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Abstract of the Dissertation
AdS/CFT beyond the N =4 SYM paradigm
by

Elli Pomoni

Doctor of Philosophy
in
Physics
Stony Brook University
2010

In this thesis we present studies in the AdS/CFT correspondence
that intend to push the present knowledge beyond the N = 4 super
Yang-Mills (SYM) paradigm.

The first part is concerned with the study of non-supersymmetric
deformations of N' = 4 SYM (which still are in the N' = 4 uni-
versality class). For non-supersymmetric CFT’s at Large N we
explore the correspondence between string theory tachyons in the
bulk and instabilities on the boundary effective action. The oper-
ators dual to AdS tachyons have anomalous dimensions that are
purely complex numbers. We give a prescription for calculating the
mass of the tachyon from the field theory side. Moreover, we apply
this general dictionary to the case of intersecting D7 flavor branes
in AdSs x S° and obtain the mass of the open string tachyon that
is dual to the instability in the mesonic sector of the theory.

In the second part we present work aiming at finding string theory
duals for gauge theories beyond the A/ = 4 universality class, i.e.
theories that have genuinely less supersymmetry and unquenched
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flavor. Arguably the next simplest example after N' = 4 SYM is
N =2 SU(N.) SYM coupled to Ny = 2N, fundamental hyper-
multiplets. The theory admits a Veneziano expansion of large N,
and large Ny, with N;/N. and A = ¢?N, kept fixed. The topo-
logical structure of large N diagrams invites a general conjecture:
the flavor-singlet sector of a gauge theory in the Veneziano limit
is dual to a closed string theory. We present the one-loop Hamil-
tonian for the scalar sector of N/ = 2 superconformal QCD and
study this integrability of the theory. Furthermore, we explore the
chiral spectrum of the protected operators of the theory using the
one-loop anomalous dimensions and, additionally, by studying the
index of the theory. We finally search for possible AdS dual trying
to match the chiral spectrum. We conclude that the string dual
is a sub-critical background containing both an AdSs; and an S*
factor.
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Chapter 1

Introduction

1.1 Motivation - Overview

The AdS/CFEFT correspondence [1-3] (see [4] for a review) has been one of
the most important advancements in string theory in the last decade. It is
an example of gauge theory/gravity duality and provides tools to explore the
strongly coupled gauge theories using weekly coupled gravity (string theory)
and, maybe, to even learn about the non-pertubative regime of string theory
using weekly coupled gauge theory. The basic paradigm is the duality between
N = 4 super-Yang Mills (SYM) and type IIB string theory on AdS5 x S®. Un-
fortunately, A" =4 SYM is far from realistic. It has maximal supersymmetry
and all its fields are in the adjoint representation of the color group. Even
though there are many “phenomenological” models inspired by the AdS/CFT
(which give for example a qualitative geometric understanding of confinement
and chiral symmetry breaking), only for a sparse set of four-dimensional gauge
theories do we have quantitative evidence of an “exact” duality.

Most of the other (besides N' = 4) conjectured “exact” dualities are close
cousins of this basic paradigm. Some examples are obtained by deforming the
N = 4 paradigm by turning on relevant deformations (to flow to a new CFT
preserving fewer supersymmetries). Another approach is to break supersym-
metry by changing the topology of the string theory background replacing the
AdS5 x S% by some AdSs x X5'. These relatively well-understood dualities are
constructed by considering stacks of D3 branes in critical (i.e ten dimensional)
string theory in R*»! x M;. Given the choice of the manifold X5 (the isome-
tries of X5 correspond? to the R-symmetry of the gauge theory) N' = 4,2, 1, or

!see for example the review by Klebanov [5]
2More accurately, the isometries of X5 should include the R-symmetry of the gauge



even zero supersymmetry is preserved. Moreover, a closely related set of well-
understood dual geometries is constructed by adding a small number Ny < NV,
of probe, flavor branes in the AdS5 x X5 backgrounds, neglecting their back-
reaction. These are gravity duals to gauge theories with fundamental quarks
in the quenched approximation. The way the flavor branes are placed in the
AdSs x X5 backgrounds, preserving some of the isometries of the original ge-
ometry, can lead to further breaking of supersymmetry. In the cases where
some supersymmetry is preserved, the gravity backgrounds are better under-
stood. When supersymmetry is completely broken, tachyons might appear on
the string theory side with their holographic image being the instabilities of
the effective potential on the field theory side.

For example in non-supersymmetric orbifolds of N' = 4 SYM, conformal
invariance is broken by the logarithmic running of double-trace operators — a
leading effect at large N. A tachyonic instability in AdSs; has been proposed
as the bulk dual of double-trace running. In the first part of this thesis we
make this correspondence more precise. In chapter 2, using standard field
theory methods, we show that the double-trace beta function is quadratic in
the coupling to all orders in planar perturbation theory. Tuning the double-
trace coupling to its (complex) fixed point, we find conformal dimensions of
the form 2417 b(\), as formally expected for operators dual to bulk scalars that
violate the stability bound. We also show that conformal invariance is broken
in perturbation theory if and only if dynamical symmetry breaking occurs.
Our analysis is applicable to a general large N field theory with vanishing
single-trace beta functions. This work was originally presented in [6].

In chapter 3 we consider an instance of the AdS/CFT duality where the
bulk theory contains an open string tachyon, and study the instability from the
viewpoint of the boundary field theory. We focus on the specific example of the
AdSs x S? background with two probe D7 branes intersecting at general angles
worked out in [7]. For generic angles supersymmetry is completely broken and
there is an open string tachyon between the branes. The field theory action
for this system is obtained by coupling to N' = 4 SYM two N = 2 hyper
multiplets in the fundamental representation of the SU(N) gauge group, but
with different choices of embedding of the two A/ = 2 subalgebras into N = 4.
On the field theory side we find a one-loop Coleman-Weinberg instability in the
effective potential for the fundamental scalars. We identify a mesonic operator
as the dual of the open string tachyon. By AdS/CFT, we predict the tachyon
mass for small 't Hooft coupling (large bulk curvature) and confirm that it

theory. There are examples where the Sasaki-Einstein spaces have U(1)? isometries that
correspond to the U(1)g x U(1)% global symmetry with the U(1)% being a non-beryonic
flavor symmetry group of certain quiver gauge theories.



violates the AdS stability bound.

For the set of dual pairs constructed using critical string theory, the six
transverse dimensions correspond to extra scalar fields in the field theory.
While it is possible to break supersymmetry, the resulting gauge theory still
“remembers” the maximal supersymmetry of the “mother” A/ = 4 theory.
A basic open question is whether we can find exact dual pairs outside the
“universality class” of N/ = 4 SYM. One of the research directions explored
in this dissertation is to find string theory duals of gauge theories that have
“genuinely” less supersymmetry. A related direction is to look for duals of
gauge theories that include a large number of quark fields in the fundamen-
tal representation of the gauge group. In chapter 4 we present some progress
made in both directions [8]. We study what is arguably the simplest (most
symmetric) gauge theory outside a N' = 4 universality class, namely N = 2 su-
perconformal QCD (SCQCD), the N' = 2 super Yang Mills theory with gauge
group SU(N.) and N; = 2N, fundamental hyper multiplets. ' = 2 SQCD for
Ny = 2N, has a vanishing beta function and, thus, should have an AdS dual
description. The theory admits a Veneziano expansion of large N, and large
Ny, with Ny /N. and A = g2, N, kept fixed. The topological structure of large
N diagrams motivates a general conjecture: the flavor-singlet sector of a gauge
theory in the Veneziano limit is dual to a closed string theory. Single closed
string states correspond to “generalized single-trace” operators, where adjoint
letters and flavor-contracted fundamental /antifundamental pairs are stringed
together in a closed chain. We look for the string dual of N/ = 2 SCQCD
from two fronts. From the bottom-up, we perform a systematic analysis of the
protected spectrum using superconformal representation theory and the the
one-loop dilation operator that we derive in chapter 5. From the top-down,
we consider the decoupling limit of known brane constructions. In both ap-
proaches, more insight is gained by viewing the theory as the degenerate limit
of the N' = 2 Z, orbifold of N' = 4 SYM, as one of the two gauge couplings
is tuned to zero. A consistent picture emerges. We conclude that the string
dual is a sub-critical background with seven “geometric” dimensions, contain-
ing both an AdSs and an S! factor. The supergravity approximation is never
entirely valid, even for large A, since the field theory has an exponential de-
generacy of exactly protected states with higher spin, which must be dual to
a sector of light string states.

Integrability techniques have been proven an extremely powerful tool in
studying N’ = 4 SYM in the large N, limit. The complete determination of
the exact operator spectrum of the planar theory seems within reach. The same
integrability structures arise both on the field theory and on the dual string



theory side, allowing a very precise check of the AdS/CFT correspondence.
In fact, although historically it happened otherwise, the AdS/CFT correspon-
dence for N' = 4 SYM could have been discovered “from the bottom-up”, that
is from the perturbative analysis of the field theory dilation operator. Already
the one-loop spin chain gives a strong hint of the duality, clearly suggesting
a string worldsheet propagating in the AdSs; x S° target space [10-12]. In
chapter 5, we consider the one-loop spin chain for N' = 2 SCQCD, in order
to collect “bottom-up” clues about the string dual, finding nice qualitative
agreement with the “top-down” string theory approach. We, finally, study the
magnon excitations of the spin chain and their bound states and investigate
whether this spin chain is integrable [9)].

1.2 AdS/CFT: History - Status Report

String theory was originally discovered as the dual resonance model of the
strong interactions prior to the development of gauge theories and QCD. In
the mid 70’s the interest in string theory was revived after the spin 2 massless
particle discovered in its spectrum was recognized as the graviton. This sug-
gested that string theory is a theory of quantum gravity. Naturally containing
general relativity and gauge theories, string theory emerged as a strong candi-
date for the unified theory of all particle interactions. In the last decade, with
the discovery of the AdS/CFT correspondence, string theory has partly gone
back to its original roots.

String theory contains closed strings, whose low energy effective theory is
Einstein’s gravity, and open strings that end on (non-pertubative objects) Dp
Branes, whose low energy theory is electromagnetism (gauge theory). Sim-
ply by observing the fact that under interchanging the worldsheet time and
space coordinates the open string one loop diagram becomes a closed tree level
propagating string one expects that there should be some kind of open/closed
string duality (gauge theory/gravity duality).

AdS/CFT is an example of such a duality. There are, by now, several
examples of theories that have two equivalent descriptions, one in terms of
open strings (gauge theory), the other in terms of closed strings (gravity).
Open/closed duality provides both a powerful insight into the dynamics of
strongly coupled physical systems, and a key to the fundamental nature of
string theory. Through the AdS/CFT correspondence the gravitational de-
scriptions give insights into strongly coupled gauge theories, while gauge theo-
ries provide in principle a reformulation of gravity as an emergent phenomenon.

A beautiful argument that there must be a relation between string theory



and gauge theories originates back in the work of 't Hooft [13]. The perturba-
tive expansion of U(N) gauge theories in the large N limit can be reorganized
in terms of the genus expansion of the surface spanned by the Feynman dia-
grams, like the perturbative expansion of string theory. The parameter 1/N
counts the genus of the Feynman diagram, while the 't Hooft coupling

A= g2y N (L1)

enumerates the quantum loops.

Holography is an other old idea in the direction of gauge/gravity duality
(again originally suggested by 't Hooft [14] and further by Susskind [15]). The
Holographic principle states that the degrees of freedom of a gravitational
theory that lives in some space M are equal to the degrees of freedom of a non-
gravitational theory that lives on the boundary dM . This can be understood
using the fact that the entropy of a black hole given by the Bekenstein Hawking

formula [16]

A
S=15 (1.2)

The argument goes as follows: if some setup had more degrees of freedom than
a black hole and it was not a black hole, we could throw more matter to it
and turn it into a black hole. But this new configuration would have bigger
entropy that the initial one. And thus more than (1.2) which is wrong,.

1.2.1 The N =4 paradigm

The canonical example of AdS/CFT is between Type IIB string theory on
AdSs5x S® and N = 4 SYM theory in four dimensional Minkowski space. It was
conjectured by Maldacena in [1] after studying the low energy limit (decoupling
limit) of ten dimensional sting theory on the background of N D3 branes.
Closed strings are excitations of the empty space (the bulk) while open strings
end on the D-branes and describe their excitations. After taking the low
energy limit (o’ — 0) the two theories decouple. N =4 SYM is the low energy
limit of the theory that lives on the D3 branes®. The AdSs x S° geometry
arises if we study the supergravity solution around D3 branes and take the
near horizon limit. The AdS scale of the solution is R* = 4mwg,a/?N. The

3The action for the theory of open strings that live on the worldvolume of a brane is
the Dirac-Born-Infeld action (DBI). It is multiplied by the tension 7p, ~ 1/gs¢E*! of the
brane and, in low energy, it is reduced to the SYM action which has 1/¢%,, as a prefactor.
This leads to the identification g;/?=2 ~ g%, which for the special case of D3 gives a
dimensionless coupling constant.



conjecture states that a ten dimensional theory of gravity, type IIB superstring
in AdS; x S° (with N units of five-form flux on S°), and a four dimensional
gauge theory, NV = 4 SYM, are dual to each other. The fact that all the ten
dimensional dynamical degrees of freedom can somehow be encoded in a four
dimensional theory living at the boundary of AdSj5 suggests that the gravity
bulk dynamics result from a holographic image generated by the dynamics of
the boundary theory. The string theory is characterized by two parameters:
the string coupling constant g, and the effective string tension R?/a’ = R? /(2.
The gauge theory on the other hand is parametrized by the rank N of the
gauge color group and the coupling constant gy,;. The two theories are dual
to each other with the following identifications between their parameters,
4

AT gs = Gy s ];—4 =\ (1.3)
The identification of the parameters is achieved by inspecting the supergravity
solution around N coincident D3 Branes. The conjecture is to hold for all
values of N and of 4rg, = g%,

A very essential indication for the validity of the AdS/CFT correspondence
was the observation that the global symmetries of the two theories match. The
SU(4)p ~ SO(6)g R-symmetry of N' = 4 SYM is identified with the isometries
of the 5-sphere and the conformal symmetry SO(2,4) with the isometries of
AdSs. Furthermore, the combination of N' = 4 supersymmetry, Poincaré and
conformal invariance produces an even larger superconformal symmetry given
by the supergroup PSU(2,2[4). What is more, the g-function of N' =4 SYM
theory is identically zero due to non renormalization theorems. The theory
is exactly scale invariant at the quantum level, and the superconformal group
SU(2,2/4) is a fully quantum mechanical symmetry.

N = 4 SYM also has electromagnetic (S-duality) symmetry, realized on

47rz 0
the complex coupling constant 7 = s + 5= by Mobius transformations in

SL(2,7Z). On the AdS side, thls symmetry is a global discrete symmetry of
type IIB string theory with 7 = g + 5= (gs and y are the expectation values of
the NSNS and the RR scalars — the dilaton and the axion). It is unbroken by
the D3 brane solution, in the sense that it maps non-trivially only the dilaton
and axion expectation values. It must be noted, however, that S-duality is
a useful symmetry only for finite N since S-duality transformations do not
commute with the large N limit with A fixed.

Witten and Gubser, Klebanov, and Polyakov [2, 3] used holography to
make the AdS/CFT “dictionary” precise. The holographic map between the



two theories was discovered by studying the possible boundary conditions for
the string fields living in the AdS space. Gauge invariant operators, which are
the observable quantities on the boundary, are dual to string fields in the AdS
bulk with the same quantum numbers. The string theory fields ¢(z,y) that
live in AdSs x S® have to first be decomposed in a series on S?,

d(z,y) = > o1(2)Yi(y) (1.4)

where Y; is a basis of spherical harmonics on S°. Just as fields on a circle
receive a mass contribution from the momentum mode on the circle, so do
fields compactified on S® receive a contribution to the mass. Once we have
the full spectrum of the bulk fields that live in AdS space only, we have to
consider solving their field equations. Solving for example the Klein-Gordon
equation for a scalar in AdS, we discover that there are two solutions as it is a
second order differential equation: a non-normalizable and a normalizable one
that correspond to Dirichlet and Neumann boundary conditions respectively.
Near the boundary 4,

Pz, 2) — ¢o(x) 2472 + (09), (x) 22 (1.5)

¢o is a prescribed “source” function (¢p = J) and (d¢), describes a physical
fluctuation that ends up (after a short calculation using (1.8)) being related
to the vacuum expectation value of the dual operator

1

(96), = 55— (©)- (1.6)

A scalar field with mass m will have the asymptotic behavior (1.5) for m*R? =
A(A — 4). Similarly, for the various types of fields we get that the massess
and the conformal dimensions are connected through the following map:

scalars m?R? = A(A —4)
spin 1/2, 3/2 m|R=A—2
p— form m*R? = (A —p)(A+p—14).
spin 2 m?*R? = A(A —4)

In order to prove the AdS/CFT correspondence the two Hilbert spaces
of the two theories have to be identified using (1.7) for all values of N and

4Here we are using Poincaré coordinates: @ are the coordinates in R* and z is the radial
direction of AdSs.



A. That is to say, the partition function of the string theory with boundary
conditionds ¢ should be equal to the gauge theory partition function that
contains all the correlators of single trace operators O with sources ¢y = J,

Zstring|®0) = Znr—a[J] = (elora 7O (1.7)

This expression is understood to hold order by order in a perturbative ex-
pansion. On the AdS side, we assume that we have an action Sg.ing[¢] that
summarizes the dynamics of type IIB string theory® on AdSs. In the super-
gravity approximation (o’ — 0), S[¢] is the very well understood type I1IB
supergravity action on AdSs. If we first take the large N limit, gs — 0 (or
equivalently® Gy — 0), we do not have to compute any string theory (quantum
gravity) corrections. Then, we can further take the strong coupling A — oo
limit which in the gravity side is o/ — 0 and we can just use type IIB su-
pergravity. Doing so, the path integral of the string theory side is reduced

to
e_s[¢0] = <€f@1w¢00> (18)

and we can easily compute correlation functions for operators in the strongly
coupled gauge theory, just by taking functional derivatives with respect to
the sources J = ¢y. To go beyond the supergravity approximation (i.e. to
calculate 1/+/\ corrections for the field theory correlators), S[#] should also
include o/ corrections due to massive string effects.

Having the basic dictionary set up, the simplest check of the correspon-
dence we can perform is to match the chiral spectrum of the gauge theory
with the KK spectrum of supergravity. This is basically a superconformal
representation theory multiplets matching (group theory plus field content)
argument. Studying superconformal representation theory, we discover that
there are short multiplets, some of which are protected (i.e. their anomalous
dimension is always zero in all orders perturbation theory). For N/ =4 SYM
there is one half-BPS multiplet that is protected. The conformal dimensions
and quantum numbers of its members are directly matched to the one and only
gravity multiplet of type I1B supergravity. This multiplet starts with ¢f, ¢5,
or ¢§ scalars and contains, among their other descendants, the stress energy
tensor of N' = 4 and the supercurrents. These are dual to scalars with all
the indices in the 5-sphere, the graviton and the gravitino respectively. This
check was originally performed in [3, 17] but can also be easily achieved with a
novel tool, “the index” [18], which is nothing but the partition function (up to

5This action is of course not known. We do not even know how to write the full spectrum
of string theory in AdSs x S° — apart from the special case of the plane wave limit.
6Newton’s constant Gy ~ R®/N? goes to zero as N goes to infinity.



signs for the fermions) for only the protected operators. We describe in detail
this very powerful tool and employ it to check the chiral spectrum of N' = 2
SCQCD in chapter 4.

The next step is to consider the large N limit but calculate corrections
in X\. The first reasults in this direction were obtained using the BMN limit
(Berenstein - Maldacena - Nastase [10]). Classical rotating strings in the 5-
sphere or the AdSs are mapped to operators with high R-charges or many
derivatives, for all A\ but with J — oo. The geometry seen by these fast
rotating strings is the so-called plane wave geometry and string theory in
this background is exactly solvable. In other words, we know the excitations
spectrum which is comprised by massive bosons/fermions.

Although the aforementioned results offered essential checks of the AdS/CFT
correspondence, they are yet limited in large J type of operators. The real
breakthrough came only after the observation, by Minahan and Zarembo [11],
that the calculation of an operator’s anomalous dimension can be mapped to
a spin chain type of problem that is integrable. Using integrability techniques,
the complete determination of the planar theory’s exact operator spectrum,
for all A, seems only a matter of time. The dilatation operator at higher loops
(all loops) was calculated and found to correspond to a long range Hamiltonian
that is integrable to all orders in A [19, 20]. Shortly after that, the all loop
Scattering matrix was obtained (up to a phase) using the symmetry algebra
[21]. Finally, the Thermodynamic Bethe Ansatz (TBA) was used to account
for the finite size corrections (wrapping) for small operators [22-24].

Even though in this dissertation we will only consider the planar theory,
we also report for completeness the status of checking the AdS/CFT for fi-
nite N. The relevant perturbative calculations are rather difficult and, hence,
there has not been much progress in this direction. However, 1/N corrections
have been calculated for some quantities like the ¢ and a anomalies for N = 4
SYM and orbifolds of it, finding that the field theory and gravity results match
[25-27]. The most significant check of the AdS/CF'T for finite NV was achieved
by Aharony and Witten [28]. In their work, they show that upon compactifi-
cation on a circle, N' =4 SYM acquires a Zy global symmetry (the center of
the gauge group is Zy) that happens to be a “topological symmetry”. Finally,
an alternative check of the AdS/CFT for finite N is provided by the giant
gravitons. Giant gravitons are D3 branes wrapping an S C S° with large
angular momentum on the S°. There are dynamically stable solutions of type
IIB supergravity that preserve half of the supersymmetries. Their dual oper-
ators on the boundary are not made gauge invariant by taking the trace, but
the determinant in the color space. For these operators non-planar diagrams
dominate over planar diagrams and, thus, the 1/N check.



Finally, although in this thesis we will only be concerned with dual pairs for
which the boundary theory is four dimensional (with the exception of chapter
4 where the arguments are more general), we wish to mention that there are
many other examples of AdS/CFT correspondence for dimensions different
than four. First of all, using M2 and M5 branes was already suggested in [1].
M-theory in AdSy x S” and AdS; x S* should be dual to supersymmetric three
dimensional conformal field theory and (2,0) superconformal field theory in
six dimensions respectively. Recently, a lot of progress was made after the
discovery of the Lagrangian for M2 branes [29]. ABJM showed that string
theory on AdS,; x CP? is dual to V' = 6 superconformal Chern-Simons [30].
There has also considerable progress for theories in two dimensions. AdS3 X
S3 x M* is dual to the two dimensional symmetric orbifold theory (the field
theory that lives on D1/D5 intersections). For AdSg or higher dimensions
there are no more dual pairs as there is no simple AdS supergroup.

1.2.2 Beyond N =4 SYM

As discussed in the previous section most of the other conjectured “exact”
dualities, such as N' = 4 orbifolds and orientifolds, the conifold, AdSs x X°
where X° is any Sasaki Einstein manifold Y79 or L®*¢ are all close cousins of
the N'= 4 SYM standard paradigm. They are obtained by considering stacks
of D3 branes in critical string theory in R*' x Mg with

als.zM6 =dr? +r’dX2. (1.9)

A choice of Mg with less isometries than R® will lead to a field theory with
fewer supersymmetries preserved. If, for example, Mj is Ricci flat (i.e. a
Calabi-Yau 3-fold) N/ = 1 supersymmetry is preserved. More dual pairs are
obtained by deforming the /' = 4 SYM with gamma deformations or with
marginal and relevant deformations. Further examples are constructed by
adding flavor branes in the probe approximation in the AdSsx X5 backgrounds,
neglecting their backreaction. The open strings that stretch between the color
D3 branes and the Ny < N, flavor branes lead to fundamental quarks. Again,
the relative position of the flavor branes to the D3s can lead to further breaking
of supersymmetry.

There is also the famed Sakai-Sugimoto model that is arguably the best
(the closest) string-theoretical holographic realization of the “real” QCD in
the infrared [32, 33]. It provides a beautiful geometric realization of chiral
symmetry breaking and has been used to study the spectrum of mesons and
baryons. ’

"In this direction of getting a nice string model of holographic QCD there is a new
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In all the aforementioned examples, when supersymmetry is completely
broken our work [6] is applicable. Specifically, in chapters 2 and 3, we study
the tachyons that appear on the string theory side from the instabilities of the
effective potential on the field theory side.

An orthogonal direction is instead of using critical string theory in which
the resulting gauge theory always “remembers” the maximal supersymmetry
due to extra fields, to work with non-critical string theory . This was originally
suggested by Polyakov [35, 36]. He argues that pure Yang-Mills theory in four
dimensions should be described by a sub-critical string theory in AdSs space.
The physical meaning of the fifth dimension is that of the renormalization
scale represented by the Liouville field. Building on this idea, theories with
genuinely lower supersymmetry should be dual to non-critical string theories,
according to the pattern: N =4, d = 10 (critical case); N =2: d =8, N = 1:
d=6; N =0: d=>5. In chapter 4 we present our work on N' = 2 SCQCD
that is arguably the next simplest case beyond the N = 4 SYM universality
class.

example constructed with intersecting D4 branes , that was recently suggested by Van
Raamsdonk and Whyte [34]. This exaple have very similar features to our intersecting D7
branes model presented in chapter 5.

11



Chapter 2

Large N Field Theory and AdS
Tachyons

2.1 Introduction

Conformal invariant quantum field theories in four dimensions are interest-
ing both theoretically and for potential phenomenological applications. While
perturbatively finite supersymmetric QFTs have been known for a long time
[37] and a vast zoo of non-perturbative supersymmetric examples was discov-
ered during the duality revolution of the 1990s, only few non-supersymmetric,
interacting CFTs in d = 4 are presently known.!

The AdS/CFT correspondence [1-3] seems to offer an easy route to several
more examples. A well-known construction [39, 40] starts by placing a stack
of N D3 branes at an orbifold singularity R®/T". In the decoupling limit one
obtains the duality between an orbifold of N' = 4 SYM by I' C SU(4),
and Type IIB on AdSs x S°/T'. Supersymmetry is completely broken if I' ¢
SU(3), but since the AdS factor of the geometry is unaffected by the orbifold
procedure, conformal invariance appears to be preserved, at least for large
N. However, in the absence of supersymmetry one may worry about possible
instabilities [41].

On the string theory side of the duality, one must draw a distinction [42]
according to whether the orbifold action has fixed points or acts freely on S°. If
I" has fixed points, there are always closed string tachyons in the twisted sector.
If I acts freely, the twisted strings are stretched by a distance of the order of
the S° radius R; the would-be tachyons are then massive for large enough R
(strong 't Hooft coupling A), but it is difficult to say anything definite about
small R.

Large N Bank-Zaks [38] fixed points come to mind.
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On the field theory side, a perturbative analysis at small A reveals that
conformal invariance is always broken, regardless of whether the orbifold is
freely acting or not [43, 44]. The inheritance arguments of [41, 45] guarantee
that the orbifold theory is conformal in its single-trace sector: at large N,
all couplings of marginal single-trace operators have vanishing beta functions.
However, even at leading order in N, there are non-zero beta functions for
double-trace couplings of the form

698 = f/d‘*:::@@, (2.1)

where O is a twisted single-trace operator of classical dimension two [42-
44, 46, 47]. Conformal invariance could still be restored, if all double-trace
couplings f, had conformal fixed points. It turns out that this is never the
case in the one-loop approximation [43, 44]. So for sufficiently small A, all
non-supersymmetric orbifolds of N' = 4 break conformal invariance.

It is natural to associate this breaking of conformal invariance with the
presence of tachyons in the dual AdS theory [43]. By an AdS tachyon, we
mean a scalar field that violates the Breitenlohner-Freedman bound [48]:

2 4

BF = T p2- (2.2)

For a tachyon, m?* <m
One is then led to speculate [43] that even for freely acting orbifolds, some
of the twisted states must become tachyonic for A smaller than some critical
value A¢. The conjectural behavior of m?(\) for a “tachyon” in a freely acting
orbifold theory is shown in Figure 2.1. A related viewpoint [42] links the
tachyonic instability in the bulk theory with a perturbative Coleman-Weinberg
instability in the boundary theory. From this latter viewpoint however, it
seems at first that whether I is freely acting or not makes a difference even at
weak coupling [42]: if I has fixed points, the quantum-generated double-trace
potential destabilizes the theory along a classical flat direction; if I' is freely
acting, the symmetric vacuum appears to be stable, because twisted operators
have zero vevs along classical flat directions.

In chapter 2 of this dissertation we make the correspondence between
double-trace running and bulk tachyons more precise. Taken at face value,
an AdSs tachyon would appear to be dual to a boundary operator with com-
plex conformal dimension of the form

A=2+ib, b=+/|m2R2+4]. (2.3)

We are going to find a formal sense in which this is correct, and a prescription
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Figure 2.1: Proposal for the qualitative behavior of a “tachyon” mass in a
freely acting orbifold, as a function of the 't Hooft coupling A\. The field is
an actual tachyon (violating the BF stability bound) for A < Ac. See section
2.4.1 for more comments.

to compute the tachyon mass m?(\) from the boundary theory. In principle
this prescription could be implemented order by order in A and allow to test
the conjectural picture of Figure 2.1. We also show that the perturbative
CW instability is present if and only if conformal invariance is broken, inde-
pendently of the tree-level potential, and thus independently of whether the
orbifold is freely acting or not.

Our analysis applies to the rather general class of large N theories “con-
formal in their single-trace sector”. We consider non-supersymmetric, classi-
cally conformal field theories with lagrangian of the standard single-trace form
L = NTr[...]. Denoting collectively by A the single-trace couplings that are
kept fixed in the large N limit,? we assume that 8y = ,ua%)\ = 0 at large
N. Generically however, perturbative renormalizability forces the addition
of double-trace couplings of the form (2.1), where O ~ Tr ¢? is a single trace
operator of classical dimension two. Thus it is essential to compute the double-
trace beta functions 3¢ to determine whether or not conformal invariance is
maintained in the quantum theory. Our main technical results are expressions
for 3y, for the conformal dimension Ay and for the effective potential V(¢p),
valid to all orders in planar perturbation theory.

Besides orbifolds of N/ = 4 SYM, other examples of large N theories con-
formal in their single-trace sector are certain non-supersymmetric continuous
deformations of N' =4 SYM [49-51]. One can also contemplate theories with

%In the example of an orbifold of N' =4 SYM, A = ¢%,,N is the usual 't Hooft coupling.
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adjoint and fundamental matter, where the instability arises in the mesonic
sector and is dual to an open string tachyon. A detailed analysis of such an
“open string” example will appear in the next chapter 3 of this thesis and it
was originally presented in [7]. Somewhat surprisingly, conformal invariance
turns out to be broken in all concrete cases of non-supersymmetric “single-
trace conformal” theories that have been studied so far. There is no a priori
reason of why this should be the case in general. A more systematic search
for conformal examples is certainly warranted.

We should also mention from the outset that independently of the per-
turbative instabilities which are the focus of this paper, non-supersymmetric
orbifold theories may exhibit a non-perturbative instability akin to the decay
of the Kaluza-Klein vacuum [52] (see also [53]). For a class of freely acting
Zok+1 orbifolds, at large coupling A the decay-rate per unit volume scales as
52

[iecay ~ ke N /AL (2.4)

where A is a UV cut-off. This instability is logically distinct and parametri-
cally different from the tree-level tachyonic instability. It is conceivable that a
given orbifold theory may be stable in a window of couplings A\¢ < A\ < Agg
intermediate between a critical value Ao where the “tachyon” is lifted (Figure
2.1) and another critical value Axx where the the non-perturbative instability
sets in.

Multitrace deformations in the context of the AdS/CFT correspondence
have been investigated in several papers, beginning with [54-58].

This chapter is organized as follows. In section 2.2 we study the renormal-
ization of a general field theory conformal in the single-trace sector and derive
expressions for 3y and Ay valid to all orders in planar perturbation theory. In
section 2.3 we study the behavior of the running coupling f(x) and the issue
of stability of the quantum effective potential V(p). In section 2.4 we make
our proposal for the computation of the tachyon mass m?(\) from the dual
field theory. We illustrate the prescription in a couple of examples and make
some remarks on flat directions in freely acting orbifold theories. We conclude
this chapter with section 2.5 discussing a few open problems.

2.2 Renormalization of double-trace couplings

We are interested in large N, non-supersymmetric field theories in four dimen-
sions. We start with a conformally invariant classical action of the standard
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single-trace form. Schematically,
Ssr[N, A = /d4:): NTr[(D¢)* 4+ D+ (DA + X' +...],  (2.5)

where ¢, 1, A are N x N matrix-valued scalar, spinor and gauge fields. We
have written out the sample interaction term NATr ¢* to establish our notation
for the couplings: we denote collectively by A the couplings in Sgr that are
kept fixed in the large N limit.

(a) (b) N Tret (©) (Tr¢?)?

Figure 2.2:  One-loop contributions to the effective action from a diagram
with two quartic vertices. Each vertex contributes a factor of AN and each
propagator a factor of 1/N, as indicated in (a). There are two ways to contract
color indices: a single-trace structure (b), or a double-trace structure (c).

Generically, the action (2.5) is not renormalizable as it stands, because
extra double-trace interactions are induced by quantum corrections. It is an
elementary but under-appreciated fact that double-trace renormalization is a
leading effect at large N. For example, consider the contribution to the effective
action from one-loop diagrams with two quartic scalar vertices (Figure 2.2).
Schematically,

[ d*az N XTr¢*(z) [d*y N ATr¢*(y) (2.6)
~ N logA [d*z [NTro* + (Tre?)?] .

The single-trace term N Tr¢?* renormalizes a coupling already present in the
action (2.5). The double-trace term (Trg?)? forces the addition of an extra
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piece to the bare action,

S = Ser+Spr,  Sor— / A fo (Tr®)?,  fo~ Alogh.  (2.7)

It is crucial to realize that Sgr and Spr are of the same order in the large N
limit, namely O(N?). For Ssr, one factor of N is explicit and the other arises
from the trace; for Spr, each trace contributes one factor of V.

In the following, we specialize to theories for which the single-trace cou-
plings do not run in the large N limit, 3, = ,ua%)\ = O(1/N). In particular
the single-trace contribution in (2.6) is canceled when we add all the relevant
Feynman diagrams. This is what happens in orbifolds of N = 4 SYM. Twisted
single-trace couplings cannot be generated in the effective action, since they
are charged under the quantum symmetry, while untwisted single-trace cou-
plings are not renormalized, since they behave as in the parent theory by large
N inheritance. However, neither argument applies to double-trace couplings
of the form f O, (’);, where O, = Tr(g¢?) is a twisted single-trace operator
of classical dimension two.® Such double-trace couplings will be generated in
perturbation theory.

In this rest of this section, we analyze the general structure of double-trace
renormalization.

2.2.1 Double-trace renormalization to all orders

The beta function for the double-trace coupling (2.1) was computed at one
loop in [43],

0

u@f = oW 24 29yWNf 4 aMA2, (2.8)

By =

This result applies to any theory conformal in its single-trace sector. Here

v is the normalization of the single-trace operator O ~ Tr ¢?, defined as
O(z)0 o 2.9
(O(z)O(y)) = m- (2.9)

The quantity ¥V ) is the one-loop contribution to the anomalous dimension
of O from the single-trace interactions. The double-trace interaction also con-
tributes to the renormalization of O, so that the full result for its one-loop

3Here Tr = TrSU(\F|N) and g € I
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(a) (b) (c)

Figure 2.3: Sample diagrams contributing to 3; at one loop: (a) v f2; (b)
2vMNf 5 (c) aMA2,

anomalous dimension is
Yo = 7(1))\+v(1)f. (2.10)

Some representative Feynman diagrams contributing to 3y are shown in Figure
2.3. Our goal is to generalize these results to all orders in planar perturbation
theory.

The A =0 case

Let us first practice with the simple situation where the single-trace part of
the action is free.* The total lagrangian is

L=LLIC Y Lpr,  Lpr=fOO. (2.11)

The discussion of the large N theory is facilitated by a Hubbard-Stratonovich
transformation. We introduce the auxiliary complex scalar field ¢ and write
the equivalent form for the double-trace interaction,’

Lpr = —foo + foO + f50. (2.12)

The obvious Feynman rules are displayed in Figure 2.4. The renormalization
program is carried out as usual, by adding to the tree-level lagrangian (2.12)
local counterterms, which we parametrize as

SLpr = —(Zy — 1) fod + (Z3 — 1)(foO + f50). (2.13)

4The calculation of 3y for this case already appears in [56].
5For ease of notation we suppress possible flavor indices for @ and o.
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Figure 2.4: Feynman rules for (2.12).

The one-particle irreducible structures that may contain divergences are I',5,
I'oge and I'ypse. The quartic vertex I'yyg44 is in fact subleading in the large N
limit, as illustrated in Figure 2.5 in a one-loop example. The leading contri-
butions to the scalar four-point function contain cuttable o propagators. This
is an example of a general fact that we will use repeatedly: 1PI diagrams with
internal o propagators are subleading for large N. Indeed, adding internal o
lines increases the number of ¢ propagators, which are suppressed by 1/N.

The upshot is that while for finite N (2.12) is not renormalizable as written
(we need to add an explicit OO counterterm), for large N it is.
From the Feynman rules, we immediately find

Los(z,y) = fZ20(x—y)+ Z5 f*(O@)O(y) )y—0,  (2.14)

Logolw:9,2) = —f Z3(O(x)o(y)d(2) )iy - (2.15)

Since we are assuming for now that the single-trace action is free, the f =0
correlators appearing above are given by their tree-level expressions. The
three-point function (Ogbgb)}ié is simply a constant,

Lopp = —fZ5 - const . (2.16)
Clearly no renormalization of the o¢¢ vertex is needed and we can set Z3 = 1.

On the other hand, the two-point function

(O(x)0(0)) =0 = =—— (2.17)

- 2m2at
requires renormalization, since its short-distance behavior is too singular to

admit a Fourier transform. We adopt the elegant scheme of differential renor-
malization [59, 60]. The singularity is regulated by smearing the scalar prop-
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(a) (b)

Figure 2.5: Diagram (a) is leading at large N, of order O(1), but it is reducible.
Diagram (b) is irreducible but it is subleading at large N, of order O(1/N?).

agator,

(O@)O(0)) g =~ (2.18)

212 (22 + €2)2’

where € is a short distance cutoff. Introducing a dimensionful constant p, one
may separate out the divergence as follows,

v 1 -0 v _Inz?p?

272 (22 + €2)? T g2

—vlnped(x). (2.19)

The first term is the renormalized two-point function: it is finite (Fourier
transformable) if one interprets the Laplacian as acting to the left under the
integral sign. The constant p plays the role of the renormalization scale. Back
in (2.14), we take the Z-factors to be

Zy =1+ vflogue, Z3 =1, (2.20)

and find the renormalized correlator

2 n 1 2(x — )2
vanu(x Y)

Log(r,y) = fo(z —y) — Q72 (x —y)?

(2.21)

We are now in the position to calculate 3y and the anomalous dimension 7o of
the single-trace operator.® The renormalized two-point function satisfies the

6Note that vo coincides with ~,, since connected correlation functions of o are equal
(for separated points) to connected correlation functions of O.
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Callan-Symanzik equation

0 0
[u@ + B - 2%] S (2.22)

Recalling the identity

0 1 Inp22?
B =4 2.23
g | g | = o), (2.23)
we see that the CS equation implies
28— 2y0f* = 0 (2.24)
Br —2of +vf? = 0, (2.25)

the first condition arising for x # y and the second from the delta function
term. Incidentally, the CS equation for I',4,, namely

0 0
"o + ﬂf@ — 70 = 29| Topp =0, 7=0, (2.26)

immediately gives §; = fyo, equivalent to (2.24). Solving the linear system,
we find

By =vf?, Yo =vf. (2.27)

These are exact results (all orders in f) in the large N theory. The essen-
tial point, borne out by the auxiliary field trick, is that the for A = 0 the
only primitively divergent diagram is the one-loop renormalization of the o
propagator.

The general case

As we take A # 0, we face the complication that the version of the theory with
the auxiliary field, equation (2.12), is not renormalizable as it stands, since
an explicit quartic term OO is regenerated by the interactions. We are led to
consider the two-parameter theory

£® (9,h) = Lsr — goo + goO + goO + hOO. (2.28)
Comparing with the original form of the lagrangian without auxiliary field,

LY(f) = Lsr + fOO, (2.29)
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we have the equivalence
LY (g+h) ~LP(g,h). (2.30)

(We leave implicit the dependence of £ and £®? on the single-trace couplings
A and on N.) Clearly,

Br(g +h) = B,(9,h) + Brlg, h), (2.31)

where [y is the beta function for the coupling f in theory (2.29), and [,
and ), are the beta functions for the couplings g and h in theory (2.28). It
may appear that not much is gained by considering the more complicated
lagrangian £ (g, h), but in fact the auxiliary field trick still provides a useful
reorganization of large NV diagrammatics. Our strategy is to work in the theory
defined by £®) (g, h), but in the limit that the renormalized quartic coupling
h — 0.

We need not discuss explicitly the renormalization of the single-trace part
of the action. For large N, the 1PI diagrams that renormalize the couplings
in Lgr(A) are independent of g, because leading diagrams at large N do not
contain internal ¢ lines. Since we are also taking h — 0, this implies that the
renormalization of Lg7(A) proceeds independently of ﬁg)T. We recall that by
assumption, Lgr(A) is such that 5y, = 0 for large N.

To discuss the renormalization of Eg%p(g, h — 0), we parametrize the coun-
terterms as

5L = —(Zy —1)go5 + (Zs — 1)(900 + g60) + (Zy — )OO . (2.32)

As we have emphasized, even for h — 0 a quartic counterterm (Z, — 1)hOO
is needed in order to cancel the divergence of I'ys4s. We can use again the
fact that for large N, I'yp44 is independent of g (recall Figure 2.5). Hence for
h — 0 the quartic counterterm can only depend on the single-trace coupling
A,

lim(Zy — 1)h = f(A\ €, ). (2.33)

h—0

It follows that the corresponding beta function is only a function of A,
Br(g,h=0) =a(A). (2.34)

In orbifolds of N =4 SYM, X is the usual 't Hooft coupling, and a()) has a
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perturbative expansion of the form
a(A) =) aPAFT (2.35)
L=1

where L is the number of loops.

