ D) \k+2)\ & + D F i
1A a-2\( ¢
- DFF, ,DIF2)\, (B2
i k+2 ( >(k:+1) For A+ (B.23)

For V x V the expressions are identical with (\, F) replaced by (A, F).
VY X X:

Bsi1gy = AQ, (B.24)

q . 1\ (q+1
Cogrozty = k(q K )(q ) DEFL DR
k 0

+Hg+1 qi (k +)1 (q - 1) (Z) DI\, Dk, . (B.25)

=0

For the X x V primary we replace (Q,1) by (Q,¥) and interchange the order
of the fields (taking into account fermionic minus signs).
Y x X:

q
5 N [(4+ 1\ eky
Cig sty = Z(—1k(k>< i )Dq A DFQ (B.26)

k=0
g—1 k
Df(qg—1\[q+1 =
qz(k+1( )( I )Dq FUFL DM, (B2T)
=0

For the X x V primary we replace (Q,1) by (Q,¥) and interchange the order

~—
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of the fields.

X x V:
Coasi gy = I DIFQDRA,
(5=3) Lk
q—1
1 q+1 -
+q k+2< N ><k+1>Dq Ml DFFLL . (B.28)
k=0

For the V x X primary we replace (Q,1) by (Q,zﬂ) and interchange the order
of the fields.

X x Vs
B—g(o,%) = QS\JM (B.29)
q—1
; _ D (0= 1\ (0\ o7 pai1y
o = Sprr (e ) ()P

1)qk qg—1\[qg+1 —k—1 Ak T
E D4 D*F.: . (B.
* — q+1 ( )<k+2 @D Fi - (B30)

For the V x X primary we replace (Q,1) by (Q,zﬁ) and interchange the order
of the fields.
X x X:

N
~
ok
ke

q—1

B = <—1>’“(,i) <Z)D"’“QD’“Q
k=0
+qz ki (q - 1) (Z) DI Dry, (B.31)
=0

This primary is gauge contracted. For the flavor contracted X x X primary

we replacg (Q,) by (Q).

X x X:
; - q\ (q
Ciagy = Z<—1)k(k) (k)D" "QD*Q
k=0
=l Nk . ~ -
+q (ki)l (q ) 1> (Z) DIFL, DR, . (B.32)
k=0
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This primary is gauge contracted. For the flavor contracted X x X primary

we replace (Q,1) by (Q.¥) .

X x X:
Bg(o,o) = QQ (B.33)
¢ =S () (N
(e — ;0(_ ) (k) <k+1> QD Yy
k gk (4 q+1 k7 gk
—;(—1) (k) (k+ 1)1) V. DI7RQ. (B.34)

For the X x X primary we interchange (Q,1) by (Q,@Z) (also for the conjugates).
Y x Vi

g—1 k
5 _ (D" (g =1\ [0\ rgro1y b7
Cap = 2anr\ ke JW)P MPM

—1)¢—* ql q o=
(=) ( )(k+2)D’“f++Dqk2]-"H. (B.35)

For the V x V primary we replace (\,F) by(\,F) .
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Appendix C

Scalar conformal blocks

In this section we will use the method of [69] to obtain the scalar conformal
blocks as eigenfunctions of the conformal Casimir operator. This procedure
can be applied with no major changes to two-point functions involving tensor
operators, and it was used succesfully in section 5.3 to decompose the two-
point function of the stress tensor.

Bulk channel
The SO(d + 1, 1) generators are,

0 0
Lap=Pa—sr — Py
AB ASpB BopA
where P4 = (P* P~, P! ... P%). To obtain the conformal blocks we solve the
eigenvalue problem [69],

(C.1)

L*(O1(P1)Oy(Py)) = =Cao{O1(P1)Os(Py)) (C.2)

with L2 = L(LY) + LE)(LMWAB 4 L@A4B) and Cpy = A(A —d) + I(1 +
d — 2), where A and [ are the dimension and spin of the internal operator.
Because of Lorentz invariance no operators with spin can ever appear in the
bulk conformal block decomposition, hence we set [ = 0 in equation (C.2).
Once the asymptotic behavior of f(&) is given, the conformal block is com-

pletely fixed. In the & — 0 limit the bulk OPE dictates [61],
F(€) ~ galtirama), (C.3)

where A; and A, are the dimensions of the external operators. Stripping
1
out this factor f(£) = ¢72(A81+82=8)g(¢) and plugging in (C.2) we obtain a
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standard hypergeometric equation,

§1+8g"(€) + (c+ (a+b+ 1&g (§) + abg(§) = 0, (C.4)
with,
1 1 d
a:§(A+A1—A2), bzﬁ(A—Al—FAg), C:A—§+1 (C5)

The conformal block for the bulk channel is then,

f(&) = gm3(Barhem), 1y (%(A + A = Ay), %(A — A+ Ag), A~ g +1; —§> ;
(C.6)

in perfect agreement with [61].

Boundary channel

In this channel we consider the restricted conformal group. The SO(d, 1)
generators are,

0 0
— — B :
apt " 'opa
where P = (P* P~ P! ... P%¥1). To obtain the conformal blocks we act
with the Casimir operator on one of the fields and solve the eigenvalue problem,

Lab:Pa

(C.7)

L2<01(P1)02(P2)> - —CA70<01<P1)02(P2)> . (CS)

where Cay; = A(A —d+ 1) +1(l +d — 3) in this case. For this particular
two point function only scalar blocks are present, so [ = 0 again. However,
this is no longer true for operators with indices (see subsection 5.3.4). The

asymptotic behavior for & — oo can be obtained from the bulk-to-boundary
OPE [61],

f&) ~¢=. (C.9)

Stripping out this factor and plugging in (C.8) we obtain another hypergeo-
metric equation. The boundary block is,

d 1
F(6) =€ 2,R, (A,A— §+1,2A+2—d;—g>, (C.10)

again in perfect agreement with [61].
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Appendix D

Solutions to crossing symmetry
for scalar operators

In this section we discuss a few solutions to the crossing symmetry equations
for scalar two-point functions. We have:

1 -A
gt o

(O(21)0(x2)) =
where A is the conformal dimension of the operator O. The conformal block
decomposition is,

G(f) =1+ Z )‘kakfbulk(Ak; f) = fA Z ,UIbedy(Al; 5) (D-Q)
k l

with A\, and py three-point couplings and a; the coefficient of the one-point
function of the k’th operator.