The analysis of the two remaining primitively divergent structures, I',; and

I's46, proceeds similarly as in the A = 0 case, with a few extra elements. We
have (for h = 0),

Los(2,y) = 9Z26(x—y)+ Z3 5° (O(x)O(y) Yg=h=0,  (2.36)

Toso(1y,2) = —gZ3(O@)d(y)d(2) )sEh_s - (2.37)

From the last equation, we see that the factor Z3 has the role of renormalizing
the composite operator O in the theory with g = h =0,

v = Z3(\ p,€) O. (2.38)
The dependence of Oy} _, on the renormalization scale y is given by

a ren ren
M@ g:h:o:_”Y()\) g=h=0> (2.39)

where () is, by definition, the anomalous dimension of the single-trace op-
erator in the theory where we set to zero the double-trace couplings. The
two-point function of O} takes then the standard form

'U()\) /’L_2FY(>\)

<Oren($)oren(0)>g:h:0 = WW , x#0.

(2.40)

We have indicated that the normalization v will in general depend on A. In
orbifolds of N' =4, v()\) and () have perturbative expansions of the form

v(A) =) oA () =) 4PN (2.41)
L=1 L=1

The expression (2.40) is not well-defined at short distance and needs further
renormalization, which we perform again in the differential renormalization
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scheme. We first expand

—2 o n n, 2.2
p o ()" logt
prEEm nZ:O o el (2.42)

and then renormalize each term of the series using the substitutions [61]

log" p2z*  nl 21 logh p2a?

x 4 k! 2
k=1

(2.43)

These are exact identities for x # 0 and provide the required modification of
the behavior at x = 0, if one stipulates that free integration by parts is allowed
under the integral sign.

Back in (2.36), we have’

Los(2,0) = gZy0(x) + g (O (2)O"™(0) ) g=n=0 (2.44)

[ee) n+1 k 2 9

_ 2 U n 1 log (IU“ z )
= gi(z)—g 5 (=" o 2 (2.45)

n=0 k=1
The CS equation,
0 0

[,U@ + ﬁga—g - 27@} Iys =0, (2.46)

gives as before two conditions, one for z # 0 and one from the delta function
term. For x # 0, we may simply use the naive expression (2.40) for the
correlator, and we find

2908, — 2709° —279° = 0. (2.47)

It is easy to check that the same condition follows from the CS for I';44. On the
other hand, terms proportional to (x) in (2.46) arise either from the explicit
go(x) in I'y5, or when the p derivative hits the & = 1 terms of the series,

0 2
. g™
0= Py = 2109+ 9% (=1)" = Fy = 2109 + 7 - (2.48)
n=0

"The value of Z5 is defined implicitly by this equation. As in the A = 0 case, we could
introduce a short-distance cutoff € and then choose Zs(e, i) such that the final result (2.45)
for the fully renormalized correlator is obtained.
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The solution of the linear system (2.47, 2.48) is

2

vg
— 20 . 92.49
By 1+7+ gy (2.49)

vg
1+’

Yo =7+

We can finally evaluate 3y in the original theory (2.29). From

Bi(f)=Be(g=f,h=0)+Bn(f,h=0), (2.50)
we find
Br=—" N o) f e (2.51)
T 10 7 “A '

This is the sought generalization of the one-loop result (2.8) originally found
in [43]. The expression for the full conformal dimension of the single-trace
operator is

v(N)

Ao=2+70(f7)\):2+7()\)+m

f. (2.52)

The boxed equations are valid to all orders in large N perturbation theory.

2.3 Double-trace running and dynamical sym-
metry breaking

The beta function of the double-trace coupling remains quadratic in f, to
all orders in planar perturbation theory. This simplification allows to draw
some general conclusions about the behavior of the running coupling and the
stability of the Coleman-Weinberg potential. While the essential physics is
already visible in the one-loop approximation, it seems worthwhile to pursue
a general analysis.

2.3.1 Running coupling
We need to distinguish two cases, according to whether the quadratic equation

v(N)

iy T2 f+a) =0 (2.53)

By =
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Figure 2.6: The two qualitative behaviors of the running coupling f(u) for

D >0and D < 0.

has real or complex zeros. We define the discriminant D(\),

D) =02 - FE2Y,
and the square root of |D|,
b(A) = VD)

From (2.35, 2.41), b(\) has a perturbative expansion of the form

b(A) = bWN+bINE

e Positive discriminant

If D > 0, (2.53) has real solutions

v
1+

b
.f:l::_ :tfa v
v

STEES:

(2.54)

(2.55)

(2.56)

(2.57)

In this case we can maintain conformal invariance in the quantum theory by
tuning f to one of the two fixed points. Since v > 0 (the two-point function
of O is positive by unitarity), we see that f_ is UV stable and f, IR stable.

The differential equation for the running coupling,

u%f(u) — B/ ().
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is easily solved to give

e (2.59)

(£) +1
The function f(u) is plotted on the left in Figure 2.6. The running coupling
interpolates smoothly between the IR and the UV fixed points.

e Negative discriminant

If D < 0 there are no fixed points for real f and conformal invariance is
broken in the quantum theory. The solution of (2.58) is

_ bt s= Y
Fa) ==+ T | 2| 0= (2.60)
There are Landau poles both in the UV and in the IR, at energies
T o)
IR = [lo €Xp <_2_b) > Ly exp <—m) (2.61)
B Y\ mo® 9 62
Huv = Mo €XP 2% = Mo €XpP 20N ) (2.62)

The behavior of f(u) is plotted on the right in Figure 2.6.

2.3.2 Effective potential

The running of the double-trace coupling f and the generation of a quantum
effective potential for the scalar fields are closely related. We wish to make
this relation precise.

Let us consider a spacetime independent vev for the scalars,
(iP) = T.". (2.63)

We have picked some direction in field space specified by the tensor T¢°, where
1 is a flavor index and a,b = 1,... N are color indices. We need not assume
that it is a classical flat direction. With no loss of generality we take ¢ > 0.

We now go through the textbook renormalization group analysis of the
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quantum effective potential V(¢). The RG equation reads

0

0 0

where 74(A) is the anomalous dimension of the scalar field ¢. Note that for
large N, v4(A) is independent of f. Writing (A.97) as

0 By 0 | 4
Vip,p, f,\) =o' U ), — — — U=0(2.65
(N =6 Ul f ), [og = o 10 U = 0(265)
one finds that the most general solution takes the form
_ Mo
4 © 1+ ~
Ve N =¢* (£) 7 Uil n, (2.66)
where f(u) satisfies
0 &\ Br(h)
— = : 2.67
e 0= 752 (2.67)

In general, the arbitrary function Up( 1, A) is found order by order by comparing
with explicit perturbative results. In our case, because of large N, the double-
trace coupling contributes to the effective potential only at tree-level. This is
again a consequence of the fact that 1PI diagrams with internal o lines are
suppressed. Moreover, by assumption the single-trace quartic term NATr¢? is
not renormalized at large N, so that the explicit A\ dependence of Upy( 1, A) is
also exhausted by the tree-level contribution. There is of course an implicit A
dependence in f , as clear from (2.67, 2.51). The full tree-level contribution to
the effective potential is

Vme(go) = N)\Tr¢4 -+ f 00 = N2(CST>\ -+ CDTf) QO4 , (268>

where C'sr and Cpr are some non-negative proportionality constants of order
one.® If the vev is taken along a classical flat direction of the single-trace
lagrangian, then C's7 = 0, but we need not assume this is the case. Thus

Uo(f,A) = N*(CsrA+ Cprf). (2.69)

8We are suppressing flavor indices: NATr¢* in (A.96) is a shortcut for the scalar poten-
tial of the single-trace lagrangian Lsr, which we require to be bounded from below. Then
Cgsr > 0. On the other hand, positivity of Cpr is clear from (A.96), since OO is a positive
quantity.
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The final result for the large N effective potential is

4w¢ 4

V() = N? ™% |Cor A+ Cpr f(@)] P (2.70)

Ordinarily, at a fixed order in perturbation theory the RG improved effective
potential can be trusted in the range of ¢ such that the running coupling f ()
is small. In our case, V() receives no higher corrections in f , so it appears that
(2.70), being the full non-perturbative answer, may have a broader validity.

Let us make contact with the explicit one-loop expression of the effective
potential. To this order,

o) =o® () =N, e =aWA?, gy =aPN, (271

and the expansion of (2.70) gives

Vitoop(p) = N?p* log (%) x (2.72)
[U(l)f2CDT -+ 2f)\(”)/(1) — 2’)/(;1))01)7“ + >\2(a(1)CDT — 4’7;1)057“)

Each term has an obvious diagrammatic interpretation.

2.3.3 Stability versus conformal invariance

Armed with the general form (2.70) of the large N effective potential, we can
investigate the stability of the symmetric vacuum at ¢ = 0. Since the single-
trace coupling A does not run, we can treat it as an external parameter. For
given A, the functions a(X), 9(X), v(A) and v,(X) are just constant parameters
that enter the expression for V(y).

The qualitative behavior of V(¢) is dictated by the discriminant D(X).
Comparing (2.67) with (2.58), we see that f(y) behaves just as f(¢), up to
some trivial rescaling of coeflicients by 1/(1+ ~,). We consider again the two
cases:

e Positive discriminant
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For D > 0, the running coupling is given by

N O R
() = <£)25+ — b= (2.73)
:

The constant solutions f (p) = f1 are obtained as degenerate cases for u — 0
and p — oo. In the generic case, the effective potential is bounded by the two
functions (we set = 1)

N*(CspA + Cprfy) o0 < V(p) < N*(Csrh+ Cprf-) o', (2.74)

where the lower bound is attained for ¢ — 0 and the upper bound for ¢ — oc.
Recall from (2.57) that f_ < f., with f_ always negative. If

CstA+Cprfy >0, (2.75)

then ¢ = 0 is at least a local minimum, otherwise it is a global maximum
and the potential is unbounded from below. Condition (2.75) is simply the
requirement that the tree-level potential (A.96) be bounded from below when
f is set to its IR fixed point f,. If (2.75) holds, it is also permissible to simply
pick the constant solution f () = f4+. Then V is monotonically increasing and
© = 0 is the global minimum. In the generic case (2.73), we need the stronger
condition

CST)\ + CDTf_ >0 (276)

to ensure that the potential is bounded from below. Then ¢ = 0 is the global
minimum.

In view of the comments below (2.70), we believe that this analysis has
general validity. It is certainly valid for A < 1, since then fi ~ A + O(\?),
and the effective coupling f(y) < 1 for every value of ¢.

In summary, barring pathological cases where the potential is unbounded
from below, for D > 0 the vacuum ¢ = 0 is stable and dynamical symmetry
breaking does not occur.

e Negative discriminant

If D < 0, the effective potential reads, in units u = 1,

~ 4 ~ b b
V(p) = N? |CstA+ Cprf(e)| ¢, flp) = —% + = tan <5 log go) (2.77)
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The theory only makes sense as an effective field theory for energy scales
intermediate between the two Landau poles, g = 7% < ¢ < pyy = e’ .
The potential ranges between minus infinity at pu;r and plus infinity at gy .
A little algebra shows that V() is either a monotonically increasing function,
or it admits a local maximum and a local minimum. Local extrema exist if

Csr v o1 ACERD

_ 1 2.78
Cor v 14 Yo 492 ' ( )
with the potential always negative at the local minimum,

From (2.71, 2.55), we see that (2.78) is always obeyed for sufficiently small
A. The value of the running coupling at the minimum can be expanded for
AL,

; a 1) LTARY 3 _ Csr
DT

For small A, f (@min) 1s also small, the local minimum can be trusted, and
dynamical symmetry breaking occurs. If the vev is taken along a flat direction
for the single-trace potential, namely if C's7 = 0, then the double-trace cou-
pling at the new vacuum is of order O(\?), which is perhaps the more familiar
behavior — as in the original analysis of massless scalar electrodynamics [62].
From (2.78, 2.79, 2.80), we find that for small A symmetry breaking occurs
even if the tree level single-trace potential does not vanish (Csy # 0).

We take the liberty to belabor this conclusion, giving an alternative deriva-
tion. One can first expand the effective potential to lowest non-trivial order,

V() = N2[CsrA + Corf (1)] + Victoop(9) (2.81)

with Vi_ip0p given by (2.72). In looking for the minimum, V'(¢mim) = 0,
V" (@min) > 0, it is convenient to set the renormalization scale y = @, Then
we just solve for f (¢min) and easily reproduce (2.80). This is a consistent
procedure provided we can find a renormalization trajectory where f (©min)
takes the value (2.80). A glance at Figure 2.6 shows that yes, we can set f
to any prescribed value. Finally, since (2.80) happens to be small for A small,
the whole analysis can be trusted in perturbation theory.

The inequality (2.78) can be satisfied also if A is of order one, in which
case f(p) is of order one. In view of our remarks about the non-perturbative
validity of V(¢), it seems plausible that the local minimum can also be trusted
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in this case.

2.4 AdS/CFT

We have used standard field theory arguments to characterize the two possible
behaviors for a large N theory conformal in its single-trace sector. Either all
double-trace beta functions admit real zeros, and then the symmetric vacuum
is stable and conformal invariance is preserved; or at least one beta function
has no real solutions, and then conformal invariance is broken and dynamical
symmetry breaking occurs.

We now give a reinterpretation of these results in light of the AdS/CFT
correspondence. Even for negative discriminant, we insist in solving for the
zeros of the double-trace beta function,

+

[

Je=— (2.82)

N2

Setting f = f, the full conformal dimension (2.52) of the single-trace operator
O reads

Ao=2+47y+0fs =24y—7+VD=2+VD. (2.83)

So at the fixed point, the anomalous dimension of O is either real if D > 0
or purely imaginary if D < 0. This is just as expected from the AdS/CFT

formula
d d?
Ao =3+ 7 +mR2 =2+ Vit m’R2, (2.84)

where m is the mass of the AdSs scalar field dual to O, if we identify

m*(A\)R* = mppR*> + D(\) = =4+ D()\) . (2.85)

For D > 0, we are in the standard situation of real coupling constant, real
anomalous dimension and dual scalar mass above the stability bound, m? >
m%,. We propose to take (2.85) at face value even when D < 0. If m? <
m% ., the AdS bulk vacuum is unstable. Similarly, if D < 0, the field theory
conformal-invariant vacuum is unstable. Equation (2.85) gives the precise
relation between the two instabilities. The proper treatment of both the bulk
and the boundary theory would be to expand around the stable minimum. But
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in stating that the AdS scalar has a certain mass m? < m%, we are implicitly
quantizing the bulk theory in an AdS invariant way. The dual statement is to
formally quantize the boundary theory in a conformal invariant way, around
the symmetric minimum ¢ = 0, by tuning the coupling to the complex fixed
point f = fi (or f_). At either fixed point, the operator dimension is complex,

Ap=2%ib. (2.86)

The discriminant D()\) = y(\)? —a(A\)0(A) is a purely field-theoretic quan-
tity. In principle (2.85) is a prescription to compute the tachyon mass from
the field theory, at least order by order in perturbation theory. It would be
interesting to see if integrability techniques [63] are applicable to this problem,
though the fact that O is a “short” operator may represent a challenge. For
now we may compare field theory results at weak coupling with the strong
coupling behavior predicted by the gravity side. Let us look at a couple of
examples.

2.4.1 Two examples

Expanding (2.85) to one-loop order,
m*(\R? = -4+ D(\) = =4+ [(7V)? —aPDoW] N2+ O(N*).  (2.87)
The coefficients v(!), 4 and oY) were computed in [43, 44] for several orb-

ifolds of N =4 SYM. Obtaining the corresponding m? is an exercise in arith-
metic.

As a first illustration, take the Zy orbifold theory that arises on a stack of
N electric and N magnetic D3 branes of Type 0B string theory. There are
twisted scalars in the 20" and 1 representations of SU(4)g. From the results
in [43, 46], one finds

23)\2

)\2
B  64rt

may R? = —4 i O\, miR*~ 4

+0(\). (2.88)

Since this orbifold has fixed points on the S° (it fixes the whole sphere), we
expect these masses to remain negative below the stability bound for all A,
with the asymptotic behavior

R2
m*VNR? ~ —— = A2, A\ - x. (2.89)

Of/

Let us also consider a simple class of non-supersymmetric freely acting orbifold,
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Zy, orbifold with SU(3) global symmetry [43]. The Z; action is
Zi—wilz, wp=ekr, n=1,...k, (2.90)

where z;, i = 1,2, 3 are the three complex coordinates of RS = C3. The orbifold
is freely acting for k£ odd, and breaks supersymmetry for & > 3. Let us focus
on the Zs case. There are twisted operators Og,, Oy, with n = 1,2, in the
octet and singlet of the SU(3) flavor group. It turns out that in the one-loop
approximation the n = 1 operators have positive discriminant, while the n = 2
operators have negative discriminant. From the results of [43], one calculates

V5 —1

2 2 ~ 2 3
7Vh—1

1R —4— ——— X+ 0(\).

Mt 160071 T O

The conjectural behavior of m?(\) for freely acting orbifolds is plotted in
Figure 2.1 in the introduction. The one-loop calculation (2.91) gives the second
derivative at A = 0. For large A, these states correspond to highly stretched
strings on the S°. The asymptotic behavior should thus be
2 , R

m-(A\)R NENA’ A— 00. (2.92)
Figure 2.1 plots the simplest interpolation between the small and large A limits.
It would be very interesting to compute the O(A?) corrections to (2.91): this
picture suggests that they should be positive.

2.4.2 Classical flat directions and instability

The Zoyy1 freely-acting orbifolds serve as an illustration of another point —
classical flat directions are immaterial in our context. The classical moduli
space of the theory is (C3/Zgy11)" /Sy. In the brane picture this corresponds
to the positions of the N D3 branes on the orbifold space C3/Zy, ;. The flat
directions are parametrized by vevs for the bifundamental scalars (there are
no adjoints). Along the flat directions, all twisted operators have zero vev.

As emphasized in [42], this is the case in general for freely acting orbifolds:
they have no adjoint scalars and hence no classical branch along which the
twisted operators could develop a vev. However, this does not imply that the
symmetric vacuum is stable. On the contrary, we have seen in section 2.3.3
that dynamical symmetry breaking occurs at small coupling whenever D < 0,
irrespective of the classical potential. Since one can always find a double-trace

34



coupling with D < 0, whether the orbifold is freely acting or not [44], we
conclude that freely acting orbifolds also have a CW instability which drives
into condensation a twisted operator, (O) # 0. The instability occurs away
from the flat directions.

This reconciles the proposal of [43], which relates bulk tachyons with the
breaking of conformal invariance, with the general viewpoint of [42], which
relates them to the Coleman-Weinberg instability. A detailed analysis of the
CW instability in some examples of freely acting orbifolds has been pursued
by [64].

2.5 Discussion

The logarithmic running of double-trace couplings fOO, where O ~ Tr¢?,
is a general feature of large N field theories that contain scalar fields. In
this chapter we have studied the renormalization of double-trace couplings
in theories that have vanishing single-trace beta functions at large N. We
have derived general expressions for the double-trace beta function 3, the
conformal dimension Ap and the effective potential V(). The main point
is that §; is a quadratic function of f (and A a linear function of f), to
all-orders in planar perturbation theory, with coefficients that depend on the
single-trace couplings \.

Double-trace running plays an important role in non-supersymmetric ex-
amples of the AdS/CFT correspondence. We have related the discriminant
D(X) of B; to the mass m?(\) of the bulk scalar dual to the single-trace op-
erator O. If D(A) < 0, the bulk scalar is a tachyon; on the field theory side,
conformal invariance is broken and dynamical symmetry breaking occurs.

The authors of [44] considered orbifolds of N = 4 SYM, realized as the
low energy limit of the theory on N D3 branes at the tip of the cone R°/T.
They found a one-to-one correspondence between double-trace couplings with
negative discriminant and twisted tachyons in the tree-level spectrum of the
type IIB background before the decoupling limit, namely R3! x R®/T". (Note
that these flat-space tachyons are conceptually distinct from the tachyons in
the curved AdSs x S°/T" background that have been the focus of this paper.)®
It turns out that for all non-supersymmetric examples in this class, at least
one double-trace coupling has negative discriminant, and conformal invariance
is broken.

9The correspondence between twisted sector tachyons and field theory instabilities was
first observed in [65] in the context of non-commutative field theory.

35



It will be interesting to investigate more general constructions to see if
conformal examples exist, both as a question of principle and in view of phe-
nomenological applications.!'® One possibility, suggested by the correspon-
dence found in [44], is to add discrete torsion in a way that removes the
tree-level tachyons [68]. Another is to add appropriate orientifold planes. A
promising candidate for a conformal orientifold theory is the U(N) gauge the-
ory with six scalars in the adjoint and four Dirac fermions in the antisymmetric
representation of the gauge group [69].

Another important question, which is being investigated by [64], is to ana-
lyze the IR fate of non-supersymmetric orbifolds of N = 4 SYM, by expanding
their lagrangian around the local minimum of the effective potential. This is
a well-posed field theory problem because the minimum can be trusted for
small coupling. It would also be very interesting to extend the calculations
of [43, 44] to two loops. At one-loop, there is no obvious distinction between
freely acting and non-freely acting examples. This distinction may arise at two
loops, with the freely acting cases beginning to show the behavior of Figure
2.1.

Finally, it would be nice to find a more detailed AdS interpretation for the
individual terms appearing in the double-trace beta function. For A = 0, when
only the term vf? is present, §; can be reproduced by a simple bulk calcu-
lation [56], using the interpretation [56, 57| of the double-trace deformation
as a mixed boundary condition for the bulk scalar. There should be a bulk
interpretation for the other terms of 3y as well, in particular for the coefficient
a(A) which drives the instability.

10See e.g. [66, 67] for an approach to conformal phenomenology.
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Chapter 3

Intersecting Flavor Branes

3.1 Introduction

Open string tachyon condensation has been studied from many viewpoints, see
[70] for a review. Here we consider a holographic (AdS/CFT) setup where the
bulk theory contains an open string tachyon, and ask what is the counterpart
of tachyon condensation in the boundary field theory. We will identify a sector
of the boundary theory as a “holographic open string field theory” capturing
the tachyon dynamics. Since the bulk is weakly coupled when the boundary
is strongly coupled, and viceversa, we are bound to learn something new from
their comparison.

We introduce the open string tachyon by adding to the AdSs x S® back-
ground two probe D7 branes intersecting at general angles. Probe branes
are the familiar way to include a small number of fundamental flavors in the
AdS/CFT correspondence [71]. If the closed string background is supersym-
metric, it is possible, and often desirable, to consider configurations of probe
branes that preserve some supersymmetry, as e.g. in [71-86]. Instead, we are
after supersymmetry breaking and the ensuing tachyonic instability. Another
way to motivate our work is then as a natural susy-breaking generalization of
the standard supersymmetric setup of [71]. This generalization is technically
challenging, and the technical aspects have some interest of their own. In-
tersecting brane systems have many other applications in string theory, from
string phenomenology to string cosmology, and the technical lessons learnt in
our problem may be useful in those contexts as well.

The system that we study is as an open string analogue of the AdS/CFT
pairs involving closed string tachyons considered in [6, 42-44] and described in
chapter 2 of this dissertation. For general angles the bulk theory is unstable
via condensation of an open string tachyon, or at least this is the picture for
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large A where we can calculate the string spectrum. In this chapter we focus on
the the field theory analysis at small A, with the goal of detecting the expected
instability.

The first challenge is to write down the Lagrangian of the dual field theory.
As is well-known, adding N; parallel D7 branes to AdSs x S® corresponds
to adding to N/ = 4 SYM action N; extra AN/ = 2 hyper multiplet in the
fundamental representation of the SU(N) gauge group. The resulting action
preserves an N/ = 2 subalgebra of the original N' = 4 supersymmetry algebra —
which particular A/ = 2 being a matter of convention so long as it is the same
for all the hyper multiplets. Introducing relative angles between the D7 branes
corresponds to choosing different embeddings for the A" = 2 subalgebras of
each different hyper multiplet. In general supersymmetry will be completely
broken, while for special angles N' = 1 susy is preserved. When N = 1 is
preserved we can use N = 1 superspace to write the Lagrangian. When su-
persymmetry is completely broken the determination of the Lagrangian turns
out to be a difficult technical problem that we are unable to solve completely.
We cannot fix the quartic terms ~ Q* where @ are the hyper multiplet scalars.
The difficulty is related to the lack of an off-shell superspace formulation of
N = 4 SYM. Nevertheless, by making what we believe is a mild technical
assumption, we can fix the sign of the classical quartic potential. This is suf-
ficient to argue that the theory is indeed unstable from the renormalization
of “double-trace” terms f [ d'z O?, where now O ~ Q°Q, with a = 1,...N
a color index. We are now using “double-trace” in quotes since of course the
fields ) are not matrices but vectors, but the logic is much the same. The
renormalization of f has the same twofold interpretation as above. We iden-
tify the mesonic operator O as the dual of the open string tachyon between
the two D7 branes. The Coleman-Weinberg potential for ) plays the role a
holographic effective action for the tachyon.

3.2 AdS/CFT with Flavor Branes Intersect-
ing at General Angles

We begin with a review the Karch-Katz setup [71], where parallel probe D7
branes are used to engineer an A = 2 supersymmetric field theory with flavor.
We then break supersymmetry by introducing a relative angle between the
D7 branes. We derive the dual Lagrangian, up to an ambiguity in the quartic
potential for the fundamental scalars. We end the section with a review of the
basic bulk-to-boundary dictionary.
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|]o 1 2 3456 7 89
D3| x x x x
D7 | x x x x x x %
D7'| x x x x x X X

Figure 3.1: The brane configuration with Flavor Branes Intersecting.

3.2.1 Parallel flavor branes

We start with the familiar D3/D7 supersymmetric brane configuration with
N “color” D3s and Ny “flavor” DTs, arranged as shown in Figure 3.1. For
now #; = 0y = 0, that is, all D7 branes are parallel to one another. Taking
the decoupling limit on the D3s wordvolume, the D3 branes are replaced by
their near-horizon geometry. If Ny < N, we can treat the D7 branes as
probes in the AdSs x S® background, neglecting their backreaction [71]. This
background preserves N’ = 2 supersymmetry in four dimensions.

The dual field theory is N' =4 SU(N) SYM coupled to Ny N' = 2 hyper
multiplets in the fundamental representation of the SU(N) color group, arising
from the D3-DT7 open strings. We are interested in the case of massless hyper
multiplets, corresponding to the brane setup where the D7s coincide with the
D3s (at the origin of the 89 plane). After decoupling, the probe DTs fill the
whole AdSs and wrap an S® C S°.

Let us briefly recall the field content of the boundary theory. A more
detailed treatment and the full Lagrangian can be found in Appendix A.1.
The N = 4 vector multiplet consists of the gauge field A,, four Weyl spinors
M, A =1,...,4 and six real scalars X,,, m = 4,...,9 corresponding to the
six transverse directions to the D3 branes. It is convenient to represent the
scalars as a self-dual antisymmetric tensor X4Z of the R-symmetry group

SU(4)R = Spm(6),

- 1
(XA = Xap = 5€ABCD Xr. (3.1)
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The explicit change of variables is

0 Xsg+iXy | Xe+iXr Xy4+iXs
yan_ L —Xg — Xy 0 X, —iX; —Xg+iXs (32)
V2 | =X —iX: —X4+iX; 0 Xg — Xy
— Xy —iXs; Xe—iXs | —Xs+iXo 0

Each N' = 2 flavor hyper multiplet consists of two Weyl spinors and two
complex scalars,

¢ ( )T ()" (3.3)
Via

Here i = 1,..., Ny is the flavor index. The scalars form an SU(2)g doublet,

Q15<q>, T-=12. (3.4)

C]T

The flavor hyper multiplets are minimally coupled to the A/ = 2 vector mul-
tiplet that sits inside the A/ = 4 vector multiplet. This coupling breaks the
R-symmetry SU(4)g to SU(2) x SU(2)r x U(1)g, where SU(2)g x U(1)g is
the R-symmetry of the resulting AV = 2 theory. There is a certain arbitrariness
in the choice of embedding SU(2), x SU(2)gr x U(1)g C SU(4)r = Spin(6).
This corresponds to the choice of orientation of the whole stack of D7 branes
in the 456789 directions (we need to pick an R* C RY). For example if we
choose the configuration of Figure 3.1, we identify SU(2), x SU(2)g = SO(4)
with rotations in the 4567 directions and U(1)g = SO(2) with a rotation on
the 89 plane. A short calculation using our parametrization of the scalars
(5.10) shows that this corresponds to the following natural embedding of
SU(Q)L X SU(2)R X U(l)R C SU(4)R

SUR(2) x U(1)g

(3.5)

>~ W N =

SUL(2) x U1},

Of course, any other choice would be equivalent, so long as it is performed
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simultaneously for all D7 branes. With the choice (B.23), the N' = 4 vector
multiplet splits into the N' = 2 vector multiplet

Ay
Ao N (3.6)
Xg+iXo
V2
and the N = 2 hyper multiplet
>\3
X4\J;%X5 XG\J;;LX7 . (3.7)
>\4

«

The two Weyl spinors in the vector multiplet form an SU(2)g doublet

while the two spinors in the hyper multiplet form an SU(2);, doublet,

]\15<A3>, 7=1,2. (3.9)
A4

We use 7,7 --- = 1,2 for SU(2)g indices and 7.7 - =12 for SU(2).
indices. To make the SU(2); x SU(2)g quantum numbers of the scalars more
transparent we also introduce the 2 x 2 complex matrix X5, defined as the
off-diagonal block of X4,

: Xo+iX; X4+iX
e I R (3.10)
X4 — ZX5 —Xﬁ + ZX7

Note that X7 obeys the reality condition
(ij) = _XfI = —EijIij‘y. (3.11)

We summarize in the following table the transformation properties of the fields:
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SU(N) | SUNy) | SU@2)p | SUR)r | U(1)r

A, | Adj 1 1 1 0
X2 | Adj 1 1 1 +2
XTT | Adj 1 2 2 0
Az | Adj 1 1 2 +1
Ay | Adj 1 2 1 -1
Q* O O 1 2 0

(0 O O 1 1 -1

Y O O 1 1 +1

Table 3.1: Quantum numbers of the fields for N = 4 SU(N) SYM coupled
to Ny hyper multiplets.

3.2.2 Rotating the flavor branes

We now describe a non-supersymmetric open string deformation of this back-
ground. For simplicity we consider the case Ny = 2. While keeping the two
D7 branes coincident with the D3s in the 0123 directions, we rotate them
with respect to each other in the transverse six directions, see Figure 1. There
are two independent angles, so without loss of generality we may perform a
rotation of angle #; = 6,9 in the 49 plane and a rotation of angle 0y = fgs
in the 58 plane. For generic angles supersymmetry is completely broken; for
0, = 05 it is broken to N/ = 1. As we rotate the branes, some D7-D7 open
string modes become tachyonic. The main goal of this paper is to study this
tachyonic instability from the viewpoint of the dual field theory.

On the field theory side, rotating the second brane D7’ amounts to choosing
a different embedding of SU(2)r C SU(4) for the second hyper multiplet, while
keeping the standard embedding (B.23) for the first. In the Lagrangian, we
must perform an SU(4) rotation of the ' = 4 fields that couple to the second
hyper multiplet, leaving the ones that couple to the first unchanged. The
rotation is of the form

X =RO™0,.6,)X,, Ny=RYP(61,65) A5 (3.12)

The explicit form of the rotation matrices R(®) and R™® is given in Appendix
A2

Naively, the Q* terms are not affected by the rotation, but this is incorrect.
This is seen clearly in N' = 1 superspace. The N = 4 multiplet is built out
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of three chiral multiplets ®¢, a = 1,2, 3 and one vector multiplet V. The Q*
terms arise from integrating out the auxiliary fields F'* (a = 1,2,3) of the
chiral multiplets and D of the vector multiplet, which transform under the
SU(4)g rotation. For example, a rotation that preserves N’ = 1 supersymme-
try (0, = 6,) corresponds to a matrix R € SU(3), which acts on F* leaving
D invariant. The correct Lagrangian is obtained by performing the rotation
on the X,,, Ay and F® fields that couple to the primed hyper multiplet, and
only then can the auxiliary fields be integrated out. The Q* terms get modified
accordingly.

Under a more general SU(4)g rotation, the F'* and D auxiliary fields are
expected to mix in a non-trivial fashion. There exists a formalism developed in
[87, 88] that provides the generic R-symmetry transformations action in N' = 1
superspace. Unfortunately, for A = 4 supersymmetry we cannot rely on this
formalism because the transformations do not close off-shell. This technically
involved point is explained in detail in Appendix A.3. There we also provide
an N = 2 supersymmetry toy example where the formalism works perfectly
since the N/ = 2 R-symmetry algebra closes off-shell.

To proceed, we parametrize our ignorance of the Q* terms. The exact form
of the full Lagrangian, including the parametrized Q* potential, is spelled out
in Appendix A.2. Schematically, we write the Q* potential as

Vor = Q1+ Q5 + (Q1Q2)§ f(01,02) + (Q1Q2)% d(6:,0,) , (3.13)

for some unknown functions f(6;,0,) and d(6;,6s). Here ()1 and )5 are short-
hands for the scalars in the first and second hyper multiplets and the subscripts
F and D refer to different ways to contract the indices, see (A.49) for the exact
expressions. The letters ' and D are chosen as reminders of the (naive) origin
of the two structures from integrating out the “rotated” F and D N = 1 auxil-
iary fields, but this form of the potential follows from rather general symmetry
considerations, as we explain in Appendix A.2. When 6; = 0,, N’ = 1 super-
symmetry is preserved and N = 1 superspace allows to fix the two functions,

f(6,0) = cos¥, d6,0) =1. (3.14)

For general angles, we can constrain f and d somewhat, using bosonic symme-
tries (see Appendix A.2), but unfortunately we are unable to fix them uniquely.
The most important assumption we will make in the following is positivity of
the classical potential, Vs > 0, implying f(6;,602) < 1 and d(6,,6,) < 1 for
all 01, 0y. Positivity would follow from the mere existence of any reasonable
off-shell superspace formulation, as the scalar potential would always be pro-
portional to the square of the auxiliary fields, even when supersymmetry is
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broken by the relative R-charge rotation between the two hyper multiplets.®
Note also that the classical potential Viys is a homogeneous function of the @s,
so it is everywhere positive if and only if it is bounded from below, which is
another plausible requirement.

3.2.3 Bulk-boundary dictionary

The basic bulk-to-boundary dictionary for the parallel brane case has been
worked out in [89, 90]. A brief review is in order.

In the closed string sector, Type IIB closed string fields map to single-
trace operators of N' = 4 SYM, as usual. In the open string sector, open
string fields on the D7 worldvolume map to gauge-singlet mesonic operators,
of the schematic form QX"Q, where @ stands for a generic fundamental field
and X for a generic adjoint field.

The massless bosonic fields on the D7 worldvolume are a scalar ¢ and a
gauge field (A;, Aa), where i are AdSs indices and & are S? indices. Kaluza
Klein reduction on the S* generates the following tower of states, labeled in
terms of (j1, j2), representations of SU(2), x SU(2)g x U(1)g:

00 00
t_ (2 2 ) t_ (2 Z
(I)—NI)_(272)2’ i = A <272)0’
+1 (51
Ad—>Af:<€T, E%) . (3.15)
0

(The longitudinal component of Ag is not included because it can be gauged
away). These states (and their fermionic partners, which we omit) can be
organized into short multiplets of the A/ = 2 superconformal algebra,

(AT AL 05 AT, 0=0,1,2,... (3.16)
of conformal dimensions
(0+2,0+3,0+3,0+4). (3.17)

For ¢ = 0 the A, state is absent. Note that all states in a given multiplet
have the same SU(2);, spin, indeed the N = 2 supercharges are neutral under
The lowest member of each multiplet, namely A“*!, is dual to the chiral

ITo illustrate how this would work we consider in section A.3.2 N' = 2 SYM theory
coupled to two fundamental A/ = 1 chiral multiplets, with different choices of the two
N =1 subalgebras.
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Figure 3.2: Diagrams contributing to the one-loop renormalization of the
mesonic operators.

primary operator

Quiy, s, - Xp, 1,07y, (3.18)

where Q7 is the SU(2)g doublet of complex fundamental scalars. In (3.18)
the SU(2), and SU(2)g indices are separately symmetrized. In particular for
¢ =0, we have the triplet of mesonic operators

_ _ 1~
O3 = QuQay = QzQ7 — §QICQ’C5i7- (3.19)
The singlet operator

0 = QrQ%, (3.20)

is not a chiral primary and maps to a massive open string state.

In Appendix A.4 we compute the one-loop dilatation operator acting on
the basis of states O = Q7QY, evaluating the diagrams schematically drawn
in Figure 3.2. We find

A
="K, K=d. (3.21)

472
The eigenstates are the triplet and the singlet, with eigenvalues

A
73 =0, Nn=55- (3.22)

As expected, the chiral triplet operator has protected dimension. At one-loop,
this result does not change as we turn on non-zero angles #; and 6.
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So far we have considered the case of a single D7 brane, or a single fla-
vor. For multiple D7 branes (multiple flavors) the Chan-Paton labels of the
open strings are interpreted as the bifundamental flavor indices of the mesonic
operators, O, i,j = 1,...Ny. In our setup, with N; = 2, the lowest mode
of the open string with off-diagonal Chan-Paton labels, which is the massless
gauge field for parallel branes, becomes tachyonic as we turn on a relative an-
gle between the D7s. In the dual field theory we expect to find an instability
associated with the operator O4?, the lowest dimensional operator dual to the
off-diagonal open string mode.

3.3 “Double-trace” Renormalization and the
Open String Tachyon

Our setup is an open string version of the phenomena studied in [6, 42-44]
and chapter 2 of this dissertation. We now generalize this story to AdS/CFT
dual pairs containing an open string sector. In the presence of flavor branes
in the AdS bulk, the dual field theory contains extra fundamental matter. An
open string tachyon corresponds to an instability in the mesonic sector of the
boundary theory. In this chapter we illustrate this phenomenon in the example
of the intersecting D7 brane system. The classical Lagrangian of the boundary
theory takes the schematic form

L= Log+ Lpwna=—Tr [F*+(DX)* +...] = (DQ)* - %(9“0“ +..(3.23)

where O% = Q'°Q);, are the gauge-invariant mesonic operators made from the
fundamental scalars and for simplicity we have ignored the SU(2)g structure,
which will be restored shortly.? The whole £ fund 18 1/N suppressed with
respect to L,4;, in harmony with the fact that the classical D-brane effective
action arises from worldsheets with disk topology, and is thus suppressed by a
power of g; ~ 1/N with respect to the classical closed string effective action,
arising from worldsheets with sphere topology. Nevertheless, as always in the
tachyon condensation problem, it makes perfect sense to focus on classical open
string field theory. The classical open string dynamics is dual to the quantum
planar dynamics of the mesonic sector of the field theory. The 't Hooft coupling
A does not run at leading order in N, indeed the hyper multiplet contribute to
By at order O(1/N). For generic angles, the term in the Q* potential that mix
the two flavors run, so perturbative renormalizability forces the introduction

2To avoid cluttering in some expressions below we always write the flavor indices as
upper indices in OY.
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of a new coupling constant f,

6L fund = _Loron. (3.24)
N

Note on the other hand that no extra terms diagonal in flavor (namely OO
and 0?20? are induced at one-loop. For the first flavor this is immediate to
see: the diagrams contributing to the term OO of the effective potential are
independent of 0y, 65 (they do not involved any coupling mixing the two flavors)
and thus their sum must vanish, as it does in the N' = 2 supersymmetric theory
with 8; = 6, = 0. For the second flavor this follows by symmetry, since the
two flavors are of course interchangeable.?

This extra “double-trace” term (3.24) arise at the same order in N order
as the classical £ ,yq, indeed inspection of the Feynman diagrams shows that

the one-loop bare coupling f, behaves as
fo~ AlogA. (3.25)

The analysis of chapter 2 can be applied in its entirety to this “open string”
case. The “double-trace” beta function 3, takes again the form (2.51), and its
discriminant D(A) computes now (through (2.85) the mass of the open string
tachyon dual to mesonic operator O'2. Let us turn to explicit calculations.

3.3.1 The one-loop “double-trace” beta function

To proceed, we need to be more precise about the structure of the“double-
trace” terms induced at one-loop, restoring their SU(2) g structure. For general
angles #; and 6y, there are three independent structures,

5L fund = —— [ fa (OO + OR O) 4 [50RO% + OROM] . (3.26)

1

N
We have imposed neutrality under the Cartan of SU(2)g, since this is an exact
symmetry for generic angles, corresponding geometrically to rotations in the
67 plane (more precisely a 67 rotation is a linear combination of the Cartan
of SU(2)r, and SU(2)g, but the hyper multiplets are neutral under SU(2)y).
When one of the angles is zero, say #5 = 0, rotations in the 567 directions a
symmetry (again a diagonal combination of SU(2), and SU(2)g), implying

3In more detail, the diagrams contributing to 0?2022 do not involve the first flavor,
which could then be set to zero as the calculation of this terms of the effective potential is
concerned. The Lagrangian with the first flavor set to zero is N’ = 2 supersymmetric, only
with an unconventional choice of SU(2)r embedding into SU(4)r — it can be turned into
the standard Lagrangian by an R-symmetry rotation of the N' = 4 fields.
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fax = fzo = f3. We focus on the triplet mesons, which are dual to the open
string tachyon. For a single non-zero angle there is one beta function 3y, to
compute, since the three components of the triplet are related by symmetry.
For generic angles there are in principle two distinct beta functions ;. and
Bty we will illustrate our method computing the first, which is a slightly
simpler calculation. At one-loop, the “double-trace” beta function takes the
form

By = oW 24 29N f 4 aMA2. (3.27)

We have seen that v) = 0 at one loop for the triplet mesons. The normaliza-
tion coefficient v(!) is easily evaluated by free Wick contractions,

1

(O3 ()03 (1) = (O (x)O3! () = (OF (103! W) = Ty — 7320
implying
1
1 1 1

It remains to evaluate the coefficient a(). We are going to extract a*) from the
one-loop Coleman-Weinberg potential along the “Higgs branch” of the gauge
theory, (X p) = 0, @7 # 0. We put “Higgs branch” in quotes because for
general angles it is in fact lifted already at the classical level. Let us first
recall the analysis for the N' = 2 supersymmetric theory corresponding to two
parallel flavor branes are parallel (0; = 6, = 0).

As always in a supersymmetric theory, flat directions are parametrized by
holomorphic gauge-invariant composite operators. In our case the relevant
operators are the mesons

O9=q -G, i,j=1,2 (3.30)

The dot stands for color contraction ¢-¢* = ¢%¢; and i, j are the flavor indices.
The holomorphic, gauge invariant mesons that parameterize the Higgs flat
directions are subject to F-flatness conditions

"G =0 trO=detO =0, (3.31)

thus there are 4 — 2 = 2 complex parameters for the moduli space of the
supersymmetric theory (6; = 6, = 0). We may parameterize the flat directions
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by

Q1=U<g>, Q2=U<_0q>, UeSU((2) and ¢geR. (3.32)

Color indices are kept implicit. In color space we may take ¢°=! = ¢ and
¢! = 0. For generic 6;, 0, supersymmetry is explicitly broken in the classical
Lagrangian and the Higgs branch is completely lifted.

To select 3y, , (which is of course equal to 3 foe ), we calculate the effective
potential around a classical background such that (O1%) = (O33) = (032) =0,
but (Og3) # 0, namely

le(q>, Q2:<0>, geC (3.33)
0 —q

This choice corresponds to the flat direction for the AV = 1 susy case 0; = 0.
The F-terms of the classical potential vanish for general angles, but for 6, # 0,
the D-terms do not, V5, = ¢*[q|*(1 — d (61, 62)).

In Appendix A.5 we evaluate the one-loop contribution to the effective
potential along this background (at large N). With the help of the Callan-
Symanzik equation we find

1672

+4 sin® (91 ;92) sin? (61 g 92) ] .

From our (mild) assumption that the classical potential be positive we have
d(0y,05) < 1, has the crucial implication

N [(1 —d(0,.0)) + %(1 —d(0,.0,)) (3.34)

oV > 0. (3.35)

In the supersymmetric case (6; = 6,), aéli) = 0, as it must. For 6, = 0, the
SU(2) symmetry is restored, so

1 1 2 9
agl = ay) = —; {(1 ) 0)) +5 (1 —d(s, 0)) + 4 sin (5) ] > 0(3.36)

The one-loop triplet beta function (let us focus on the single-angle case)

By =5 f3 +af’»? (3.37)
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does not admit real fixed points for f3, so conformal invariance is inevitably
broken in the quantum theory.* The running coupling

In(s/ o) (3.38)

is a monotonically increasing function interpolating between IR and UV Lan-

dau poles, at energies
m/vél) T vz(,,l)
[ir = o €xp | — . Juy = o €Xp . (3.39)

A/ ay) A/ al)

For small coupling A — 0, the Landau poles are pushed respectively to zero
and infinity.

3.3.2 The tachyon mass

As reviewed above, the mass of the field dual to Og2 is directly related to the
discriminant of g+,

2
me R® = mppR® + Dys (X 61,6y) = —4 — 1(;4 Dy (61, 62) + O(N) ,(3.40)
where
1 2
P = (1 —d(6,, 92)) +5 (1 —d(6,, 92)> (3.41)

+4 sin? (61 —; 92) sin? (91 ;92) .

For 0, # 05 the discriminant is negative, implying that the bulk field violates
the BF stability bound. Whenever supersymmetry is broken, the bulk field
dual to O3% is a true tachyon. For 6, = 0 the £ and 0 components of the

4Conformal invariance is already broken in the adjoint (“closed string”) sector by the
hyper multiplet contribution to 3y, but this is subleading effect (of order O(1/N)) with
respect to the classical Lagrangian. In the fundamental (“open string”) sector the breaking
of conformal invariance is at leading order in N (quantum effects arise as the same order as
the classical Lagrangian). Of course the whole fundamental sector is O(1/N) with respect
to the adjoint sector, but we can meaningfully separate the effect we are interested in. This
is the field theory counterpart of focussing on the classical open string dynamics of the
D-branes, while ignoring the backreaction of the branes on the bulk background.
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triplet are related by the SU(2) symmetry and are all tachyonic. We expect
the field dual to O35 to be tachyonic for general angles.

For small angles, the O(\?) tachyon mass depends on a single unknown
parameter v (which enters the parametrization of the classical Q* potential,
see Appendix A.2),

)\2

2,2 _
Rm3(>\)——4—a@

(0 — )" +ON),  b,b<1. (342
This expression applies to all three components of the triplet. For the 4
components it is just the expansion of (3.40) for small angles. For the 0
component it follows by imposing the symmetry constraints m3,(6,6) = 0 and
mzo(0,0) =m3.(0,0). By AdS/CFT, we get an interesting prediction for the
mass of the open string tachyon for large AdS curvature (small \).

Conversely, for large A (small AdS curvature) we can compute the mass
of the open string tachyon using the dual string picture. The open string
spectrum of branes intersecting at small angles in flat space is well-known.
The lowest tachyon mode has mass (see e.g. [91] for a review),

|01 — 0]
m2:—w, 01,92<<1. (343)
This becomes a good approximation to the mass in the exact AdS sigma model
in the limit o//R? ~ A™%2 — 0. Thus

16— 6 R |y~ 0]

lim R*m3(\) =

_ 1/2

This can be regarded as a prediction for the large A behavior of the discriminant
D3()), which is a purely field-theoretic quantity. Note that apart from the
A dependence, which could have been anticipated on general grounds, the
weak coupling result (3.42) and the strong coupling result (3.44) differ in their
angular dependence.

3.4 Discussion

The main technical question that we leave answered is the precise form of the
classical Q* potential for generic angles. As we have emphasized, a superspace
formulation of N' = 4 SYM with manifest SU(4)gr symmetry would offer a
solution. It would be interesting to see whether the new off-shell formalism
for V=1 SYM in ten dimensions introduced in [92, 93] could be applied to
our problem. In principle, another way to obtain the Q* potential is by taking
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the decoupling limit of the intersecting brane effective action. This would first
require the calculation of a four-point function of twist fields, two twist fields
corresponding to D3-D7 open strings and two twist fields corresponding to
D3-DT open strings. This problem has been solved for branes intersecting at
right angles (see e.g. [94-97]). The generalization to arbitrary angles is an
interesting and difficult problem in boundary conformal field theory. Taking
the decoupling limit may also be challenging in the presence of tachyons — it is
not clear to us whether the result would be unambiguous or it would require
some renormalization prescription.

Even without a complete knowledge of the classical Q* potential, by making
a plausible positivity assumption we argued that the field theory is unstable at
the quantum level. By AdS/CFT, we obtained a non-trivial prediction for the
tachyon squared mass m3(\) at small \. Its behavior at large A is known from
flat-space string theory. There must exist an interpolating function m3(\) valid
for all A. It would be extremely interesting to apply integrability techniques
to find the whole function. There is a large literature on open spin chains
arising in the calculation of anomalous dimensions of mesonic operators, see
in particular [98-101] for our system in the N' = 2 supersymmetric case 6; =
0, = 0. It remains to be seen whether the susy-breaking rotation preserves
integrability.

Another direction for future work is to study the actual tachyon condensa-
tion process on the field theory side. In the bulk, after tachyon condensation
the intersecting D7 branes recombine (see e.g. [91]). For small A, the tachyon
vacuum corresponds on the field theory side to the local minimum of the one-
loop effective potential. It would be interesting to expand the Lagrangian
around the minimum and relate this field theory calculation to the bulk phe-
nomenon of brane recombination.
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Chapter 4

The Veneziano Limit of N = 2
Superconformal QCD

4.1 Motivation

How general is the gauge/string correspondence? 't Hooft’s topological argu-
ment [13] suggests that any large N gauge theory should be dual to a closed
string theory. However, the four-dimensional gauge theories for which an in-
dependent definition of the dual string theory is presently available are rather
special. Even among conformal field theories, which are the best understood,
an explicit dual string description is known only for a sparse subset of mod-
els. In some sense all examples are close relatives of the original paradigm of
N = 4 super Yang-Mills [1-3] and are found by considering stacks of branes
at local singularities in critical string theory, or variations of this setup, e.g.
39, 40, 49, 105-108].! Conformal field theories in this class can have lower
or no supersymmetry, but are far from being “generic”. Some of their special
features are:

(i) The a and ¢ conformal anomaly coefficients are equal at large N [111].

(ii) The fields are in the adjoint or in bifundamental representations of the
gauge group. (Except possibly for a small number of fundamental flavors
— “small” in the large N limit — as in [89]).

(iii) The dual geometry is ten dimensional.

'We should perhaps emphasize from the outset that our focus is on string duals of
gauge theories. There are strongly coupled field theories that admit gravity duals with no
perturbative string limit, see e.g. [109, 110].

23



(iv) The conformal field theory has an exactly marginal coupling A, which
corresponds to a geometric modulus on the dual string side. For large A
the string sigma model is weakly coupled and the supergravity approxi-
mation is valid.?

The situation certainly does not improve if one breaks conformal invariance
— the field theories for which we can directly describe the string dual remain
a very special set, which does not include some of the most relevant cases,
such as pure Yang-Mills theory. Many more field theories, including pure
Yang-Mills, can be described indirectly, as low-energy limits of deformations
of N'=4 SYM (as e.g. in [112] for N' =1 SYM) or of other UV fixed points,
not necessarily four-dimensional (as in [113] for ' = 0 YM or [114, 115] for
N = 1 SYM). These constructions count as physical “existence proofs” of
the string duals, but if one wishes to focus just on the low-energy dynamics,
one invariably encounters strong coupling on the dual string side. In the
limit where the unwanted UV degrees of freedom decouple, the dual appears
to be described (in the most favorable duality frame) by a closed-string sigma
model with strongly curved target. This may well be only a technical problem,
which would be overcome by an analytic or even a numerical solution of the
worldsheet CFT. The more fundamental problem is that we lack a precise
recipe to write, let alone solve, the limiting sigma model that describes only
the low-energy degrees of freedom.

To break this impasse and enlarge the list of dual pairs outside the N/ = 4
SYM universality class, we can try to attack the “next simplest case”. A
natural candidate for this role is N' =2 SYM with gauge group SU(XV,) and
Ny = 2N, flavor hypermultiplets in the fundamental representation of SU(N,).
The number of flavors is tuned to obtain a vanishing beta function. We refer
to this model as N' = 2 superconformal QCD (SCQCD). The theory violates
properties (i) and (ii) but it still has a large amount of symmetry (half the
maximal superconformal symmetry) and it shares with N' = 4 SYM the crucial
simplifying feature of a tunable, exactly marginal gauge coupling gy;. (The
theory also exhibits S-duality [116-118], though this will not be important for
our considerations, since we will work in the large N limit, which does not
commute with S-duality.)

The large N expansion of N/ =2 SCQCD is the one defined by Veneziano
[119]: the number of colors N, and the number of fundamental flavors N are
both sent to infinity, keeping fixed their ratio (Ny/N, = 2 in our case) and the
combination A\ = g¥,,N.. Which, if any, is the dual string theory? And what

2In some cases, as in A = 4 SYM, the opposite limit of small A corresponds to a weakly
coupled Lagrangian description on the field theory side. In other cases, like the Klebanov-
Witten theory [106], the Lagrangian description is never weakly coupled.
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happens to it for large \?

4.2 The Veneziano Limit and Dual Strings

4.2.1 A general conjecture

To understand in which sense we should expect a dual string description of
a gauge theory in the Veneziano limit, we start by reviewing general elemen-
tary facts about large N counting, Feynman-diagrams topology, and operator
mixing. At this stage we have in mind a generic field theory that contains
both adjoint fields, which we collectively denote by ¢9, with a,b =1,..., N,
and fundamental fields, denoted by ¢%, with ¢ = 1,..., Ny. We can consider
the theory both in the 't Hooft limit of large N, with Ny fixed, and in the
Veneziano limit of large N, ~ Ny.

N, — oo, N¢ fixed

Let us first recall the familiar analysis in the 't Hooft limit [13], where the
number of colors N, is sent to infinity, with A\ = ¢%,,N, and the number of
flavors Ny kept fixed. In this limit it is useful to represent propagators for
adjoint fields with double lines, and propagators for fundamental fields with
single lines — the lines keep track of the flow of the a type (color) indices.
Vacuum Feynman diagrams admit a topological classification as Riemann sur-
faces with boundaries: each flavor loop is interpreted as a boundary. The N
dependence is Nf‘Zh_bNJI?, for h the genus and b the number of boundaries.

The natural dual interpretation is then in terms of a string theory with
coupling g5 ~ 1/N,, containing both a closed and an open sector — the latter
arising from the presence of Ny explicit “flavor” branes where open strings can
end. Indeed this is the familiar way to introduce a small number of flavors
in the AdS/CFT correspondence [71]: by adding explicit flavor branes to the
bulk geometry (the simplest examples is adding D7 branes to the AdSs x S°
background). Since Ny < N, the backreaction of the flavor branes can be
neglected (probe approximation).

According to the standard AdS/CFT dictionary, single-trace “glueball”
composite operators, of the schematic form Tr ¢* (where Tr is a color trace)
are dual to closed string states, while “mesonic” composite operators, of the
schematic form ¢'¢’q;, are dual to open string states. At large N., these
two classes of operators play a special role since they can be regarded as
“elementary” building blocks: all other gauge-invariant composite operators
of finite dimension can be built by taking products of the elementary (single-
trace and mesonic) operators, and their correlation functions factorize into the
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Figure 4.1: Double line propagators. The adjoint propagator (¢ ¢%) on the
left, represented by two color lines, and the fundamental propagator (¢% @)
on the right, represented by a color and a flavor line.

correlation functions of the elementary constituents.® This factorization is dual
to the fact for g — 0 the string Hilbert space becomes the free multiparticle
Fock space of open and closed strings.

Flavor-singlet mesons, of the form vazfl 7'¢'q;, mix with glueballs in per-
turbation theory, but the mixing is suppressed by a factor of Ny/N, < 1,
so the distinction between the two classes of operators is meaningful in the
't Hooft limit. On the dual side, this translates into the statement that the
mixing of open and closed strings in subleading since each boundary comes
with a suppression factor of gsNy ~ Ny¢/N..

Nc ~ Nf — OO

We can now repeat the analysis in the Veneziano limit of large N, and large
Ny with A = ¢ ,,N. and N;/N, fixed. In this limit it is appropriate to use a
double-line notation with two distinct types of lines [119]: color lines (joining
a indices) and flavor lines (joining 7 indices). A ¢ propagator decomposes as
two color lines with opposite orientations, while a ¢ propagator is made of a
color and a flavor line (Figure 4.1). Since Ny ~ N, = N, color and flavor
lines are on the same footing in the counting of factors of N. It is natural to
regard all vacuum Feynman diagrams as closed Riemann surfaces, whose N
dependence is N272", for h the genus. At least at this topological level, by
the same logic of [13], we should expect a gauge theory in the Veneziano limit
to be described by the perturbative expansion of a closed string theory, with
coupling g, ~ 1/N. More precisely, there should be a dual purely closed string
description of the flavor-singlet sector of the gauge theory.

This point can be sharpened looking at operator mixing. It is consistent to
truncate the theory to flavor-singlets, since they close under operator product
expansion. The new feature that arises in the Veneziano limit is the order-one
mixing of “glueballs” and flavor-singlet “mesons”. For large N. ~ Ny, the

3Note that in this discussion we are not considering baryonic operators, since they have
infinite dimension in the strict large N, limit. Baryons are interpreted as solitons of the
large N, theory; as familiar, in AdS/CFT they correspond to non-perturbative (D-brane)
states on the string theory side [105].
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basic “elementary” operators are what we may call generalized single-trace
operators, of the form

Ny
Tr (6" MO g M) MG =D g, (4.1)
=1

Here we have introduced a flavor-contracted combination of a fundamental
and an antifundamental field, M, which for the purpose of the large N
expansion plays the role of just another adjoint field. The usual large N
factorization theorems apply: correlators of generalized multi-traces factorize
into correlators of generalized single-traces. In the conjectural duality with a
closed string theory, generalized single-trace operators are dual to single-string
states.

We can imagine to start with a dual closed string description of the field
theory with Ny = 0, and first introduce a small number of flavors Ny < N,
by adding flavor branes in the probe approximation. As we increase Ny to
be ~ N., the probe approximation breaks down: boundaries are not sup-
pressed and for fixed genus we must sum over worldsheets with arbitrarily
many boundaries. The result of this resummation — we are saying — is a new
closed string background dual to the flavor-singlet sector of the field theory.
The large mixing of closed strings and flavor singlet open strings gives rise to
new effective closed-string degrees of freedom, propagating in a backreacted ge-
ometry. This is the string theory interpretation of the generalized single-trace
operators (4.1).

In stating the conjectured duality we have been careful to restrict ourselves
to the flavor-singlet sector of the field theory. One may entertain the idea that
“generalized mesonic operators” of the schematic form ¢ ¢F* M ¢*2 ¢; (with
open flavor indices i and j) would map to elementary open string states in
the bulk. However this cannot be correct, because generalized mesons and
generalized single-trace operators are not independent — already in free field
theory they are constrained by algebraic relations — so adding an independent
open string sector in the dual theory would amount to overcounting.

4.2.2 Relation to previous work

The idea that sub-critical string theories play a role in the gauge/gravity cor-
respondence is of course not new. Polyakov’s conjecture that pure Yang-Mills
theory should be dual to a 5d string theory, with the Liouville field playing
the role of the fifth dimension, predates the AdS/CFT correspondence (see
e.g. [35, 36, 120]). In fact one of the surprises of AdS/CFT was that some su-
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persymmetric gauge theories are dual to simple backgrounds of critical string
theory. General studies of AdS solutions of non-critical spacetime effective ac-
tions include [121, 122]. Non-critical holography has been mostly considered,
starting with [123, 124], in the N' = 1 supersymmetric case, notably for A" =1
super QCD in the Seiberg conformal window, which is argued to be dual to
6d non-critical backgrounds of the form AdSs x S! with string-size curvature.
There is an interesting literature on the RNS worldsheet description of these
6d non-critical backgrounds and their gauge-theory interpretation, see e.g.
[125-128]. Non-critical RNS superstrings were formulated in [129, 130] and
shown in [131-133, 133-135] to describe subsectors of critical string theory —
the degrees of freedom localized near NS5 branes or (in the mirror description)
Calabi-Yau singularities. Non-critical superstrings have been also considered
in the Green-Schwarz and pure-spinor formalisms, see e.g. [136-140].

Our analysis in sections 6 and 7 for N’ = 2 SCQCD will be in the same spirit
as the analysis of [125, 128] for N’ = 1 super QCD. We will use the double-
scaling limit defined in [134, 135] and further studied in e.g. [141-143]. One
of our points is that the N/ = 2 supersymmetric case should be the simplest
for non-critical gauge/string duality. On the string side, more symmetry does
not hurt, but the real advantage is on the field theory side. Little is known
about the SCFTs in the Seiberg conformal window, since generically they are
strongly coupled, isolated fixed points. By contrast N' = 2 SCQCD has an
exactly marginal coupling A, which takes arbitrary non-negative values. There
is a weakly coupled Lagrangian description for A — 0, and we can bring to bear
all the perturbative technology that has been so successful for N' = 4 SYM,
for example in uncovering integrable structures.? At the same time we may
hope, again in analogy with N' =4 SYM, that the string dual will simplify in
the strong coupling limit A — oo.

There are also interesting approaches to holography for gauge theories with
a large number of fundamental flavors in critical string theory/supergravity,
see e.g. [144-152]. The critical setup inevitably implies that the boundary
gauge theory will have UV completions with extra degrees of freedom (e.g.
higher supersymmetry and/or higher dimensions).

4N =1 SQCD at the Seiberg self-dual point Ny = 2N, admits an exactly marginal
coupling (the coefficient of a quartic superpotential), which however is bounded from below
— the theory is never weakly coupled.
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4.3 Protected Spectrum of the Interpolating
Theory

In the present and in the following section we will study the protected spectrum
of N =2 SCQCD at large N, in the flavor singlet sector, and its relation with
the protected spectrum of the interpolating SCFT. We have argued that in the
large N Veneziano limit, flavor singlets that diagonalize the dilation operator
take the “generalized single-trace” form (4.1). We will look for the general-
ized single-trace operators belonging to short multiplets of the superconformal
algebra. These are the operators expected to map to the Kaluza-Klein tower
of massless single closed string states, so they are the first place to look in a
“bottom-up” search for the string dual.

The determination of the complete list of short multiplets of N' = 2 SC-
QCD in this “generalized single-trace” sector turns out to be more subtle than
expected. A class of short multiplets is relatively easy to isolate, namely the
multiplets based on the following superconformal primaries:

Tr Mg = (Q?Q%)s,  Tro™,  Tx[T¢"], (>0. (4.2)

Here T = ¢¢ — My. We hasten to add that this will turn out to be only a
small fraction of the complete set of protected operators. The set (5.44) is the
complete list of one-loop protected primaries in the scalar sector, as we show
in the next chapter 5 by a systematic evaluation of the one-loop anomalous
dimension of all operators that are made out of scalars and obey shortening
conditions. The operators Tr ¢’ correspond to the vacuum of the spin-chain
studied in [9], while the Tr T'¢* correspond to the p — 0 limit of a gapless
magnon 7'(p) of momentum p.

The operators Tr Mg and Tr ¢**2 obey the familiar BPS condition A =
2R+|r|, where R is the SU(2)g spin and r the U(1), charge, and they are gen-
erators of the chiral ring (with respect to an N/ = 1 subalgebra), see appendix
B.> By contrast Tr[T'¢‘] obey a “semi-shortening” condition and it may be
missed in a naive analysis; in these operators there is a large mixing of “glue-
balls” and “mesons” and the idea of considering “generalized single-traces” is

® Incidentally, the analysis of the chiral ring extends immediately to flavor non-singlets.
The only chiral ring generator which is not a flavor singlet is the SU(2)g triplet bilinear

Oéj = (QiaQaj)s = Qfl {IQaj}j ) (4.3)

in the adjoint of SU(Ny). The conserved currents for the SU(Ny) C U(Ny) flavor symmetry
belong to the short multiplet with bottom component Of ;- Similarly the current for the
U(1) C U(Ny) baryon number belongs to the Tr Mg multiplet.
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essential. The TrT" multiplet plays a distinguished role since it contains the
stress-energy tensor and R-symmetry currents.

Protection of the operators (5.44) can be understood from the viewpoint
of the interpolating SCFT connecting N/ = 2 SCQCD with the Z, orbifold
of N = 4 SYM, as follows. The complete spectrum of short multiplets at
the orbifold point g = g is well-known. We will argue, using superconformal
representation theory [154], that the protected multiplets found at the orbifold
point cannot recombine into long multiplets as we vary ¢, so in particular
taking ¢ — 0 they must evolve into protected multiplets of the theory

{N =2SCQCD & decoupled SU(N;) vector multiplet} . (4.4)

The list (5.44) is precisely recovered by restricting to U(Ny) singlets. Remark-
ably however, the superconformal index of N/ = 2 SCQCD, evaluated in the
next section, will show the existence of many more protected states. The ex-
tra protected states arise from the splitting long multiplets of the interpolating
theory into short multiplets as § — 0.

We will make extensive use of the the list given by Dolan and Osborn[154]
of all possible shortening conditions of the N' = 2 superconformal algebra. We
summarize their results and establish notations in appendix B.1.

4.3.1 Protected Spectrum at the Orbifold Point

At the orbifold point (¢ = §) the state space of the field theory is the direct
sum of an untwisted and a twisted sector, respectively even and odd under the
“‘quantum” Z, symmetry (5.23).

Untwisted sector

Operators in the untwisted sector of the orbifold descend from operators of
N = 4 SYM by projection onto the Z, invariant subspace. Their correlators
coincide at large N, with N' = 4 correlators [41, 45]. In particular the complete
list of untwisted protected states is obtained by projection of the protected
states of NV = 4. We will be interested in single-trace operators; as is well-
known, the only pr?tected single-trace operators of N/ = 4 belong to the

11 . :
% BPS multiplets B[%’; o built on the chiral primaries TrX{" . X%} with
p > 2, in the [0, p, 0] representation of SU(4)x (symmetric traceless of SO(6))

The decomposition of each 3 BPS multiplet N' = 4 into A/ = 2 multiplets
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reads [154]

11 . _
B = (0+1)Bi, @ Eyon ®E-pop)
&P —1)C1p-100) @ P(DP1p-1)0.0) @ P1p-1)00)
p—2
ok + 1)(B%k,p—k(0,0) ® B%k,k—p(O,O))
k=1
p—3
D @(k + 1)(Clkp k—2(0,0) D C%k,k—p+2(0,0))
k=0
p—4 p—k—
@ (k+1) p—k—4-21(0,0) ° (4.5)
k=0 1=0

which can be understood by considering all possible ways to substitute X —
Z,Z, X5, ie. 6 — (0,0); @ (0,0)-1 @ (3, 3)o in the branching SU(4)r —
SU( ) X SU(2)g x U(1),. The Zy orbifold projection is then accomplished
by the substitution (5.16); states with an even (odd) number of X's are kept
(projected out), or equivalently, states with integer (half-odd) SU(2)g spin are
kept (projected out). Table 4.1 lists all the superconformal primaries of the
orbifold theory obtained by this procedure.

Let us explain the notation. The explicit expressions in terms of fields are
schematic. The symbol » indicates summation over all “symmetric traceless”
permutations of the component fields allowed by the index structure. The
symbol 7 stands for the appropriate combination of two scalar fields, neutral
under the R symmetry. In the case of the multiplet 60(070), TrT =Tr [T+ q@gﬁ],
the bottom component of the stress tensor multiplet of the orbifold theory.
The SU(2)g x U(1), quantum numbers are manifest as labels of the N' = 2
multiplets, while the SU(2);, quantum numbers can be seen from the mul-
tiplicity of each multiplet on the right hand side of (4.5) — the SU(2) spin
always equals the SU(2)g spin of the multiplet, because SU(2)g and SU(2).,
indices always come in pairs (If ) and are separately symmetrized.

Twisted sector

In the twisted sector, we claim that the complete list of single-trace supercon-
formal primary operators obeying shortening conditions is

Tr[rZ"] = Te[¢" — @] for £>2 (4.6)
and Tr[r X X, 76 = —Tr[Qj{IQjJ}] =-TrMs.
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Table 4.1:

Multiplet

Orbifold operator (R,¢ > 0, n > 2)

BR—H

Tr (Q+J}Q+J})R+1]

E_(142)(0,0)

Tr ¢z+2 + Q;£+2]

éR(0,0) Tr Z T(Q+$Q+J})R]
DR+1(0,0) Tr
Bri1,—e+2)00) | Tr Zi(Q++Q++)R+1¢i¢g+2_i]

CRr,—(14+1)(0,0)

Tr Zz 7(Q+J}Q+J})R¢%z+1—i]

A=2R+(+2n
AR —t0.0)

[
[
[
>o@TFQT (6 + 9)]
[
[
[

Tr Zz Tn(QJrJrQJrJ})R(biéé—i]

Superconformal primary operators in the untwisted sector of the

orbifold theory. They descend from the % BPS primaries of N’ = 4 SYM. The
symbol > indicates summation over all “symmetric traceless” permutations
of the component fields allowed by the index structure.

Table 4.2:

Multiplet | Orbifold operator (¢ > 0)
B T[(QQ — Q+ Q")) = Tr My
5_—5—2(0,0) TT[¢Z+2 - QEHQ]
Superconformal primary operators in the twisted sector of the

orbifold theory.
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That these operators are protected can be seen by the fact that they are the
generators of the N' = 1 chiral ring in the twisted sector, as we show in
appendix B.2. A priori there could be extra twisted states that do not belong
to the chiral ring, as is the case for the untwisted sector. In the next section we
will evaluate the superconformal index of the orbifold theory and find that it
matches perfectly with the contribution of our claimed list of short multiplets.

The primary Tr[¢’ — QVSZ] corresponds for each ¢ > 2 to a second copy of the
chiral multiplet 5_5(070) — the first copy being the one in the untwisted sector
built on Tr[¢¢ + ¢']. The operator Tr[Qj{Iij}] is an SU(2)g triplet with
vanishing U(1), charge and A = 2, and must be identified with the primary
of a B; multiplet. This protected multiplet has been overlooked in previous
discussions of the orbifold field theory. It is protected only in the theory where
the relative U(1) has been correctly subtracted (see section 3.2), as seen both
in the chiral ring analysis of appendix B and in an explicit one-loop calculation.

4.3.2 From the orbifold point to N' =2 SCQCD

As we move away from the orbifold point by changing ¢, the short multiplets
that we have just enumerated may a priori recombine into long multiplets and
acquire a non-zero anomalous dimension. The possible recombinations of short
multiplets of the N' = 2 superconformal algebra were classified in [154]. For
short multiplets with a Lorentz-scalar bottom component, the relevant rule is
AR08 = Cr100) © Bria—ei1)00) (4.7)
In the special case ¢ = 0, the short multiplets on the right hand side further
decompose into even shorter multiplets as
A%ﬁam =~ Cro.0) ® Dri100.0) ® DPri100) ® Bri2o) (4.8)
. It follows that the short multiplets of the orbifold theory that that could in
principle recombine are

Tr[z T(Q+J}Q+J}>R¢iq}3_z] @ TI[Z(Q+J}Q+$)R+1¢%E_2'] N Affi}@%ﬁ?)

Tr[z T(Q*JFQJFJF)R] @ Tr[Z(QJrJ}QJrJ})RHQ;i;Sl—i] @

)

TI[Z(QJFJA’QJ’%)RH(Z)%%Z'] @ Tr[Z(QJFj’QJ’%)R”] — AF ) - (4.10)

2
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However we see that the proposed recombinations entail short multiplets with
different SU(2);, quantum numbers, which is impossible since the supercharges
are neutral under SU(2),. Thus SU(2), selection rules forbid the recombina-
tion, and the protected multiplets of the orbifold theory remain short for all
values of g and ¢. This conclusion was reached using superconformal repre-
sentation theory, and it is a rigorous result valid at the full quantum level.®
In the limit § — 0, we must be able to match the protected states of the
interpolating SCFT with protected states of {N = 2 SCQCD & decoupled
vector multiplet}. In [9] we follow this evolution in detail using the one-loop
spin chain Hamiltonian. The basic features of this evolution can be understood
just from group theory. The protected states naturally splits into two sets:
SU(2)y, singlets and SU(2)., non-singlets. It is clear that all the (generalized)
single-trace operators of N =2 SCQCD must arise from the SU(2), singlets.
The SU(2),, singlets are:

(i) One B; multiplet, corresponding to the primary Tr[Qj{IQjJ}] = Tr M3.
Since this is the only operator with these quantum numbers, it cannot
mix with anything and its form is independent of g.

(ii) Two 5_5(070) multiplets for each ¢ > 2, corresponding to the primaries
Tr [¢f £ QV]. For each ¢, there is a two-dimensional space of protected
operators, and we may choose whichever basis is more convenient. For
g = ¢, the natural basis vectors are the untwisted and twisted combi-
nations (respectively even and odd under ¢ < ¢), while for § = 0 the
natural basis vectors are Tr ¢ (which is an operator of N' = 2 SCQCD)
and Tr ¢’ (which belongs to the decoupled sector).

(i) One Co(,0) multiplet (the stress-tensor multiplet), corresponding to the
primary Tr7 = Tr[T + ¢¢]. We have checked that this combination is
an eigenstate with zero eigenvalue for all g. For g = 0, we may trivially

subtract out the decoupled piece Tr ¢¢ and recover Tr T, the stress-tensor
multiplet of N' =2 SCQCD.

(iv) One 507_5(070) multiplet for each ¢ > 1. In the limit § — 0, we expect this
multiplet to evolve to the Tr T'¢* multiplet of A" = 2 SCQCD. We have
checked this in detail in [9].

All in all, we see that this list reproduces the list (5.44) of one-loop protected
scalar operators of N’ = 2 SCQCD, plus the extra states Tr¢’ that decouple
for g = 0.

6We will rephrase the same result in the next section by computing a refined supercon-
formal index that also keeps track of the SU(2); quantum number.
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The basic protected primary of NV = 2 SCQCD which is charged under
SU(2)r is the SU(2) triplet contained in the mesonic operator O ; =
(QLQ%)3, (sce footnote 5). Indeed writing the U(N; = 2N,) flavor indices
1 asi = (d,j'), with @ = 1,... N;/2 = N, “half” flavor indices and Z = +

SU(2), indices, we can decompose

Oi

3RrRJ

- OgR?)LB ’ OZRILB : (4]‘1)
In particular we may consider the highest weight combination for both SU(2),
and SU(2)g,

(QFQ™)5. (4.12)

States with higher SU(2),, spin can be built by taking products of Oz 3, with
SU(2)r and SU(2)g indices separately symmetrized — and this is the only way
to obtain protected states of NV = 2 SCQCD charged under SU(2), which
have finite conformal dimension in the Veneziano limit. It is then a priori
clear that a protected primary of the interpolating theory with SU(2)y spin L
must evolve as § — 0 into a product of L copies of (Q*TQ*™) and of as many
additional decoupled scalars ¢ and ¢ as needed to make up for the correct
U(1), charge and conformal dimension. Examples of this evolution are given
in [9].

4.3.3 Summary

In summary all the short multiplets of the interpolating theory remain short
as § — 0, and have a natural interpretation in this limit. The SU(2)-singlet
protected states evolve into the list (5.44) of protected states of SCQCD, plus
some extra states made purely from the decoupled vector multiplet. The
interpolating theory has also many single-trace protected states with non-
trivial SU(2),, spin, which are flavor non-singlets from the point of view of
N =2 SCQCD: we have seen that in the limit § — 0, a state with SU(2), spin
L can be interpreted as a “multiparticle state”, obtained by linking together L
short “open” spin-chains with of SCQCD and decoupled fields ¢. This is also
suggestive of a dual string theory interpretation: as ¢ — 0, single closed
string states carrying SU(2);, quantum numbers disintegrate into multiple
open strings.

Thus by embedding N' = 2 SCQCD into the interpolating SCFT we have
confirmed that the operators (5.44) are protected at the full quantum level,
since they arise as the limit of operators whose protection can be shown at the
orbifold point and is preserved by the exactly marginal deformation. However
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this argument does not guarantee that (5.44) is the complete set of protected
generalized single-trace primaries of NV = 2 SCQCD. Indeed we will exhibit
many more such states in the next section: they arise from long multiplets of
the interpolating theory splitting into short multiplets at g = 0.

4.4 Extra Protected Operators of N = 2 SC-
QCD from the Index

The superconformal index [18] (see also [155]) computes “cohomological” in-
formation about the protected spectrum of a superconformal field theory. It
counts (with signs) the multiplets obeying shortening conditions, up to equiv-
alence relations that set to zero all sequences of short multiplets that may in
principle recombine into long multiplets. The index is invariant under exactly
marginal deformations and can thus be evaluated in the free field limit (if the
theory admits a Lagrangian description). It should be kept in mind that the
index does not completely fix the protected spectrum. A first issue is a certain
ambiguity in the quantum numbers of the protected multiplets detected by the
index. Short multiplets can be organized into “equivalence classes”, such that
each short multiplet in a class gives the same contribution to the index. For
N = 2 4d superconformal theories these equivalence classes contain a finite
number of short multiplets. This finite ambiguity could in principle be resolved
by an explicit one-loop calculation, but in practice this is difficult since the
diagonalization of the one-loop dilation operator becomes rapidly complicated
as the conformal dimension increases. A second issue is that some sequences
of short multiplets that are kinematically allowed to recombine into long mul-
tiplets may in fact remain protected for dynamical reasons. This dynamical
protection is known to occur at large N, in N = 4 SYM for certain multi-trace
operators, but not for single-trace operators.

Despite these caveats, the index is a very valuable tool. In this section,
after reviewing the definition of the index [18], we explain exactly what kind
of information can be extracted from it, by characterizing the “equivalence
classes” of short multiplets that give the same contribution to the index. We
then proceed to concrete calculations, evaluating the index for the interpolat-
ing SCFT and for N' = 2 SCQCD. The free field contents of the two theories,
and thus their indices, are different: recall that the interpolating SCFT has
an extra vector multiplet in the adjoint of SU(N:). The index for the in-
terpolating theory confirms the protected spectrum of single-trace operators
discussed in the previous section. By contrast, the index for N' = 2 SCQCD
reveals the existence of many more generalized single-trace operators obeying
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shortening conditions: their degeneracy grows exponentially with the confor-
mal dimension. Interestingly, we find protected operators with arbitrarily high
spin, though none of them is a higher-spin conserved current. We account for
the origin of these extra protected states by identifying long multiplets of the
interpolating theory that at ¢ = 0 split into short multiplets: some of the re-
sulting short multiplets belong purely to N' = 2 SCQCD (i.e. do not contain
fields in the decoupled vector multiplet) and comprise the extra states.

4.4.1 Review of the Superconformal Index

The superconformal index [18] is just the Witten index with respect to one
of the Poincaré supercharges, call it Q, of the superconformal algebra. Let
S = Qf be the conformal supercharge conjugate to Q, and 6 = 2{S, Q}. Every
state in a unitary representation of the superconformal algebra has o > 0. The
index is defined as

T =Tr(—1)Fe M (4.13)

where the trace is over the Hilbert space of the theory on S®, in the usual
radial quantization, and M is any operator that commutes with Q and . The
index receives contributions only from states with ¢ = 0, which are in one-to-
one correspondence with the cohomology classes of Q. It is thus independent
of a.

There are in fact two inequivalent possibilities for the choice of Q, leading
to a “left” index Z' and a “right” index Z®. The choice Q = Q! leads to the
“left” index Z*. In this case

S =A—-2j—2R—r. (4.14)

Introducing chemical potentials for all the operators that commute with Q
and , one defines

TE(t, y,v) = Tr (=1)F 2B+ 2y =1 (4.15)
The choice @ = Q,. gives instead the “right” index Z*. In this case

= A—-2j-2R+r (4.16)
Tty v) = Tr(—1)F 2B+ y%y—r-k (4.17)
The relation between the left and right index is simply j < j and r «» —r. For

an N = 2 theory, which is necessarily non-chiral, the left and right indices are
in fact equal as functions of the chemical potentials, Z"(t,y,v) = Z%(t, y,v),
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but it will be useful to have introduced the definitions of both.

4.4.2 Equivalence Classes of Short Multiplets

We have mentioned that there is a certain finite ambiguity in extracting from
the index which are the actual multiplets that remain short. Schematically,
the issue is the following. Suppose that two short multiplets, S; and Sy, can
recombine to form a long multiplet L,

S1 &Sy =Ly, (4.18)

and similarly that Sy can recombine with a third short multiplet S3 to give
another long multiplet Lo,

So®S3=1Lo. (4.19)
By construction, the index evaluates to zero on long multiplets, so
T(S)) = ~T(S5) = T(S). (4.20)

We say that the two multiplets S; and S; belong to the same equivalence
class, since their indices are the same. Note that Sy can be distinguished from
Sy ~ S5 by the overall sign of its index.

The recombination rules for N' = 2 superconformal algebra are [154]

2R+r+25+2 B B
AR,T(J’&) ’ - CR,T(J’J) ® CR+%,T+%(j—%,j) (4.21)
2R—7r+2j+2 ~ B 5 )
Aer(jJ) ! - Cer(jvj) b CR-F%J“—%(]’,]'—%) (422)
2R+j+j+2 . A 5 ) A . A )
ARJ_]‘;Q]J) - CR(]J) @ CR+%(j_%7j) @ CR-F%(j,j—%) @ CR—i—l(j—%,j—%) (423)

Notations are reviewed in appendix B.1. The C, € and C multiplets obey
certain “semi-shortening” conditions, see Table B.1, while A multiplets are
generic long multiplets. A long multiplet whose conformal dimension is ex-
actly at the unitarity threshold can be decomposed into shorter multiplets
according to (4.21,4.22,4.23). We can formally regard any multiplet obeying
some shortening condition (with the exception of the £ and € types) as a mul-
tiplet of type C, C or C by allowing the spins j and j, whose natural range
is over the non-negative half-integers, to take the value —1/2 as well. The
translation is as follows:

Chr(-15) =~ Britrii0)- (4.24)
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Cr-15 = Prisoir  Cri-3) = Prilgo- (4.25)

CR(—%,—%) ~ DR-i—%(O,—%) ~ DR-i—%(—%,O) ~ BR—i—l- (426)
Note how these rules flip statistics: a multiplet with bosonic primary (j + j
integer) is turned into a multiplet with fermionic primary (j+ j half-odd), and
viceversa. With these conventions, the rules (4.21, 4.22, 4.23) are the most
general recombination rules. The £ and € multiplets never recombine.

Let us start by characterizing the equivalent classes for C-type multiplets.
The right index vanishes identically on C multiplets. From (4.21), we have

IL[CR,r(j,E)] + IL[CR+%’T+%(J»_%75)] =0. (427)

Cleartly R = R+ j, 7 = r + j and j and the overall sign are the invariant
quantum numbers that label an equivalence class. We denote by [}é, 7, j]% the
equivalence class of C multiplets with 7% = 7*[Cj » 7], and by (R, 7, j]% the
class with 7% = —Z* [Cr.r05);

IRl

[Rv 75]1:1- = {CR—m,F—m(mJ)|m:0a ’
[Ru 7]1_—‘ = {C~ P T‘m:_

il
.

IE = (4.30)

[R,7.5]%
2 v
2j+146+4R+27, 247 R (1—t%0)(t - 5)(15 - vy)
(1—y)(1—15)

+(-1) W7 +...+y )

We have illustrated the equivalence classes [1,1,0]}% in Figure 4.2 by listing

multiplets on the j axis. The allowed values of R and j are —%, 0, %, 1, ...,
—Ift 1 +I 1 g ~Ift 1 +If 1
(o ® O ®
nggp%m Ci.1000) C%é(%m Co,0(1,0)

Figure 4.2: The equivalence classes [1,1,0]5. The multiplets belonging to
[1,1,0]% have index £Zf ; ;;. The sum of the indices of adjacent multiplets is
zero, as required by the recombination rule.

with the proviso that j = —% or j = —% must be interpreted according to
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(4.24). For the lowest value of R, R = — 1, the class [—1,7, j]% is empty while
the class [—— s = Bl F+1(07) consists of a single multiplet, which can then

be determined Wlthout any ambiguity. For R = 0, 0,7, j]% = = Co,7(0,;) and
0,7, j]* = Bi 10,5 both contain a single multiplet and again there is no
ambiguity. Finally for R = s 5.7+ =C 1 7(0,j) contains a single multiplet,
but [5, 7,j]_ already has two and from the mdex alone cannot decide which of
the two actually remains protected. Clearly the ambiguity grows linearly with
R.

The analysis for the C multiplets is entirely analogous, and follows from
the previous discussion by the substitutions j <+ j, r «» —r. One needs to
consider Z*, since now it is Z* that evaluates to zero. The equivalence classes
are defined to be the set of all the C multiplets with same Z% up to sign, and
are denoted as [R, 7, j]%, where R= R+, 7= —r + .
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Figure 4.3: Example of two configurations of the C. In subfigure (a) Co
) = [;’3(070) and in subfigure (b) él(—%,%) = Ds(g 1 and CAl(%v_%
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multiplets with R + j + j = 1 contributing the same to both Z* and Z%.
The multiplets are denoted by crosses on the (j,j) grid. The indices are the
same for (a) and (b) because the projections on the j and j (i.e. the sets of j
and j values) are the same.