D.1 Two-dimensional Ising model

In this section we will decompose several correlators for the two-dimensional
Ising model. The basic fields of the theory, corresponding to the energy and
spin operators, will be denoted by ¢ and o respectively and have scaling di-
mensions A, = 1 and A, = % respectively. As we discussed in section 5.2,
there are three different conformally invariant boundary conditions (or bound-
ary states), given in equations (6.1) and (6.2). The first two are related by

the Zo symmetry of the theory and result in the same two-point function of o.
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The two remaining possible two-point functions for the o field are then [60],

Gt = 51/8\/ (1%5)” tL <1€T§)U ' (D.3)

As we shall see below, the + sign corresponds to the extraordinary transition,
i.e. the |1)) and |e)) Cardy boundary states, whereas the — sign corresponds
to the ordinary transition which is the |o)) Cardy boundary state.

The full conformal block decomposition can in principle be obtained from
Virasoro representation theory. We content ourselves here with a simpler anal-
ysis where we expand the correlation function in the limits & — 0 and £ — oo
and match the coefficients of the expansion to conformal blocks. The bulk
block decomposition becomes

fbulk(& f)

fbulk(g g)
(D.4)
The bulk spectrum corresponds to the identity 1 and the energy ¢ operators
plus scalar Virasoro descendants. For example, we may identify the operator
of dimension 4 with L_5L_51 and the operator of dimension 9 with a level four
descendant of €. The absence of an operator of dimension 5 is in agreement
with the fact that ¢ has a null descendant at level two, so L_sL_s¢ is actually
an SO(2,2) descendant.
In the boundary channel we find that:

1 1
Gr,=1% §fbu1k(1; £)+ afbulk(‘l; £+

40960 32768

NP 1 _ 9 25
3 Gm—ﬁ+—32 T3 o (26) + s Foay (41) oo oy (6:) 4
N 1 1 9 1 13
G = Efbdy<§7§> +mf<§,§> 327680\/—fbdy( ,§> + ...

(D.5)

The constant term in the 4 case corresponds to a one-point function of ¢ and
therefore the Z, symmetry is broken by the boundary conditions. We can thus
identify it with the extraordinary transition. As an additional check one may
verify that the bulk block decomposition agrees with the decompositions (6.2)
and (6.1).

For completeness, we present the conformal block decomposition for the
energy two-point function. We have [60],

1

GE=¢+—
EE £+€+17

(D.6)
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so this expression is valid for both boundary conditions. The decomposition
in the bulk channel is,

> /2n—3\ "
GE =1 ak(2n: ). D.7
o +;<n_2) foun(2n;§) (D.7)
For the boundary expansion we obtain,
> [4n — 3\

—A vt

G- =1 2n; §). D.8
=130 (50 75) fueme) D8

From the expressions above we learn that the coefficients of the conformal
blocks are positive both in the boundary and in the bulk channels.

D.2 The unitarity minimal models and their
analytic continuation

Let us now generalize the results of the previous subsection to the whole series
of the unitarity minimal models. Primary operators in the (m, m + 1) model,
m > 3, are labeled by integers (r,s), with 1 <r <m —1,1 < s < m and the
identification (r,s) ~ (m —r,m + 1 — s). Denoting the (1,2) operator by o
and the (1, 3) operator by ¢, the relevant OPE and scaling dimensions are

1 3 4

-1 Apg=-———"—— A,=2—— (D9
oxXo +e, > 2m 1) e (D.9)
We can eliminate m to find
2
A, = §(4AJ +1), (D.10)

and we will work with A, rather than m as our independent variable from
NOW OL.

We are after the (o) correlator with the Cardy boundary condition la-
belled by the identity. (Recall that in the Ising model this Cardy state is
associated to the extraordinary transition, see equation (6.1)). This correlator
can be obtained as a special case of a result obtained in the context of Liouville
theory with ZZ boundary conditions [77], where the two-point function

(Vo (2)Val(y)) (D.11)
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was evaluated. Here V,(z) denotes the usual Liouville vertex operator with
scaling dimension A, = a(Q — a) with @ = b+ b~'. We will be interested in

the case &« = —b/2 and b set to the minimal model values given by
c—1+6Q2—1—L (D.12)
B B m(m+1)° '

One may verify that solving this equation for b results in a scaling dimension
of V_y/, which is precisely A, given in (D.9).
The two-point function from [77] takes the form:

Goo(§) = 2sin (g(l + 4Ag)> gUBHD/3(1 4 £)=(Bo+D)/3

o (L2280 2428, 248, 1 (D.13)
2t 37 3 3 e+1)

The boundary conformal block decomposition of this correlation functions con-
tains operators with even dimensions,

N o A (1+A,)
£AG, (€)= 2sin (6(1 + 4AU)> (1+m

Ag(14 Ay)% (20 + 106A, + 35A2 + 21A3)
1008(17 — 4A,)(11 — 4A,)(5 — 4A,)

N Ar(1+A)% (24 5A,)
40(11 — 4A4)(5 — 4A,)

Foay(6,€) + .. ) , (D.14)

fbdy(27 §>

fbdy<47 g)

in agreement with the fact that the only boundary block is the identity Vira-
soro block. In the bulk channel we find the identity and the £ Virasoro blocks,
leading to a decomposition into SO(2, 1) blocks with operators of dimension of
144n and A, 4 4n with n a non-negative integer. For the first few coefficients
we find

A (14 A,)
2(5 — 4A,)

N Ay (14 Ay)%(24 5A,)

Goo(§) =1+ 40(11 — 44,)(5 — 4A,)

Jouic(4,€) Jou(8,8) + ...