The analysis for the C multiplets is slightly more involved. Unlike C and C
multiplets, C multiplets contribute to both Z% and Z®. Moreover the quantum
number 7 is fixed by the additional shortening condition r = j—7j. The left and
right equivalence classes of C rG.j) are [R+7, 7, jt and [R+) j, j: jI% respectively.

The left index determines R = R + j and the right index R = R + j, so all in
all no two different C multiplets give the same contribution to both Z" and Z®.
Nevertheless different direct sums of C multiplets can have the same Z* and
Z®. Tt is convenient to introduce the quantum number R = R + J + j, which
is an invariant for both the left and the right equivalence classes, and to label
the equivalence classes for C multiplets as [R, j]% and [, j]%. This new way
to label the classes does not entail any loss of information, and makes it more
convenient to analyze both the indices simultaneously. Explicitly, the left and
right indices for these equivalence classes are:

I[LRﬁL _ i(_1)25t6_25+4Rv_1+25_R(1 _ t2v)
e (1—t3y)(1—/y)
(H™ " 4y ) —o(¥ o yTY) (431)
tﬁ 2Ry~ 142/-R (1 _ 12q))
(1—8y)(1—1%/y)
(P 4y F) @@ 1 yTH)) . (4.32)

Tr = £(-1)¥

Now the point is that given a collection of C multiplets with the same value
of f?, the left index determines the set of j values while the right index deter-
mines the set of j values, but in general there is not enough information to fix
uniquely all quantum numbers. Figure 4.3 illustrates the ambiguity in a sim-
ple example: two different configurations, each consisting of two C multiplets,
give the same contribution to both Z% and Z*.
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Multiplet | Equivalence class
C (R, 7]t = [R+j,r + 5.k
C [R.rjE=[R+j,—r+JJk
C [R,jlt =[R+7+J,l%

(R, jlE =[R+j+J,J1%

Table 4.3: Summary of notation for equivalence classes of short multiplets.

Letters A j il R r It

) 1 0 0| 0] -1 2

AL|3/2] 1/2] 0]1/2]-1/2 —t3y

A 3/2 | -1/20 0] 1/2 | -1/2 | =3y}

Aot || 3/2 01/2]1/2] 1/2 | —tto™?

Fyy 2 0| 1] o 0 0

iy 1| 1/2(1/2| 0 0 t3y

0, L|-1/2(1/2| 0 01 3yt

O AL+ 0, AL =01 5/2 0f1/2|1/2] 1/2 £

Table 4.4: Letters with 6* = 0 from the AN/ = 2 vector multiplet

4.4.3 The Index of the Interpolating Theory

We now review the calculation of the index for the orbifold theory [18, 156].”
The index is invariant under exactly marginal deformation and is thus the
same for the whole family of interpolating SCFTs. The procedure is well-
established. One enumerates the “letters” of the theory with § = 0 and then
counts all possible gauge-invariants words. This is done efficiently by a matrix
model, which for large N can be evaluated by saddle point. Tables 4.4 and 4.5
list the 0% = 0 letters from the N = 2 vector and hyper multiplets.® Equations
of motion are accounted for by introducing words with “wrong” statistics.

"While we agree with the general procedure followed in [156], we disagree with the final
result, equ.(3.5) of [156]. The discrepancy can be traced to an incorrect subtraction of the
U(1) factors in [156], they are apparently taken to be N = 1 rather than N' = 2 vector
multiplets (equ.(2.12) of [156]). For the same reason we disagree with the expression ((3.7)
of [156]) for the contribution to the index of the 6d (2,0) massless tensor multiplet, which
we evaluate in appendix B.3.

8For definiteness we evaluate Z%, but recall that Zt(t,y,v) = Z%(t,y,v). The concrete
letters with 6% = 0 are different but the left and right single-letter indices coincide.
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Letters Alj il R r A
q 10| 0]1/2 0| 212
Uy | 3/2101/2] 0]-1/2 | —t*!'/?
q 10| 0]1/2 0| 2012
dr | 3720012 0f-1/2 | —ttl?

Table 4.5: Letters with 0* = 0 from the hyper multiplet

One finds the single-letter indices for the vector multiplet and the “half” hyper
multiplet

to—3(y+y ) =ttt 4+ 210

fV(tayaU) = (1 _ t3y) (1 _ t3y_1) (433)
¢ (1—t%)
fultby0) = SmE=mg -y .

The single-letter index then reads
ior(t,y, 0 UU) = fy(t,y, v)(TeU TeUT — 1) + fy (¢, y,v)(TeU TeUT — 1)
1 . y
+ <w + E) fr(t,y, v)(TeU TeUT + TeUT TeU) . (4.35)

Here U and U are is an N, x N, unitary matrices out of which we construct
the relevant characters of SU(N,) and SU(N:). We have also introduced
a potential w that keeps track of SU(2); quantum numbers: w + i is the
character of the fundamental representation of SU(2),. The index is obtained
by enumerating all gauge-invariant operators in terms of the matrix integral

Iorb = /[dU] [dU] exXp (Z %iorb(tn7 yn’ Un; UnUn)) ) (436>

n

which for large N, can be carried out explicitly,

~Y

o¢] —%f\/(tn’yn’vn) Imt
=71""(4.37
1;[ 1— fV tn y U")) (w2n + w—2n + Q)fff(t",y",v") orb ( )

This expression contains the contribution from all the gauge-invariant opera-
tors of the theory, which at large N, are multi-traces, hence the superscript in

Zmit-. To extract the contribution from single-traces we evaluate the plethystic
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logarithm (see e.g. [157])

Iortb = Z n log[z-orbt(t Yy v )] (438>
n=1
> n
= > g1 — o)) — (0w 2 ()
n=1
- fV(tayav)
[t £y I
B 1—t20 1-ty 1-ty '] 1t -
_2fV(ta Y, U) .

Here ju(n) is the Moebius function (p(1) = 1, u(n) = 0 if n has repeated prime
factors, and u(n) = (—1)* if n is the product of k distinct primes), and ¢(r)
is the Euler Phi function, defined as the number of positive integers less than
or equal to r that are coprime with respect to r. We have used the properties

Zdu (%) = ¢(n), Z @ log(l —2") = - (4.39)
dln r

1—=x

The index is of course independent of g and §. At the orbifold point ¢ = g
it makes sense organize the spectrum into a twisted and an untwisted sector.
Protected operators in the untwisted sectors are known from inheritance from
N = 4 SYM. To evaluate the contribution to the index from the untwisted
sector we start with the single-trace index for SU(N,.) N’ = 4 SYM and project
onto the Z, invariant subspace. The single-trace index for N' = 4 is found by
regarding N’ = 4 as an N/ = 2 theory with one adjoint vector and one adjoint
hyper. A short calculation gives [18]°

2w t2

tv Vo w o t3y t3y_1
Ihney = _ _
N=4 1—t2v+1_t271:+1_wt\2/5 11—y 1—t3y!
1
_fV(t7y7U> - (w+ E)fH(tvyﬂ)) : (440>

90ur notations for the chemical potentials are slightly different from [18].
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The Zs acts as w — —w leaving invariant the under potentials, so the index
of the untwisted sector of the Zy orbifold theory is

1
Iuntwist = §(IN:4(t7 Y,v, w) + IN=4(ta Yy, v, _w)) (441)
t2v t3y 3yt L 2
— - - — L+ — fy(ty,).
=Py 1-fy 1—py1 |- fw

Subtracting the contribution of the untwisted sector from the total index
(4.39), we finally find

t2'U t3y t3y—1
1—t2v 1—-8y 1-—ty-!

— fv(t,y,v). (4.42)

Itwist -

In appendix B.3 we confirm that this precisely matches with the contribu-
tion from the twisted multiplets { Mg, Tr(¢?t¢ — ¢?*¢) £ > 0}, which are the
generators of the N' = 1 chiral ring in the twisted sector.

4.4.4 The Index of N =2 SCQCD and the Extra States
The single-letter index for A" = 2 SCQCD is

iQCD(t Y, v; U7 V) = fV(tu Y, U)(TI'U TIUT - 1) (443)
+fu(t,y,v)(TeU TeVT + TeUT TeV)

where U an N, x N, matrix and V an Ny x Ny matrix, with Ny = 2N,. We
are interested in gauge and flavor-singlets, so we integrate over both U and V/,

Tocn = [ W)V exo (Z %z‘Qcmt",y",v";U"v")) S

n

For large N, and Ny with Ny/N, fixed we can again use saddle point,

e_%fv(tn7y7l7v7l)

T = =7mt 4.45
wr = g o~ par ey = e (49)

The index that enumerates (generalized) single-trace operators is then

Tt = =3 E logl(1 = fult".57. ") = £330 = fo(ty.0)4.40)
n=1
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Unlike the orbifold theory, there is no nice factorization of the single-letter
index and we cannot extract the plethystic log explicitly. This is already an
indication of a more complicated structure than expected. The naive expecta-
tion is that all protected generalized single-trace multiplets of N’ = 2 SCQCD
are exhausted by the list { M3, Tr ¢?>T¢, Tr T'¢* , ¢ > 0}, obtained by project-
ing the protected single-trace spectrum of the interpolating theory onto U(Ny)
singlets. We evaluate the corresponding index in appendix B.3,

! X
(= fp-12)

[‘tG(l - §(y+1)) LA 1 k2 ﬁ(1 —t)|

Inaive

(4.47)

Y v 1—t%w v

which is different from the correct index (4.46). Expanding in powers of ¢, the
first discrepancy appears at O(t'3).

To get some insight, let us rewrite the single-trace index of the orbifold
theory as

T E) = —§j[ Dlogl(1 = e, " v )1 = W67, o)

—(k(w™ + 14+ w™") + 1) fR(t", y", 0")
—fv(t,y,v). (4.48)

We have introduced a variable h that keeps track of the number of SU(N;)
vector multiplets, and a variable k associated with the triplet combination of
two neighboring SU(2), indices. The index (4.46) for N' = 2 SCQCD is recov-
ered in the limit (h, k) — (0,0). Indeed setting (h,k) = (0,0): this amounts
to omitting the “second” vector multiplet and to project onto U(Ny) singlets,
which is equivalent to first projecting onto SU(N;) singlets (automatically
done in the interpolating theory) and then contracting all neighboring SU(2) .,
indices into the singlet combination. The grading of gauge-invariant words by
powers of h (number of letters in the SU(N:) vector multiplet) makes sense
only for ¢ = 0. Similarly, for ¢ # 0 only the overall SU(2), spin of a state
is a meaningful quantum number, not the specific way neighboring SU(2),
indices are contracted. (For example it is clearly possible to construct SU(2) .,
singlets which are not U(Ny) singlets.) At g # 0 words with different h or k
grading will generically mix.

The origin of the extra protected states is then clear. As § — 0, a long
multiplets of the interpolating theory, which obviously does not contribute to
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Loy, may hit the unitarity bound and decompose into a sum of short multiplets,
some of which are U(Ny) singlets and thus belong to N' = 2 SCQCD, but some
of which have instead non-trivial h or k grading. Schematically

}}Ex}) L = ®Shk)=0,0) D S(hk)£0,0) - (4.49)

The operators {S(,.x)=(0,0)} are the extra states. They are protected in N = 2
SCQCD because they have no partners to recombine with.

Remarkably the extra protected states are vastly more numerous than the
naive list. The asymptotic growth of states in the naive list is clearly linear in
the conformal dimension — the number of states with A < N grows as ~ 2N,
in other terms the density of states p(A) is constant. This modest growth is
consistent with the fact that the naive single-trace index does not “deconfine”,
i.e. it does not diverge as a function of t = e~ /7 for any finite temperature
T. The same behavior holds for the orbifold theory or for NV = 4 SYM. By
contrast, the single-trace index of N/ = 2 SCQCD exhibits Hagedorn behavior.
Setting for simplicity all other potentials to 1, we encounter a divergence at
t = ty such that

1— fultu,1,1) — fa(ty,1,1) = 0 — ty =2 0.897769 .. (4.50)

This implies an exponential growth in the density of states contributing to the
index,

p(B') ~ PP B = A4, By =—Inty 20107842,  (4.51)

It is interesting to compare this behavior with the density of generic generalized
single-trace operators of N/ = 2 SCQCD. The density of generic states, unlike
the density of protected states, is of course a function of the coupling. For
g = 0, it is obtained by calculating the phase transition temperature of the
complete generalized single-trace partition function (with no (—1)¥). We find
~ efu(A+)) with B, = 1.34254. Not surprisingly, g < By. The density
of protected states, while exponential, grows at a much slower rate than the
density of the generic states, or at least this is the behavior for small g.

4.4.5 Sieve Algorithm

We would like to list the quantum numbers of the extra protected states, up
to the finite equivalence class ambiguity intrinsic to the index. There is no
closed-form expression for Z¢¢, but we can identity the equivalence classes
contributing to it in a systematic expansion in powers of ¢, by implementing
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a “sieve” algorithm similar in spirit to the one of [158].
The first discrepancy between Z¢, is the O(t'?) term

t3 1
IQCD - Inaive = _T(y + &) + ... (452)

On the other hand, expanding (4.31) in powers of ¢, the lowest term is
SRR TR (25 2 (4.53)

Matching with (4.52) we determine the equivalence class of the first new pro-
tected multiplet to be [R,7,j]% = 3,2, 3]%. Since 7 = j, this is actually a
C multiplet so we rewrite its equivalence class as [R, j]* = [2, 1%, Subtract-
ing the whole index of the class from the discrepancy we proceed to the next
mismatch in the ¢ expansion, and so on. In this way, we can systematically
construct the equivalence classes of all the extra protected multiplets of the

SCQCD. The results from Z" for first few multiplets are:
e C multiplets: [2,2,0]%, [2,3,0]%, [2,4,0]%, [3,2,0]%, [3,2, 1],

o C multiplets: [2, )%, [4,1]%, [4,3]%, ...

From the analysis of Z® we can write down the right equivalence classes of the
protected multiplets. Since Z® = 7", the list of right equivalence classes is ob-
tained immediately from the list of left equivalence classes by the substitutions
C —CandL —R.

Protected C multiplets are just conjugates of protected C multiplets. The C
multiplets, however, appear in both left and right classes, and as we discussed
this gives more information. For example the C multiplet in 2, %]Ijr also belongs

to [2,2]% and furthermore it is the only multiplet with R=R+j+j=2

The left equivalence class determines j = %, the right equivalence class j = %

and both also imply R = R — J T3 = 1. This determines the lowest-lying
extra protected C multiplet to be C; 11y, For R = 4, there are two multiplets

with j =1, 3 and with same values of j. Two possible (j, ) Lorentz spins
are (1,1), (2, 5) or (1,3), (2,1) but we also know that it is a bosonic multiplet

' 2
from the subcrlpt + This plcks out the pair (1,1), (2,2) with R =4—-1-1 =2
and R =4 — 5 — = =1 respectively. This determines the next protected C

multiplets to be Cl(g,g and C2 1,1)- To summarize, the first three protected C
multiplets are:

~

e C multiplets: Cl(m Cy( 1(3,3)) 62(1,1)7
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A striking feature of the extra protected multiplets is that they contain states
with higher spin, in fact we believe that the sieve will produce arbitrarily
high spin. To the best of our knowledge this is the first time that higher-
spin protected multiplets are found in an interacting 4d superconformal field
theory. Note that none of the protected states we find are higher spin conserved
currents, which correspond to the multiplets éo(j,j)- This is not surprising;:
higher spin conserved currents are the hallmark of a free theory, but N' = 2
SCQCD is most definitely an interacting quantum field theory. As in N =4
SYM [159], higher spin conserved currents exist at strictly zero coupling, but
they are anomalous and recombine into long multiplets at non-zero coupling.

4.5 Dual Interpretation of the Protected Spec-
trum

As we have repeatedly emphasized, N' = 2 SCQCD can be obtained as the
Jyy — 0 limit of a family of N/ = 2 superconformal field theories, which
reduces for gy = gy to the N = 2 Z, orbifold of NV =4 SYM. This latter
theory has a familiar dual description has IIB string theory on AdSs x S°/Z,
[39], so it would seem that to find the dual of N' = 2 SCQCD we simply
need to follow the fate of the bulk string theory under the exactly marginal
deformation. Recall that at the orbifold point the NSNS B-field has half-unit
period through the blown-down S? of the orbifold singularity, [, Byg = 1/2
[160]. Taking gy # gyar is dual to changing the period of B-field, according
to the dictionary [40, 161]

1 1 1

= (4.54)
9}2/M 9}2/M 27mgs

S =T 4 = NS - :
Q%M 1-p 52

The catch is that the limit gy, — 0 translates on the dual side to the singular
limit of vanishing Byg and vanishing string coupling g, and the IIB back-
ground AdSs x S°/Z, becomes ill-defined. We will study in the next section
how to handle this subtle limit. In this section we will try to learn about
the string dual of A/ = 2 SCQCD from the “bottom-up”, collecting the clues
offered by the spectrum of protected operators. We start by reviewing the
well-known bulk-boundary dictionary for the protected states of the orbifold
theory.
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4.5.1 KK interpretation of the orbifold protected specrum

The untwisted spectrum of the orbifold field theory (summarized in Table
4.1), has a transparent dual interpretation as the Kaluza-Klein spectrum of
1B supergravity on AdSs x S°/Z,. It is appropriate to write the metric of
S® )7y as [89)

d$%5/22 = do® + sin® a dy® + coszozals%g/z2 0<p<2m,0<a< g . (4.56)
Momentum on S* corresponds to the U(1), charge r. The SO(4) = SU(2), ®
SU(2)g isometry of the 3-sphere is broken to SO(3), ® SU(2)g by the Z
orbifold, which projects out harmonics with j; half-odd. Needless to say,
SU(2)g and SO(3), are interpreted as the field theory symmetry groups of
the same name, so in particular the right spin jp is identified with the quantum
number R. Finally the harmonics on the « interval are parametrized by an
integer n, dual to the power of neutral scalar 7 (with A = 2) in the schematic
expressions of the operators in Table 4.1. It is not difficult to carry an explicit
KK expansion and confirm that A = |r| + 2R 4+ 2n. A nice shortcut is to
consider the KK expansion of the ten dimensional dilaton-axion [89], since
only scalar harmonics on S°/Z, are required. Scalar harmonics on S3/Z,
have (j.,jr) = (2R,2R) with 2R a non-negative integer. One finds A =
|| + 2R + 2n + 4 [89], as expected from the fact that the KK modes of the
dilaton-axion are dual to the descendants obtained by acting with Q*Q? on
the superconformal primaries of Table 4.1.

The twisted states of the orbifold field theory (shown in Table 5.5), must
map on the dual side to twisted closed string states localized at the fixed
locus of the orbifold, which is AdSs x S!, corresponding to o = 7/2 in the
parametrization (4.56). The massless twisted states of IIB on the A; sin-
gularity comprise one massless six-dimensional tensor multiplet, so the KK
reduction of the tensor multiplet on AdSs x S' must reproduce the protected
twisted states of the orbifold field theory. It does, as we review in appendix
B.4 following the analysis of [162], to which we add a detailed treatment of the
zero modes. We find that the zero modes of the tensor multiplet correspond
to the multiplet build on the “exceptional state” Tr Mg.

4.5.2 Interpretation for N' =2 SCQCD?

The protected spectrum of N/ = 2 SCQCD (restricting as usual to flavor
singlets, and in the large N Veneziano limit) consists of two sectors: the
“naive” list of protected primaries (5.44) easily found by a one-loop calculation
in the scalar sector [9]; and the many more extra “exotic” states found in the
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analysis of the superconformal index.

The “naive” spectrum arises from a truncation of the protected spectrum
of the interpolating theory (as g — 0) to U(Ny) singlets. We have discussed in
section 2 the reason to focus on the flavor-singlet sector: flavor-singlet opera-
tors, which necessarily are of “generalized single-trace type” in the Veneziano
limit, are expected to map to single closed string states. The restriction to
U(Ny) singlets has an interesting geometric interpretation: flavor singlets are
in particular SU(2), singlets, and thus they are dual to supergravity states
with no angular momentum on S?/Z, in the parametrization (4.56). So in
performing this restriction we are “losing” three spatial dimensions. As ex-
plained around (4.12), the protected primaries of the interpolating theory that
are not flavor-singlets can be decomposed in the limit g — 0 as products of
“mesonic” operators (Q**Q**)% and decoupled scalars of the “second” vector
multiplet. The dual interpretation in the bulk is that as § — 0 KK modes on
S3 /7.5 become multi-particle states of open strings. The flavor singlet sector of
N =2 SCQCD does not “see” the S®/Z, portion of the geometry. We regard
the “loss” of S3/Z, as a first hint that the string dual to the singlet sector of
N = 2 SCQCD should be a sub-critical string background. The S! factor on
the other hand is preserved.

We may also ignore the relation of N' = 2 SCQCD with the orbifold theory,
and consider the protected states (5.44) at face value: they are immediately
suggestive of Kaluza-Klein reduction on a circle. The dual geometry must
contain an AdSs factor to implement the conformal symmetry, and an S* factor
to generate the two KK towers dual to {Tr T ¢‘} and {Tr ¢**2}. Moreover the
radii of the AdSs and S* factor must be equal. Indeed Kaluza-Klein reduction
on S' gives a mass spectrum m? ~ %/ R%, (for ¢ large), and correspondingly a
conformal dimension A = mR 45 = 6%‘—;15. Inspection of (5.44) gives Raqs =

Rg1. The isometry of St is interpreted as the U(1), R-symmetry. On the other
hand, there is no hint in the protected spectrum (5.44) of a “geometrically”
realized SU(2)g. The relation with the interpolating theory makes it clear
that indeed the geometric factor S®/Zy, with isometry SU(2)gr @ SO(3)y, is
lost in the limit ¢ — 0.

We can further split the “naive” spectrum (5.44) into the primaries {Tr M3,
Tr¢'} and the primaries {TrT¢‘}. The first set, of course, is isomorphic to
the twisted states of the orbifold, and can be precisely matched with the KK
reduction on AdSs x St of one tensor multiplet of (2,0) chiral supergravity. A
first guess is that the primaries {Tr T'¢‘} correspond to the KK reduction of
the 6d (2,0) gravity multiplet on AdSs x S*, but this is incorrect. The zero
modes of the 6d gravity multiplet correctly match the stress-energy tensor
multiplet (whose bottom component is the primary Tr7"), but there are not
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enough states in the higher KK modes to match the states in the Tr T'¢* for
¢ > 0. This could have been anticipated by tracing the origin of the states
{Tr T'¢'} in the orbifold theory: the dual supergravity states have no angular
momentum on S%/Z, in the parametrization (4.56), but they are extended in
the remaining seven dimensions. So a better guess is that the states {Tr T'¢*}
should have an interpretation in seven-dimensional supergravity.

In summary, with some hindsight, the “naive” spectrum appears to indi-
cate a sub-critical string background, with seven “geometric” dimensions, and
containing both an AdSs and an S! factor, with Raqs = Rg1.

The extra exotic protected states teach another important lesson. They
arise in the limit § — 0 from long multiplets on the interpolating theory that
hit the unitarity bound and split into short multiplets. In the dual string
theory, this means that a fraction of the massive closed string states become
massless in the limit § — 0. It is a substantial enough fraction to give rise
to a Hagedorn degeneracy, as we saw in section 4.4.4. This has the crucial
implication that the dual description of N = 2 SCQCD is never in terms of
supergravity, since even in the limit A = ¢¥,,N. — oo there is an infinite
tower of “light” closed string states, with a mass of the order of the AdS scale.
However it seems plausible to conjecture that there is also a second sector of
“heavy” string states that decouple for A — oo.

The picture that we have in mind is the following. There are really two 't
Hooft couplings in the interpolating theory, A = g2,,N, and A = §3,,N., and
correspondingly two effective string tensions Ty ~ 1/12 and T, ~ 1/I2. The
idea of two effective string tensions is intuitive from the spin chain viewpoint,
since the bifundamental fields separate different regions of the chain, occupied
by adjoint fields of the two different groups SU(N,.) and SU(N;) and thus
governed by the two different gauge couplings. At the orbifold point, of course,
A = X In the limit in which the unique 't Hooft coupling of the orbifold
theory is sent to infinity the string length goes to zero in AdS units according
to the usual AdS/CFT dictionary Raqs,/ls ~ A%, leading to the decoupling
of all massive string states. To approach N = 2 SCQCD we are interested in
what happens as \ is kept large, but A is sent to zero. At present we do not
know how to modify the AdS/CFT dictionary in this limit. The most naive
extrapolation would suggest a hierarchy between two different scales: there
should be one sector of closed string states governed by Iy ~ A4 R4,¢ and
thus very massive, and another governed by s ~ Ruus and thus light. The
latter would correspond to the exotic protected states revealed by the index.
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4.6 Brane Constructions and
Non-Critical Strings

The interpolating SCFT has a dual description as IIB on AdSs x S®/Z,, but
this description breaks down in the ¢ — 0 limit that we wish to study. We
must describe the theory in a different duality frame. We will argue that the
correct description is in terms of a mon-critical superstring background. In
this section we reconsider the IIB brane setup leading to the interpolating
SCFT, and review how it can be T-dualized to a ITA Hanany-Witten setup
(see e.g. [163] for a review). The T-dual frame allows for a more transparent
understanding of the limit § — 0, as a double-scaling limit in which two brane
NS5 collide while the string coupling is sent to zero. In this limit the near-
horizon dynamics is described a non-critical string background, which (before
the backreaction of the D-branes) admits an exact worldsheet description as
R>! times SL(2)2/U(1), the supersymmetric cigar CFT. We are led to identify
the near-horizon backreacted background, where D-branes are replaced by flux,
with the dual of N'=2 SCQCD.

4.6.1 Brane Constructions

The interpolating SCFT arises at the low-energy limit on /N, D3 branes sitting
at the orbifold singularity R? x R*/Z,. The blow-up modes of the orbifold
are set to zero, since they correspond to massive deformations of the 4d field
theory. The NSNS period 3 is related to gy s and gy s by the dictionary (4.54).
As  — 0 the D-strings obtained by wrapping D3 branes on the blow-down
cycle of the orbifold become tensionless and string perturbation theory breaks
down. It is useful to T-dualize to a ITA Hanany-Witten description, where
the deformation 3 can be pictured more easily. To perform the T-duality we
should first replace the A; singularity R*/Z, with its S' compactification, a
two-center Taub-NUT space of radius R. The local singularity is recovered for
R — .

Recall, more generally, that the S' compactification of the resolved A;_;
singularity is a k-center Taub-NUT, a hyperkéler manifold which can be con-
cretely described as an S! fibration of R?. Let 7 be the coordinate of the S?
fiber and y the coordinates of the R? base. The S* fiber degenerates to zero
size at k points on the base, y =y, a = 1, ...k, and goes to a finite radius R
at the infinity of R3. (Topologically the S! is non-trivially fibered over the S?
boundary of R?, with monopole charge k.) Rotations of the y coordinates are
interpreted as the SU(2) symmetry that rotates the complex structures. From
the viewpoint of the worldvolume theory of D3 branes probing the singularity,
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this is the SU(2)r R-symmetry. The geometry has also an extra U(1);, sym-
metry acting as angular rotation in the S* fiber.!? (Finally the U(1), of the
4d gauge theory corresponds to an isometry outside the Taub-NUT, namely
rotations in the R? factor of R?* x R*/Z,.)

The metric of a k-center Taub-NUT space has 3(k — 1) non-trivial hy-
perkéhler moduli (after setting say y") = 0 by an overall translation), which
correspond to the blow-up modes of the (k—1) cycles — one SU(2)g triplet for
each cycle. In the string sigma model one needs to further specify the periods
of Bysns and Brgr on each cycle,which gives two extra real moduli for each
cycle, singlets under SU(2)g. Altogether the 5 = 3+ 14 1 moduli for each cy-
cle are the scalar components of a tensor multiplet living in the six transverse
directions to the Taub-NUT (or ALE) space. T-duality along the 7 direction
yields a string background with non-zero NSNS H flux and non-trivial dilaton,
which is interpreted as the background produced by k& NS5 branes [131, 164].
The NS5 branes sit at y® in the R? directions, and are localized on the dual
circle.!!’ The NSNS periods map to the relative angles of the NS5 branes on
the dual circle.

Let us apply these rules to our case. We start on the IIB side with the
configuration

IIB ‘ZL’Q Ty Ty T3 Ty Tz T Y1 Y2 Y3
TNy
D3

The two-center Taub-NUT T'N, has radius R, vanishing blow-up modes (y(l) =
y® =0) and [, Bysys = 8. T-duality gives the ITA configuration

X X X X

X X X X

ITA ‘xo Ty Ty XT3 Ty Tz T Y1 Y2 Y3
2 NS5
D4

X X X X X X

X X X X X

The two NS5 branes, at the origin of R? are localized on the dual circle of
radius R = o//R and at an angle 27 from each other. The string couplings
are related as

R l

A B s B

g, = —0g, = =g, . 4.

B ls B R * ( 57)

0The A; singularity (k = 2, y, = 0, R = o0) has a symmetry enhancement U(1);, —
SO(3) 1, whose field theory manifestation is the SO(3), global symmetry of the Zy orbifold
of N = 4 SYM, discussed in section 5.2.2. The symmetry is broken to U(1);, for finite R;
the full SO(3), is recovered in the infrared.

UNaive application of the T-duality rules gives NS5 branes smeared on the dual circle.
The localized solution arises after taking into account worldsheet instanton corrections [165].

85



Y3

Figure 4.4: Hanany-Witten setup for the interpolating SCFT (on the left)
and for N'=2 SCQCD (on the right).

T-duality maps the N, D3 branes on the IIB side (which can also be thought as
two stacks of fractional branes [166]) to two stacks of N. D4 branes on the ITA
side, each stack ending on the two NS5 branes and extended along either arc
segment of the 7 circle (see Figure 4.4). This is the familiar Hanany-Witten
setup for the Z, orbifold field theory. The four-dimensional field theory living
on the non-compact directions 0123 decouples from the higher dimensional
and stringy degrees of freedom in the limit

g} =0 I,—0, R—0, (4.58)
1 1— 1
with bR = —5— and ( AR = —5— fixed.
2mgtls  gym 2mgls 9y m

At this stage we are still keeping both gauge couplings gy, and gy, finite. If
L is the 4d length scale above which the field theory is a good description, we
have the hierarchy of scales

L>1,>Rgl,. (4.59)

Again, rotations in the y; directions correspond to the SU(2)r R-symmetry
of the NV = 2 4d field theory, while rotations in the 45 plane correspond to
the 4d U(1), symmetry. Finally the U(1); symmetry, which was related to
momentum conservation along the S fiber in the IIB setup, is T-dualized to
winding symmetry in the Hanany-Witten IIA setup. It gets enhanced in the
infrared to the SO(3), symmetry of the 4d field theory.
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4.6.2 From Hanany-Witten to a
Non-Critical Background

The limit gy — 0 (with gy fixed) can now be understood more geometri-
cally: it corresponds to § — 0, the limit of coincident NS5 branes. In this limit
we can ignore the periodicity of the 7 direction and think of two NS5 branes
located in R* at a distance 7y = 273R from each other, with 75 — 0. There is
a stack of N. D4 branes suspended between the two NSbs and two stacks of N,
semi-infinite D4s, ending on either NS5 brane. As is well-known, k > 2 coinci-
dent NS5 branes generate a string frame background with a strongly coupled
near horizon region — the string coupling blows up down the infinite throat
towards the location of the branes. The throat region is the CHS background
[167]

R x SU(2)x x R,, with dilaton & = ——— (4.60)

V2k'

where p is the radial direction (the NS5 branes are located at p = —00). The
supersymmetric SU(2); WZW model describes the angular S3; it arises by
combining the bosonic SU(2)_o and three free fermions 1;, ¢ = 1,2, 3, which
make up an SU(2)s. This description breaks down for large negative p where
the string coupling e?® is large. In Type IIA (our case), we must uplift to
M-theory to obtain the correct description of the near horizon region strictly
coincident NS5 branes. However, what we are really interested in is bringing
the branes together in a controlled fashion, simultaneously turning off the
string coupling g2*. We can break the limit (4.58) into two steps:

(i) We first take the double scaling limit [134, 135]

1 1
—0, g¢gt—0, TOA = ~ —— fixed, [, fixed. (4.61)
lsgs Geff 9y m

(ii) We then send [y — 0.

Let us first consider the purely closed background without the D4 branes. The
double-scaling limit (i) has been studied in detail in [134, 135], precisely with
the motivation of avoiding strong coupling. In this limit the region near the
location of the NS5 branes decouples from the rest of the geometry and is
described by a perfectly regular background of non-critical superstring theory
[134, 135]. To describe the background as a worldsheet CFT it is useful to
perform a further T-duality, in an angular direction around the branes. If
T = y,4 is the direction along which the branes are separated, we pick say the
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y3y4 plane and perform a T-duality around x = arctan ys/y,. The result is the
exact [IB background

R> x SL(2)2/U(1)/Zs . (4.62)

The Zsy orbifold implements the GSO projection. The Kazama-Susuki coset
SL(2)2/U(1) is the supersymmetric Euclidean 2d black hole, or supersymmet-
ric cigar, at level k = 2. The corresponding sigma-model background is

Qp dm

ds®* = dp* + tanh2(7)d92 +dX*dX,  0~0+ 0 (4.63)
¢ = —In cosh(%), By, =0. (4.64)

In appendix E we review several properties of this background. An equivalent
(mirror) description of SL(2)/U(1) is as the N' = 2 superLiouville theory [168].
The two descriptions are manifestly equal in the asymptotic region p — oo,
where they reduce to (S x linear dilaton). At large p, the leading perturbation
away from the linear dilaton takes a different form in the semiclassical cigar
and Liouville descriptions, but in the complete quantum description both the
cigar and Liouville perturbations are present. The cigar description is more
appropriate for k — oo, since in this limit the cigar perturbation dominates at
large p over the Liouville perturbation, while the Liouville description is more
appropriate for k — 0, where the opposite is true. For &k = 2 both descriptions
are precisely on the same footing — the cigar and Liouville perturbations are
present with equal strength and are in fact rotated into each another by the
SU(2) g symmetry [143]. For k = 2 the asymptotic radius of the cigar is v/20/,
which is the free fermion radius, implying that for large p the angular coor-
dinate 6 and its superpartner 1y can then be replaced by three free fermions
¥;, or equivalently by SU(2)s. The cigar background is thus a smoothed out
version of the CHS background (4.60) — the negative p region of CHS has been
cut-off and the string coupling is now bounded from above by its value g.ss at
the tip of the cigar.'?

12 As an aside, it is worth recalling the generalization of this discussion to & NS5 branes,
equally spaced on a contractible circle in the ysys plane. T-duality around the angular
coordinate x produces the background [134]

R x (SL(2)x/U(1) x SU(2),/U(1))/Zs, . (4.65)

The central charges are of the Kazama-Susuki cosets are

(SLERWU) =3+ 2, e(SU@W/U1) =3 —

. (4.66)

e
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To summarize, we started from a ITA configuration of two separated NS5
branes in flat space, and took the double-scaling limit (4.61). In this limit the
near-horizon region decouples from the asymptotic flat space region, and is
described by the exact non-critical IIB background (4.62). (The switch from
ITA and IIB is due to the angular T-duality along x.) The reduction of degrees
of freedom from critical to non-critical strings happens because we are focusing
on a subsector of the full theory, namely the degrees of freedom near the
singularity produced by the colliding NS5 branes. The transverse direction p
can be thought of as a worldsheet RG scale, with the asymptotically flat region
at large p playing the role of the UV and the cigar geometry playing the role
of the IR — in focusing to the near horizon region we lose the asymptotic flat
space degrees of freedom. In particular, what remains of the transverse S is
just the “stringy” SU(2)s associated with the free fermions v, i = 1,2, 3.

We can easily follow the fate of the D-branes through the double scaling
limit and T -duality: the D4 branes suspended between the two NS5s become
D3 branes localized at the tip of the cigar, while the semi-infinite D4 branes
become D5 branes extended on the cigar. This at least is the intuitive geo-
metric picture. Since the cigar background has string-size curvature near the
tip, a more appropriate description of the D-branes is in terms of the exact
boundary states. Boundary states for the Kazama-Susuki coset SL(2)/U(1)
(equivalently, for the superLiouville CF'T) have been studied in several papers
[169-173], following the construction of boundary states in bosonic Liouville
theory, and used in N' = 1 non-critical holography in [125, 126, 128]. There
are indeed natural candidates for the two types of cigar D-branes that we
need. The branes localized near the tip of the cigar are the analog of Liouville
77 [174] branes, while the branes extended along the cigar are the analog of
the Liouville FZZT [175, 176] branes. The non-critical string setup can be
summarized by the following diagram:

IIB‘[L’O Ty X9 T3 X4 Ty 1% 0

D3 | x X Xx X

DS | x x x X X X

We could have taken this as our starting point. The theory on the worldvolume
of the N. D3 branes (the “color” branes) reduces for energies much smaller than
the string scale to N' = 2 SU(N.) SYM, coupled to Ny = 2N, hypermultiplets
arising from the open strings stretched between the D3s and the “flavor” Db5s.
This is true by construction, since we obtained this non-critical setup as a

The CFT (4.65) In the semiclassical limit & — oo we have a weakly curved “geometric” 10d
background, while in the opposite limit & = 2 the curvature is string scale, the SU(2)/U(1)
piece disappears and we have the “non-critical” string background (4.62).
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limit of a well-known brane realization of the same field theory, and it could
also be checked directly, by examining the open string spectrum and preserved
supersymmetries.

To decouple the field theory we need to take I, — 0 (step (ii) in our previous
discussion of the field theory limit). This amounts on the gravity side to the
near-horizon limit of the geometry produced by the D-branes. By the usual
arguments [1], we are led to conjecture that the resulting non-critical string
background is dual to N' = 2 SCQCD.

4.7 Towards the String Dual of N =2 SCQCD

The explicit construction of the background after the backreaction of the D-
branes is left for future work. In this section we outline a line of attack, based
on a 7d ‘“effective action” which we identify as maximal supergravity with
SO(4) gauging. In fact several features of the background can be determined
from symmetry considerations alone, and just assuming that a solution ex-
ists we will find a nice qualitative agreement with the bottom-up field theory
analysis, notably in the protected spectrum of operators.

4.7.1 Symmetries

Let us start by recapitulating the symmetries. The obvious bosonic symmetries
of the closed string background (4.62) (the background before introducing D-
branes, henceforth the “cigar background”) are the Poincaré group in R%! and
the U(1) isometry of the 0 circle. In fact since as p — oo the 6 circle is at
the free fermion radius, there is an asymptotic “stringy” enhancement of the
U(1) symmetry to SU(2)y, x SU(2); = SO(4). At finite p the cigar and
super-Liouville interactions break this symmetry to the diagonal SU(2). This
has a clear geometric interpretation in the HW picture (before the angular T, -
duality) of the two colliding NS5 branes: the SO(4) symmetry is the isometry
of the transverse four directions to two coincident NS5 branes; separating the
branes along one direction (7 = y4 in the picture on the right of Figure 4)
breaks the symmetry to SO(3) = SU(2) (rotations of y;, ¢ = 1,2,3). This
surviving diagonal SU(2) is interpreted as the SU(2)r R-symmetry of the
N = 2 4d gauge theory. Adding the color D3 branes and the flavor D5 branes
breaks the 6d Poincaré symmetry to 4d Poincaré symmetry in the directions
Tm, m = 0,1,2, 3, times the rotational symmetry in the 45 plane. The latter
is interpreted as the U(1), R-symmetry of the gauge theory. Note that the
branes preserve the same (diagonal) SU(2) as the cigar and super-Liouliville
interactions. This is again transparent in the picture of colliding NS5 branes,
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since both the “compact” D4 branes and the “non-compact” D4 branes, which
become respectively the color D3s and the flavor D5s after T,-duality, are
oriented along the same 7 = y,4 direction in which the two NSb5s are separated.
Finally we should mention the fermionic symmetries. As we review in appendix
E, the background (4.62) has 16 real supercharges, corresponding to the (2, 0)
Poincaré superalgebra in R>!. Adding the D-branes breaks the supersymmetry
in half, so that 8 Poincaré supercharges survive (that D3s and D5s break the
same half is again obvious in the T-dual frame where they are both (parallel)
D4 branes). Taking the near-horizon geometry is expected to give the usual
supersymmetry enhancement, restoring a total of 16 supercharges that form
the N' = 4 AdSs superalgebra (isomorphic to the N = 2 4d superconformal
algebra).

4.7.2 The cigar background and 7d maximal SO(4)-gauged
supergravity

The cigar background (4.62) is analyzed in some detail in appendix E, which
the reader is invited to read at this point. Let us summarize some of the
relevant points. The physical spectrum of the cigar background consists of:
(i) normalizable states localized at the tip of the cigar p ~ 0, living in R>!:
they fill a tensor multiplet of (2,0) 6d supersymmetry; (ii) delta-function nor-
malizable states, corresponding to plane waves in the radial p direction; (iii)
non-normalizable vertex operators, supported in the large p region.

We are only interested in the cigar background as an intermediate step
towards the background dual to N =2 SCQCD, obtained in the near-horizon
limit of the D3/D5 brane configuration. A possible strategy is to use the cigar
background, which admits an exact CFT description, to derive a spacetime
“effective action”. The spacetime action is expected to be background inde-
pendent and should admit as classical solutions both the cigar background and
the background dual to N’ = 2 SCQCD. (In this respect, the cigar background
is analogous to the 10d flat background of IIB string theory, which is described
at low energies by 10d 1IB supergravity; another solution of IIB supergravity
is the AdSs x S® background dual to N = 4 SYM.) For the purpose of deriving
an “effective action” the relevant part of the spectrum is (ii), the continuum
of plane-wave states. Performing a KK reduction on the 6 circle, the plane-
wave states are naturally organized in a tower of increasing 7d mass (which
gets contribution both from the # momentum and from string oscillators).
There is is no real separation of scales between the lowest mass level and the
higher ones, because the linear dilaton has string-size gradient. Nevertheless
the states belonging to lowest level are special: although they obey “massive”
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7d wave-equations, this is an artifact of the linear dilaton; the counting of
degrees of freedom is that of massless 7d states because of gauge invariances.