(D.15)

fbulk(As + 47£> + .. ) .

r (2—4Ag) r (2+2AU)

_ 1“(—23A0)r (%) (fbulk(Ae,g) +

(1+A,)(245A,)(—1 4 8A,)
6(7+4A,)(5+ 8A,)

Up to the normalization factor 2sin(g(1 +4A,)), the coefficients of the first
series are the same as those of the boundary identity Virasoro block. Indeed, in
either channel these blocks correspond to Virasoro descendants of an identity
operator. Notice also that the coefficient of the block with dimension A.+4 has
a zero precisely when A, = %, reflecting the aforementioned fact that L_se is
actually an SO(2,2) descendant in the two-dimensional Ising model. (Indeed
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in the Ising model the (1, 3) primary is identified with the (2, 1) primary which
has a level-two null descendant.)

Remarkably, the coefficients of the boundary conformal blocks turn out to
be positive for 0 < A, < %.1 This implies that we have found a solution of the
crossing symmetry equation that is consistent with the unitarity requirements
for any value of A, in this interval, given simply by the analytic continuation
of (D.13) away from the minimal model values for A,. Of course this does not
imply that this correlator can always be embedded in a full-fledged unitary
CFT — in fact we already know that this is only possible if A, has one of the
minimal model values.

As we pointed out repeatedly in this paper, unitarity does not require
the coefficients of the bulk channel conformal blocks to be positive. These
coefficients however do turn out to be positive for the smaller range é <A, <
1. The lower and upper endpoint of this range are determined by the zeroes
of the blocks of dimension A, + 4 and A., respectively.

In summary, for the range 0 < A, < % we have found an exact solution to
the boundary crossing symmetry equation (5.21), with the dimension of the
first bulk scalar primary € in the oo OPE given by (D.10). In the smaller
range % < A, < 1 the bulk expansion satisfies positivity.

D.3 (¢*¢?) correlator

In this section we will decompose (¢?¢?) in free field theory. This expansion
complements the order e expression for the scalar two-point function of section
5.2. The ¢* two-point function is,

la—1\ 2
Gy = (1 + (5%) ) + ggd—% (D.16)

where the plus/minus sign corresponds to Neumann/Dirichlet boundary con-
ditions, and N is the number of scalars. The conformal block expansion in the
bulk channel is

Gj2¢2 =1 + )\%szulk(d — 2; f) + Z )\a¢47nfbu1k(2d —4 -+ 271; 5) y (Dl?)

n=0

'We have verified this statement to high order and believe that it is generally true
although we currently cannot offer a rigorous proof.
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with
)\a¢2 = :i:2,
()2 T (ET(3d+n—1) +ANFD(d+n —2)) D(d+n —2)L (3d+n — 4)
8v/7L(d — 2)T'(n+ 1)I'(3d + 2n — 4) ‘

>\G¢4’n =
(D.18)

The Neumann expansion exhibits positivity while the Dirichlet case has one
negative coefficient. In the boundary channel we have,

N [o.¢]
&G = -+ > 12 foay(d — 2+ 2n3€) (D.19)
n=0

with

A D + p)T(3d +n— 1)I(d + 2n — 3)

,ui = (14 6,0) (2n)! F(%d —HI'(d — 2)1_‘(6”47”_3) 7

(D.20)

with positivity in both cases.

D.4 The extraordinary transition
There is no extraordinary transition in 4 dimensions since the conformally

invariant one-point function of a free field is not compatible with its equation
of motion. In 4 — € dimensions the equation of motion is however modified to:

O¢ = %qsf’) (D.21)

with A\, = 487%¢/(N + 8) and N = 1 in our case. On the half-space this

equation admits the solution:
12 1
=4/—— D.22
6@) =17 (D.22)

which to leading order is consistent with boundary conformal invariance. This
solution is our starting point for the analysis of the extraordinary transition
in the € expansion.

Let us compute the two-point function of the scalar field ¢. We may shift
the field ¢ by its classical one-point function,

o(x) = (o(x)) + x(x) (D.23)
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and find the propagator G(z,y) = (x(x)x(y)) by solving the linearized equa-
tion of motion around this solution,

(D - (lfl)2) Gl y) = 6%z — y) (D.24)

The solution compatible with the boundary conditions at z? = 0 takes the
form:

1 (1
2 2y7)° (w

Oy — 1 &
G (&) = 1+£+12§+6§(1—|—2§)10g(1+£)

with & = (z—y)?/(4x%y?), as before. On the first line we recognize the familiar
form of a scalar two-point function for a CFT with a boundary. Taking the
limit £ — 0 in (D.25) we see that the properly normalized operator is actually
2mx rather than y, and similarly 27¢ rather than ¢. We will henceforth
work with these rescaled operators. This implies that from now on (¢(z)) =
3/(\/ex?) and we can drop the 472 on the first line of (D.25).

We will now expand the two-point function of ¢ in conformal blocks. It is
important to note that OPE statements always refer to full correlation func-
tions, i.e. including any disconnected contributions. In our case the discon-
nected part (¢(x)){(¢(y)) is of order 1/e which makes it the leading-order term.
Our first task is thus to decompose (¢(z)){(¢(y)) in conformal blocks. In the
boundary channel we of course find precisely the block corresponding to the
identity operator and nothing else. In the bulk channel we find:

Cl,y) = 20)

(D.25)

36/ 306/ = 2(n!)? .
(o(z))(o(y)) = 220 (297) (Qxd)(de)f (fbulk (2,6) +; (2n)] —5 oy fouk(2 42 5))

(D.26)
Interestingly, the product of two one-point functions decomposes into an in-
finite set of bulk blocks with dimensions given by the even integers and with
positive coefficients. However, as expected for a totally disconnected correla-
tor, the bulk identity operator is missing at this order.
At the next order we should take into account that the one-point function
of ¢ a priori has subleading corrections,

(6(z)) = % (1+ca+ S tog2r)) (D.27)
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with an unknown coefficient a and with the logarithm originating from the
correction to the scaling dimension of ¢ in 4 — ¢ dimensions. The full two-
point function to order € becomes:

— 1 —Ay vext

@ (D.28)
Gext(g) _ ?(1 +2ea) — 18&log(€) + Go(f)

with A, =1 — €/2 the free-field dimension of ¢ in 4 — e dimensions.