Remarkably, we find that for large p the lowest-mass level of the continuum
spectrum is described by seven dimensional maximally supersymmetric super-
gravity (32 supercharges), but with a non-standard gauging: only an SO(4) of
the full SO(5) R-symmetry is gauged. This supergravity has been constructed
only quite recently [177, 178]. The maximal supersymmetry (which, as we
shall see momentarily, is spontaneously broken to half-maximal, consistently
with our previous counting) can be understood as follows. After fermioniz-
ing the angular coordinate 6, we have a total of ten left-moving fermions, v,,,
p=0...5along R>' ¢, and ¢;, i = 1,2,3 (the last three corresponding to
00, 1), and similarly ten right-moving fermions. So the construction of the
lowest-level physical states of our sub-critical theory is entirely isomorphic to
the construction of the massless states of the standard critical IIB string the-
ory, except of course that the momenta are now seven dimensional. The SO(4)
that is being gauged is the asymptotic SU(2)y, x SU(2); = SO(4) that we
have mentioned. It turns out that unlike the standard SO(5)-gauged 7d sugra,
which admits the maximally supersymmetric AdS7 vacuum, the SO(4)-gauged
theory breaks half of the supersymmetry spontaneously. The scalar potential
of the SO(4)-gauged theory does not admit a stationary solution but only
a domain wall solution [177, 178], which is nothing but the linear dilaton
background, with 16 unbroken supercharges — the 6d (2,0) super-Poincaré
invariance discussed earlier.

Incidentally, we believe that this is a general phenomenon: non-critical su-
perstrings in various dimensions must admit (non-standard) gauged supergrav-
ities as their spacetime “effective actions”, in the sense that we have discussed.
It may be worth to explore this connection systematically.

4.7.3 An Ansatz

We expect the SO(4)-gauged 7d sugra that describes the “massless” fields to
be a useful tool, though not a perfect one because we know that the higher
levels are not truly decoupled. The next step is to look for a solution of
this supergravity with all the expected symmetries. In the seven dimensional
theory the SU(2)r symmetry is not realized geometrically — its last remnant
was the (string-size) 6 circle, over which we have KK reduced to get down
to 7d. On the other hand, the U(1), symmetry is geometric, and conformal
symmetry is expected to arise in the near-horizon geometry, which must then
contain both an S! and an AdSs factor. The most general ansatz for the 7d
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metric with the expected isometries is

ds® = f(y)dshas, + 9(y)de® + C(y)dy®. (4.67)

Here ¢ is the angular coordinate of the S associated to U(1), isometry, while
the y has range in a finite interval, say y € [0, 1]. Restoring the 6 coordinate,
the non-critical background would have the form

ds® = f(y)dsias, + 9(y)de® + h(y)do® + C(y)dy® . (4.68)
Comparing with the brane setup, which is again

1IB ‘ o I1 T2 T3 Ty Ty P 0

D3 | x x x x

DS | x x x X X X

we identify ¢ is angular coordinate in the 45 plane, while y could be taken to
be a relative angle between the radial distance in the 45 plane and the radial
distance p along the cigar, y = 2 arctan(p/+/2% + 22). The D5 branes sit at
y=1.

The program is then to look for a solution (4.67) of the SO(4)-gauged
7d supergravity, possibly allowing for singular behavior at the original loca-
tion y = 1 of the flavor branes. For fixed N. and N¢(= 2N,.), we expect a
one-parameter family of solutions, because the 't Hooft coupling A is exactly
marginal — the AdS scale should be a modulus, as in the familiar AdSs x S°
case. The color (D3) branes are magnetically charged under the RR one-form
C/{f,?) (see Table 18) and the flavor branes (which are actually D4 branes from
the viewpoint in the 7d theory) are magnetically charged under the RR zero-
form C??. The corresponding fluxes will be turned on in the solution. As
usual the color branes will be completely replaced by flux. Our analysis of
the large N Veneziano limit suggests that new effective closed string degrees
of freedom, dual to “generalized single-trace” operators, arise from the resum-
mation of open string perturbation theory. This favors the scenario in which
also the flavor branes are completely replaced by flux. This fundamental issue
would be illuminated by an explicit solution.

The program of finding a supergravity background for N' = 2 SCQCD was
also discussed in critical I1IB supergravity [179] and in 11d supergravity [110],
but no explicit solutions are yet known. It would be interesting to understand
the relation of these approaches with our sub-critical setup. In particular a
somewhat singular limit of solutions found in [110] should correspond to N = 2
SCQCD, and it would be nice to understand this in detail.
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4.7.4 Spectrum

Already at this stage we can recognize that the top-down (string theory) and
bottom-up (field theory) analyses are in qualitative agreement. Both suggest
that the string dual of N' = 2 SCQCD is a sub-critical background with an
AdSs and an S* factor. In the field theory protected spectrum we found a sharp
difference between the U(1), and SU(2)g factors of the R-symmetry group:
there are towers of states with increasing U(1),, but no analogous towers for
SU(2)g. The brane construction confirms the natural interpretation of this
fact: while the U(1), is realized geometrically as the isometry of a “large”
S, with its towers of KK modes, the SU(2)g is associated to the string-
sized Sj of the cigar (and in fact the very enhancement from the 6 isometry
U(l) € SU(2)g to the full SU(2)g is a stringy phenomenon). The “naive”
part of the protected spectrum nicely matches:

(i) The multiplets built on the primaries {Tr M3, Tr $**‘} correspond to
the KK modes on S}a of the 6d tensor multiplet (see appendix D): these
are the truly normalizable states of the cigar background, localized at
the tip of the cigar (y = 0 in the parametrization (4.67)).

(i) The multiplets built on {TrT'¢‘} correspond to the KK modes on S
of the bulk 7d SO(4)-gauged supergravity: this is the lowest level of
the plane-wave spectrum of the cigar background. While we have not
performed a detailed KK reduction, for which the precise geometry is re-
quired, it is clear that the bulk graviton maps to the stress tensor, which
is part of the TrT" multiplet, and that the /-th KK mode of the graviton
maps to the unique spin 2 state in the Tr T¢* multiplet. Supersymmetry
should do the rest.

The “extra” protected states of the field theory must correspond to light string
states in the bulk, with mass of order of the AdS scale, but we do not know
how to establish a more precise dictionary at this point. We have suggested
in section 6 that the string theory dual to N/ = 2 SCQCD may contain two
sectors of string states, in correspondence with the two effective string scales [
and [, of the interpolating theory: a light sector, controlled by I, ~ Ragg for all
A, and a heavy sector, controlled by I, < R qs for A > 1. The string length of
the cigar background should be identified with [, so the massive string states
of the cigar background would correspond to the heavy sector and decouple
for large A. The light sector is more mysterious. A tantalizing speculation is
that the light states correspond to cohomology classes with non-normalizable
N = 2 Liouville dressing, i.e. supported at large p (operators of type (iii)
in the list of section E.4). It is clearly possible to tune the p-momentum
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to achieve “massless” six-dimensional states, at the expense of making them
non-normalizable in the p direction. Perhaps the extra protected states of
N = 2 SCQCD are somewhat analogous to the discrete states of the ¢ = 1
matrix model, which are indeed dual to vertex operators with non-normalizable
Liouville dressing.'?

If indeed [y < Ragqs for large A, the 7d supergravity, while not capturing
the whole theory even in this limit (as we know from the existence of the extra
protected states), may still offer a useful description of a subsector.

4.8 Discussion

We may now look back to section 1, at the list of special features shared by all
4d CFTs for which an explicit string dual is presently known. We have studied
in some detail perhaps the most symmetric theory that violates property (i)
(since a # ¢ at large N) and property (ii) (since it has a large number of fields
in the fundamental representation), while still satisfying the nice simplifying
feature (iv) of an exactly marginal coupling \. We have argued that the
dual string theory is not ten dimensional, thus violating (iii), and proposed a
sub-critical string dual in eight dimensions (including the string-size ). The
theory emerges as a limit of a family of superconformal field theories that have
a = ¢ and admit ten dimensional string duals. In this singular limit some fields
decouple on the field theory side, leading to a # ¢, while on the string side two
dimensions are lost (counting 6 as a dimension). It is tempting to link the two
phenomena. The natural speculation is that the 4d gauge theories in the “N =
4 universality class” (which among other things are characterized by a = ¢)
have 10d string dual, while theories with “genuinely” fewer supersymmetries
have sub-critical duals. A plausible pattern for (susy, dimension) is (N, d) =
(4, 10), (2,8), (1,6), (0,5). We have given evidence for the N' =2 < d = 8
connection, while [124, 125, 128] focused on A = 1 «» d = 6.

Our example is in harmony with the no-go theorem that a = ¢ for all field
theories with an AdS; gravity dual, since we argued that even for large A the
supergravity approximation to the dual of N' = 2 SCQCD cannot be entirely
valid. The imbalance between a and ¢ must arise from higher-curvature terms
in the AdS; gravity theory [180]. We believe that the stringy origin of these
higher curvature terms is the Wess-Zumino action of the flavor branes, as in
the example studied in [26, 181]: the flavor Wess-Zumino terms were shown

13 Alternatively, our idea of two effective string scales may be wrong, and the unique scale
ls may be of the order of R 45 for all A. In this case all anomalous dimensions would remain
small for large A. The extra protected states would be special only in that their anomalous
dimension is exactly zero for all A. This is certainly a logical possibility.
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to generate R? corrections to the 5d Einstein-Hillbert action, contributing at
order O(Ny¢/N,) to a — c¢. In the example of [26, 181] Ny < N, while in
our case Ny ~ N, and a — ¢ = O(1), but the mechanism must be the same.
It is important to keep in mind that the higher-curvature terms from the
WZ action are topological in nature and are on a different footing from the
higher-curvature corrections due to the closed string sigma-model loops, which
are instead suppressed by powers of I/ Raqs. So there is no contradiction in
principle between our suggestion that for large A the non-critical background
has a string length [, < Rags, and the fact that a — ¢ = O(1), since a — ¢
arises from the higher-curvature terms coming from the W7 action, since they
are not suppressed.

It is worth pointing out a simple relation between our N = 2 story and
the NV = 1 story of [124, 125, 128], if we specialize their setup to N' = 1
super QCD with Ny = 2N,, the Seiberg self-dual theory. This theory can be
viewed as the ¢ — 0 limit of a family of N' = 1 SCFTs with product gauge-
group SU(N.) x SU(Ng); when the couplings are equal the family reduces
to the Klebanov-Witten theory [106], which is dual to AdSs x T, This is
entirely analogous to the relation between N = 2 SCQCD and the Z, orbifold
of N = 4 SYM, and of course this is not a coincidence: the two-parameter
family of A/ = 1 theories is obtained from the two-parameter family of N = 2
theories flowing in the IR by a relevant deformation. For g = g, this is the well-
known RG flow from the Zj orbifold to the KW theory triggered by Tr(¢?—¢?)
[106]. Unlike the N' = 2 family, for N' = 1 the couplings are bounded from
below and the family of A/ = 1 SCFTs is never weakly coupled. The exactly
marginal coupling of the self-dual N = 1 super QCD is the coefficient of a
quartic superpotential — it cannot be taken arbitrarily small but it can be
taken arbitrarily large. Our analysis of appendix E should easily generalize
to this case, to find the gauged supergravity describing the lightest modes of
the continuum spectrum. Only an isolated supergravity solution exists [124]
(for arbitrary Ny ~ N.), but in the special case Ny = 2N, a one-parameter
family of solutions is expected. This is also confirmed by the vanishing of the
dilaton tadpole when N; = 2N, [128]. It would be nice to understand this
point better.

Clearly there are many open questions. The bottom-up analysis would
be greatly enhanced if we could determine the large A behavior of generic
non-protected operators. This may eventually be possible if ' = 2 SCQCD
exhibits an all-loop integrable structure. In chapter 5 we find a preliminary
hint of one-loop integrability. In the top-down approach, work is in progress
to verify whether the ansatz (4.67) is indeed a solution of the SO(4)-gauged
supergravity. It will be interesting to understand its physical implications,
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especially the role of the warping factors and their possible singularity at
y=1.
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Chapter 5

The One-Loop Spin Chain of
N =2 Superconformal QCD

5.1 Introduction

In this chapter we take the next step of the bottom-up (field theory) analysis,
by evaluating the one-loop dilation operator in the scalar sector of N' = 2
SCQCD.

Perturbative calculations of anomalous dimensions have given important
clues into the nature of N’ = 4 SYM. They gave the first hint for integrability
of the planar theory: the one-loop dilation operator in the scalar sector is the
Hamiltonian of the integrable SO(6) spin-chain — a result later generalized
to the full theory and to higher loops, using the formalism of the asymptotic
Bethe ansatz. Remarkably, the asymptotic S-matrix of magnon excitations
in the field theory spin chain can be exactly matched with the analogous S-
matrix for the dual string sigma model. Thus perturbative calculations open
a window into the structure of the dual string theory.

It is natural to attempt the same strategy for N'= 2 SCQCD. The theory
admits a large N expansion a la Veneziano: the number of colors N, and the
number of fundamental flavors Ny are both sent to infinity keeping fixed their
ratio (Ny/N. = 2) in our case and the combination A = g¢,,N.. We focus on
the flavor-singlet sector of the theory, which is a consistent truncation since
flavor singlets close under operator product expansion. The usual large N fac-
torization theorems apply: correlators of generalized multi-traces factorize into
correlators of generalized single-traces. In particular, acting with the dilation
operator on a generalized single-trace operator yields (at leading order in N)
another generalized single-trace operator, so we may consistently diagonalize
the dilation operator in the space of generalized single-traces. The dilation
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operator acting on generalized single-traces can then be interpreted, in the
usual fashion, as the Hamiltonian of a closed spin chain. At one-loop, the spin
chain is local (nearest neighbor interactions): the well-known relation between
planarity and locality of the spin chain continues to hold in the Veneziano
limit.

More insight is gained by viewing N = 2 SCQCD as part of an “interpo-
lating” N = 2 superconformal field theory (SCFT) that has a product gauge
group SU(N,) x SU(N;), with N; = N,, and correspondingly two exactly
marginal couplings g and §. For § — 0 one recovers N' = 2 SCQCD plus a
decoupled free vector multiplet, while for § = g one finds the familiar Z, orb-
ifold of N/ = 4 SYM. We have evaluated the one-loop dilation operator for the
whole interpolating theory, in the sector of operators made out of scalar fields.
The magnon excitations of the spin chain and their bound states undergo an
interesting evolution as a function of kK = §/g. For k = 0 (that is, for N' = 2
SCQCD itself), the basic asymptotic excitations of the spin chain are linear
combinations of the the adjoint impurity ¢ and of “dimer” impurities M¢, (we
refer to them as dimers since they occupy two sites of the chain). From the
point of view of the interpolating theory with £ > 0, these dimeric asymptotic
states of N = 2 SCQCD are s are bound states of two elementary magnons;
the bound-state wavefunction localizes in the limit x — 0, giving an impurity
that occupies two sites.

Armed with the one-loop Hamiltonian in the scalar sector, we can easily
determine the complete spectrum of one-loop protected composite operators
made of scalar fields. It is instructive to follow the evolution of the protected
eigenstates as a function of k, from the orbifold point to N' = 2 SCQCD.
Some of these results were quoted with no derivation in the previous chapter
4, where they served as input to the analysis of the full protected spectrum,
carried out with the help of the superconformal index.

An important question is whether the one-loop spin chain of NV = 2 SCQCD
is integrable. The spin chain for the Z, orbifold of N' = 4 SYM (which
by definition has § = ¢) is known to be integrable. We find that as we
move away from the orbifold point integrability is broken, indeed for general
Kk = §/g the Yang-Baxter equation for the two-magnon S-matrix does not hold.
Remarkably however the Yang-Baxter equation is satisfied again in the NV = 2
SCQCD limit k — 0. Ordinarily a check of the Yang-Baxter equation is very
strong evidence in favor of integrability. In our case we should trivializes —
what is really relevant is the S-matrix of their dimeric bound states. But since
for infinitesimal x the Yang-Baxter equation for the S-matrix the elementary
magnons fails only infinitesimally, we can hope that the Yang-Baxter equation
for the S-matrix of their dimeric bound states will also fail infinitesimally, and
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that the multi-particle S-matrix really factorizes x — 0. While this intuition
is reason for optimism, it is no substitute for a careful analysis, which we leave
for future work.

5.2 Lagrangian and Symmetries

In this section we briefly review the structure and symmetries of N' = 2 SC-
QCD, and its relation to the Z; orbifold of N’ = 4 SYM. Much insight is gained
by viewing N’ = 2 SCQCD, which has one exactly marginal parameter (the
SU(N.) gauge coupling gy /), as the limit of a two-parameter family of N = 2
superconformal field theories. This is the family of N' = 2 theories with prod-
uct gauge group! SU(N,) x SU(N;) and two bifundamental hypermultiplets;
its exactly marginal parameters are the two gauge-couplings gy and gy ;. For
Jyu — 0 one recovers N = 2 SCQCD plus a decoupled free vector multiplet
in the adjoint of SU(N;). At gy = 0, the second gauge group is interpreted
as a subgroup of the global flavor symmetry, SU(N;) C U(N; = 2N,). For
Jvm = gy, we have instead the familiar Z, orbifold of AV = 4 SYM. Thus
by tuning gy s we interpolate continuously between N = 2 SCQCD and the
N = 4 universality class.

The a and ¢ anomalies are constant, and equal to each other, along this
exactly marginal line: at the end point gy = 0, the SU(N;) vector multiplets
decouples, accounting for the “missing” a — ¢ in N’ = 2 SCQCD.

5.2.1 N =2 SCQCD

Our main interest is N' = 2 SYM theory with gauge group SU(N.) and Ny =
2N, fundamental hypermultiplets. We refer to this theory as N'= 2 SCQCD.
Its global symmetry group is U(Ny) x SU(2)g x U(1),, where SU(2)g x U(1),
is the R-symmetry subgroup of the superconformal group. We use indices
I,J = =+ for SU2)g, i, = 1,... Ny for the flavor group U(Ny) and a,b =
1,... N, for the color group SU(N,).

Table 5.1 summarizes the field content and quantum numbers of the model:

The Poincar é supercharges QZ, Q74 and the conformal supercharges Sz, SZ
are SU(2)g doublets with charges +1/2 under U(1),. The N = 2 vector
multiplet consists of a gauge field A4,, two Weyl spinors A2, 7 = +, 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)g

!The ranks of the two groups coincide, N, = Nz, but it will be useful to always distin-
guish graphically with a “check” all quantities pertaining to the second group SU(Ng).
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SU(Ne) | U(Ny) | SUR)r | U1),
oz 1 1 2 +1/2
Ta 1 1 2 —1/2
A, Adj 1 1 0
o) Adj 1 1 -1
N Adj 1 2 —1/2
Q7 O O 2 0
Yq O O 1 +1/2
U O O 1 +1/2
My || Adj + 1 1 1 0
Ms || Adj + 1 1 3 0

Table 5.1: Symmetries of N' = 2 SCQCD. We show the quantum numbers
of the supercharges O, Sz, of the elementary components fields and of the
mesonic operators M. Complex conjugate objects (such as Qz, and @) are
not written explicitly.

doublet Q7 of complex scalars and of two Weyl spinors 1, and ¥, SU(2)g
singlets. It is convenient to define the flavor contracted mesonic operators

a ]‘ a NI 1
beEﬁjS Iba (5.1)

which may be decomposed into into the SU(2)p singlet and triplet combina-
tions

1
Mi=MF and My =M7 - 5./\/%C 5% (5.2)

The operators M decompose into adjoint plus singlet representations of the
color group SU(N,); the singlet piece is however subleading in the large N,
limit.

The lagrangian of this theory is

L="Ly+Ly (5.3)

where, £y stands for the lagrangian of N = 2 vector multiplet and Lp, for
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the lagrangian of N = 2 hypermultiplet. Written explicitely,
1 _
Lv = —Tr| F"Fy +i Ao D, N+ (D*¢)(D,¢)!

2
+ivV2 (gynr ezg NN 0T — gy €7 A 70) + gYTM [0, ¢] 2] (5.4)

in the above we follow conventions where D, = 0, + i gym A, and ezz eIk =
55.
Ly = —|(D"Q")(D,Qz) +ive" Db+ ipe" D,
+iv2 (gym €N Q 7, gy m ez7Q" N1 (5.5)
+9yu YN Q1 — gym QIS\IIZ
+9y VO — gy V) (5.6)
02 Qr(616 + 66N)Q7 + gty V] (5.7)

where the quartic potential for the squarks is,

Vo= (@LQ@T08 ) - (@ Qs )@ )
1 1 - . L . .
++ (5(QL'Qr QG 7Q7 ) — (Q4'Q7 )AL ;) (5:8)

Using the flavor contracted mesonic operator (5.1), V can be written in an
instructive and compact form.

V= Tr[szMIj]—%Tr[MIIMjJ]

1 11
—NCTT[MJI]TT[MIJ] + QFCTr[MII]Tr[MJ 7
= TI[M3M3] - iTl”[./\/l3]Tl"[./\/l?,]

Ne

5.2.2  Zs orbifold of N = 4 and interpolating family of
SCFTs

N =2 SCQCD can be viewed as a limit of a family of superconformal theories;
in the opposite limit the family reduces to a Z, orbifold of ' = 4 SYM. In
this subsection we first describe the orbifold theory and then its connection to

N =2 SCQCD.
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As familiar, the field content of N' = 4 SYM comprises the gauge field
Ay, four Weyl fermions A2 and six real scalars X 45, where A, B =1,...4 are
indices of the SU(4)r R-symmetry group. Under SU(4)g, the fermions are in
the 4 representation, while the scalars are in 6 (antisymmetric self-dual) and
obey the reality condition?

1
X, = §EABCDXCD. (5.9)

We may parametrize X 4p in terms of six real scalars X, k =4,...9,

0 Xg+1X5 | Xoe+1Xg Xg+1Xy
1 — X4 —1X 0 Xg—1X9 —X;+1iX
Xup = — 4 Z 5 » 8§ —1Ag 7 .l 6 (5.10)
V2 | X7 —iXs —Xs+iX, 0 X, —iX5
—Xg—iXg X;—1Xg | —Xy+1iX5 0

Next, we pick an SU(2);, x SU(2)g x U(1), subgroup of SU(4)g,

+ [ SU@)rxU®1),

(5.11)

I
|>+>

SU(2)p x U(L);

We use indices Z, J = = for SU(2)g (corresponding to A, B = 1,2) and indices
7,J = & for SU(2)., (corresponding to A, B = 3,4). To make more manifest
their transformation properties, the scalars are rewritten as the SU(2), X
SU(2)g singlet Z (with charge —1 under U(1),) and as the bifundamental
X+ (neutral under U(1),),

Xy +1X 1 X7 +1Xg Xg+1X
A LU VIR I A I R D)
\/§ \/i Xg — ZXg —X7 + ZXG
Note the reality condition XITj = —ezge3;X ;5. Geometrically, SU(2)p x

SU(2)g = SO(4) is the group of 6789 rotations and U(1)r = SO(2) the group

of 45 rotations. Diagonal SU(2) transformations X — UXU™! (Ug = U, U, =

U*) preserve the trace, Tr[X] = 2iXg, and thus correspond to 789 rotations.
We are now ready to discuss the orbifold projection. In R-symmetry space,

2The f indicates hermitian conjugation of the matrix in color space. We choose hermitian
generators for the color group.
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the orbifold group is chosen to be Zy C SU(2); with elements +I5.5. This is
the well-known quiver theory [153] obtained by placing N. D3 branes at the
Ay singularity R? x R?/Z,, with (X, X7, Xg, Xy) — +(Xg, X7, X5, Xg) and X,
and X invariant. Supersymmetry is broken to N = 2, since the supercharges
with SU(2), indices are projected out. The SU(4)r symmetry is broken to
SU(2), x SU(2)gr x U(1),, or more precisely to SO(3), x SU(2)r x U(1), since
only objects with integer SU(2) spin survive. The SU(2)r x U(1), factors
are the R-symmetry of the unbroken A/ = 2 superconformal group, while
SO(3)r is an extra global symmetry under which the unbroken supercharges
are neutral.

In color space, we start with gauge group SU(2N.), and declare the non-
trivial element of the orbifold to be

I 0
r= | Nexle . (5.13)
0 —In.xn.

All in all the Z, action on the N = 4 fields is

A — TALT, Z1g7 — Th717T, AN — TAIT, (5.14)

XIf — —TXIjT, )\j — —T)\jT . (5.15)

The components that survive the projection are

A* Q) a
A, = ub %> Z:<¢bvg) (5.16)
Py 0 0 a
N = o A= ., TZa (5.17)
0 M\ o b0
b 7b
0 Q2.
X, = . TIa | (5.18)
1z —EIJEijbeJ O )

The gauge group is broken to SU(N,) x SU(N;z) x U(1), where the U(1) factor
is the relative® U(1) generated by 7 (equ.(5.13)): it must be removed by hand,
since its beta function is non-vanishing. The process of removing the relative
U(1) modifies the scalar potential by double-trace terms, which arise from the
fact that the auxiliary fields (in N' = 1 superspace) are now missing the U(1)
component. Equivalently we can evaluate the beta function for the double-
trace couplings, and tune them to their fixed point [44].

3Had we started with U(2N,) group, we would also have an extra diagonal U(1), which
would completely decouple since no fields are charged under it.
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SU(N)1 | SUWNe)2 | SUR2)g | SUR2)L | U(Dg
or 1 1 2 1 +1/2
u 1 1 2 1 -1/2
A Adj 1 1 1 0
A, 1 Adj 1 1 0

) Adj 1 1 1 -1

) 1 Adj 1 1 -1
g Adj 1 2 1 -1/2
N 1 Adj 2 1 ~1/2
Q1 O [m) 2 2 0
V3 0 [m] 1 2 +1/2
Dz ] 0 1 2 +1/2

Table 5.2: Symmetries of the Z, orbifold of A/ =4 SYM and of the interpo-
lating family of N' = 2 SCFTs.

Supersymmetry organizes the component fields into the N' = 2 vector
multiplets of each factor of the gauge group, (¢, Az, A,,) and (h, A1, Ay, and
into two bifundamental hypermultiplets, (Q7 ;,%3,v;) and (Q7 -, -, 1-).
Table 2 summarizes the field content and quantum numbers of the orbifold
theory.

The two gauge-couplings gy and gy, can be independently varied while
preserving N/ = 2 superconformal invariance, thus defining a two-parameter
family of A/ = 2 SCFTs. Some care is needed in adjusting the Yukawa and
scalar potential terms so that N' = 2 supersymmetry is preserved. We find

Lyur(gyar, gyar) = V2Tr[ — gy Arh g — Gy Ahsd
+QYM€jj@Ej¢¢j + gyme T F;
+9YM€jj15 N Qrz + QYMEijIj[}\Il;j
—gYMEIijI)\jiﬂj - QYM@JIDj}\IQjJ]
+h.c. (5.19)
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V(gvar: gyvar) =

G e 516,61 + M (66 + 60) + M MF — LMEM ]
$16,0 + M50+ 56) + ME, M, — S ME M)

oy miyuTr[ — 2Q:6Q07¢ + he] — Nicvd,t, , (5.20)

+35 0, Tr [

where the mesonic operators M are defined as*

1 ~ s . 1 -
Ta — a JZa Ta — JZa a
M T = 7 © Q7T M= —\/EQ Q% (5.21)

and the double-trace terms in the potential are
Vie = G (MM ] — STIMATM 7)) (5.22)
G (M T — ST MG )
= (g + Gar) (DM TTMF] — MM ).

The SU(2), symmetry is present for all values of the couplings (and so is
the SU(2)r x U(1), R-symmetry, of course). At the orbifold point gy = gy
there is an extra Z, symmetry (the quantum symmetry of the orbifold) acting
as

p=d, Mo, AneoA,, Vel Qe —erger Q77
(5.23)

Setting gy = 0, the second vector multiplet (QVS, Az, flm) becomes free and
completely decouples from the rest of theory, which happens to coincide with
N = 2 SCQCD (indeed the field content is the same and AV = 2 susy does
the rest). The SU(NN;) symmetry can now be interpreted as a global flavor
symmetry. In fact there is a symmetry enhancement SU(N:) x SU(2), —
U(Ny = 2N.): one sees in (5.19, 5.20) that for gy = 0 the SU(N;) index a
and the SU(2), index Z can be combined into a single flavor index i = (a, ) =
1,...2N.,.

In the rest of the paper, unless otherwise stated, we will work in the large
N, = N¢ limit, keeping fixed the ‘t Hooft couplings

A=giyN.=8n%¢%, A= g2,N: =812, (5.24)

4Note that Tr[M,”] = Tr[M7].
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We will refer to the theory with arbitrary g and g as the “interpolating SCFT”,
thinking of keeping g fixed as we vary g from ¢ = ¢ (orbifold theory) to g =0
(N =2 SCQCD & extra N? — 1 free vector multiplets).

5.3 One-loop dilation operator in the scalar
sector

At large N, ~ N; the natural gauge-invariant operators of N' = 2 SCQCD
are of the generalized single-trace form (4.1). Motivated by the success of
the analogous calculation in N' = 4 SYM [11], we have evaluated the one-
loop dilation operator on generalized single-trace operators made out of scalar
fields. An example of such an operator is

Tr[pppQzQ7 ¢] = ¢%¢" .0, Q% Q7 6%, , a,b,c,dye=1,... N, i=1,...N;.
(5.25)
Since the color or flavor indices of consecutive elementary fields are contracted,
we can assign each field to a definite “lattice site”® and think of a generalized
single-trace operator as a state in a periodic spin-chain. In the scalar sector, the
state space V; at each lattice site is six-dimensional, spanned by {#, ¢, Qz, Q7 }.
However the index structure of the fields imposes restrictions on the total space
®E Vi not all states in the tensor product are allowed. Indeed a Q at site
must always be followed by a Q at site [ + 1, and viceversa a ) must always
be preceded by a (). Equivalently, as in appendix C.2, we may use instead the
color-adjoint objects ¢, ¢, My and M3 (recall the definitions (A.17), where
the M’s are viewed as “dimers” occupying two sites of the chain.
As usual, we may interpret the perturbative dilation operator as the hamil-
tonian of the spin chain. It is convenient to factor out the overall coupling
from the definition of the hamiltonian H,

A

rv=g2H 2=
gH, g =g¢3,

A= gy Ne, (5.26)
where '™ is the one-loop anomalous dimension matrix. By an immediate
extension of the usual arguments, the Veneziano double-line notation (Figure
1) makes it clear that for large N, x Ny (with X fixed) the perturbative dilation
operator acts locally on the spin-chain. The one-loop hamiltonian is of nearest-
neighbor type, H = Ele Hppyr (with k = k+ L), where Hy 11 : Vi@ Vi —
Vi ® V1. The two loop correction is next-to-nearest-neighbor and so on.
The matrix elements of the dilation operator are evaluated by computing

5Up to cyclic re-ordering of course, under which the trace is invariant.

107



O O O

Figure 5.1: Various types of Feynman diagrams that contribute, at one loop,
to anomalous dimension. The first diagram is the self energy contribution.
The second diagram represents the gluon exchange contribution whereas the
third one stands for the quartic interaction between the fields. The first and
the second diagrams are proportional to the identity in the R symmetry space
while the third one carries a nontrivial R symmetry index structure.

the correlator of the two composite operators. Working in the large N, limit,
we focus on the planar Feynman diagram. These diagrams can be classified as
self energy diagrams, gluon interaction diagrams and quartic vertex diagrams
as shown in figure 5.1. The results of the one-loop anomalous dimension are
presented in section 5.3.1. In appendix C.1, we present an alternate derivation
of the one loop dilation operator without explicit one loop computation. In
stead, that method uses the knowledge of energies and R charges of some of the
composite operators. It serves as a check for the explicit one loop computation
of the dilation operator.

In section 5.3.2 we study the magnon excitations in the spin chain “vac-
uum” for the SCQCD theory. We repeat the exercise for the interpolating
family of SCF'Ts in section 5.3.3 and 5.3.4.

5.3.1 Hamiltonian for SCQCD

We now simply quote our result for Hyyq in N = 2 SYM with gauge group
SU(N.) and N; fundamental hypermultiplets 9,

6The spin-chain with this nearest-neighbor hamiltonian reproduces the one-loop anoma-
lous dimension of all operators with L > 2, where L is the number of sites. The L = 2 case is
special: the double-trace terms in the scalar potential, which give subleading contributions
(at large N) for L > 2, become important for L = 2 and must be added separately. This
special case plays a role in the protection of TrM3s, see section 5.4.
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Hy pv1 =

PP ¢ QzQ7 A*Q, QT ¢?
p p /N T

¢p/¢q/ 25p/53/ +gpqu/q/ —25q,5g, N—J:gp/q/(sz 0 0

— N 7 7 7 N

T Qy VN5, (o7 8, — 66751 0 0

+3(1+ )6 67,
Qx/ Q' 0 0 20K 5%, 0
—3(1+ )oK, 64
Qrr by 0 0 0 1(7—€)5Z,57,

Here the indices p, q = # label the U(1), charges of ¢ and ¢, in other terms

_ 01
we have defined ¢~ = ¢, ¢ = ¢, and gpq = Lo ) The result is valid for

arbitrary large Ny ~ N.. (For Ny # 2N, the one-loop beta function is non-
vanishing, but, as seen from the Callan-Symanzik equation, this does not affect
the calculation of the one-loop dilation operator.) Here, £ is the standard gauge
parameter that appears in the gluon propagator as k—lz(g,w— (1-=¢) k%f” ). Notice
that although the form of nearest neighbor hamiltonian depends on gauge
choice £, the anomalous dimension of gauge invariant flavor singlet operators
doesn’t. We will set £ = —1 as this choice correctly produces the anomalous
dimension of flavor non-singlets as well.

We introduce the symbols I, P and K for identity, permutation and trace
operators respectively. Their position in the matrix specifies the space in which
they act. For example, the operator P that appears in the matrix element
of (g |@PPT) is 55,5;’,, the operator K that appears in the matrix element

(¢ptog| QzQ7) stands for the operator g,g,07 and so on. With this notation,

and setting £ = —1, we may re-write Hj,,1 more concisely,
¢P QQ QQ Q¢
N
pp | 2I+ K - 2P ~K 0 0
Hy i = QQ FK O QI-K)R 0 0 (5.27)
QQ 0 0 2K 0
Qo 0 0 0 21

We introduce ¢ matrices to write this Hamiltonian manifestly as spin-spin
interaction of the nearest neighbour spins.
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ol QQ QQ Qe
N
—%(03—1—05—1—3(03—1)) Tf%(l—l-o%—l—oi—oz) 0 0
N N
Hippr= | VN3l +os+oy—02) —gf(=3+02+0] —02) 0 0| (529
0 0 l4+o02+02—02 0
0 0 0 2

We have used the shorthand o2 for o; ® oy41.

Artificially restricting the hamiltonian to the space of ¢ (and @) gives
2Myp + Kyg — 2P44, which is hamiltonian of the XXZ spin chain, confirming
the result found in [? | for pure N' = 2 SYM. The ¢ sector is not closed in
our case due to the leading order glueball-meson mixing. The mixing element
that is responsible for ¢p¢p — Q@) is proportional to K in ¢ space. Both of
these elements vanish when the neighbouring ¢ fields have the same 4 index.
This implies that the operator Tr[¢*] is protected, and we can think of it as the
ferromagnetic ground state of the spin chain (all spins are pointing down). The
impurities that can be excited on this ground state are ¢, M; and Mj, where
the last two are “dimeric” impurities which occupy two sites. All of these
impurities are double excitations, a single excitation (a single “Q)” excitation)
is impossible as it is not allowed by the color index structure. It is this fact
that makes it hard to study the scattering of two impurities. As we will see, the
fundamental excitations on the spin chain vacuum of the interpolating theory
are single excitations and their two body scattering can be easily studied.

Nonetheless, the “one body” problem i.e. the dispersion relation of these
doubly excited impurities is studied in the next subsection.

5.3.2 Magnon excitations in the SCQCD spin chain

In the map from the composite operators to spin chain, the cyclicity of the
trace gives periodic boundary conditions on the spin-chain, along with the
constraint that the total momentum of all the impurities in the spin be zero.
As usual, it is convenient to first consider the chain to be infinite, and impose
later the zero-momentum constraint on multi-impurity states. The action of
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the Hamiltonian on single-impurities in position space is

Hlp(x)] = Pl +1)—d(z—1) (5.29)
1/2 M (z — 1) (5.30)

HMy(2)] = 4My(a) + Nf 3(a) + QJJVVCfas(xH)
HMs(z)] = 8Ms(z), (5.31)

where the coordinate = denotes the position (site) of the impurity on the chain;
for the dimeric impurities My and M3z we use the coordinate of the first site.
To diagonalize the hamiltonian on the ¢/ M; sector, we go to momentum
space,

o(p) qu err. Ma(p) =Y My(z)e?” (5.32)

T i —i —i /2N T
My (1+€™P)4/ % 4 1
Eigenvalues and the form of eigenstates is not very illuminating for generic

values of the ratio Ny/N,. For the case of Ny = 2N, however, they simplify.
In that case, the eigenstates are

T() = —5(1+e)3(0) + Malp)
_ Zewr [ 5(8(@) + 3(x + 1)) + M (o) (5.34)
) = o)+ 30+ Mi(p)
_ ;eipx[¢(x)+%(/\41(x)+M1(x—1))], (5.35)
with eigenvalues
HT(p) = 4sin®(3)T(p) (5.36)
HT(p) = 8T(p). (5.37)

For N' = 2 SCQCD, N; = 2N, and the magnon excitation 7'(p) becomes
gapless. From now on we will only consider the superconformal case and set
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Nf = QNC

5.3.3 Hamiltonian for the interpolating SCFTs

We have generalized the calculation of the one-loop dilation operator to the
full interpolating family of N' =2 SCFTs [g],

¢P @9 QIfQJ]
H - ¢p/¢q/ (255/5:, —I—gpqu/q/ —255/53/) 5"275%79',/‘1/
QT Q4 6%,6% gPa (2% 67, — 67 6%,)07 62, + 2x257 67,62 67,
qung QjJQIj
5 T K%(287,67, 4 g9 gprqr — 267,67,) 1267 87 gyrqr
— 5l 1A 7 7 a2 VR
Q- QT'T K26%,6%, gPT K%(20F 67, — 67 6%,)67 6%, + 267 67,62 5?
PP Qs szqu
— F! 7! ! 1 ! !
o $pr QT 26% 5% 5";, —2k0% 5% 5";/
— g~ ! 1 ! !
QT T gy \ —2k6% 6% 6*;, 2k262% 6% 6';,
(z;ijJ ij¢p
GprQ 71 50 2,.@25:;/5?/5:;, —2n6§,6§,6§, .
@ T 5T sP T T (5.38)
Qurg¥pr \ —2r87,07,0,, 25],5j/5€,
In concise form, *
Hy py1 =
el QQ o QQ PQ Qb ¢Q Qo
pp | (2+ K- 2P) K 0 0 0 0 0 0
QQ K (2 - K)K + 2x°K 0 0 0 0 0 0
o 0 0 K2(2 + K — 2P) k2K 0 0 0 0
QQ 0 0 k2K K22 -K)K+2K 0 0 0 0
$Q 0 0 0 0 2 2k 0 0
Qo 0 0 0 0 -2 2:% 0 0
»Q 0 0 0 0 0 0 2:% -2k
) 0 0 0 0 0 0 -2k 2

"The meaning of the different operators can be read off by comparing with the explicit
form above. Note in particular that to avoid cluttering we have dropped the identity symbol
I (terms proportional to unity are proportional to the identity in the respective spaces). Also
in the subspaces QQ, QQ we use the notation K for the trace operator acting on SU(2)g
indices and K that acts on the SU(2), indices.
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2 =2
=9 2 — M 32 — M
where kK = : and g° = 2~ §° = 20—,

The hamiltonian could be written in more compact fashion directly in terms
of the Zy projected fields of the orbifold (eq.(5.16)) Z and X'. We rewrite their
definitions here for reader’s convenience.

_ (20 L 0 Q7
Z = < 0 ) ; Xrs < _EZJEi—ijJ 0 ) (5.39)

The hamiltonian for a generic value of k£ can now be manifestly written as
interpolating between the hamiltonian of Z, orbifold of N'= 4 SYM and that
of SCQCD.

z7 XX ZX Xz
(9+ +79-)*(2+ K — 2P) (9+ +79-)*KK 0 0
(94 +v9-)?KK (9+ +79-)?(2K — KK) 0 0
9°H = +2(g+ —79-)*K (5.40)
0 0 2(9+ +79-)%  —2(9+%2—g-?)
0 0 —2(g+2 —g-2)  2(g+ —v9-)?

1 0
Here we have defined, g =g, +9_, § = g+ — g_. The matrix v = ( 0 1 )

is called the twist.

In the limit, § — 0, we see that this hamiltonian reduces to that of SCQCD
spin chain as it should. In appendix C.1, we have also derived this hamiltonian
using the similar arguments as for the SCQCD case. In the next subsection,
we study the dispersion relation of the fundamental excitations. As we will
see they are single excitations, in contrast with the SCQCD case where they
are double excitations.

5.3.4 Magnon excitations of the interpolating SCFT spin
chain

As before, we think of a composite operator as a spin chain where the sites are

occupied by the fields. But one needs to be careful in construction of such a

spin chain as the index structure already imposes constraints on the sequence

in which various impurities can appear in the spin chain. These constraints
are the following

1. ¢ can only be followed by @)
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2. @ can be followed either by Q or ¢.
3. ¢ can only be followed by Q.
4. @ can be followed either by Q or ¢.

With these constraints if we start with the sea of ¢ as a vacuum (the other
choice would be to start with the sea of <;3), inserting one () impurity will
amount to changing the ¢s following the impurity into ¢s. This is the only
way one could consistently insert impurities. Let us study the dynamics of a
single impurity (). The position space state where () is localised to a position
x in the spin chain is denoted by Q(z).