In the boundary channel the conformal block decomposition of this cor-
rected correlator is again straightforward. The corrections to the disconnected
part of course simply become corrections to the boundary identity block, whilst
for the connected part we find that:

E7G(E) = 15 o (46 (D.29)

so we find a single boundary block of dimension d = 4. This is completely
as expected. In particular, the existence of a gap of size d was an essential
assumption in the numerical bootstrap for the bulk bounds.

In the bulk channel we find subleading corrections to the infinite series of
blocks in (D.26) but no new blocks. The first few terms take the form:

GeXt(é’) =1+ (3—66 + 11+ 72&) foulk (2 — %6 g)
+ (? — 12+ 72@) four (4,€) + (1—62 — 18 + 24@) Jou (6 + 2¢,€)

18 1 16
— 4+ —(—241 + 144 — ..
+ (56 + 20( + CL)> fbulk (8+ 3 6,5) +

(D.30)

where it is understood that the blocks are evaluated in 4 — € spacetime di-
mensions. The order 1/e terms in (D.30) of course coincide with (D.26). The
identity operator is now present in the bulk channel, and the dimension of the
next operator (which is 2 — %e) is precisely the one-loop dimension of ¢? in the
epsilon expansion. It would be interesting to compute a so we can get an idea
of positivity of the coefficients for € = 1.
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D.5 A trivial solution

A particularly simple solution of (5.21) is obtained by assuming that the bulk
channel only contains the identity operator, so all the non-trivial one-point
functions are set to zero. In that case there is effectively no boundary at all
and the two-point function is just (z; — z2) 722, This two-point function still
has a boundary conformal block decomposition of the form:

E8 = 12 foay(A +m; &) (D.31)

m=0

) {ﬁ(A)m(A — 4+ 1)npa(A — L+ m) m even (D.32)

2
o, = 3
; (A)m(A — %l + 1)(m—l)/z(A - % + m)(1_m)/g m odd

2mm)

All the coefficients are positive for A greater than the unitarity bound and the
boundary spectrum begins with an operator of dimension A.

D.6 Generalized free field theory

As a simple generalization of the free field theory result we define generalized
free field (or gff) two-point functions in the presence of a boundary as:

1 1
<O(LE1)O($2)> = (551 _ x2)2A ((131 . x2)2 + 4x%$g)A
1 + + — ’
e G GRS )

The conformal block decomposition in the bulk takes the form

(=1)™(A), (24 — 4 4 2n)

(20 + 2 D.34
B—dant1) m oAF2mE (D3
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which has the expected ‘double trace’ infinite operator spectrum and coeffi-
cients with alternating signs. On the boundary we find that:

—A + o 2 Y |
Ggff - Z 22n 1<2n ( _ El T+ 1) fbdy<A -+ 2n75)

o o (D.35)
> (Ah”“ 2 em), foag (A + 20+ 1:6)

p— n .
— 22n(2 (A_§+“+1),n bdy )

and we find two ‘single trace’ operator spectra on the boundary, both with
positive coefficients.

D.7 O(N) model at large N

For the the O(N) model with Neumann boundary conditions the scalar two-
point function is given by [61],

ld—1
1 2

G =|(— 142¢). D.36
ow=(13g) 1+ (0.36)

The bulk channel expansion is,
Gowy =1+ Z A fou (20 + 2;§) (D.37)

n=0
with
A, = (<1)2" (d? — 4d(n+2) +8(1 +n)?> + 4T(1 — Ld+ n)D(2 - Ld + n)*

an, = (— .

AT(2 = 1d)°T(n + 2)T(2 — 1d + 2n)

(D.38)
As in all the expansions with Neumann boundary conditions studied in this
appendix, the bulk channel coefficients are positive. Finally, the boundary
channel expansion is,

5_%d+1GO(N) = 2 foay(d — 3;€) . (D.39)

It is somewhat unexpected that in this channel we have a single block.
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Appendix E

Conformal block decompositions
for T},

In this appendix we present a few explicit examples of conformal block decom-
positions of the form (5.40) for the two-point function of the stress tensor.

E.1 Two bulk dimensions

The conformal block decomposition of the stress tensor two-point function
in two dimensions is a bit subtle, see [59] for details. First of all, the resid-
ual Virasoro symmetry plus the absence of energy flow across the boundary
completely determines the two-point function. Furthermore, the number of in-
dependent tensor structures decreases to two and the two functions f(§) and
g(€) have to be replaced with the single function 2£ f(€) + (1 + £)g(£). With
our unit normalization we find that the resulting two-point function is given
precisely by the boundary scalar block, with a coefficient that is equal to 4. In
the bulk channel we find the identity plus a single block of dimension 4 with
unit coefficient.

E.2 Free field theory for general d

The two-point function of the stress tensor in free field theory for d > 2
decomposes into infinitely many blocks in either channel. Without presenting
all the formulas, we have presented the first few operators and their associated
coefficients in both the bulk and the boundary channel in the tables. Notice
that the coefficients in the bulk channel are not positive for either boundary
condition.
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A )\a@
0 1
(—24d)d(1+d)
d—2 + ( 4(—1+d) )
2d +1
(—2+d)d
2d +2 B ( (2+3d) )
(—2+d)d?(1+d)
2d +-4 + ( 6(2+d)(4+3d) >
(—2+d)d?(1+d)(2+d)
2d+6 o ( 18(8+3d)(10+3d) >
2d + 2m

Table E.1: Bulk conformal block decomposition of the two-point function of
the stress tensor in free field theory. The first block corresponds to the identity
operator and its coefficient sets the overall normalization. The plus/minus
sign corresponds to the special/ordinary transition, i.e. Neumann/Dirichlet

boundary conditions.

A l 2
2d
d 0 (—1+d)
d 2 21_2d(1 + 1)
2-2-2dgd(—14d)(2+4d)
d+2 2 (1+d)
27672dg(—14+d)2+d)?(4+d)
d+4 |2 3(7+d)
d+2m | 2

Table E.2: Boundary conformal block decomposition of the two-point function
of the stress tensor in free field theory.

E.3 Extraordinary transition

In this subsection we compute the two-point function of the stress tensor in

the extraordinary transition.

The classical stress tensor for the A¢* theory with a curvature coupling z
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takes the form:

A
T(x) = % (<2z - %) 0,00, ¢ + 22 00,0, + g (qu + (i - Qz) 0,00 ¢ — 2Z¢D¢)>

(E.1)
One may easily verify that it is traceless in d = 4 for z = 1/12 which therefore
corresponds to the conformally coupled scalar. We will henceforth use z =
1/12. In that case T, is unit normalized in free field theory, more precisely

(T (@) Ty (4) = e irres provided (9(x)o(y)) = =L

The correlation Eunctions of the scalar ¢ were computed to leading order
in subsection D.4. Upon substituting the solution (¢(z)) = 3/(y/ez?) in (E.1)
we find that the one-point function of 7},, vanishes, in agreement with the re-
quirements of boundary conformal invariance. At the next order we substitute

o(z) = (¢p(x)) + x(z) and expand in € to find an expression of the form:

T (0) = =T le, Oy (a) + . (E2)

where 7, [z, 8,] is a linear differential operator which explicitly depends on
x¢. To leading order we therefore obtain that

()T (1)) = STl 2Tl D)) (B

We can now substitute the solution G(z,y) = (x(z)x(y)), which is equation
(D.25) without the factor of 472, work out the action of the differential opera-
tors T and collect various terms to eventually find a two-point function of the
form:

_ U HY + g7 (&) Hi2Qu2 + h™(€)QT,
(46)*(z4)*(y4)*

where the tensor structures Hiy and (12 are defined (in the projective cone
notation) in (5.45) and (5.56) and

<T;w (x)Tpo (v))

(E.4)

extigy 168 extyey _ 04€%(2 + 5) extyey _ 0487 (1456 +10€7)
foHE) = arep Y (&) = RN h (&) = (1 +§()5 |
E.5

Upon comparing (E.4) with the last equation in (5.55) we see that this cor-
relation function has exactly the right tensor structure to be consistent with
boundary conformal invariance. Furthermore, the functions (f®*, go™* he*t)
also satisfy the Ward identities (5.57). These are rather non-trivial checks of
our result.
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The conformal block decomposition of (E.4) turns out to be remarkably
simple. In the boundary we find only a scalar block (which must have dimen-
sion d by the Ward identities) with coefficient 640/¢. In the bulk we find three
blocks,

g Jouic(2;€) Jouc(4; ) Jouc(6;€)
160 480 320

g &) | = e Gouic(2;8) | T e gpuk(4;8) | + e Gbuik(6; &)

het(€) P (2; €) Pk (4; ) Pk (6; )

all with positive coefficients. Notice that the identity operator is absent at
this order.

Closer inspection of (E.6) leads to a subtlety that we would like to clarify.
We easily identify the bulk block with dimension 2 as the operator ¢*. It
appears in the T'T"' OPE with an order one coefficient and its one-point function
is (¢?) = (¢)? ~ €' so altogether it appears at the right order in €. The
counting for the operator of dimension 4 is however a bit different. The only
scalar primary of that dimension is ¢* but its one-point function is of order
€2, Our result can therefore only be consistent if ¢* appears in the stress
tensor OPE only at order e. It is in fact easy to see that the leading-order
Feynman diagram for the (TT'¢*) tree-point function (which would be of order
¢°) has to vanish. This is because it factorizes into a product of two Feynman
diagrams that each correspond to the (T'¢?) two-point function, which in turn
vanishes by conformal invariance. This is also consistent with the fact that
no dimension 4 block appears in the bulk conformal block decomposition of
the stress tensor two-point function in free-field theory, cf. table E.1. From
these tables we may also deduce that a similar cancellation should occur for
the dimension 6 operator.

145



Bibliography

1]

Sheer El-Showk, Miguel F. Paulos, David Poland, Slava Rychkov, David
Simmons-Dulffin, et al. Solving the 3D Ising Model with the Conformal
Bootstrap. Phys.Rev., D86:025022, 2012. doi: 10.1103/PhysRevD.86.
025022.

H. W. Diehl and M. Shpot. Massive field-theory approach to surface
critical behavior in three-dimensional systems. Nucl. Phys., B528:595-647,
1998.

Riccardo Rattazzi, Vyacheslav S. Rychkov, Erik Tonni, and Alessandro
Vichi. Bounding scalar operator dimensions in 4D CFT. JHEP, 0812:
031, 2008. doi: 10.1088/1126-6708/2008/12/031.

Niklas Beisert and Matthias Staudacher. The N=4 SYM integrable super
spin chain. Nucl. Phys., B670:439-463, 2003. doi: 10.1016/j.nuclphysb.
2003.08.015.

Matthias Staudacher. The Factorized S-matrix of CFT/AdS. JHEP, 0505:
054, 2005. doi: 10.1088/1126-6708/2005/05/054.

Niklas Beisert and Matthias Staudacher. Long-range psu(2,2—4) Bethe
Ansatze for gauge theory and strings. Nucl. Phys., B727:1-62, 2005. doi:
10.1016/j.nuclphysb.2005.06.038. In honor of Hans Bethe.

Niklas Beisert. The su(2—2) dynamic S-matrix. Adv. Theor. Math. Phys.,
12:945, 2008.