Using the Hamiltonian above, we write the evolution

QzHQIi( )=2(g*+¢ )QII( ) = 299(Q7z(x — 1) + Qzz(x + 1)] (5.41)
Fourier transforming as, Q(p) = >__ e?*Q(x) we get,

FHQ:(p) = 2(¢°+§* — 299 cos p)Qy(p)
[2(9 — 9)* + 499(1 — cos p))Qzz(p)
209 — 9)* + 8ggsin’(5)] Q12 () (5.42)

Hence the dispersion relation for (),+(p) is,
7E(p) = A +8¢7 sin2(§) (5.43)
As we can see, we get a sin2(§) dispersion relation for () with a gap A =

2(g — g)?, ‘the gap is zero only when g = g as expected. The similar analysis
holds for ) impurity and we end up with the same dispersion relation.
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5.4 The protected spectrum in detail

In the previous chapter 4, we analyzed the protected spectrum of N = 2 SC-
QCD with the help of superconformal index [18]. In this section we determine
all the generalized single trace operators in the scalar sector of SCQCD having
vanishing one-loop anomalous dimension. We find the complete list of such
operators to be:

Tro*t2,  Tr[T¢",  TrMs. (5.44)

Here, T = ¢¢ — My and k > 0. We are first led to (5.44) by an educated
guess. In section B.1 we list all operators in the scalar sector that obey any
of the the shortening or semi-shortening conditions of the N’ = 2 supercon-
formal algebra, which have been completely classified by Dolan and Osborn
[154]. Using the spin-chain hamiltonian, we compute the one-loop anomalous
dimension of these candidate protected states, and find that only (5.44) have
zero anomalous dimension. We see that the result agrees with the first class
of protected operators, i.e. the operators in the scalar sector, obtained in [8].
The spin chain hamiltonian of section 5.3.1 is insufficient to reproduce the
second class of protected operators as they contain fields with higher spins. In
section 5.4.2, we list the protected operators of the orbifold theory that could
be obtained by variety of methods and follow the evolution of these operators
along the exactly marginal line kK — 0 towards SCQCD.

Even though we concern ourselves with one loop analysis in this section,

(5.44) can be seen to be protected at full quantum level using superconformal
index [8].

5.4.1 Protected states in A" =2 SCQCD

A generic long multiplet A%,r(j,j) of the N = 2 superconformal algebra is gener-
ated by the action of the 8 Poincaré supercharges Q and Q on a superconformal
primary, which by definition is annihilated by all conformal supercharges . If
some combination of the Q’s also annihilates the primary, the correspond-
ing multiplet is shorter and the conformal dimensions of all its members are
protected against quantum corrections. A comprehensive list of the possible
shortening conditions for the N' = 2 superconformal algebra was given in [154]
. Their findings are summarized in Table B.1. ® We refer to [154] for more

details.

8We follow the conventions of [154], except that we have introduced the labels D, F, F
and G to denote some shortening conditions that were left nameless in [154].
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Scalar Multiplets | SCQCD operators | Protected
BR,—Z(O,O) Tr[¢éMR]

E_1(0,0) Tr[¢!] v

Br Tr[ME] v for R=1
ER,—Z(O,O) TT[TMRGM]

Co,—£(0,0) Tr[T¢'] v

Cr00) Tr[T ME]

Co.0) Tr[T] v

Dro,) Tr[MEg¢]

Table 5.3: N' =2 SCQCD protected operators at one loop

In Table 5.3 we list all the generalized single-trace operators of N' = 2
SCQCD made out of scalar fields, which obey any of the possible shortening
conditions. Using the spin chain Hamiltonian of section 5.3.1, we find that the
only operators with zero anomalous dimension are the one listed in (5.44)°.
The operators Tr ¢’ correspond to the vacuum of the spin-chain, while the
operators Tr T ¢’ correspond to the zero-momentum limit of the gapless ex-
citation T'(p), eq. (5.36) . There is one more protected operator, which is
“exceptional” in not belonging to an infinite sequence: Tr M3. Its anomalous
dimension is zero for gauge group SU(N,) but not for gauge group U(N,): the
double-trace terms in the Lagrangian that arise from the removal of the U(1)
are crucial for the protection of this operator.

5.4.2 Protected spectrum of the interpolating family of
N =2 SCFTs

As we have reviewed in section 2.2, N' = 2 SCQCD can be obtained as the
Jyy — 0 limit of a family of N/ = 2 superconformal field theories, which
reduces for gy = gy y to the NV = 2 Z, orbifold of N = 4 SYM. In this section
we find the protected spectrum of single-trace operators of the interpolating
family. We start at the orbifold point, where the protected states are easy to
determine, and follow their fate along the exactly marginal line towards N = 2

SCQCD.

9Together of course with their conjugates. Note that since in our conventions ¢ has
r = —1, the multiplet £_y(g,0y, £ > 0, is represented by Tr¢?. The conjugate multiplet E0(0,0)
is represented by Tr¢! and is of course also protected.
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At the orbifold point, operators fall into two classes: untwisted and twisted.
In the untwisted sector, the protected states are well-known, since they are
inherited from N/ = 4 SYM. The protected operators in the twisted sector are
chiral with respect to N' = 1 subalgebra and could be obtained by analyzing
the chiral ring [162]. ' Both the classes of operators can be rigorously checked
to be protected by computing the superconformal index.!! Using the index
one can also argue that the protected multiplets found at the orbifold point
cannot recombine into long multiplets as we vary ¢ [8], so in particular taking
g — 0 they must evolve into the protected multiplets of the theory

{N =2SCQCD & decoupled SU(N;) vector multiplet} . (5.45)

In section 5.4.3 we follow this evolution in detail. We find that the SU(2).-
singlet protected states of the interpolating theory evolve into the list (5.44)
of protected states of SCQCD, plus some extra states made purely from the
decoupled vector multiplet. On the other hand, the interpolating theory has
also many single-trace protected states with non-trivial SU(2), spin, which are
of course absent from the list (5.44): we see that in the limit § — 0, a state
with SU(2), spin L can be interpreted as a “multiparticle state”, obtained by
linking together L short “open” spin-chains with of SCQCD and decoupled
fields ¢. By this route we confirm that (5.44) is the correct and complete
list of protected single-traces in the scalar sector for ' = 2 SCQCD. The
results are also suggestive of a dual string theory interpretation: as § — 0,
single closed string states carrying SU(2), quantum numbers disintegrate into
multiple open strings. The above argument, however, doesn’t imply that all
the protected operators of SCQCD are obtained as degenrations of protected
operators of the interpolating theory. Indeed, they aren’t. In [8], we discuss
an alternative mechanism that brings about more protected SCQCD operators
from the decomposition of long multiplets of the interpolating theory as § — 0.

In summary, the degeneracy of protected states is independent of the ex-
actly marginal deformation that changes gy,; and is thus the same for the
orbifold theory and for the theory (5.45). At gyp = 0 there is a symmetry
enhancement, SU(2);, x SU(N;) — U(Ny = 2N,), and we can consistently
truncate the spectrum of generalized single trace operators to singlets of the
flavor group U(Ny) — which in particular do not contain any of the decoupled
states ¢. This is the flavor singlet spectrum of ' = 2 SCQCD that we have
analyzed in the previous section.

10We confirm the spectrum in [8] up to one operator that was missed in the analysis of
[162].

UThe calculation for the orbifold was carried out already in [156], which we confirm up
to a minor emendation in [8].
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Multiplet

Orbifold operator (R,¢ > 0, n > 2)

BR—H

Tr (Q+J}Q+J})R+1]

E_(142)(0,0)

Tr ¢z+2 + Q;£+2]

éR(0,0) Tr Z T(Q+$Q+J})R]
DR+1(0,0) Tr
Bri1,—e+2)00) | Tr Zi(Q++Q++)R+1¢i¢g+2_i]

CRr,—(14+1)(0,0)

Tr Zz 7(Q+J}Q+J})R¢%z+1—i]

A=2R+(+2n
AR —t0.0)

[
[
[
QTR (919)]
[
[
[

Tr Zz Tn(QJrJrQJrJ})R(biéé—i]

Table 5.4: Superconformal primary operators in the untwisted sector of the
orbifold theory that descent from the 1 BPS primary of N' = 4. The symbol

2

>~ indicates summation over all “symmetric traceless” permutations of the
component fields allowed by the index structure.

Table 5.5:

Multiplet

Orbifold operator (¢ > 0)

T(QTTQT — QT Q)] =Tr Ms

B,
g—(£+2)(0,0)

Tr[qu? _ Q;£+2]

Superconformal primary operators in the twisted section of the
orbifold theory.
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5.4.3 Away from the orbifold point: matching with N =

2 SCQCD

In the limit ¢ — 0, we must be able to match the protected states of the
interpolating family with protected states of {N = 2 SCQCD & decoupled
vector multiplet}. For the purpose of this discussion, the protected states
naturally splits into two sets: SU(2), singlets and SU(2), non-singlets. It is
clear that all the (generalized) single-trace operators of N'= 2 SCQCD must
arise from the SU(2)y singlets.

SU(2

)1 singlets

They are:

(i)

(i)

(iii)

(iv)

One B; multiplet, corresponding to the primary Tr[Qj{IQjJ}] = Tr M3.
Since this is the only operator with these quantum numbers, it cannot
mix with anything and its form is independent of g.

Two 5_5(070) multiplets for each ¢ > 2. corresponding to the primaries
Tr [pf + QBZ] For each ¢, there is a two-dimensional space of protected
operators, and we may choose whichever basis is more convenient. For
g = ¢, the natural basis vectors are the untwisted and twisted combi-
nations (respectively even and odd under ¢ < ¢), while for § = 0 the
natural basis vectors are Tr ¢* (which is an operator of N' = 2 SCQCD)
and Tr ¢’ (which belongs to the decoupled sector).

One CAO(()’O) multiplet (the stress-tensor multiplet), corresponding to the

primary Tr7 = Tr [T + gzngzjﬁ] We have checked that this combination is
an eigenstate with zero eigenvalue for all g. For g = 0, we may trivially

subtract out the decoupled piece Tr ¢¢ and recover Tr T, the stress-tensor
multiplet of N’ =2 SCQCD.

One 507_5(070) multiplet for each ¢ > 1. In the limit § — 0, we expect
this multiplet to evolve to the Tr T'¢* multiplet of N/ = 2 SCQCD. Let
us check this in detail.

The primary of Cy _(o,0) has R =0, 7 = —¢ and A = ¢+ 2. The space of
operators which classically have these quantum numbers is spanned by

ja) = Te[¢ 1), [bi) = STh[¢' Q0 'QT] for 0 <i<(
and |c;) = Tr[p!g] (5.46)
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Diagonalizing the Hamiltonian in Fourier space, we find the protected
operator to be

¢
1Co.—e0.0))x = K'la) = D K Tbi) + lee) (5.47)
i=0
where £ = ¢/g. In the limit k — 0,

|(f70,—é(0,0)>n—>0 = TY[(QM_? - %szQﬁ)¢g] = TT[TQM] ) (5.48)
as claimed.

All in all, we see that this list reproduces the list (5.44) of one-loop protected
scalar operators of N' = 2 SCQCD, plus the extra states Tr¢! which decouple
for ¢ = 0. This concludes the argument that that the operators (5.44) are
protected at the full quantum level, and that they are the complete set of
protected generalized single-trace primaries of N' =2 SCQCD.

SU(2)1, non-singlets

The basic protected primary of N' = 2 SCQCD which is charged under SU(2),
is the SU(2), triplet contained in the mesonic operator Of . = (QLQ%)sy-
Indeed writing the U(N; = 2N,) flavor indices i as i = (a,Z), with a =
1,...N;/2 = N, “half” flavor indices and Z = £ SU(2). indices, we can
decompose

Cﬂ

3R J

— O s (5.49)

3r3Lb" 3rlLb’

In particular we may consider the highest weight combination for both SU(2),
and SU(2)g,

(@ Q). (5.50)

States with higher SU(2),, spin can be built by taking products of Oz 3, with
SU(2)r and SU(2)g indices separately symmetrized — and this is the only way
to obtain protected states of NV = 2 SCQCD charged under SU(2); which
have finite conformal dimension in the Veneziano limit. It is then a priori
clear that a protected primary of the interpolating theory with SU(2), spin L
must evolve as g — 0 into a product of L copies of (QTTQ*") and of as many
additional decoupled scalars ¢ and ¢ as needed to make up for the correct
U(1), charge and conformal dimension. It is amusing to follow in more detail
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this evolution for the various multiplets:

(1)

(iii)

Br multiplet.

This is a trivial case, since for each R there is only one operator with
the correct quantum numbers, namely

Br), = Te[(QTTQH)A], (5.51)

for all g and g. We have checked that it is indeed an eigenstate of zero
eigenvalue for all couplings.

ﬁR(0,0) multlplet
The primary of Dg(oo) has SU(2)g spin equal R, U(1), charge r = —1
and A = 2R + 1. The space of operators which classically have these

quantum numbers is two-dimensional, spanned by Tr[(QTQ1H)B¢] and
Tr[(QTTQT ") ¢]. The spin-chain Hamiltonian in this subspace reads

49> —4gg
¢*Hp = o (5.52)
—4g9g 49

The protected operator (eigenvector with zero eigenvalue) is

Droo)x = TrR(QTFQ) o+ (QTFQ) ). (5.53)

For k = 0, the protected operator is interpreted as a “multi-particle
state” of R open chains of SCQCD and one decoupled scalar ¢. For
example for R = 2, the operator will be broken into the following gauge-
invariant pieces,

@FQH)% , (QTTQTH, and 4. (5.54)

In the limit § — 0, the “closed chain” of the interpolating theory ef-
fectively breaks into “open chains” of {N = 2 SCQCD & decoupled
multiplet}, with the rupture points at the contractions of the “half-
flavor” indices a, b, ¢.

BR,T(O,O) multiplet.

Finding the protected multiplet for arbitrary coupling amounts to diag-
onalizing the spin-chain Hamiltonian of the interpolating theory in the
space of operators with quantum numbers R, » and A = 2R — r. The
dimension of this space increases rapidly with R and r. Let us focus on
two simple cases.
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case 1: R=1,r=—-(<0

In this case, the space is £ + 1 dimensional, spanned by
) = Te[¢' QT ' Q ], i=0,...¢. (5.55)

The protected operator is found to be

l

|Bl7_g(070)>,€ = Z I*{,Z|wz> (556)

=0

In our schematic notation of ), introduced earlier, the same operator
would read

By —00) = TI[>_ £1(QFQ H)'d ). (5.57)

)

Note that at x = 0, the U(1), charge of the operator is all carried by the
decoupled scalars ¢ — there are no ¢. This is again consistent with the
picture of the closed chain disintegrating into open pieces.

case 2: r=—2, R=2

The relevant vector space is spanned by the operators
0) = T[T QTQTQT] |
1) = TQTQTQTQT] |
2) = TQTQTTQTQT] |

0) = T[T dsQ QT QT
) = T Q" QT Q]
2) = Tr[Q"PQ QT Q]

(5.58)

The Hamiltonian in this subspace is (the basis vectors are read in the
sequence [0), 0), 1), ...)

442 0 —294g —294g 0 0

0 4G? —297 —297 0 0
92H32,72(0,0) = _zg.? _29? 4g2 + 492 2 O ) _29? _29?
—299 —299 0 9= +49° —299 —299

0 0 —294g —294g 442 0

0 0 —297 —297 0 4G?

(5.59)
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There is an eigenvector with zero eigenvalue for all x, namely

1Ba, 200k = #710) +10) + £[1) + £[1) + £%]2) + |2)
_ TI"[Z Hi(@+-@@+4—)2¢i(&2—i]

)

As expected, for k = 0 the operator contains ¢ and no ¢.

Extrapolating from these cases, we make an educated guess for the form
for general protected operator,

1B, —s0.0))s = Tr[Y | £(QTTQT)Rgig . (5.60)

i

In the limit x — 0, this operator breaks into R mesons (QQ)‘Z of N =2
SCQCD and ¢ decoupled scalars QVS‘;)

(iv) éR(0,0) and 5R7_5(070) multiplets.

We have not studied these cases in detail since they are technically quite
involved. It is clear however that for ¢ — 0 the protected primaries must
evolve into states of the schematic form

Tr O§R3L¢Z+"J>“] , (5.61)

with £ =0, n =1 for éR(0,0) and n =1 for C_R’_g(o’o).

Finally, let us consider the the long multiplets (A-type multiplets) that
appear on the right hand side of the decomposition (4.21). Their schematic
expression at the orbifold point is given in the last row of Table 5. At the
orbifold point, the planar inheritance theorem [41, 45| guarantees that the
multiplets, even if long, have protected dimension at large NN., since they de-
scend from 1/2 BPS chiral primary operators of N' = 4 SYM. In fact AdS/CFT
predicts that they remain protected (at large N.) even away from the orbifold
point, since they correspond to supergravity states which are unaffected by a
change in the value Byg. It would be interesting to check this explicitly using
our one-loop hamiltonian: for all § there must be an eigenvector with zero
eigenvalue with the quantum numbers of each of the long multiplets on on the
right hand side of (4.21). As g — 0, these operators must evolve into states of
the form (5.61), with the appropriate quantum numbers.
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5.5 Two-body scattering

In this section we study the scattering of two magnons in the spin chain for
the interpolating SCFT. We take the chain to be infinite. Because of the
index structure of the impurities, one of the asymptotic magnons must be a
@ and the other a @, and their ordering is fixed — we can have a @ impurity
always to the left of a @ impurity, or viceversa. The scattering is thus pure
reflection. For the case of Q to the left of @, and suppressing momentarily the
SU(2)r x SU(2)r quantum numbers, the asymptotic form of the eigenstates
of the Hamiltonian is

Z (6ip1x1+ip2:c2 + S(p%pl)eipzm-i-ipwz) | . QSQ(xl)Q; . q?@(xg)gb . > .

1 <Kx2
(5.62)
This is the definition of the two-body S-matrix. In fact, thanks to the nearest-
neighbor nature of the spin chain, if the impurities are not adjacent we are
already in the “asymptotic” region, so x; < 5 should be interpreted as z; <
x9 — 1. Similarly, for the case where @ to the right of Q) the asymptotic form
of the two-magnon state is

Z (eip1x1+ip2m2 + Sf(pszl)eiple+ip1rz) ‘ . (Zvﬁ@(xl)(j) . gﬁQ(Ig)(& . > 5
r1<KT2

(5.63)
which defines S. The two-body S-matrices S and S are related by exchanging
g3

S(p1,p2;9,9) = S(p1,12: 9, 9) - (5.64)

The total energy of a two-magnon state is just the sum of the energy of the
individual magnons,

E(p1,p2; k) = (2(1 — k)* + 8k(sin® %)) + (2(1 — k)% + 8k(sin? %)) (5.65)
Besides the continuum of states with real momenta p; and ps, there can be
bound and “anti-bound” states for special complex values of the momenta. A

bound state occurs when

) r . P
S(p1,p2) =00, with plzg—zq, p2:§—l—zq, g>0. (5.66)
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Since S(p2, p1) = 1/S(p1, p2) — 0, the asymptotic wave-function is

ip Tt

e alea=en) (5.67)

which is indeed normalizable (since xo > x; in our conventions). A bound
state has smaller energy than any state in the two-particle continuum with
the same total momentum P. An anti-bound state occurs when

P P
S(p1,p2) =00, with p1:§—iq4‘7ﬂ p2:§+iq—7ﬂ q > 0(5.68)

The asymptotic wave-function is now

r]+x9

(1) mett e malrem) (5.69)

The energy of an anti-bound state is strictly bigger than the two-particle con-
tinuum. It is easy to see that (5.66) and (5.68) are the only allowed possibilities
for complex p; and ps such that the total momentum and the total energy are
real.

The analysis of two-body scattering proceeds independently in four differ-
ent sectors, corresponding the choice of the triplet or singlet combinations for
SU(2)r, and SU(2)g. In each sector, we will compute the S-matrix and look
for the (anti)bound states associated to its poles.

5.5.1 3; ® 3r Sector

In the 3, @ 3g sector, we write the general two-impurity state with () to the
left of () as as

Wsgs) = Z Uaga(21,22)| . 0Q(21)) .. §Q(22) . . .)303 (5.70)

r1<T2

There is no mixing with states containing ¢ and qz since they have different
SU(2), x SU(2)r x U(1), quantum numbers. Acting with the Hamiltonian,
one finds:

e For x9 > x1 + 1,

92H : ‘I’3®3($1,3€2) = 4(92 + §2)‘I’3®3($1,$2) (5-71>
—299Vse3(r1 + 1, 22) — 29GV3sgs(z1 — 1, 22)
—299Vsz3(r1, 22 + 1) — 299 V3g3(r1, 22 — 1)
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e For xy = 21 + 1,

92H : ‘I’3®3($1,$2) = 492‘I’3®3($17 352) (5-72>
—299Vse3(r1 — 1,22) — 299V3g3(v1, 72 + 1) .

The plane wave states e'P1217P272) and e!(P122+P271) are separately eigenstates
for the “bulk” action of the Hamiltonian (5.71), with eigenvalue (5.65). The
action of the Hamiltonian on the state with adjacent impurities, equ.(5.72),
provides the boundary condition that fixes the exact eigenstate of asymptotic
momenta pq, ps,

\I/3®3(x1,x2) — eipr1zitpars) + 53®3(p1,p2)€i(p1x2+p2m1) 7 (5_73)

where o ,
1 + 62p1+2p2 — QKeP1

_1 + eiP1tip2 — D pepip2

Q |«

(5.74)

53®3 (p17p2> = ) R

In this sector, the S-matrix coincides with the familiar S-matrix of the XXZ
chain, with the identification Axxz = k. The pole of the S-matrix,

1 4 eip1tp2)
B 2K ’

eipz

(5.75)

is associated to a bound state. Writing p; = P/2 —iq, p» = P/2+iq, we have

oo = 5) (5.76)

K

The wave-function is normalizable provided ¢ > 0, which implies 2 arccos kK <
|P| < m. Substituting p; and ps into the expression for the total energy (5.65),
we find that the dispersion relation of the bound state is simply

[QQ)] I;,OLu;j ; E = 4sin2(§) , 2arccosk < |P|<m. (5.77)
This dispersion relation is plotted as the dashed orange curve in the left column
of Figure 2.2. When the total momentum P is smaller than 2arccosk the
bound state dissolves into the two-particle continuum. The bound state exists
for the full range of P at the orbifold point x = 1, but the allowed range of P
shrinks as k is decreased, and the bound state disappears in the SCQCD limit
k — 0.
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The S-matrix in the 3; ® 35 sector with @ to the right of Q is obtained by
switching g < g,

ip1+ipa _ 2 ip1
1+e e

Saza(Pr pai ) = S, pai 1/9) = 1 4 eip1+iv2 _ 2pipy (5.78)
Now the pole of the S-matrix is associated to a bound state with
e 1= KCOS(E) . (5.79)

The bound state exists for all P in the whole range of x € (0, 1]. Its dispersion
relation is

[QQI" . E=4x? sm2(§) , (5.80)

313k

plotted as the dashed orange curve in the right column of Figure 2.2. The
existence of this bound state is consistent with our analysis of the protected
spectrum.

5.5.2 1;, ® 3r Sector
The general two-body state with @ to the left of @ is

|‘I’1®3> = Z ‘I’1®3(I1, $2)| .. -¢Q($1)<ﬁ- . QBQ(%W . ->1®3 (5-81>

xr1<T2

The action of the Hamiltonian for o = x1 + 1 is now

G H - Uig3(z, 2+1) = 8¢*Wig3(2, v+1)—299V 1g3(x—1, 2+1) 29§V 103 (2, 2+2) .

(5.82)
Writing . .
\I[1®3(x1’ x2) — 62(101961+;D29E2) + Sl®3(p2’p1)el(m$2+p2$1) , (583)
we find —_ ( 1) .
1+ ePrtP2 — 9(g — =)eP?
Sies(p1, p2; k) = 7 : (5.84)

B 1 + etpitipz — 2(,% — l)eipz
which is again the S-matrix of the XXZ chain, now with A = xk — % The
S-matrix blows up for

: 1+ ei(p1+p2)
e P2 — W . (585)
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This pole is associated to an anti-bound state. Parametrizing p; = P/2—iq+,
pe = P/2 —iq — m, the location of the pole is given by

o1 = ) (5.86)

K —

N

R

Normalizability of the wave-function requires ¢ > 0, which occurs for a re-
stricted range of P for k, < k < 1, and for the full range of P for x < k,,

<k<l (5.87)

V5 —1
SBRE

1
2arccos(— — k) < |P| <m for
K

O0<|Pl<7m for0<k<

Substituting in E(p1, pe; k) we find the dispersion relation for the anti-bound
state,
4(2 — K?) 4K* o P

T Tt g (5.88)

=1 antibound
[QQ] 1037 b=
which is plotted as the red curve in the left column of Figure 2.2. The anti-
bound state is absent at the orbifold point k = 1. For k — 0, ¢ — 00,
so that the wave-function (5.69) localizes to two neighboring sites and in fact
coincides with the dimeric excitation Mz = (QQ)s of N' = 2 SCQCD; in the
limit we smoothly recover the M3 dispersion relation E(P) = 8.
For Q@ scattering, we have

1 + etprtip2 — 2(1 _ H)eipz ’
K

S1e3(p1,p2; k) = Sigs(p1, p2; 1/K) = — (5.89)

Now the pole corresponds to a bound state, indeed it occurs for p; = P/2—1igq,
pa = P/2 4 iq with ¢ and P related as in (5.86). Clearly the allowed range of
P is as in (5.87). We find the dispersion relation

bound 4/'{2

QAL E= (1= 2 st D), (5.90)

which is plotted as the red curve in the right column of Figure 2.2.
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5.5.3 3., ® 1r Sector

The scattering problem in the 3, ® 1 sector is solved by the same technique.
We find

Sze1(p1,2) = Sze1(p1,p2) — 1, (5.91)

which coincides with the scattering matrix of free fermions, or with the Axx, —
oo limit of the S-matrix for the XXZ chain. Clearly there are no (anti-)bound
states.

5.5.4 1;® 1 Sector

The analysis for the 1, ® 1x sector is slightly more involved because a two-
impurity state is not closed under the action of Hamiltonian: when @ and Q
are next to each other they can transform into ¢¢. The general state for QQ
scattering in the singlet sector is

Tre1) = Y Uigi(z1,22)] . 6Q(21)6 ... 6Q(2)¢ - )1

x1<T2

=3 05()]. . 66(2)6 )

The first term is an eigenstate for “bulk” action of the Hamiltonian (zo >
x1 + 1) with the usual eigenvalue E(py, p2; k) of equ.(5.65). The action of the
Hamiltonian for z9 = x; + 1 is

GH - Uig(v,z+1) = 4(¢°+ §*)Vig (v, 2 + 1)
—29§‘I’1®1($ -1, z+ 1) - 299‘1’1@(% r+ 2)
+20°U5(z) + 29°Vg(z + 1).

Furthermore,

¢*H - Vi(r) = 692\11(5(x) — gz\Ifg,(z +1)— gz\Ifg,(x - 1)
+2g2\I]1®1(ZL’, x + 1) -+ 292\111@)1(25 — 1, LE‘) .

We take the ansatz

Uygr (21, 20) = ct(Pr1z1tpaz) | Sl®1(p27p1)ei(p1m2+p2m1)

Us(x) = Sp(pa,pr)e ™"

Note that Sig1(p1,p2) still has the interpretation of the scattering matrix of
the magnons ) and (), which are the asymptotic excitations, while ¢ is an

129



“unstable” excitations created during the collision of @ and (). We find

14+ eP1tip _ Q(H _ l)eipl 1+ eP1+ip2 _ 9 10D -1
4 emvir —2(n 1>e2‘m) (1 T et 2Keim)

51@1(]?1,292) = —< 1

4ie"P1HP2) (sin p; — sin ps)

Sq?(pbp?) - (1 + eiritirz — geipr)(1 + eiritirz — 2(k — l)eim) ’

Sie1 is the product of two factors, and it admits two poles. The first factor
coincides with Sig3, so its pole is associated to an anti-bound state entirely
analogous to the anti-bound state in the 1, ® 3z sector. The pole is located
at p = P/2 —iq+m, po = P/2+iq — m, with

e 1= M . (5.92)

= —K
K

The dispersion relation is again

~1antiboun 4(2 — ’ 42 : P
[QQ)] tibound. E = R=r) stlnz—, (5.93)

Lo lr 1 — k2 1—k 2

and the range of P for which the wave-function is normalizable is as in (5.87)
— see the red curve in the left column of Figure 2.2. It is interesting to analyze
the explicit form of the wave-function in the x — 0 limit. The QQ piece has
the form

r1t+x9

Uy (21, 1) = (—1)2 01T emale—a) - g, oo (5.94)

so only the o = x1 4+ 1 term survives in the limit, and we recover the dimeric
impurity M; of SCQCD. A short calculation gives

\I/Q;(ZL') 2

mhﬁo ~AieP) (5.95)

Comparison with (?7) shows that that in the £ — 0 limit the antibound state
in the QQ singlet sector becomes precisely the dimeric excitation 7" of SCQCD.
The pole in the second factor of Sis; o corresponds instead to a bound
state, with
P/2
ol — cos(P/2) . (5.96)

K
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The dispersion relation and range of existence are

~7bound . . 24
[QQ)] g E =4sin 3 0 < |P| < 2arccosk , (5.97)
which are shown as the green curve on the left column of Figure 2.2. This
bound state is absent at the orbifold point and comes into full existence (for
any P) in the SCQCD limit k — 0. The natural guess is that in this limit it
reduces to the gapless T'(p) magnon of SCQCD, and it does:
Ws(x) CLge”

U(r,z+1)"" 2 (5.98)

in agreement with (5.34).

5.5.5 Summary

We have seen that the two-body scattering problem in the spin-chain of the
interpolating SCF'T admits a rich spectrum of bound and anti-bound states.
The results are summarized in Table 5.6 and Figure 5.7. The QQ scattering
channel (that is, the channel with @ to the left of Q, and the ¢ vacuum on
the outside) is the one relevant to make contact with A' = 2 SCQCD, which is
obtained in the x — 0 limit. Remarkably, the magnon excitations of SCQCD
are recovered as the smooth limits of the QQ (anti)bound states: as k — 0
the wavefunctions of the (anti)bound states localize to two neighboring sites
and reproduce the “dimeric” magnons T'(p), T(p) and Ms(p) of SCQCD.

5.5.6 Let/right factorization of the two-body S-matrix

As is well-known, the magnon excitations of the A" = 4 SYM spin-chain trans-
form in the fundamental representation of SU(2|2) x SU(2|2), and their two-
body S-matrix factorizes into the product of the S-matrices for the “left” and
“right” SU(2|2). The Zy orbifold preserves this factorization. Remarkably,
this left /right factorization persists even away from the orbifold point, for the
full interpolation SCF'T — or at least this is what happens at one-loop in the
scalar sector. Our results for the S-matrix in the Q@ channel in the four dif-
ferent SU(2), x SU(2)g sectors are summarized in Table 5.8, where we have
defined

S(p1,p2, k) = (5.99)

1 — 2keir2 + etlpi+p2)
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Pole of S-matrix | Range of existence Dispersion relation

Msz | e7@=1Lcos(L) | 2arccosk < |P| < 4sin*(%)

T el = Lcos(%) 0 < |P| < 2arccosk 4sin*(%)

T e 1= (E:S_(% See equ.(5.87) (l‘ﬂfg) (%5 —1-—sin*£)

Ms | el = (E:S_(% See equ.(5.87) (14_"“;2) (% —1-sin*%)

My | e 9=rcos(L) |0<|P|<T 4k*sin’(%)

T el = rcos(%) No solution

T el = ZZS_(% 2arccos(: — k) < |P| < (14_"“52) (1 —2k*+sin® L)

My | e 1= ZZS_(% 2arccos(L — k) < |P| < (14_"“52) (1 —2k*+sin® L)
Table 5.6:  Dispersion relations and range of existence of the various

(anti)bound states in two-body scattering. The first three entries correspond
to the QQ channel and the last three entries to the Q@ channel. The color-
coding of the third entry is a reminder that these are anti-bound states with
energy above the two-particle continuum.

i.e. the standard S-matrix of the XXZ chain, with Axxz = k.

S(p1,p2,1) Ssu(2)(p1, p2) (5.100)
S(p1,p2,0) = —1 (Free fermion) (5.101)
S(p1,p2, 200) = —e'P7P2) (Free Boson?) (5.102)
We see that we can write
S i k)S ;
S(p1:p2i k) = 1(P1, P2; #)Sa(P1, P2i 1) (5.103)

53®3(P1,p2§ R

where Sy, and Sgi are defined in Table 5.9.

In the analysis of the Yang-Baxter equation, it will be useful to write the
S-matrices in both the SU(2), and SU(2)g sectors using the identity (I) and
trace (K) tensorial structures,

(5.104)
(5.105)

Ap(p1,p2; k) I+ Br(p1,p2: k) K
Ag(p1,p2; &) I+ Br(p1, p2; k) K.

Sr(p1,p2; K)
SR(p17p2;f€) =
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QQ scattering channel Q@ scattering channel

E E
- sl D ) isf N
e : D /// N
//// \\\ /// \\\\
10 \ z 10
e
5 / \ 5
\\\ // \\ ”/,,,/
R = 0999 -3 ) 7;‘ 0 /1 2 i =3 ) T 4’| 2 E
12 E
15y I5
k= 0.65 '
_ —1+Vh ,
="
k= 0.35 ’
12 E
15y I5
1ol 10
s| s
R = 0001 -3 ) - 0 1 2 i =3 ) =] 0 1 2 7 f

Table 5.7: Plots of the dispersion relations of the (anti)bound states for dif-
ferent values of k. The shaded region represents the two-particle continuum.
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L®R S(pbp%"{')
1®1 —S(pl,pQ,l%_ 1)8_1(1717]727'%)

1®3 8<p17p27"€_%)
3®1| -1

3®3 8(]917])27%)

Table 5.8: The S-matrix in the QQ scattering channel.

SU(2)r | St(p1,pe; k) SU(2)r | Sr(p1,p2; k)
1 S(p1,p2ik— ) 1 ~1
3 S(p1, p2; k) 3 S(p1, pa; k)

Table 5.9: Definitions of the SU(2), and SU(2)r S-matrices.

Writing the indices explicitly,
(Sp)2N = AR 67'0% + Br gr79™™ (5.106)

Recalling that eigenvalue of K on the triplet is zero while it is two on the
singlet, we see that

A = S (5.107)
B - %(51—53), (5.108)

where the values of Sy and Sz in both the SU(2), and SU(2)g sectors can be
read off from Table 5.9. B
In complete analogy, in the Q@ channel we have the factorization

. St(p1, p2; K)Sr(p1, p2; K)

S(p1,pa; k) = s (5.109)
S393 (p17p2; K
and we can write
S, = A,I+B.K (5.110)
Sp = Apl+ BpK. (5.111)

As always, each “checked” quantity is obtained from the corresponding unchecked
one by sending k — 1/k.
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Figure 5.2: Yang Baxter equation for Orbifold theory

5.6 Yang-Baxter Equation

Integrability of the spin chain is the statement of existence of infinitely many
conserved charges or equivalently it amounts to factorization of many body
scattering matrix into two body scattering matrices. The exact check of this
statement could be quite hard for a generic spin chain.

The factorization of many body scattering matrix in particular implies that
the three body scattering matrix should factor. For integrable systems the
three body scattering process, diagrammatically, can be denoted as product of
two body scatterings in two ways as in figure 5.2. Integrability implies that the
two body scatterings should “commute” and hence both the processes should
be equivalent. This is the statement of “coordinate” Yang Baxter equation.
This should necessarily hold if the system is integrable but of course it is not
a sufficient condition.

We check this condition as it is the simplest step towards the exploring
the integrability of the system. Failure to satisfy this condition would nec-
essarily mean that the system is not integrable. For the system that we are
studying, the Yang Baxter equation factorizes into two equations on account
of factorization of the full scalar two body scattering matrix into SU(2), and
SU(2)g sectors. So the problem of checking the Yang Baxter equation for
SU(2), ® SU(2)g spin chain reduces to checking it for SU(2), and SU(2)r
sectors separately. It will be satisfied for the full spin chain if and only if it is
satisfied for both the SU(2) sectors.

Let us start with a generic SU(2) spin chain which can be either SU(2),
or SU(2)g spin chains in that it has two types of excitations @ and @ and
transmission coefficient is zero.

The figure 5.2 represents the three body Yang Baxter equation to be veri-
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fied. Written explicitly in indices, this equation is:

S%N(plap2)gﬁ/!/%/ (p17p3)5/l—\//(%/ (p27p3) = 5’2773’0 (phpz)S%//\?(Plap?,)g%g(pz,ps)

(5.112)
We simplify the equation by decomposing the two body scattering matrices
into identity and trace piece as described in the previous section. While writ-
ing the following equation, we suppress the momentum arguments with the
convention that the first symbol in each term is a function of (py, ps), the sec-
ond is function of (p1,p3) and the third (ps, p3). We do not change the order
of symbols while simplifying the expression.

S%N(pb p2) S (1, 03)S% T (D2, p3)
= AAASS 6E6T + BBgaxdy "7 + BBAgrs 0% g7
+ (AAB+ BAA+2BAB+ BBB)oK g17957 + ABAggicg” * 6%

The right hand side can be simplified in the same way,

5‘7/ /(phpz)sz/\/(pl,p?,)smc (P2,p3)
= AAAZ 6T 6% + ABBg" 97105 + BBAgT™ g1 46F
+ ABAgr;q77 5K + (AAB + BAA + 2BAB + BBB)g7 67 g ¢

Collecting the terms with various index structures, the Yang Baxter equation
reduces to the following five equations.

AAA = AAA (5.113)
ABB = ABB (5.114)
BBA = BBA (5.115)
(AAB+ BAA+2BAB + BBB) = ABA (5.116)
ABA = (AAB + BAA +2BAB + BBBIT)

The full Yang Baxter equation can be reduced to the check of above set of
equations for both SU(2), and SU(2)g sectors. In SU(2)y, sector,

. 1
Ap(p1,p2, k) = AL(pl,me):S(pl,Pz,/f) (5.118)

1 1 1

BL(pla]Dz, fi) = BL(php% ;) = 5(3(]9171727 K= E) - 5(1717]927 Hﬁ-lm)
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while in SU(2)g sector,

< 1
Ar(p1,p2, ) = AR(p1,p2,;):S_1(p1,p2,/<a) (5.120)

1 1 _
Br(p1,p2, k) = BR(pl,me) = —5(1+3 Y(p1,p2. k). (5.121)

In the case of Zy orbifold at g = § hence S = S and the nontrivial check
of Yang Baxter equation reduces to (5.116). It can be verified that (5.116)
is indeed satisfied at ¢ = §. Away from the orbifold point, the Yang Baxter
equation fails to be satisfied proving that the spin chain doesn’t remain inte-
grable under this marginal deformation. At x = 0 i.e. for N' = 2 SCQCD,
Yang Baxter equation is again satisfied giving us a hint towards the integra-
bility of SCQCD. There is a subtlety here. Strictly at x = 0, the two body
scattering matrices in both SU(2),, and SU(2)g sectors become trivial and the
information about the bound states is lost. This can be seen from

In N'= 2 SCQCD the nontrivial information that the spin chain contains
is about the dynamics of “bound states”. If we loose the information about
the bound state themselves at k = 0 it would not amount to an indication
of the integrability of the SCQCD spin chain. Nonetheless, at infinitesimally
small x, one could derive the S matrix of the bound states from the S matrix
of the fundamental excitations assuming integrability. We can check that the
failure to satisfy the Yang Baxter equation (i.e. the difference between the
left and right hand side of the set of equations) goes continuously to zero as
k — 0. At infinitesimal x the failure to satisfy the Yang Baxter equation is
infinitesimal. This could imply that the Yang Baxter equation for the bound
states as well is almost satisfied at small x. In the limiting process of sending
k to zero one could preserve the information about the bound state and show
that the Yang Baxter equation is satisfied.

If we assume that the failure to satisfy the Yang Baxter equation is in-
finitesimal for the bound state scattering matrix if it is infinitesimal for the
scattering matrix of the fundamental excitations then this would imply that
the Yang-Baxter equation is satisfied in the SCQCD. A concrete check would
amount to computing the scattering matrix of the bound states from the fun-
damental scattering matrix assuming the integrability of the spin chain and
then explicitly showing that at £ = 0, the bound state Yang Baxter equation
is satisfied.

In the case with ¢ = §, S = S. Hence, in that case the check of the Yang
Baxter just reduces to (5.116). These equations are only satisfied at x = 1
and k£ = 0. This means that for k # 0,1 the spin chain is not integrable.
We know that the spin chain of the Zy orbifold theory is integrable. This
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is consistent with the fact that Yang-Baxter equation is satisfied at k = 1.
For k = 0, however, we can see that this primitive check doesn’t rule out the
integrability.
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Chapter 6

Conclusions

In chapter 2 we considered a generic large NV, non-supersymmetric field theory
that is “conformal in its single-trace sector”. In such a theory, quantum effects
induce double-trace couplings f [ d*x OO. If B; has no real zeros, conformal
invariance is broken. The symmetric vacuum (¢) = 0 is stable if and only if
B¢ has a fixed point. Conversely, if 3¢ has no real zeros, dynamical symme-
try breaking occurs. The field theory instability associated with double-trace
renormalization is the boundary counterpart of the instability associated with
a closed string tachyon in the AdS bulk. We showed that at large N the
double-trace beta function is quadratic in the coupling f, to all orders in per-
turbation theory, and Ay is linear. If the discriminant of 3y = 0 is negative,
there are no physical (real) values of f for which the theory is conformal. But
if we insist on formally preserving conformal invariance by tuning f to one of
its two complex fixed points, then the operator dimension also becomes com-
plex, Ap = 2 £ ib(\). Using the usual AdS/CFT dictionary we found that
the AdSs scalar dual to O has mass m?(\)R? = —4 — b(\)? < m%p, i.e. it
is a true tachyon, and the bulk theory is unstable. Following research should
address the questions outlined below:

e Using this general framework we can study specific cases of non super-
symmetric field theories that are “conformal in their single-trace sec-
tor”. In our original paper [6], we presented two examples of non-
supersymmetric orbifolds while in our subsequent work [7] we studied
an open string example with intersecting D7 flavor branes. Further ex-
amples, including gamma deformations of N' = 4 SYM, orientifolds of
N = 4 SYM! and non-supersymmetric defect conformal field theory,

should be studied.

!Pedro Liendo is currently working on this case.
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e In [6] we showed that the double-trace beta function is quadratic in the
coupling to all orders in planar perturbation theory. Using integrability
techniques to calculate the coefficients v(XA), v(\) and a(\) of the beta
function to all orders in A and consequently the mass of the tachyon,
would provide a novel non-perturbative understanding of tachyons in
string theory.

e Finally, our formal work might have applications to real world systems.