Niklas Beisert, Burkhard Eden, and Matthias Staudacher. Transcenden-
tality and Crossing. J.Stat.Mech., 0701:P01021, 2007. doi: 10.1088/
1742-5468,/2007/01/P01021.

Nikolay Gromov, Vladimir Kazakov, and Pedro Vieira. Exact Spectrum of
Anomalous Dimensions of Planar N=4 Supersymmetric Yang-Mills The-
ory. Phys.Rev.Lett., 103:131601, 2009. doi: 10.1103/PhysRevLett.103.
131601.

146



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Niklas Beisert et al. Review of AdS/CFT Integrability: An Overview.
2010.

G. Veneziano. Some Aspects of a Unified Approach to Gauge, Dual
and Gribov Theories. Nucl. Phys., B117:519-545, 1976. doi: 10.1016/
0550-3213(76)90412-0.

Abhijit Gadde, Elli Pomoni, and Leonardo Rastelli. The Veneziano Limit
of N = 2 Superconformal QCD: Towards the String Dual of N = 2
SU(N(c)) SYM with N(f) = 2 N(c). 2009.

Abhijit Gadde, Elli Pomoni, and Leonardo Rastelli. Spin Chains in N=2
Superconformal Theories: From the Z; Quiver to Superconformal QCD.
2010.

Elli Pomoni and Christoph Sieg. From N=4 gauge theory to N=2 confor-
mal QCD: three-loop mixing of scalar composite operators. 2011.

N. Beisert and R. Roiban. The Bethe ansatz for Z(S) orbifolds of N = 4
super Yang- Mills theory. JHEP, 11:037, 2005.

Niklas Beisert. The complete one loop dilatation operator of N=4
superYang-Mills theory. Nucl. Phys., B676:3-42, 2004. doi: 10.1016/j.
nuclphysb.2003.10.019.

Niklas Beisert. The Dilatation operator of N=4 super Yang-Mills theory
and integrability. Phys.Rept., 405:1-202, 2005. doi: 10.1016/j.physrep.
2004.09.007. Ph.D. Thesis.

Tom Banks and A. Zaks. On the Phase Structure of Vector-Like Gauge
Theories with Massless Fermions. Nucl. Phys., B196:189, 1982. doi: 10.
1016,/0550-3213(82)90035-9.

David Poland and David Simmons-Duffin. N=1 SQCD and the Transverse
Field Ising Model. 2011.

F.A. Dolan and H. Osborn. On short and semi-short representations

for four-dimensional superconformal symmetry. Annals Phys., 307:41-89,
2003. doi: 10.1016/S0003-4916(03)00074-5.

M. Bianchi, F.A. Dolan, P.J. Heslop, and H. Osborn. N=4 superconformal
characters and partition functions. Nucl. Phys., B767:163-226, 2007. doi:
10.1016/j.nuclphysb.2006.12.005.

147



[22]

[23]

[24]

[25]

[20]

[27]
28]

[29]

[30]

[31]

[32]
[33]
[34]

F.A. Dolan and H. Osborn. Applications of the Superconformal Index
for Protected Operators and g-Hypergeometric Identities to N=1 Dual
Theories. Nucl. Phys., B818:137-178, 2009. doi: 10.1016/j.nuclphysb.
2009.01.028.

Pedro Liendo, Elli Pomoni, and Leonardo Rastelli. The Complete One-
Loop Dilation Operator of N=2 SuperConformal QCD. 2011.

N. Beisert, C. Kristjansen, and M. Staudacher. The dilatation operator
of N = 4 super Yang-Mills theory. Nucl. Phys., B664:131-184, 2003. doi:
10.1016/S0550-3213(03)00406- 1.

Niklas Beisert. The su(2—3) dynamic spin chain. Nucl. Phys., B682:
487-520, 2004. doi: 10.1016/j.nuclphysb.2003.12.032.

Benjamin I. Zwiebel. N=4 SYM to two loops: Compact expressions for
the non-compact symmetry algebra of the su(1,1—2) sector. JHEP, 0602:
055, 2006. doi: 10.1088/1126-6708/2006/02/055.

Pedro Liendo, Elli Pomoni, and Leonardo Rastelli. Work in progress.

Ofer Aharony, Oren Bergman, Daniel Louis Jafferis, and Juan Maldacena.
N=6 superconformal Chern-Simons-matter theories, M2-branes and their
gravity duals. JHEP, 0810:091, 2008. doi: 10.1088/1126-6708/2008/10/
091.

Shamit Kachru and Eva Silverstein. 4d conformal theories and strings
on orbifolds.  Phys. Rev. Lett., 80:4855-4858, 1998. doi: 10.1103/
PhysRevLett.80.4855.

Albion E. Lawrence, Nikita Nekrasov, and Cumrun Vafa. On conformal
field theories in four-dimensions. Nucl. Phys., B533:199-209, 1998. doi:
10.1016/S0550-3213(98)00495-7.

A. Solovyov. Bethe Ansatz Equations for General Orbifolds of N=4 SYM.
JHEP, 0804:013, 2008. doi: 10.1088/1126-6708,/2008/04/013.

Abhijit Gadde and Leonardo Rastelli. Twisted Magnons. 2010.
Wenbin Yan. Work in progress.

Vasily Pestun. Localization of gauge theory on a four-sphere and super-
symmetric Wilson loops. Commun.Math.Phys., 313:71-129, 2012. doi:
10.1007/s00220-012-1485-0.

148



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Soo-Jong Rey and Takao Suyama. Exact Results and Holography of Wil-
son Loops in N=2 Superconformal (Quiver) Gauge Theories. JHEP, 01:
136, 2011. doi: 10.1007/JHEP01(2011)136.

F. Passerini and K. Zarembo. Wilson Loops in N=2 Super-Yang-Mills
from Matrix Model. JHEP, 1109:102, 2011. doi: 10.1007/JHEP10(2011)
065,10.1007/JHEP09(2011)102.

Konstantinos Zoubos. Review of AdS/CFT Integrability, Chapter IV.2:
Deformations, Orbifolds and Open Boundaries. Lett. Math.Phys., 99:375—
400, 2012. doi: 10.1007/s11005-011-0515-8.

A.M. Polyakov. Nonhamiltonian approach to conformal quantum field
theory. Zh.FEksp.Teor.Fiz., 66:23-42, 1974.

S. Ferrara, R. Gatto, and A.F. Grillo. Conformal Algebra in Space-Time
and Operator Product Expansion. Springer, 1973.

Ivan T. Todorov, Mihail C. Mintchev, and Valentina B. Petkova. Confor-
mal tnvariance in quantum field theory. Edizioni della Normale, 1978.

Vyacheslav S. Rychkov and Alessandro Vichi. Universal Constraints on
Conformal Operator Dimensions. Phys. Rev., D80:045006, 2009. doi: 10.
1103 /PhysRevD.80.045006.

Francesco Caracciolo and Vyacheslav S. Rychkov. Rigorous Limits on the
Interaction Strength in Quantum Field Theory. Phys. Rev., D81:085037,
2010. doi: 10.1103/PhysRevD.81.085037.

Riccardo Rattazzi, Slava Rychkov, and Alessandro Vichi. Central Charge
Bounds in 4D Conformal Field Theory. Phys.Rev., D83:046011, 2011.
doi: 10.1103/PhysRevD.83.046011.

David Poland and David Simmons-Duffin. Bounds on 4D Conformal and
Superconformal Field Theories. JHEP, 1105:017, 2011. doi: 10.1007/
JHEP05(2011)017.

Riccardo Rattazzi, Slava Rychkov, and Alessandro Vichi. Bounds in 4D
Conformal Field Theories with Global Symmetry. J.Phys., A44:035402,
2011. doi: 10.1088/1751-8113/44/3/035402.

Alessandro Vichi. Improved bounds for CFT’s with global symmetries.
JHEP, 1201:162, 2012. doi: 10.1007/JHEP01(2012)162.

149



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

David Poland, David Simmons-Duffin, and Alessandro Vichi. Carving
Out the Space of 4D CFTs. JHEP, 1205:110, 2012. doi: 10.1007/
JHEP05(2012)110.

Slava Rychkov. Conformal Bootstrap in Three Dimensions? 2011.

John L. Cardy. Operator Content of Two-Dimensional Conformally
Invariant Theories.  Nucl. Phys., B270:186-204, 1986. doi: 10.1016/
0550-3213(86)90552-3.

John L. Cardy. Operator content and modular properties of higher di-
mensional conformal field theories. Nucl. Phys., B366:403-419, 1991. doi:
10.1016/0550-3213(91)90024-R.

Simeon Hellerman. A Universal Inequality for CFT and Quantum Grav-
ity. JHEP, 1108:130, 2011. doi: 10.1007/JHEP08(2011)130.

Simeon Hellerman and Cornelius Schmidt-Colinet. Bounds for State De-
generacies in 2D Conformal Field Theory. JHEP, 1108:127, 2011. doi:
10.1007/JHEP08(2011)127.

Daniel Friedan, Anatoly Konechny, and Cornelius Schmidt-Colinet. Lower
bound on the entropy of boundaries and junctions in 1+1d quantum criti-
cal systems. Phys. Rev. Lett., 109:140401, 2012. doi: 10.1103/PhysRevLett.
109.140401.

John L. Cardy. Conformal Invariance and Surface Critical Behavior.
Nucl. Phys., B240:514-532, 1984. doi: 10.1016/0550-3213(84)90241-4.

K. Binder. Phase transitions and critical phenomena, volume 8. Academic
Press, 1983.

John L. Cardy. Boundary Conditions, Fusion Rules and the Verlinde For-
mula. Nucl. Phys., B324:581, 1989. doi: 10.1016,/0550-3213(89)90521-X.

John L. Cardy and David C. Lewellen. Bulk and boundary operators in
conformal field theory. Phys.Lett., B259:274-278, 1991. doi: 10.1016/
0370-2693(91)90828-E.

H.W. Diehl and S. Dietrich. Field-theoretical approach to multicritical
behavior near free surfaces. Phys.Rev., B24:2878-2880, 1981. doi: 10.
1103 /PhysRevB.24.2878.

150



[59]

[60]

[61]

D.M. McAvity and H. Osborn. Energy momentum tensor in conformal
field theories near a boundary. Nucl.Phys., B406:655-680, 1993. doi:
10.1016/0550-3213(93)90005-A.

P. Di Francesco, P. Mathieu, and D. Senechal. Conformal field theory,
chapter 11. Springer, 1997.

D.M. McAvity and H. Osborn. Conformal field theories near a boundary
in general dimensions. Nucl. Phys., B455:522-576, 1995. doi: 10.1016/
0550-3213(95)00476-9.

Paul A.M. Dirac. Wave equations in conformal space. Annals Math., 37:
429-442. 1936.

G. Mack and Abdus Salam. Finite component field representations of
the conformal group. Annals Phys., 53:174-202, 1969. doi: 10.1016/
0003-4916(69)90278-4.

Milton Abramowitz and Irene A. Stegun. Handbook of Mathematical
Functions with Formulas, Graphs, and Mathematical Tables, page 559.
Dover, New York, ninth dover printing, tenth gpo printing edition, 1964.

Juan Maldacena and Alexander Zhiboedov. Constraining Conformal Field
Theories with A Higher Spin Symmetry. 2011.

Juan Maldacena and Alexander Zhiboedov. Constraining conformal field
theories with a slightly broken higher spin symmetry. 2012.

Miguel S. Costa, Joao Penedones, David Poland, and Slava Rychkov.
Spinning Conformal Correlators. JHEP, 1111:071, 2011. doi: 10.1007/
JHEP11(2011)071.

Miguel S. Costa, Joao Penedones, David Poland, and Slava Rychkov.
Spinning Conformal Blocks. JHEP, 1111:154, 2011. doi: 10.1007/
JHEP11(2011)154.