For a second order phase transition the characteristic energy scale m
(inverse correlation length) near the ctitical point goes to zero as m ~
|a—a*|”, where « is a parameter that can vary continuously and o = o
is the location of the critical point. For an other wide class of phase
transitions the correlation length vanishes exponentially on one side of
the phase transition, while being strictly zero on the other side

m~ Apy O (o —a™) e Voo, (6.1)

This behavior has been observed before in the Berezinskii-Kosterlitz-
Thouless (BKT) phase transition in two dimensions. For non-supersymmetric
field theories that are “conformal in their single-trace sector” the charac-
teristic energy scale m near the ctitical point always go to zero as in (6.1).
This is a consequence of the fact that the beta function is quadratic in
the coupling. As the discriminant D(\) decreases, the two fixed points
approach each other until they merge at fo = f, for D(\) = 0. For
D(X) < 0 the solutions to § = 0 are complex, and the theory no longer
has a conformal phase. To see that the fixed point merger generically
gives rise to BKT scaling, we simply use our results from section 2 and
compute the ratio

M = e_ﬁ , (62)

Huv

which is identical to (6.1) after the identification D(\) = o — .

One example of such an application was presented in Rey’s talk at Strings
2007. He discussed the problem of graphene using a non-supersymmetric
defect conformal field theory. More examples with this behavior are
considered in [189, 190].

In chapter 3 we used the dictionary developed in chapter 2 to study the
specific example of the AdSs x S% background with two probe D7 branes in-
tersecting at general angles. In this case, supersymmetry is completely broken
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and an open string tachyon emerges between the branes. On the field the-
ory side we compute the one-loop Coleman-Weinberg effective potential for
the fundamental scalars and discover an instability. We identify the triplet
mesonic operator as the dual of the open string tachyon, calculate the tachyon
mass for small A and find that it violates the AdS stability bound.

e The main unresolved puzzle from chapter 3 is to completely fix the func-
tions f(61,0) and d(6q,65) in the quadratic potential.

e Combining the knowledge we gained from chapters 3 and 5 we could
study the integrability of the D3/D7 brane configuration with intersect-
ing D7 branes. The supersymmetric open spin chain with fundamental
matter has been studied [98] and found to be integrable. It would be
very interesting to check integrability for the non-supersymmetric case.
Demanding integrability would provide extra conditions for f(6,6s) and
d(01,02) that might correctly fix them.

e An other followup of [7] would be to expand the Lagrangian around the
local minimum of the effective potential and recover the shape of the
recombined intersecting D7 branes after tachyon condensation with a
field theory calculation [91].

In chapter 4 we presented work on the direction of finding string theory
duals for gauge theories with genuinely less supersymmetry and unquenched
flavor. We searched for the gravity dual for N' = 2 SU(N,) SYM coupled
to Ny = 2N, fundamental hypermultiplets using the Veneziano expansion of
large N, and large N; with the ratio Ny/N. = 2 and A = ¢>N, kept fixed.
In order to advance this research program, additional steps are needed. Some
of these are described below. Integrability techniques have been proven an
extremely powerful tool in studying planar N' = 4 SYM. The same integrability
structures arise both on the field theory and on its dual string theory side,
allowing a very precise check of the AdS/CFEFT correspondence. In chapter
5 we began the “ bottom-up” study of the field theory dilation operator, by
calculating it at one-loop for the scalar sector. Following this line of research
there are many open questions we should assess:

e An important open question is whether the one-loop spin chain for N' = 2
SCQCD is integrable. The spin chain for the Z, orbifold of N' =4 SYM
(which by definition has § = g) is known to be integrable [63]. In chapter
5 we find that as we move away from the orbifold point integrability is
broken. Indeed for general k = §/g the Yang-Baxter equation for the
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two-magnon S-matrix does not hold. Remarkably however the Yang-
Baxter equation is satisfied again in the N' = 2 SCQCD limit £ — 0.
Ordinarily a check of the Yang-Baxter equation is very strong evidence in
favor of integrability. In our case we should be more cautious. Strictly at
r = 0 the Yang-Baxter equation for the elementary magnons trivializes —
what is really relevant is the S-matrix of their dimeric bound states. But
since for infinitesimal x the Yang-Baxter equation for the S-matrix of
the elementary magnons fails only infinitesimally, we can hope that the
the S-matrix of their dimeric bound states will also fail infinitesimally,
and that the theory really becomes integrable for x — 0. While this
intuitive argument is a reason for optimism, it is no substitute for a
careful calculation of the bound-state S-matrix, which should be carried
out.

The next step is to compute the complete one-loop Hamiltonian of N' = 2
SCQCD (and for the deformed orbifold theory) for all possible sectors,
including fermions and derivatives. In [9] we computed the one-loop
Hamiltonian for the scalar sector that turns out to be the hardest. The
other sectors look simpler and shall provide a complete understanding of
the problem [12, 191, 192]. What is more, we should proceed to higher
loops [193], especially using algebraic techniques as in [194] and check
the integrability of N’ =2 SCQCD to all orders in perturbation theory.

On the dual side, the most important question is to find the precise
supergravity solution. Studying the massless spectrum of the non-critical
theory, it seems that there is a low energy supergravity description, that
is an SO(4) (non-maximally) gauged supergravity in seven dimensions
(after reduction on the cigar circle) since it has the same spectrum. The
conjecture is that this should be the appropriate supergravity dual for
the strong coupling of NV = 2 SCQCD. This supergravity was recently
written by Martin Weidner in his PhD thesis “Gauged Supergravities in
Various Spacetime Dimensions” [178]. This type of observation might
be more general, and one may be able to find non-maximally gauged
supergravities for several noncritical string theories in various dimensions
[188]. In [178] a very comprehensive review of several non-maximally
gauged supergravities is presented.

Ultimately an accurate description of the string dual will require the full
non-critical sigma-model in RR background. It would be very interesting
to start with the sigma-model for type IIB AdSs x S°/Z,, which can
be quantized either in the generalized light-cone gauge or in the pure-
spinor formalism, and understand the transition to a non-critical sigma-
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model in the limit k — 0. This may well be the simplest instance of
such a transition. We should learn the rules of the game in this highly
symmetric example.

The deformed orbifold theory is not integrable (as we show in [9]), yet
it would be highly nontrivial to compute the scattering matrix from
the sting theory side and match it (qualitatively; the two calculations
are done in different regimes) with the field theory calculation following
the N/ = 4 matching [195, 196]. To achieve that, one would first have
to have the worldsheet theory of the type IIB AdSs x S°/Z, deformed
orbifold with the non-zero B-field in either Green-Schwarz or pure spinor
formalism.

The Wilson loop calculation, following the methods developed by Vasily
Pestun [197], will immediately reveal whether the AdS scale is small or
can be large. In [198] this calculation was performed. We should use it
to make a statement about the size of AdS.

The ¢ and a conformal anomaly coefficients are equal at large N for all
the known field theories with AdS duals. For N' = 2 SCQCD it is well
known from the field theory side that ¢ # a. We should compute the ¢
and a anomalies from the gravity side and match the field theory result.
As discussed in chapter 4, the imbalance between ¢ and a must arise from
higher-curvature terms in the AdSs gravity theory. The stringy origin
of these higher curvature terms is the Wess-Zumino action of the flavor
branes.

A more ambitious, but very interesting step would be to study deviations
from conformality [Ny — 2N, = e. There are some ten dimensional
examples that might help, like [112, 114] and N' = 1* mass deformations
of N = 4 [199)].

We should try to carry on a similar analysis for N' =1 SU(N,) SYM
coupled to N; fundamental chiral multiplets in the conformal window.

As we move to more realistic theories, complete integrability is expected
to be lost, but many ideas and techniques developed in the context of NV = 4
SYM will continue to be useful. One long-term research direction, would be
to understand more systematically the criteria for a theory to be integrable,
and to investigate how we can use part of the integrability machinery for non-
integrable theories. For example, given an exact AdS/CFT duality, one may
consider the S-matrix of magnon excitations of the field theory spin chain
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[196], and compare it with the analogous S-matrix of the dual sigma model
on the AdS side. In the presence of integrability, the n-body S-matrix is com-
pletely determined in terms of the 2-body S-matrix, greatly facilitating the
quantitative analysis. However, the AdS/CFT correspondence is logically in-
dependent of integrability, and in principle one should always be able to match
the field theory and string theory S-matrices. While a precise extrapolation
from weak to strong coupling will be difficult for non-integrable theories, qual-
itative checks should always be possible.
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Appendix A: Intersecting D7
Flavor Branes

A.1 The Supersymmetric Field Theory

In this appendix we spell out our conventions and write the A/ = 2 supersym-
metric action for the usual D3/ D7 system [71]. We first present the Lagrangian
in /' = 1 superspace and then in components. Unless otherwise stated, we
follow the superspace notations of [88].

As familiar, the N' = 4 vector multiplet decomposes into an A/ = 1 vector
multiplet,

V =00"0A, +i0°0) — 0?0\ + 60°0°D  (Wess-Zumino gauge) (A.1)
and three chiral multiplets
P = "+ O\ — O*F*, a=1,2,3, (A.2)

all in the adjoint representation of the SU(N) gauge group. For zero theta
angle, the superspace Lagrangian reads

Ly—y = Tr [/d‘loe—gv P, e’ <I>“+/d29W2+ (;—f’/d%eabc o [0, 0] +h.c.>} :
(A.3)

where W, = iD?D,V is the usual field strength chiral superfield. In this
N = 1language, only an SU(3)z x U(1), subgroup of the SU(4)r R-symmetry
is visible. The SU(3)p rotates the three chiral superfields leaving V' invariant,
while the U(1), is the usual A/ = 1 R-symmetry, with the chiral superfields
having charge 2/3. *

!'Note that we are making a graphical distinction between this U(1), symmetry and the
U(1)r symmetry defined in (B.23). See the footnote in Appendix A.2.
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In components?,

1 - 1o
Ly =Te| = 2P E, — iAo' DA = 2 D" XapDy X (A4)

2
FivV2gXAB N p — i V2 g XapiNE — QZ[XAB, XOP][Xep, Xapl| L (A5)

where A, B = 1,...,4. The scalars X4P are related to the three complex
scalars ¢ as

0 ¢ | ¢ ¢
—¢° —o1| 0 ¢
—¢t ¢ | =95 0

and obey the self-duality constraint (3.1).

We can also think the N' = 4 vector multiplet as an N' = 2 vector multiplet
(comprising V' and ®3) and an ' = 2 hyper multiplet (comprising ®' and ®?2).
We wish to couple the N' = 2 vector multiplet (V,®?) to N; “fHavor” hyper
multiplets in the fundamental representation of the gauge group. Each N' = 2
flavor hyper multiplet decomposes into two N = 1 chiral multiplets

Q=q+00p—0*f and Q=G+ 0y — 0*f,

where @ is in the fundamental representation of SU(N) and @ in the an-
tifundamental representation. In N = 1 superspace, the flavor part of the
Lagrangian reads?

Lhyper = / d'0Q; e’ Q' + / d'0Qie " Q' + (g / d*0 Q; ¥° Q' + h.c.) (A7)
where i = 1,..., Ny is a flavor index. In components,

Liyper = —D"Q7:D, Q" — ith;5" D" — inh;o" Dy’ (A.8)

2In going from superspace to components, we redefine the coupling, gsuperspace =
\/igcomponents, to recover the usual normalization.

3Strictly speaking, this is the Lagrangian for gauge group U(N). For SU(N) there is a
O(1/N) correction to the Q* potential, which we neglect since we are interested in the large
N limit.
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+i9\/§in/_\I?Zi —igV2Ui Az QT + igV2Q1:" A gt — igV 2N e 7Q7
(A.10)

1 .,- = . _ - .
= 50°QriXapX QM — Qi X e XTQT (A.11)

2
- %(in cQINQz;- Q") = FPerce™ (Qri- Q) (Qz; - Q). (A12)

Following [98], we have introduced the SU(2)r doublets

QIE<?), AIE<)\1):< A ) T=12. (A.13)
q Ao —X3

The other two Weyl spinors can be assembled into an SU(2), doublet,

o[ A [ TXe
e (2)-(). i

which does not couple to the flavor hyper multiplets. Note that to avoid
cluttering we keep color indices implicit. Color contractions are almost always
obvious. When ambiguity may arise, we indicate the contraction with a dot.
For example in the term

(Qzi-Q77)(Qg,- Q™) (A.15)

the first pair is color contracted, and so is the second pair.
The @Q* term in the Lagrangian can be written more compactly by in-
troducing flavor-contracted composite operators, in the adjoint of the gauge

group,
1 .
MI=_—_Q° QL°F, A.16
v ﬁ%z b (A.16)

which may be decomposed into the SU(2)y singlet and triplet combinations

1
My =M{ and Mz =M7T - §M,éc 55 (A.17)
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In terms of the component fields ¢ and g,
1 _ oz
Mi=—=(03+44) (A.18)
M3+ =qq
1

where the superscripts refer to the eigenvalues under the Cartan generator of
SU(2)g. The F and F auxiliary fields couple to Mg, while the D auxiliary
field couples to Mgo. Thus the Q* scalar potential is the square of the triplet
composite,

Lot = —g*>Tr Mz Mz = —g° Tr 2Mg+ Mz- + MzgoMaso] . (A.19)

Finally, let us write the Q* potential using the gauge-invariant mesonic oper-
ators. The explicit expressions of the mesons in components are

of = % (¢ Ta+ 7" da) (A.20)
O = ¢'*Gja

o, :%quﬂ—qﬁa@a)

OF =q""q},.

Withe these definitions,

2

Lot = —% Tv (307 OF — 0§ 0F) . (A.21)

A.2 The Field Theory for General Angles

In this appendix we derive the Lagrangian dual to the system with two flavor
branes at general angles, up to an ambiguity in the Q* terms of the scalar
potential, for which we give a general parametrization. As explained in the
text, we need to rotate the N' = 4 fields (including in principle the auxiliary
fields) in the terms of the Lagrangian where they are coupled to the second
hyper multiplet.
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A.2.1 R-symmetry rotations of the N’ = 4 fields

Rotation of the X, scalars in the 49 plane (with angle 6,) and in the 85 plane
(with angle #5) is performed by the matrix

cos b, 0 0 0 0 — sin 6,
0 costhy 0 0 sinfy 0
0 0 10 0 0
RO (0,,0,) = A.22
(61,062) 0 0 01 o 0 (A.22)
0 —sinfy 0 0 cosfy 0
sin 6, 0 0 0 0 cos 0

A short calculation using the the Clebsh-Gordon coefficients (5.10) gives the
corresponding SU(4)g transformation for the fermions A4,

CoS (%) 0 1 sin (@) 0
0 cos (M) 0 7 sin (M)
B B - I M
0 7 8in (%) 0 cos (%)

For completeness, we also list the SU(4)g transformations corresponding to
various U(1) subgroups. The subgroup U(1)g (see (B.23)) corresponds to an
89 rotation:

oi059/2

cifs9/2

(A.24)

o—10s9/2

o—i0s9/2
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Rotations in the 45 and 67 planes are given respectively by

ei945/2
o A.25
6—’i945/2 ( ’ )
oi015/2
oi067/2
o—i067/2
i067/2
o—i067/2
Finally the U(1), symmetry of N' =1 superspace is
6—@'7"
otir/3
- . (A.26)

otir/3

otir/3

Ideally, at this point we would provide the corresponding SU(4)g transforma-
tion of the F' and D auxiliary fields. An unsuccessful attempt to find such
transformation rules using the formalism of [87, 88| is described in Appendix
A.3.

Clearly, the NV = 4 part does not depend on the angles, since SU(4) is an
exact symmetry,

£total (9) - EN:4 + Ehyper (9) . (A27>
We write
EhypeT (9) = Lyin + Egikawa + ‘ng{zQ
LG kaa(0) + LEN o (0) + La(6), (A.28)

where the superscripts (1) and (2) refer to the first and second flavor, respec-
tively. We have indicated which terms are 6 dependent. The terms £\ (9)

@ Yukawa
and L 0xX70

By contrast to determine Lga(6) we would need an off-shell superspace formu-
lation for the AN = 4 multiplet, which is not available at present.

(0) are fixed unambiguously by the transformations (A.22, A.23).
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The terms that we can fix are:

Lyin = —D"§;D,q" — D*§:D,q" — inh;o" Dyap* — iiiU“D;ﬂZi (A.29)

E%lmwa = —V2ig M q" — V2ig G MYt — V2ig i N2 gt — V2ig by Ay ¢!

L = =i ai (1Xa, Xo]+i[ Xy, Xe] +i[ X5, Xo] = [ X5, X;]) 7!
—ig?a (X, Xo) =i [Xe, Xo] =i [ X5, Xo] = [ X5, X1] )
+i92QT<[X4=X5] [X67X7])

—ig?q ([Xa, Xs]+ [Xe, X7]) 3"
A <X§ + XS) ¢ — 9@ (Xg + Xg) g (A.31)

‘ngz)Lkawa(e) = —V2ig cos <9 202>¢~12>\1q2+\/§g Sin( >1ﬂ2/\3q2

o 01— 0 B _9
s (P55 s i ()
— ﬁigcos(e 62>w2)\2 2—\/§gsin<9 292>1/12)\4q2
- \/§igcos<6 >1,Z) >\2~*2—|—\/§gsin(614_92)&2/\4@*2

— igiy (cos by Xg + sin 0y X5 + i cos 01 Xog — isin 0y Xy) V2 + he.
(A.32)
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(2)
Lox200) =

i (cos@l [ X4, Xo] +i[Xa, Xr]) + coso (i[ X5, Xo] — [X5,X7]))
—ig%Go

—s1n6‘1 Xg,X6]+Z[X9,X7])+Sin92(i[X8,Xﬁ Xg,X7

q?

COS6‘1 X4, XG] —Z[X4, X7])+COS6‘2 (—i[X5,X6 X5,X7 )q2
—ig’ )
)

Ik
)

2

+ig°qs | cosBicosby [ Xy, X5]+ [ X6, X7] —sinby sinby [Xg,Xg])q

2

—’Lg qg(—smﬁl XQ,XG]—’L[XQ,X7]) SIDGQ( [Xg,XG Xg,X7
+ig°q; (

cosfysinfy [ Xy, Xg] — sin by cos by [X5,X9])q2
—’Lg QQ(C0891C0892 X4,X5] [X67X7]—Sin91811192 [Xg,Xg])(j*Q
—i¢% G (cosﬁlsmﬁg Xy, Xg] —sinb cosby [ X5, Xg]) g+ 2

_ngS <’COS€2X8+SiH92X5’ + ’cos@ng—sin91X4’ ) q2

-9 QQ(‘C0592X8+SIH92X5‘ +‘ 00591X9—51n6‘1X4)‘ ) 2.

A.2.2 Parametrizing the Q* potential
Writing
- £Q4 (‘91, 92) == VQ;L + VQ% + VQ%Q% (91, 92) 5 (AB?))

it is clear that the terms Vs and Vi (involving respectively only the scalars
of the first and second hyper multiplet) are unaffected by the rotation. Indeed
if we set to zero one of the two hyper multiplets we must recover the standard
supersymmetric Lagrangian (possibly after a change of variables: if we set to
zero the first hyper multiplet in (A.28) we must rotate back the X and A fields
to restore QX2Q and Yukawa terms to the standard form).

Recall (Appendix A.1) that the potential for a single flavor Q) is

Vor = Tr 2 MEE ML + MgiMys] (A.34)
where ML ~ (Qi=1Q"1)3 is the color-adjoint composite in the triplet of

SU(2) g containing only scalars in the first flavor i = 1 (compare with (A.17)),
and similarly of course for Vs, with ML — M2 ~ (Q;=2Q"=?)3. The mixed
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terms can be parametrized by two unknown functions of the angles,

Vais = 267 T [ (00.00) (MGEME: + MEEMGE) 4+ (01, 02) MEME])
(A.35)

We have imposed neutrality of the potential under a Cartan generator U(1) C
SU(2)g. This U(1) is preserved for general 6, 6 and corresponds geometri-
cally to rotations in the 67 plane. When one of the two angles is zero, say
0, = 0, an SU(2) symmetry is preserved, corresponding geometrically to rota-
tions in the 567 directions, which is a certain diagonal combination of SU(2).
and SU(2)g. The hyper multiplets are neutral under SU(2)r, so under a 567
rotation they just undergo just an SU(2)g. It follows that for 6, = 0 the Q*
must be SU(2)g invariant and the functions f and d are related as

£(0,0)=d(6,0) . (A.36)

The only assumption we have made in writing (A.35) is that the rotation does
not introduce any terms containing the SU(2)x singlet composites M1' and
M32. This is generally the case if the rotated Lagrangian can be obtained from
some off-shell superspace formulation of N' =4 SYM with manifest SU(4)g
symmetry. Indeed we know that for zero angles the N' = 4 auxiliary fields
only couple to M3z, and rotating the auxiliary fields can never generate M;.

When 6, = 0, = § N = 1 supersymmetry is preserved, and the SU(4)
R-symmetry transformation corresponds to a matrix R® < SU(3), which
acts on F% leaving D invariant. This is a manifest symmetry of the N’ = 1
superspace formulation. As reviewed in Appendix A.3, in this special case one
can unambiguously find

f(0,0) =cost (A.37)
d6,0)=1.

Further constraints follow from discrete symmetries. The 89 reflection
Xg, X9 — — Xy, — Xy corresponds

91 ,92 — —91 y —92 . (A38>
Invariance of the Q* potential under this parity symmetry implies

f(91,92) = f(—el, —‘92) (A-39)
d (01,0) = d (=6, —0,) . (A.40)
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Similarly, invariance under the discrete symmetry X, <» X5 and Xg <+ Xg, or
01 < 6y, (A.41)

implies
f(01,605) = f(62,01) and d(61,05) =d(0s,60;) . (A.42)

Unfortunately this set of relations is not sufficient to fix the functions f and
d uniquely.

A crucial assumption we shall make is positivity of the classical Q* po-
tential. It would follow from the existence of a superspace formulation with
manifest SU(4)g symmetry: the scalar potential would be proportional to the
square of some auxiliary fields, and it would thus be positive even the susy-
breaking SU(4)g rotation in the terms that couple the auxiliary fields to the
second hyper multiplet. Assuming positivity, we have

VQ4 Z 0 = f (91, ‘92) S 1 and d (91, ‘92) S 1 V@l, 92 . (A43)

For small angles, taking into account the discrete symmetries, we can ex-
pand

f01,0:) = 1—a(6f+63)— 66+ O(6°) (A.44)
d(01,05) = 1—a (0 +062) — 36162+ O(6°) (A.45)

for some coefficients a, 3, &, 3. Imposing (A.37) gives 2a+ 3 = % and 24+ 3 =
0, while (A.36) gives @« = &. This leaves us with with a single unknown
coefficient,

f (91, 92) = 1- a(91 — 92)2 — %9192 + 0(93) (A46)
d(01,605) = 1—a(f —6)+0(6). (A.47)

Positivity of the Q* potential implies that o > 0.
Finally we record the explicit expressions of the Q* terms, both in terms
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of component fields,*

Lqoi(01,0,) = =20 (q-7") (¢ -¢") —29°(@-7%) (¢5-¢°)  (A.49)
~26%1 (6,05) [ (@72 (a3 0") + (@) (a7 - ) |
2 2
_% (qlqik—(j*lcjl)Z—%(q2q§—§*2§2)2

—g?d (01,02) ("t — 7' @) - (P — T2 @) |

and in terms of the gauge invariant mesonic operators,

2 2
Low(tr,02) = % [301 0 - 03 0} | - L T [3 02 0 - 0F 0F

= g2 (d(01,02) + 2 f (61,0)) Tr |02 O]
~ g (d(61,0) — 2 (61,02)) Tx [O5 O3]
+g%d (61, 02) T [Ogi 02 4oL ogi] . (A.50)

A.3 R-symmetry in A/ =1 Superspace

In this appendix we describe an attempt to derive the Q* potential for gen-
eral angles, using a formalism developed in [87, 88| to describe the general
global transformations of N' = 4 SYM in N' = 1 superspace language. The
attempt fails, for reasons that could have been anticipated: while the formal-
ism prescribes how auxiliary fields must transform under general R-symmetry
transformations so that the action is invariant, the transformations do not
close off-shell. Nevertheless we believe that the exercise contains some rele-
vant lessons in the search of a more complete superspace formulation of N' = 4
SYM and we reproduce it here for the benefit of the technically inclined reader.
We also present an application of the formalism to the analogous problem for
N = 2 SYM coupled to N = 1 chiral matter: how to break supersymmetry
by inequivalent embeddings of two N' = 1 subalgebras into N' = 2. In this
case the formalism works, because the algebra of global transformations closes
off-shell. The simplified problem is interesting in its own right and provides a

4We use dots as shorthand notation for color contractions. Using a,b for the color
indices, and suppressing all other indices, we set

(qq") - (¢a) = (¢"a) - (¢°a3) » (qq")* = ("ap) - (¢° 3) - (A.48)
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model for how things should work in the yet-to-be-found improved superspace
formulation of N = 4.

In V' = 1 superspace, N’ = 2 SYM has a manifest U(1), x U(1),, subgroup
of the SU(2)r x U(1)r R-symmetry, and N’ = 4 SYM a manifest SU(3)r x
U(1), subgroup of the SU(4)r R-symmetry. Nevertheless, the remaining R-
symmetry transformations, while realized non-linearly, are legitimate off-shell
symmetries of the superspace action. They close off-shell for A/ = 2 but not
for N' = 4. The explicit transformations rules were originally given in [87].
We follow the presentation of [88]. Here we review the superspace formalism
of [87, 88], translate it into components and apply it to our problem.

A.3.1 Global symmetries in N/ = 1 superspace

N = 1 supersymmetric theories are invariant under translations, supersym-
metry transformations and (under certain conditions) R-symmetry transfor-
mations. The parameters of these transformations can be assembled into a
single z-independent real superfield (, subject to the gauge-invariance

¢ =1i(§—¢), (A.51)

where £ is an z-independent chiral superfield. The physical components of
(in Wess-Zumino gauge) are
L= 92 Lo 2
Cos = 5 [De, Do) C|, €a=1iD*Do(|, 1= 5D D*Dal].  (A52)
The vector (. parametrizes the translations, the spinor €, the supersymmetry
transformations and the scalar r the U(1), symmetry.

Let us next consider the N = 2 SYM theory. In N' = 1 superspace, the
field content consists of a vector superfield V' and a chiral superfield . It
was shown [88] that the N/ = 2 SYM action is invariant under the global
transformations

00 = —WeV,n — iV (V) V& (A.53)

e Voe =i (17 o é) + (WOV, + WEV4) ¢
Moreover, the algebra of these transformations closes off-shell. The parameters
1 and ¢ are xz-independent, color neutral superfields. The symbol V, denotes

the gauge-covariant derivative, V, = eV D,e", and ® = e VdeV. Note that
Van = Dyn and V,( = D,(. Another obvious global symmetry of the action
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is a phase rotation of P,
0P =iud, oV=0. (A.54)

The parameter  is the real superfield of N' = 1 transformations, as above. Its
vectorial component (.4 parametrizes translations, its spinorial component €.
parametrizes the manifest N/ = 1 supersymmetry, and its auxiliary component
r parametrizes the manifest U(1), symmetry

O(y,0) — e 2" d(y,e™0), V(z,0,0) — V(z,e"0,e770). (A.55)

The parameter 7 is a chiral superfield that mixes V' and ®. Its components
are
z=mn|, e =Dl p=D]. (A.56)

The complex scalar z corresponds to the central charge, the spinor €2 parametrizes
the second (non-manifest in AN/ = 1 superspace) supersymmetry transforma-
tion, and finally the complex scalar y parametrizes the non-manifest internal
symmetries U(2)/(U(1), x U(1),). The complete internal symmetry group of
the classical action is U(2), parametrized by u, r and p. (Note that together
the parameters ¢ and 7 form an A/ = 2 vector multiplet, mimicking the field
content of the theory.)

From (A.53, A.54), we find the following global symmetry transformation
rules on the component fields and auxiliary fields:

0p = —2irp+iug (A.57)
O0X = —pA—iryxy+iuy (A.58)
N = px—1irA

SF = 2ipD+iuF (A.59)

5D = i(aF - uF) .

The two U(1)s in these transformations are the r-symmetry of AV = 1 super-
space U(1), and the global phase rotation U(1),: these are natural symmetries
from an N/ = 1 superspace point of view. The N/ = 2 SYM theory has a
SU(2)r x U(1)g R-symmetry where the U(1)g and the diagonal 75 C SU(2)g
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are related to r and v as R =r — g, u3 = u, so that we can equivalently write

56 = —2iRo (A.60)
5y = —/,L)\—Z'Rx—l-i%x (A.61)
SN = gx—iRA—i%A

0F = 2iuD —iusF (A.62)
5D = i(jF — uF) .

Note that the auxiliary fields transform as a triplet under SU(2)x.
We finally come to N' =4 SYM. The N = 4 action is invariant under the
global transformations [88]

§OT = — (W“Van“ + eabchﬁbé(,,) (A.63)
; [W (V90 Va4 20 (V) @a]
e VoeV =i (ﬁa(I)“ _ naéa) + (WOV, + TWEV4) €. (A.64)

Unlike the N/ = 2 case, the algebra does not close off-shell. The parameters
¢ and n*, a = 1,2,3 have the same interpretation as before. The real super-
field ¢ contains the parameters of the manifest symmetries, while the chiral
superfields n* contain the parameters of the non-manifest symmetries. In par-
ticular their auxiliary auxiliary components of u® are the parameters of the
SU(4)/(SU(3) x U(1),) R-symmetries. From (A.63), after some algebra we
find the following SU(4)/SU(3) transformation rules on the component fields,

- 2
56 =~ g —izr " (A.65)
1
X = —pu A+ 52 rx* (A.66)
oA HaX® — 1T A
4
OF* = 2ip'D+igrF* (A.67)
oD i (P — p'Fy,) .
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A.3.2 Application to N =2

Let us consider N' = 2 SYM coupled to Ny N' = 1 chiral multiplets Q",
i=1,...Ns. The only term in the ' = 1 superspace Lagrangian that couples
the different flavors is the Kéhler term for the chiral multiplets,

/ d*0Q; e Q. (A.68)

(There is no superpotential term that preserves gauge invariance and the
U(Ny) global flavor symmetry.) In component language, and before integrat-
ing out the auxiliary fields, the relevant terms in the Lagrangian are

L=-+D(gqd+[0,0])+D*+FF+... (A.69)

We then perform an off diagonal SU(2)g transformation (A.62) with p =:60/2
to the N' =2 SYM component fields that couple to the second chiral multiplet.

L=---4+D (q’fq1 + ¢3q* cos + (6, 0]) + Re(F)g3q*sinf + D* + FF + (A.70)
Integrating out the auxiliary fields, we find the scalar potential
Vor = lau|* + lgo|* + 2 cos 0|7, (A.71)

which is positive definite for any @ since it is proportional to D? + F'F.

A.3.3 Application to N =4

From (A.22), we see that for infinitesimal 6;, 605,

Sy = z‘(el‘ge?)gbg—z‘ (91592)@, (A.72)
d0ps = i<91;92)¢1+i (91;92>¢1

5¢2 = 0.

The holomorphic part of the variation is an infinitesimal SU(3) rotation d¢* =
i(01 + 02) (16 ¢)* generated by the Lie algebra element

~

TGI

p
(=]
|

(A.73)

DN =

N —
_ O O
o O O
o O =
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Comparison with (A.65) shows that the antiholomorphic part of the variation
is an SU(4)/SU(3) transformation with parameters

0y — 0
r=qp=p3 =0, u2=i¢22 L (A.74)

Recalling that F* transform in the 3 of SU(3), and using (A.67) for the trans-
formation rules under SU(4)/SU(3), we find the corresponding variations of
the auxiliary fields,

SF =i <91%92) 3 (A.75)
0F% = (91 +92) F!
2

O0Re (Fg) = (91 — 92) D.

Their naive exponentiation gives
D _ c?s (01 —6y) —sin (6, — 69) D (A77)
Re (F) o sin (01 — 0y)  cos (0; — 0s) Re (F3)

F coS (%) 7 sin (W) F
F - C i (01402 01402 ’ (A78)

3 )\ Esin(552)  cos (B52) I3
Given these explicit transformations for the auxiliary fields we can proceed
to derive the form of the Q* potential after rotation. The prescription is to
transform the auxiliary fields that couple to the second hyper multiplet, leaving

untouched the auxiliary fields that couple to the first hyper multiplet. This
method predicts

f(01,0,) = cos ( (A.79)

d (91, 92) = COS (91 — 92)

&+&)

for the parameter functions introduced in (A.35). This result is clearly in-
correct. It does not satisfy condition (A.36). Moreover f(6,0) has the wrong
periodicity — the potential should come back to itself after a 27 rotation. Since
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the transformation rules do not close off-shell, it was not permissible to simply
exponentiate the infinitesimal variations. It appears that this is a fundamen-
tal flaw of this formalism and that what is required is a different superspace
formulation where the SU(4)g closes off-shell.

A.4 Anomalous Dimensions

In this appendix we describe the computation of the one-loop anomalous di-
mensions of the mesonic operators OF ;. Following [11], we view a single-trace
composite operator as a closed spin chain whose sites correspond to the elemen-
tary fields. In the large N limit and at the one-loop level only nearest neighbor
interactions are present. The nearest neighbor interaction is conveniently ex-
pressed in terms of three elementary operators acting on the vector space of
two successive sites. These three operators represent the three independent
ways to map two SU(2)g symmetry indices of an “incoming” operator OF ;
to the indices of an “outgoing” operator O, *. They are the trace operator K,
the permutation operator P and the identity operator I:

KIE =0/08,  PIE=0m67F, ILE =050 . (A.80)

The anomalous dimension of the mesonic operators receives contributions
from the Feynman diagrams shown schematically in Figure 3.2. Since the
gauge boson exchange is R-symmetry blind, the Feynman diagram shown in
figure 3.2(a) is proportional to the identity operator,

2

N
Zy—1=(1-¢) 987# IInA . (A.81)

Here £ is the gauge fixing parameter in the propagator of the gauge boson,

_ghkuky
which is w in our conventions. The SU(2)g structure of the quartic

interaction (figure 3.2(b)) is more interesting. The scalar vertex has index
structure

1 1

with trace part arising from F-terms and the identity from the D-terms. The
contribution of the quartic interaction to the renormalization of the mesonic
operators is then

>N

82

Zgi — 1= (I—2K) InA . (A.83)
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Figure A.1: One-loop Feynman diagrams contributing to vg.

Finally, we need to consider the squark self-energy corrections (figure 3.2(c),
shown in more detail in figure A.1). The contribution of the squark self-energy
to the meson renormalization is

Zo—1=—(2—€) > TA. (A.84)

82

We also record for future use the anomalous dimension of the squark,

A
Q= g3 07 (2-¢). (A.85)

Adding the diagrams, we find
A
Zzl—i—mKlnA (A.86)
and we read off the matrix of anomalous dimensions,

dz A
r = 1= K.
dln A 472

(A.87)

This answer is due entirely to the F-terms, since all other contributions (D-
terms, gluon exchange and self-energy diagram) add up to zero. This is an
example of a general property of theories with extended supersymmetry [102-
104].

The trace operator is a 4 x 4 matrix that acts on the four dimensional
2 x 2 vector space Q*Q;. Its eigenstates are the singlet and the triplet states
of SU(2)g, with eigenvalues 2 and 0 respectively. In this basis the anomalous
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dimension matrix I'") is diagonal, with eigenvalues:

A
Y1 = ﬁ and Y3 = 0 <A88)
This result is expected because Qg is an N = 2 chiral primary that obeys the
shortening condition A = 2R, while O; belongs to a long multiplet and is not
protected.

A.5 Coleman-Weinberg Potential

The calculation of the one-loop effective potential is straightforward but some-
what lengthy. Here we provide some intermediate steps for the sake of the
reader who would like to reproduce our result. Following the original paper
by Coleman and Weinberg [62], the bosonic and fermionic contributions to the
one-loop effective potential are

1
Viose = @TY M;,l In (Mg) (A89)

Vfermi = —#Tr (M fM})zln (M fM}) , (A.90)

where the mass matrices read off by expanding the Lagrangian (A.28) around
the classical background. We choose the background (3.33)

Q1:<q), Q2:<0>, geC. (A.91)
0 —q

Setting to zero the extra “double-trace” couplings, f = 0, we find the following
4 4
partial contributions (we write V = v 22145 1 |¢[2):

1672
2
v = (W) , o)
Viermi (0) = (—8+2 sin’ (91 ;92> +2 sin? (91 ;92» :
v4 =3,

01— 06 01+ 6 01— 6 01+ 6
UX:(2—251n2( 12 2)—251n2( 1—; 2)+4sin2< 12 2) sin2< 1; 2))
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The contribution of the gauge fields is calculated in the Landau gauge®.
Adding these partial contributions,
A2 "
Vitoop (01,005 f = 0) = N Vi-toor lg|" In |q| (A.93)

with

L[ (00 (00— 0 | d%(01,0) — 1
V1—loop = Q |i4 Sin ( 2 )Sln ( 9 )+ 9 . (A94)

For 0, = 0, = 6, using d(0,0) = 1 we find

Vl—loop (97 9; f = 0) =0 ) (A95)

as expected since this configuration preserves N’ = 1 susy.
Along this classical background, the tree-level potential Viee = —(Los +
0L funa) (see (A.49) and (3.26)) evaluates to

A
Vieo() = 2 lal* (1 — d(00,02)) + 227 j

o+
N

G+ 2ie, . (A96)

A
N
The classical background was chosen precisely to ensure that the only double-
trace coupling contributing at tree level is fz+. The Callan-Symanzik equation
for the effective potential reads

0 0 0 0
. _
{“aﬂ +ﬁf8f +Orgy — % q@q} V(g p, f,A) =0. (A.97)

We can drop the (3 term since it is subleading for large N. Writing V(f, \) =
Viree + Vi—ioop(f = 0) + O(f) + O(X\?), the CZ equation allows to extract the

°This is convenient for the following reason. The formula (A.89) arises from the re-
summation of polygonal one-loop diagrams with the background fields at the external legs
which have zero momenta. When gauge fields are inside the loop there are more diagrams
than just the gauge polygons (the polygons are made purely out of gauge fields). But in
the Landau gauge the only diagrams that are non-zero are gauge polygons. Then their
contribution is simply (A.89) multiplied by 3. The extra factor of 3 stems from the trace of
the numerator of the Landau gauge propagator.
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f-independent one-loop coefficient of 3, B¢(f = 0) = a(A) = a2 + O(N?),

CL(l) = 4’}/151) (C)\/Cf) + U1—loop (A98>
1

= 53 {(1 — d(91,6’2)> + %(1 - d(91,92))2

0, +6 6, — 06
2 1 2 ) 1 2
+ 4 sin ( 5 )sm ( 5 )]

To study the stability of the CW potential, we must first perform the standard
RG improvement [62]. A detailed discussion for the problem at hand can be
found in section 3 of [6]. One finds that the “perturbative vacuum” ¢ = 0 is
stable if and only if 3y admits real zeros. In our case (3; has imaginary zeros
and symmetry breaking does occur. This is one of the manifestations of the
tachyonic instability on the field theory side.
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Appendix B: Holography in the
Veneziano Limit

B.1 Shortening Conditions of the N =2 Su-
perconformal Algebra

A generic long multiplet A%,r(j,j) of the N = 2 superconformal algebra is gener-
ated by the action of the 8 Poincaré supercharges Q and Q on a superconformal
primary, which by definition is annihilated by all conformal supercharges . If
some combination of the Q’s also annihilates the primary, the correspond-
ing multiplet is shorter and the conformal dimensions of all its members are
protected against quantum corrections. A comprehensive list of the possible
shortening conditions for the N' = 2 superconformal algebra was given in [154]
. Their findings are summarized in Table B.1. We take a moment to explain
the notation.! The state |R, r>6%’) is the highest weight state with SU(2)g
spin R > 0, U(1), charge r, which can have either sign, and Lorentz quantum
numbers (4, 7). The multiplet built on this state is denoted as X, Rr(jj)» Where
the letter X characterizes the shortening condition. The left column of Table
B.1 labels the condition. A superscript on the label corresponds to the index
7 = 1,2 of the supercharge that kills the primary: or example B! refers to Q..
Similarly a “bar” on the label refers to the conjugate condition: for example
B2 corresponds to Qs annihilating the state; this would result in the short
anti-chiral multiplet Z’S’R,T(j,o), obeying A = 2R — r. Note that conjugation
reverses the signs of r, j and j in the expression of the conformal dimension.
We refer to [154] for more details.

'We follow the conventions of [154], except that we have introduced the labels D, F, F
and G to denote some shortening conditions that were left nameless in [154].
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Shortening Conditions Multiplet
Bi | QLIR,m)w =0 j=0 A=2R+r Br.r0.)
By | Qagl|R, ) =0 =0 A=2R—r Br,r(,0)
& B1 N By R=0 A=r 57.(0,3)
E | BinB, R=0 A=—r Er(j0)
B | BinNBsy r=0,4j=0 A =2R Br
C1 | PQLIR, )™ =0 A=2+2j+2R+7 | Cr,ij)
(QYHY2|R,r)w =0 for j =0 A=2+2R+r Cror(0.)
Co | ¥PQ,5|R, M) =0 A=242j+2R—7 | Cr (7
(92)2|R, )W =0 forj =0 A=2+2R—7r Cr,r(4,0)
F | anc R=0 A=2+2j+r Cor(if)
F | aGnéG R=0 A=2+4+2j—r Co.r(ij)
C | anG r=j—j A=2+42R+j+j | Cryj
Flancnting R=0r=j—j | A=2+j+] Coid)
D | BiNCy r=j+1 A=1+2R+] Dr0.j)
D | BanC —r=j+1 A=1+2R+j Dr(j,0)
G | ENC r=j+1,R=0 A=r=1+j Do0.3)
g ENcC —r=j+1,R=0| A=—-—r=1+4+j Do(j,0)

Table B.1: Shortening conditions and short multiplets for the N’ = 2 super-
conformal algebra [154].

B.2 N =1 Chiral Ring

An important subset of the protected operators of a supersymmetry theory are
the operators in the chiral ring. Chiral operators, by definition, are annihilated
by the supercharge of one chirality, Q% and thus obey a B-type shortening
condition. (If the theory has extended supersymmetry we focus on an N =
1 subalgebra.) The product of two chiral operators is again chiral. Chiral
operators are normally considered modulo Q%-exact operators. The chiral
cohomology classes can be specified by a set of generators and relations, which
are easy to determine at weak (infinitesimal but non-zero) coupling. At higher
orders the relations may get corrected, but the basic counting of chiral states
is not expected to change [18, 182].