F.A. Dolan and H. Osborn. Conformal partial waves and the opera-
tor product expansion. Nucl. Phys., B678:491-507, 2004. doi: 10.1016/j.
nuclphysb.2003.11.016.

W. Diehl. Phase transitions and critical phenomena, volume 10. Academic
Press, 1986.

John Cardy. Scaling and Renormalization in Statistical Physics. Cam-
bridge University Press, 1996.

151



[72]

[73]

[74]

[75]

[76]

[77]

F.A. Dolan and H. Osborn. Conformal four point functions and the
operator product expansion. Nucl.Phys., B599:459-496, 2001. doi:
10.1016/S0550-3213(01)00013-X.

Joseph A. Minahan and Dennis Nemeschansky. An N=2 superconformal
fixed point with E(6) global symmetry. Nucl. Phys., B482:142-152, 1996.
doi: 10.1016/50550-3213(96)00552-4.

F.A. Dolan and H. Osborn. Superconformal symmetry, correlation func-
tions and the operator product expansion. Nucl. Phys., B629:3-73, 2002.
doi: 10.1016/50550-3213(02)00096-2.

V.K. Dobrev and V.B. Petkova. All Positive Energy Unitary Irreducible
Representations of Extended Conformal Supersymmetry. Phys.Lett.,
B162:127-132, 1985. doi: 10.1016/0370-2693(85)91073-1.

V.K. Dobrev and V.B. Petkova. GROUP THEORETICAL APPROACH
TO EXTENDED CONFORMAL SUPERSYMMETRY: FUNCTION
SPACE REALIZATIONS AND INVARIANT DIFFERENTIAL OPER-
ATORS. Fortsch.Phys., 35:537, 1987.

Alexander B. Zamolodchikov and Alexei B. Zamolodchikov. Liouville field
theory on a pseudosphere. 2001.

152



	 List of Figures
	 List of Tables
	 Acknowledgements
	1 Introduction
	1.1 Integrability in supersymmetric theories
	1.2 The modern bootstrap program

	2 The Dilation Operator and Spin Chains
	2.1 The N=2 Spin Chain
	2.1.1 Field Content and Symmetries
	2.1.2 The Spin Chain

	2.2 Lifting the Full One-loop Hamiltonian from a Subsector
	2.2.1 N=2 superconformal representations
	2.2.2 A Convenient Subsector

	2.3 The N=1 Spin Chain
	2.3.1 N=1 superconformal representations
	2.3.2 Another convenient subsector


	3 Algebraic Evaluation of the Dilation Operator
	3.1 The N=2 Hamiltonian
	3.1.1 First order expressions for Q(g) and S(g)
	3.1.2  VV and   
	3.1.3  HH
	3.1.4 HHV V

	3.2 The N=2 Harmonic Action
	3.2.1 VV
	3.2.2 VHHV
	3.2.3 HHV  V

	3.3 The N=1 Hamiltonian
	3.3.1 First order expressions for Q(g) and S(g)
	3.3.2 The Hamiltonian as a sum of projectors
	3.3.3 Scalar Sector
	3.3.4 The N=1 Harmonic Action


	4 Integrability Analysis
	4.1 Spectral analysis
	4.1.1 N=2 SCQCD
	4.1.2 N=1 SQCD

	4.2 The SU(2|1) sector of N=2 SCQCD
	4.2.1 The two-loop Hamiltonian in the SU(2|1) sector
	4.2.2 Symmetry analysis
	4.2.3 The interacting generators
	4.2.4 The magnon S-matrix in the SU(2|1) sector 

	4.3 The universal SU(2,1|2) sector

	5 The Boundary Bootstrap Program
	5.1 Boundary crossing symmetry for scalars
	5.1.1 Scalar two-point function
	5.1.2 The boundary bootstrap

	5.2 The boundary bootstrap in the epsilon expansion
	5.2.1 The simplest bootstrap
	5.2.2 Order  bootstrap

	5.3 Boundary crossing symmetry for stress tensors
	5.3.1 Summary of results
	5.3.2 Correlation functions of tensor operators
	5.3.3 Bulk channel blocks for the stress tensor
	5.3.4 Boundary channel blocks for the stress tensor


	6 Numerical Analysis and Results
	6.1 Implementation for Scalars
	6.2 Special transition
	6.2.1 Simplest bound for the boundary channel
	6.2.2 Improved bound for the boundary channel
	6.2.3 Bounding the second boundary operator in the Ising model

	6.3 Extraordinary transition
	6.3.1 Bound for the bulk channel
	6.3.2 Upper bound for dd OPE coefficient
	6.3.3 Towards the Ising model

	6.4 Numerical results for stress tensors
	6.4.1 Bound on the bulk gap
	6.4.2 Bound on OPE coefficients in the three-dimensional Ising model


	7 Discussion and Future Work
	7.1 An N=2 superconformal fixed point with E6 symmetry

	A N=2 Superconformal Algebra
	A.1 N=2 Superconformal Multiplets
	A.2 Oscillator Representation
	A.2.1 Vector multiplets V and 
	A.2.2 Hypermultiplet H

	A.3 Two-letter Superconformal Primaries

	B N=1 Superconformal Algebra
	B.1 N=1 superconformal multiplets
	B.2 Oscillator Representation
	B.2.1 Vector multiplets V and 
	B.2.2 Chiral multiplets X and 

	B.3 Two-letter Superconformal Primaries

	C Scalar conformal blocks
	D Solutions to crossing symmetry for scalar operators
	D.1 Two-dimensional Ising model
	D.2 The unitarity minimal models and their analytic continuation
	D.3 "426830A 2 2 "526930B  correlator
	D.4 The extraordinary transition
	D.5 A trivial solution
	D.6 Generalized free field theory
	D.7 O(N) model at large N

	E Conformal block decompositions for T
	E.1 Two bulk dimensions
	E.2 Free field theory for general d
	E.3 Extraordinary transition

	 Bibliography