Let us first consider the case of pure N = 2 SYM with gauge group SU(N.,).
Under an N = 1 subalgebra the field content is decomposed as a chiral super-
field ® and a vector superfield W,, both in the adjoint representation of the
gauge group.. A generic chiral operator of the theory in the adjoint represen-
tation of the gauge group obeys

[Wo, 0} = [Q%, DO} . (B.1)

Substituting O = ® and O = Wy we see that, modulo Q exact terms, W,
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(anti-)commutes with ® and Wj respectively. Using these relations we can
narrow down the single-trace chiral operators to

oM, TreMW,, TR W.Ws,  for k>0, (B2)

We have listed one representative from each cohomology class. For finite NV,
the operators are further related by trace relations. In the large N, limit of
N = 2 supersymmetric Yang Mills, (B.2) is the complete and unconstrained
list of single-trace chiral operators. Taking products we generate the whole
chiral ring. In N' = 2 language the chiral operators are assembled in a single
supermultiplet for each k, the multiplet with primary Tr ¢*+2.

To obtain /' = 2 SCQCD we add N; fundamental hypermultiplets, equiv-
alent to Ny fundamental chiral multiplets Q and Ny antifundamental chiral
multiplets £, with the A/ = 2 invariant superpotential Q®$). There are no
chiral operators containing both W, and Q because W,Q is Q exact. Gen-
erally, in a theory with superpotential, further relations are imposed by the
equations of motion

aAW(AZ) = DdDdA = 8AW(AZ>CT = 0, (B?))

where {A;} is the set of chiral superfields. The subscript c.r. denotes that
the relation is valid in the chiral ring. In our case this implies that operators
containing both ® and £ are constrained by the equations of motion

1

PN =0, QP=0 and Qaiﬁib—N

QR . =0. (B.4)
These relations set to zero all generalized single-trace operators? containing £,
except for Tr Q9. When expressed in SU (2) g covariant fashion, this operator
corresponds to the N' = 2 superconformal primary TrM3. Note that for gauge
group U(N,) instead of SU(N,) the third relation gets modified to Q%;Q%, = 0
implying that even Tr Q€ is absent from the chiral ring. (For U(N,) we would
have to also add the operator Tr ® to the list (B.2)). All in all, consideration
of the chiral ring for N/ = 2 SCQCD has led to identify the following protected
N = 2 superconformal primaries:

TrMs, Tro't2, (>0. (B.5)

Note that the multiplets {Tr T'¢‘}, as well as the extra exotic protected states
discussed in section 4.4.4, are not part of the chiral ring.
It is straightforward to repeat this exercise for the Z, orbifold of N' = 4

2In the flavor non-singlet sector they also allow for Q297
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SYM. In N/ = 1 language the field content of the orbifold theory consists of vec-
tor multiplets (®,W,) and (®,W,), in the adjoint representation of SU(N.)
and SU(N;) respectively. They are coupled to bifundamental chiral multi-
plets (Q4,Q7) through the superpotential Q7®Q; + Q;PQT. Here 7,J are
SU(2), indices. At large N, the chiral ring of the orbifold is generated by the
operators (B.2), by a second copy of (B.2) with ® W, — &, W, correspond-
ing to the two vector multiplets, and by single-trace operators involving the
fields from hypermultiplets. The latter obey following constraints due to the
superpotential:

éjq) = —(i)éj, ¢Q; = —Qj(iD (B.6)
a &Za 1 aye  AZa STa a 1 a&Ie a
deQI b—ﬁcdbgjdgz CZO, QI a jg—ﬁééégl— aﬂjézo

Using the first two equivalence relations we could always choose a class rep-
resentative that doesn’t contain any ®. Then the relations in the second line
allow for highest SU(2),, spin chiral operators of schematic form Tr (Q0Q)5" ®F.
This operator is in the untwisted sector as it is invariant under quantum Zs
symmetry of the orbifold upto Q% exact terms. As before, the chiral ring of
the SU(N,) theory (as opposed to U(N.)), also contains the “exceptional”
operator Tr (Qﬁ)lL, which belongs to the twisted sector. Assembling these
N =1 chiral multiplets into full N' = 2 multiplets, we find the following list
of N/ = 2 superconformal primaries:

Tr ("7 4+ ¢5),  Tr(Mshy, 0", (B.7)
Tr ("2 = ¢*%),  Tr Magy, for k>0,0>0. (B.S8)

The primaries in the first line belong to the untwisted sector and the primaries
in the second line belong to the twisted sector. We know from inheritance from
N = 4 SYM that in the untwisted sector there are additional protected op-
erators (see section 4.3.1). On the other hand, in the twisted sector this is
plausibly the complete list, as confirmed by the calculation of the supercon-
formal index in appendix B.3.

As we move away from the orbifold point by taking g # ¢, the calculation of
the chiral ring is almost unchanged, we only need to perform the substitutions
O, W, — kd, kW,, with k = g/g that take into account the deformation
of the superpotential. The quantum numbers of the chiral operators remain
unchanged.
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B.3 The Index of Some Short multiplets

In this appendix we calculate the index of various short multiplets. A first
goal is to determine the index of the set { B, Ev0,0), £ > 2 } (the multiplets
found by the analysis of the chiral ring in the twisted sector of the orbifold),
and show that it agrees with (4.42). A second goal is to calculate Z, e, the
index of the “naive” protected spectrum (5.44) of N/ =2 SCQCD.

B.3.1 &) multiplet

The chiral multiplet Ey0) [154] is defined to be the multiplet that descends
from the operator with R = 0, that is annihilated by both Q' and Q% The
shortening condition is A = /. We have arranged the operator content of the
multiplet in the array below. We represent the action of the supercharge O to
the left and O to the right. As Ey(0,0) is annihilated by Os, it only extends to
the right.

A
14 00,0)
(+3
(+1 00,1), L(0,0) (B.9)
(+32 (0.3)
(42 00,0

r ¢o-t -1 -3 (-2

N[
—~

o
[NIE
~—

(NI
N

This multiplet contributes only to the left index Z". The operators with 6% =0
are underlined and their contribution to the index is listed in table B.2.

A R(y,j) IL(t, Yy, U)
l 0(070) t%’UZ
£+% %(0 ) 204101 <y+ i)

’2

£ -+ 1 1(070) t25+2’U5_2

Table B.2: Operators with 6" = 0 in &y )

For ¢ > 1, we sum the contribution of the operators from the above table
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and divide it by the contribution (1 — #3y) (1 — t3y~') from the derivatives,

o0 1 00

L . 20 4 1. .—1 —1 2 =2
ZI&(O,O) - (1—t3y)(1—t3y—1)§ :t U(l_tv <y+y )—l—tv )
=2 =2

tA(1— &)1 - )

v

(1 —1t20) (1= t3y) (1 = 3y~)

The conjugate multiplet 5__5(0’0) contributes exactly the same but to Z%.

B.3.2 B, multiplet

Next we consider the nonchiral multiplet B, [154], with the shortenning con-
dition that the highest weight state is anihilated by Q2 Q;. This shortening
condition requires r =0, j = j = 0 and A = 2 for the highest weight state.

A

2 Lo,0)

5 1 1

> 2(30) 2(04)

3 0(0,0) O(%é) 0(0,0) (BlO)
7

2

4 —0(0,0)

r o1 ! 0 -1

The operator —0(p,0) at A = 4 stands for an equation of motion — the negative
sign in front of it means that its contribution to the index (partition function
in general) has to be subtracted. We have underlined the operators with 6% = 0
and their contribution to Z" is listed in table B.3.

Al Ry | TH(t y,v)
2 | 1pg | &

5 1 —¢6

> [ 3030)

Table B.3: Operators with ¢ = 0 in B;

Summing the individual contributions and dividing with the contribution
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from the derivatives, we get the index for this multiplet as,

tH (1 — t?v)

L _
I = =Py =Py )

(B.11)
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B.3.3 CAO(O,O) multiplet

The stress tensor, supercurrents and R-symmetry currents of the N = 2 theory
are part of this multiplet. Its shortening condition C is explained in table B.1.
The operator content of this multiplet is displayed in the array below.

A
2 0(0,0)
5 1 1
2 2(3.0) 2(0.3)
3 1 0@ 111, 01 O(0,1)
7 1 1
2 2(13) 2(31) (B.12)
4 O(1,1)
—000,0, —1(0,0)
9 1 1
2 2(%.0) 2(0,3)
o1 : 0 - -1

The operators with negative signs stand for equations of motion as before.
We have underlined the operators with ¢ = 0 and their contribution is listed
in the table below. Summing the contributions, we get the left index of this

multiplet to be

t 1
Ig(o . —t%(1 —ut)(1 — ~(y + ). (B.13)
s v Yy

Being a nonchiral multipet, it contributes the same to the right index as well.
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AR5 | TH(t y,v)
5 | 1 6

2 | 23,0 —t

3 0(1,0) t8’U

7

3 | 1oy Sy + i)
7

2

1 1
oy | W)

Table B.4: Operators with 6% = 0 in éo(o,())

B.3.4 () multiplet, ¢ > 1

This multiplet obeys the shortening condition F = C; N Cs.
content of Cy,0) is displayed below.

The operator

A
42 0(0,0)

o 2(30) 204)

43

e+

044

A0 HEEINC

0¢0,1) » L(0,0)

wl=
—
[N/
=
N
[N
—
[N/
=]
=
wleo
—
vl
°©
=
wl=
—
=)
IS/
N

Y oo "34)" " (49) O
e 2(.3)

L4+5

r [4+1 (43 ¢ -1

The operators with 6* = 0 are underlined as usual. Table B.5 lists their
contribution to Z*. Summing the contribution to the left index from Ce(0,0)
with ¢ > 1 we get,

th

- t 1
D Thy, = (1 —ot?)(1 - ~y+ =) - —.
/=1

(B.14)
Y

B.3.5 The Z;,;s of the orbifold and Z,,;,. of SCQCD

The protected operators in the twisted sector of the orbifold are listed in Table
5.5. The conjugates, which contribute to Z%, are of the type:

Bi, o for £>2. (B.15)
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A Ri5 | TH(t y,v)

g‘i‘g %( _t6+ZZ,U€

(43| 0ag |52t

g + 3 1(%7%) t7+2fvé—l(y + i)

7 [ | T )

€ + 7 3 _t8+24,U€—2
2 2

Y + 4 1(1’0) t10+2€,UZ—1

So we get,
Itwist = Igl +ZI&(0,0) (B.16)
=2

t4 1—t2 t4U2(1—UL)(1—%})

3( U)?» S 2 3 ——(B.17)
v(l—t3y) (1—y=1) " (1—20) (1—t3y) (1 - t3y~)
v t3y t3y—1

T o1—t 1— 3y 1— 3y} = fv(t,y,v). (B.18)

This precisely matches with (4.42), confirming the protected operators in the
twisted sector of the orbifold. Let us now compute the 7,4, of SCQCD that
follows from the preliminary list 5.44 of protected operators. Their conjugates,
which contribute to Z*, are of the type:

By, E12(0,0)5 éo,o; Co41(0,0) for £>0. (B.19)

The Z,,4ive then is

Tnaive = L, + Zzgao,m g, + chao,m (B.20)
=2 =1
po (1) (1-Y)

0=+ - B — 1) (B.21)
1-ty)(1-5)
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B.4 KK Reduction of the 6d Tensor Multiplet
on AdS; x S!

In this appendix we discuss the Kaluza-Klein reduction of the 6d tensor multi-
plet on AdSs x S', and its matching with the twisted spectrum of the orbifold
theory.
The tensor multiplet of maximal chiral supersymmetry in six dimensions
(we will refer to it as (2,0) susy) has the following field content
B, A

o)

I (B.22)

The indices J, K are the USp(4) indices which is the R-symmetry group of
the chiral supergravity. The spinors \J are in the 4 (complex) representation
of USp(4) and the scalars ®F% in the 5 (real) representation. The A3 are
Weyl, symplectic Majorana spinors. The symplectic Majorana condition is a
psuedo-reality condition, Ay = Q55A%, where 2 is the symplectic form.

Consider now the background AdSs x S'. The natural embedding of the
SU(2)g x U(1), R-symmetry of the N' = 4 AdSs superalgebra (or equivalently
of the N' = 2 4d superconformal algebra) into USp(4) is

SU2)r x U(1),

(B.23)

SU(2)g x U(1):

T

The five scalars decompose as

O L D + D (B.24)
5 — 30+1—1+1+17

where the subscripts denote U(1), charges. The spinors decompose as two
(conjugate) SU(2)g doublets, with opposite U(1), charges r = +1.

We are interested in the Kaluza-Klein reduction of the tensor multiplet on
the S1. We borrow the results of [162] (see also [183]), where all the KK modes
with non-zero momentum were matched with the multiplets {24400y ¢ > 0},
corresponding to the twisted primaries {Tr¢?™¢ — Trgt+2 } of the orbifold the-
ory. We will add the zero modes to the analysis of [162].

Let us indeed start with the zero modes on S'. The bosonic zero modes
comprise the following AdS; fields [162]: a complex scalar ®, with m? = —3 (in
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AdS units)?; a triplet of scalars ®°, with m? = —4; a massless two form B,
or equivalently a massless gauge field Ay;. The massless two-form Bi;,; arises
from the 6d anti-selfdual two-form B;, when both indices are taken to be along
AdSs, while the gauge field Ay, arises from B, when one index is taken to be
along AdSs and the other along S'. Because of the anti-selfduality of B, the
two possibilities are not independent: B, and A, are dual to each other as
5d fields, and we must pick one or the other. This ambiguity translates into
two alternative ways to fit the zero modes into supermultiplets of the N' = 2

4d superconformal algebra. Let us look at them in turn:

e Choosing B.

The massless two-form B is dual to a boundary two-form operator F,
of dimension A = 2. We claim that the full supermultiplet of boundary
operators is {¢', N, F', D!}, which is the the familiar off-shell A" = 2
vector multiplet (or N' = 2 “supersingleton” multiplet). Here ¢’ is a
complex scalar with r = +1 and A = 1, dual to the bulk scalar
of m? = —3. The mass of ® is in the range that allows both the A,
and the A_ quantization schemes [48, 184], and supersymmetry forces
the choice of A_ = 2 —+vm? +4 = 1. Since ¢’ saturates the unitarity
bound, it must be a free scalar field. We recognize F) . as the Maxwell
field strength and D}, i = 1,2, 3, which form SU(2)p triplet with A =2
and are dual to the bulk fields ', as the auxiliary fields. Finally A.Z are
the free fermionic fields with A = 2. The AdS/CFT relation for spin £
fields is usually quoted as A = 2+ |m/|, but this is evidently a case where
we must pick instead A_ = 2 — |m|, with m = % We are not aware of
an explicit discussion of the AL quantization ambiguity for spinors, but
it must be there because of supersymmetry. (Incidentally, similar issues
arise in the familiar IIB on AdSs x S® background if one looks at the zero
modes, which can be organized in the N' = 4 supersingleton multiplet.
Again both the scalars in the 6 of SU(4) and the spinors in the 4 must
be quantized in the A_ scheme.)

e Choosing A;.

The boundary dual to Ay, is a conserved current J,,, (A = 3). In this case
we claim that supersymmetry forces the usual A, quantization scheme
for ® and \J. Tt is easy to check that the zero modes can be precisely
organized into the B; multiplet (summarized in (B.10)).

3The complex scalar ® corresponds to the k = —1 real scalar in Family 2 and the k = 1
real scalar in Family 3 of [162]. We have just relabeled them as n = 0 modes.
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Field Theory Gravity
Operator U, | A Mass Field
Tr[¢"+!] — T[] n+1l|n+1|(n+1)(n-3)|
Tr[F "] — Tr[F "] n n+2 | n? B,
Te[AAG" 1] — Te[ANG™ ] | n n+2|n*—4 P’
Te[F2¢" ) — Te[F2¢" Y |n—1|n+3|(n—1)(n+3)|®

Table B.6: Matching of the positive KK modes (n > 1) [162]. The negative
KK modes (n < —1) correspond to the conjugate operators.

The two possibilities have a nice physical interpretation. The first alternative
corresponds to keeping the U(1) degree of freedom in the twisted sector (this is
the “relative” U(1) in the product gauge recall the discussion after equ.(5.16))
~ in other terms we should identify ¢/ = Tr(¢ — ¢). The second possibility
corresponds instead to removing the relative U(1). Then clearly the multiplet
built on Tr(¢ — ngﬁ) is lost, but as we have emphasized in section 4.3.1 and ap-
pendix B, an additional protected multiplet appears, the B, multiplet built on
the primary Tr M3. The AdS/CFT dictionary handles this subtle ambiguity
in a very elegant way. For our purposes, the second alternative is the relevant
one, since we must remove the relative U(1) in order to have a truly conformal
field theory.

The matching of the higher Kaluza-Klein modes was discussed in [162], we
summarize the results in Table B.6.

B.5 The Cigar Background and 7d Gauged
Sugra

This appendix collects some facts about the non-critical string theory obtained
in the double-scaling limit of two colliding NS branes [134, 135], namely 1B
on R> x SL(2),/U(1). We start by reviewing well-known results, see e.g.
[132, 133, 133-135, 141-143], and then make a new claim about a space-time
“effective action” description. We are going to argue that the “lighest” delta-
function normalizable modes in the continuum are described by a 7d maximally

supersymmetric supergravity with non-standard gauging, recently constructed
in [177, 178].
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B.5.1 Preliminaries and Worldsheet Symmetries

A class of “non-critical” supersymmetric string backgrounds can defined in
the RNS formalism by taking the tensor product of R4 with the Kazama
Suzuki supercoset SLy(R),/U(1). The R4 part is described as usual by d
free bosons X* and d free fermions ¢*. The coset SLy(R)x/U(1) has a sigma-
model description with target space the “cigar” background (setting o/ = 2)

4
ds®> = dp* + tanh2(%)d92 p>0 6~0+ g (B.25)
with vanishing B field and dilaton varying as
®=—1In cosh(%) . (B.26)

The level k of the coset is related to the parameter @ as k = 2/Q?. The central
charge is

6
Ceig = 3+ T 34+ 3Q%. (B.27)
Adding the usual superconformal ghost system {b,c, 5,7} of central charge
-15 and requiring cancellation of the total conformal anomaly, one finds () =

%(8 —d). In the asymptotic region p — oo the cigar becomes a cylinder of

radius %, with the dilaton varying linearly with p, and the theory is thus a
free CFT. We will soon restrict to the d = 6 case, implying ¢, = 6, @ = 1
and k = 2.

For generic level k the Kazama-Susuki coset SL(2),/U(1) has (2,2) super-
symmetry. In the asymptotic linear-dilaton region the holomorphic currents
of N' = 2 susy take the form

1 1 1 1
Tae = —5000) = 5(00)" = 5 (4,00, + i) — 5QFp  (B.28)
Jag = —ith, +iQ00 = i0H +iQd0 = id¢ (B.29)
G, = 500 £ 000 F i) + 5QO(W, + i) (B.30)

with analogous expressions for the anti-holomorphic currents. For k = 2, which
is the case of interest for us, worldsheet supersymmetry is enhanced to (4,4).
This is the generic enhancement of worldsheet susy from N’ = 2 to N’ = 4 that
takes place when ¢ = 6. Indeed for this value of the central charge the currents

Jhg = {e* ] e J,}, i = =+, 3, generate a left-moving SU(2) current algebra,
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the R subalgebra of the left-moving N/ = 4 worldsheet superconformal algebra.
The two extra odd currents @ﬁg are generated in the OPE of Gig with Jg,.
Similarly for the right-movers. In the full cigar background the wordsheet
superconformal currents have more complicated expressions but the theory
still has exact (2, 2) susy, enhanced to (4,4) for k = 2.

In the free linear dilaton theory, i0¢ and i0H defined in (B.29) are sepa-
rately holomorphic, but only their linear combination J, is holomorphic in the
full cigar background. This reflects the non-conservation of winding around
the cigar (strings can unwrap at the tip). Momentum P? around the cigar is
still conserved, and there is a corresponding Noether current with both holo-
morphic and anti-holomorphic components, which asymptotically takes the
form %(i@@ ,i00). For k = 2, the field # is asymptotically at the free fermion
radius. Thus in the linear dilaton theory the left-moving susy U(1) generated
by (00 , 1) is enhanced to a left-moving SU(2), current algebra, which can be
represented by three free fermions 1);, with ¥ = 1y and 1+ = ™. To avoid
confusions with other SU(2) symmetries will refer to this algebra as SU(2),,.
Similarly in the right-moving sector we have the analogous SU (2)1/1 In the
full cigar background the SU(2)y, and SU(2);, current algebras are not sym-
metries, and only a global diagonal SU(2) survives, whose Cartan generator is
the momentum P?. This is interpreted as the SU(2)g spacetime R-symmetry.

B.5.2 Cigar Vertex Operators

To characterize the primary vertex operators of the cigar it is sufficient to
give their asymptotic form in the linear-dilaton region. While the exact ex-
pressions are more complicated, their quantum numbers (including conformal
dimensions) remain the same and can thus be evaluated in the asymptotic
region. Splitting the vertex operators in left-moving and right-moving parts,
we have the asymptotic left-moving expressions

VNS giQmoQip
VE = F39iQmocQir (B.31)

and the asymptotic anti-holomorphic expressions

“NS  —i0md Qs
Y= e QMo ,Qjp
VE = eEademi@ndeQin, (B.32)

Left-moving and right-moving terms can be glued together provided they have
the same value of the quantum number j. We will sometimes re-express j in
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terms of p, the momentum in the radial direction, as

J= —% +ip. (B.33)
The quantum numbers m and m are related to the integer winding w and the

integer momentum n in the angular direction of the cylinder as

1 1
m = §(n+wk‘) m:—g(n—wk‘). (B.34)
Recall however that winding is not a conserved quantum number in the cigar

background. Conformal dimensions of the primary operators (B.31,B.32) are

2 . .
Ns . mf—j(j+1)

~2 . .
N VY
R+ l_l_(mi%)z_j(j_'_l)
gim 8 k
ARE 1+(ﬁl:F%)2—j(j+1)
s 8 k

B.5.3 Spacetime Supersymmetry

From now on we restrict to the case of interest, d = 6. The RNS vertex
operators for R%! are familiar. To describe the Ramond sector, we bosonize
the fermions in the usual fashion,

T+ = P
Yy kihy = N
Yy £ihs = e

Spinors of R>! are then written

V., = eh(doricigrticadn) (B.35)
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with ¢, = +1. With these notations at hand, the BRST invariant vertex
operators for the spacetime supercharges for the IIB theory read

S, = e‘¢/2e+%¢Va+ Sa :e_“o/2e_%¢Va+

S, = e PRty G, = e ? 220y F
where ¢ is the usual chiral boson arising in the bosonization of the 3v sys-
tem. We use a bar to denote conjugation, and a tilde to distinguish the
right-movers. By V" we mean the positive chirality spinor, i.e. we impose
eger€a = 1. Choosing the same chirality in the left and right-moving sectors

is the statement of the type IIB GSO projection. The supercharges obey the
supersymmetry algebra

{Sa ) Sﬁ} = 275[3PM {ga ) gﬁ} = QVZBPM ) (B36)

where P, is the momentum in R>!. Thus the theory has (2,0) supersymmetry
in the six Minkowski directions. Note that

P S, (5.)] = %sa (S), [P, 80 (5] = —%sa (5., (B.37)

confirming the interpretation of P? as a spacetime R-symmetry.
Physical vertex operators are constrained to be local with the spacetime
supercharges. Locality implies the GSO condition

m+F, € 2Z+1 (NS)
m+ F;, € 27 (R)

where Fp, is the left-moving worldsheet fermion number. The analogous condi-
tion holds for the right-movers. In the asymptotic region we may fermionize the
field 6 into ). Then the quantum number m, instead of denoting left-moving
momentum in the @ direction, gets re-interpreted as ¥* fermion number. De-
noting by F] = F, + m the new total left-moving fermion number, the GSO
projection becomes simply

F, € 2Z+1 (NS)
F;, € 2Z (R)

and analogously for the right-movers.
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B.5.4 Spectrum: generalities

The physical spectrum of the theory comprises:

(i) A discrete set of truly normalizable states, localized at the tip of the
cigar.

U <—-Q/2)

(ii) A continuum of delta-function normalizable states, corresponding to in-
coming and outgoing waves in the p direction.
(j=—-Q/2+iR, i.e. p e R)

(iii) Non-normalizable vertex operators, supported in the asymptotic large p
region.

(1 >-Q/2)

States of type (i) live in R>! at p ~ 0 and they fill in a massless tensor multiplet
of the 6d (2,0) supersymmetry. More precisely they are:

NSNS: four scalars, in the 3 + 1 of SU(2)g;

RR: one scalar and one anti-selfdual antisymmetric tensor, both SU(2)g sin-
glets;

RNS: one left-handed Weyl spinor, which can be thought of an SU(2) g doublet
of left-handed Majorana-Weyl spinors;

NSR: same as RNS.

See [185] for a detailed analysis.

In the rest of this appendix we will focus on the states of type (ii). These
are the states relevant for the determination of a spacetime “effective action”
for the non-critical string. Recall that our philosophy is to use the R>!x
cigar background as an intermediate step towards the AdS background dual
to N = 2 SCQCD. Both backgrounds should arise as solutions of the same
non-critical string field theory. We would like to use the cigar background,
for which we have a solvable worldsheet CFT, to derive an “effective action”
description. The “effective action” is expected to be background independent
and should admit both the cigar background and the AdS background as
different classical solutions. We will restrict to the lowest level in a “Kaluza-
Klein expansion” on the cigar circle (to be defined more precisely below). The
states will then propagate in seven dimensions, R>! times the radial direction
p. Because of the linear dilaton, they obey massive field equations in 7d, but
they are in another sense “massless” — they are closely related to the massless
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states of the critical IIB 10d theory and possess the gauge invariances expected
for massless 7d fields. We should emphasize from the outset that the linear
dilaton varies with a string-scale gradient, so there is no real separation of
scales between the “massless” level that we are keeping and the higher levels.
This is why we are using “effective action” in quotation marks. Nevertheless
the distinction between the lowest level obeying massless gauge-invariances and
the higher genuinely massive levels is a meaningful one, and we still expect
such an “effective action” to contain useful information. Remarkably, we will
see that it is a 7d gauged supergravity with non-standard gauging.

Finally we should mention the operators of type (iii). They have an in-
teresting holographic interpretation as “off-shell” observables of little string
theory, which “lives” on the R>! boundary at p = co. However we are not
interested in the cigar background per se and we are after a different incar-
nation of holography, so it is not immediately clear what the significance of
these operators is for our story. In analogy with ¢ = 1 non-critical string, our
non-critical superstring background is expected to possess a rich spectrum of
“discrete states”, with Liouville dressing of type (iii). A closely related phe-
nomenon is the existence of a chiral ring, which has been demonstrated in
[186] (see also [187]). This infinite tower of discrete states may be related to
the exotic extra protected states of N =2 SCQCD.

B.5.5 Delta-function normalizable states: the lowest mass
level

We are now going to exhibit in detail the physical states of type (ii) at the
lowest mass level. We first organize the states according their symmetries in
the asymptotic linear dilaton region, and later discuss the symmetry breaking
induced by the cigar interaction. The asymptotic cylinder is at free-fermion
radius, and we wish to work covariantly in the enhanced SU(2)y, x SU(2),
symmetry.

After fermionizing 6 into ¢*, we have in total ten worldsheet fermions: 1,
pw=0,...5 associated with R>!, 1, associated to the radial direction and v,
1 = 3, & associated to the stringy circle. It is then clear from outset that the
lowest mass level of our theory will be formally similar to the massless spectrum
of 10d critical IIB string theory, but of course the states will propagate only
in the seven dimensions z; = (z,, p).
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NS sector

In the left-moving NS sector the lowest states are the three 7d scalars

VIS = e Pelrelt X (B.38)

in a triplet of SU(2),,, and the 7d vector
VIS = e velre™ X (B.39)

where ji1 = p,p. The mass-shell condition Ly = 1 gives, for both the scalar
and the vector,

1 1
§k2—§j(j+1):0, (B.40)
which using j = —1/2 + ip we may write as
1
—k2—p2:k§—kz2—p2:1. (B.41)

Because of the linear dilaton, the wave equations appear to be “massive” with
m? = i. Introducing a polarization vector e = (e, €p), the superconformal

invariance condition G1 eﬂVgIS = 0 gives a modified transversality equation for
2

the vector*
k-e—+v—=1(j+1)e,=0. (B.42)

A short calculation shows that the polarization
e=k and e,=—-Vv-1j (B.43)

corresponds to a null state. Thus despite the mass term in the wave equation,
VﬂNS the 7-2 = 5 physical degrees of freedom of a massless 7d vector.

The theory is super-Poincaré invariant in R>!, and we may label the states
in terms of 6d quantum numbers. In assigning 6d Lorentz quantum numbers,
we may focus for convenience on the states with radial momentum p = %,
which obey a massless 6d wave-equation (see B.41). We can then label them
according to the 6d little group SO(4) = SU(2) x SU(2). It must kept in mind
that this is just a notational device, since the states are really part of a 7d
continuum with arbitrary real p. We use the notation [j; , j2)* ! for a state
with spins (ji,72) under the 6d little group, and in the 27 + 1-dimensional
representation of SU(2)y,. All in all, in this 6d notation we may summarize

4 Apologies for the v/—1, but here the symbol i would look confusing next to the mo-
mentum j.
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the lowest NS states as

11

R sector

The construction of vertex operators in the Ramond sector proceeds just as
in to the familiar critical (10d) case, except of course that momenta are only
seven-dimensional,

VE— 6_@/2€%(EO¢0+61¢1+E2¢2€99+€HH)€jP€iP'X’ €o€1€260e = 1, (B.45)
which we may write as
\Ifa(pu)ei%(“m e’r \I/d(pu)ei%(e_H) err . (B.46)

Here ¥, and ¥, are 6d pseudo-real (Majorana-Weyl) spinors, respectively left-
handed and right-handed. Choosing the 7d momentum as p = % the spinors
obey a massless 6d wave equation, but as above we should keep in mind that
they are really part of 7d continuum. For each chirality we have an SU(2)
doublet of 6d Majorana-Weyl spinors (equivalently, one complex Weyl spinor)
so in “massless 6d notation” we write the spectrum as

1 1
|§,0>2 ® |O>§>2- (B.47)

In 7d the wave-equation looks “massive”, but the counting of degrees of free-
dom is again the one for massless states.

Gluing

Table B.7-B.10 show the result of gluing the left- and right-moving sectors.
In the first column of each table we list the (m,m) quantum numbers, recall
(B.34). In the second and third columns the Lorentz quantum numbers are
specified in the the 6d “massless” notation, that is we label states by their
spins (71, J2) of the little group SO(4) = SU(2); x SU(2)s. The superscripts
27 +1 and 27 + 1 in the second column denote the dimensions of the represen-
tations under SU(2)y, and SU(2);,, respectively (the superscript is omitted
for singlets). Finally the superscript 2R + 1 in the third column denotes the
dimension of the SU(2)g representation, with SU(2)g defined as the diagonal
combination of SU(2),, and SU(2);, which is preserved by the cigar interac-
tion.
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[ mpfmp ] ul,j2>2f+1®u1,j2>2f+1 | Decomposition: |1, j2)2R 1 [ 6d Fields |
({0}, {o}) 3,3)®13,3) 11,1) ¢ 1,009 ]0,1) 0 0,0) | Guv, Buv, ¢
2’2>®‘0 0) \%,%> Y“
‘0 0>®|272> ‘%7%> VM
0,0) ® |0, 0) |0, 0) p
({£1,0},{0}) 0,03 @3, 3) 53)° V3
\0 0)3 ® |0,0) 0, 0)3 P
({0}, {#£1,0}) $,35)®10,0) 1,1)3 A
10,0) ® 0,0)* 0,0) 7
({#1,0},{%1,0}) | 10,0)3 ®10,0)3 10,0)° &10,0) & 0,0) 75,73, T
Table B.7: Field Content in NSNS sector.
| ({m} ) | 1, 52)* 1 @ ljr, 52)* 1 [ Decomposition: [j1,52)2%+! | 6d Fields
({0}, {0}) |;, >2®\;, )? L 0>3@|1 0>@\0,0>3@\0,0> Ait,A,tu,AS,A
({1}, {£1}) |0,2> ® 10, >2 |0,1> |0,1> ®10,0)* @ |0,0) A;;,AW,A'S A

Table B.8&: Field Content in RR sector

| {m}, {m}) | |71, 42)2T ! @ |j1, g2 )2 HT | Decomposition: |j1,j2)2F+! | 6d Fields
({0}, {0}) 3,3) ®13,0) 1,3)? @10, 3) v
0,0) ®|3,0)2 1,0)2 w2
({#1,0}, {0}) |0 0)3 ® |5,0)? 1,04 @ |3,0)? v, w2
({0}, {£1}) 2,3)®10,4)2 L)@ 5,072 w2, v
0,0) ® |0, 1)2 0, 1)2 v
({£1,0},{£1}) | 10,03 ®10, 5)? 0, 5)* 10, 3)? vl w2

Table B.9: Field Content in NSR sector

| {m}, {m}) | |71, 2)21 1 @ |51, j2 )21 1 | Decomposition: |1, j2)2F+! | 6d Fields
({03, {0}) 13.0°®13, 3) 1,5 @0, 3)? v v
13,0 ®10,0) 3,0)° vl
({£1},{0}) 10,3)° @13, 3) 3,12 ®13,0)? Viiar V2
({0}, {£1,0}) | 10,5)*>®]0,0) 0, 5)° i
13,0 ®10,0)® 3,0 @(3,0)? Ve, 2
({£1},{£1,0}) | 10,1)? ®10,0)3 0, 2)* @10, 5)? v, w2

Table B.10: Field Content in RNS sector
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It is interesting to organize the spectrum according to massless supermulti-
plets of 6d supersymmetry (again, we may pretend that the states are massless
in 6d by focussing on the value p = % of the momentum along p). Massless

supermultiplets are constructed by taking the direct product of a primary

|71, 72) 28! with a set R of raising operators. For (2,0) susy in six dimensions,
1
R = (1,0) +2(5,0)2 +(0,0)* +2(0,0) (B.48)

For example the graviton multiplet is obtained acting with R on the primary
|0, 1), while the tensor multiplet is obtained starting with the primary |0, 0).
The complete field content of (the lowest level of ) the cigar theory is obtained
by action of R on the set of primaries,

1
0,1) +2|0,§>2+ 0,0)% + 20, 0) (B.49)

Comparison with (B.48) suggests us that there are two other hidden super-
charges at work, of opposite chirality, namely (0, 2), which relate the primaries
of all the (2,0) supermultiplets. In other words, we might conclude that we
have obtained the maximally supersymmetric non-chiral (2, 2) supergravity in
six dimensions. This is correct as the counting of states with 7d momentum
p= % goes, but the right-handed supersymmetries are broken by interactions.
Nevertheless this is a useful hint: we should regard the effective theory for the
lowest level as a spontaneously broken version of a maximally supersymmetric
theory. And since the 7d momentum can be arbitrary, the candidate theory
before symmetry breaking is maximally supersymmetry seven-dimensional su-
pergravity.

B.5.6 Maximal 7d Supergravity with SO(4) Gauging

To pursue this hint, in Table B.11 we have organized the lowest level of the
linear-dilaton theory (before turning on the cigar interaction) according to 7d
quantum numbers. The little group in 7d is SO(5) = USp(4) and we label
USp(4) representations by their dimension. In the linear dilaton theory the full
SU(2)y, ® SU(2),5, = SO(4) is unbroken and we label states with superscripts
(21 + 1,21 + 1) indicating the representation dimensions of the two SU(2)s.
Remarkably, the resulting spectrum is precisely the field content of maximal
7d supergravity with SO(4) gauging, a theory that has been fully constructed
only quite recently [177, 178]. The massless vector Vﬂ(?”l)ﬂl’?’) are the SO(4)
gauge fields. On the other hand the vectors C’é are eaten by the two forms

Cél,, which become massive through a vectorial Higgs mechanism [177, 178].
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| Sector | |USp(4))2+1 @ [USp(4))27+1 | [USp(4))PT+1.21+D) 7d Fields
NSNS |5> ® |5> ‘14) &) ‘10) &) ‘1> Glg‘;’l)gf‘lﬁé)d)
3 3,1)®(1,3 B )
|5) @ [1) |5)(3:@(1.5) vy
|1)® ® |5)
|1)? ® |1)® |1)(3:3) T3
2 2 2,2 2,2 2,2 (2,2) (2,2) 2,2
RR [4)? ® |4) 1022 ¢ 52D g |1)@2 | c®, ¢, 02
RNS [4)2 ® |5) |16)(Z DB (1.2) g 4)(2D)B(1.2) \1,512,1)@(1,2)7 D6 (1,2)
NSR |5) @ |4)2
|4>2 ® ‘1>3 ‘4>(2,3)€B(3»2) P(2,3)8(3,2)
11)® ® |4)*

Table B.11: Seven-dimensional labeling of the spectrum of the linear-dilaton
theory

Recall that the standard gauging of maximal 7d sugra is of the full SO(5)
R-symmetry — this is the famous supergravity that arises by consistent trun-
cation of 11d supergravity compactified on S* and that admits a maximally
supersymmetric AdS; vacuum. By contrast, the scalar potential of the SO(4)
theory does not allow for a stationary solution, but only for a domain wall
solution [177, 178], that is, our linear-dilaton background. A closely related
interpretation of the SO(4) gauged supergravity was given in [188] (before its
explicit construction!) as the effective 7d supergravity arising from a “warped
compactification” of IIB supergravity on the near-horizon NS5 brane back-
ground R>!x linear dilaton x.S3.

The cigar background is obtained by further turning on a “tachyon” pertur-
bation, a profile for the NSNS scalar fields 73 that decays for large p and acts
as a wall for p ~ 0. Note that the scalars are in the symmetric traceless tensor
of SO(4), and choosing a vev for them breaks SO(4) — SO(3) = SU(2)g, the
diagonal combination of SU(2)y, x SU(2);,, as expected. In the ITA set-up
of colliding NS5 branes, this breaking corresponds to choosing an angular di-
rection in the transverse S® to the coincident NS5 brane — the direction along
which the branes are separated (we called it 7 in Figure 4.4). Under the pre-
served diagonal SU(2)g, the nine NSNS scalars 7% decompose as 5 + 3 + 1.
The 1 and the 3 are associated to moduli, corresponding respectively (in the
T-dual picture) to the radial and angular separations of the two NS5 branes;
together with an extra SU(2)g-singlet scalar from the RR sector they comprise
the five scalars of the 6d tensor multiplet localized at the tip of the cigar.

In the application of the SO(4)-gauged 7d supergravity to our problem
of finding the dual N' = 2 SCQCD, we are not interested in turning on a
background for the NSNS scalars, but rather for the RR fields corresponding
to N, D3 branes and Ny D5 branes. D3 branes are magnetically charged

unde the RR one-form 0,52’2) and D5 branes are magnetically charged under
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the RR zero-form C*?). As the superscripts indicate both of the RR one-
form and zero-form transform as vectors of SO(4). It is possible to choose
a common direction in SO(4) space for both forms, so that again we break
SO(4) — SO(3) = SU(2)g. This is again consistent with the IIA Hanany-
Witten picture. Separating the NS5 branes in breaks SO(4) to SO(3), and it
is clear that both the compact and the non-compact D4-branes are extended
in the same direction along which the NS5 branes are separated, so that their
fluxes are oriented coherently in SO(4) space. The surviving SO(3) = SU(2)g
is interpreted as the SU(2)r R-symmetry of the N' = 2 gauge theory.
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Appendix C: Spin chain

C.1 Computation one-loop dilation operator

In this appendix, we describe a shortcut to determine the one loop spin chain
hamiltonian from the knowledge of the scaling dimensions and R charges of
some of the local operators. As this method uses some of the eigenvalues from
the spectrum of dilation operator, it doesn’t substitute the explicit one loop
computation of the dilation operator but serves as a quick check.

As usual, the composite operators are thought of as spin chains and the one-
loop dilation operator as the nearest neighbor type hamiltonian acting on the
spin chain. If the kth site in the spin chain has the vector space V}, associated
with it, then H = 3¢ | Hy 1 (with k = k+ L) acts as Hyjy1 1 Vi @ Vg —
Vi ® Vir1. The interactions contributing to Hj ;41 at one loop are listed
schematically in figure 5.1. The first and second interactions (self energy and
gluon interaction) in figure 5.1 are proportional to identity in Vi ® Vi1 while
the non-trivial element is contributed only by the third interaction (quartic
interaction). As a general strategy in this section, we first determine the
contribution of the quartic vertex to the hamiltonian and then use anomalous
dimensions of some operators to fix the coefficient of the remaining identity
piece.

C.1.1 SCQCD

A brief pause to introduce some notation. Let the indices p,q = + label the
U(1), charges of ¢ and ¢, in other terms we define ¢~ = ¢, ¢ = ¢, and

01 o ,
= |, 0 ) If |e'e?) denotes an element of Vi, ® Vjyq (i.e. €' € V) then

let (eye;|H|e'e?), denote the contribution of the quartic interaction Ly to the
said matrix element.
The nonzero elements of the hamiltonian due to quartic vertices are listed
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below:

(Dpdg [ H|¢P0N g1 = 0505 + g™ gwe — 2050y (C.1)
(P dg | H|Q1Q7 )22 = \/%gp’q’dzj (C.2)
(@7 Qr|HIQzQ )0 = JL@5F5], ~ 575%) (©3)
(QrQ7|HIQ"Qr)gr = 26765 — 6757, (C.4)

The factors of % are explained in figure C.1. Figures C.1(a),C.1(b),C.1(c),C.1(d)

correspond to equations (C.1,C.2,C.3,C.4) respectively. This fixes the hamil-
tonian up to identity terms.

Hy o1 =
@P B QzQ7 Q*Qc Qzo?
bprdqr | 08,00, + gPUgpg — 200,60, \/Ngyq6] 0 0
QT Q. NETTLr 867 67, — 57 5T, NL 0 0
Qi Q¥ 0 0 voK, 65" + 25565, 0
QT ¢y 0 0 0 néZ’ s,

Figure C.1: The color/flavor structure of the quartic vertex. The solid black
line represents the flow of the color index while the dotted blue line show the
flow of the flavor index. (a) shows the ¢* interaction vertex, whose contribution
is proportional to N, as compared to the tree level. In (b) the Q?¢? interaction
vertex has a factor of Ny/N,. compared to (a) because of the presence of one
flavor loop. The Q* vertex in (c) has an additional factor of (N;/N,)? compared
to (a) due to the presence of two flavor loops. The figure (d), however, does
not carry any additional Ny/N, factors.

Next task is to determine the coefficients a, 3,y and 7. From the fact that

operator Tr¢* is chiral and hence protected, we determine o = 2. Another
protected multiplet is the multiplet of stress energy tensor and R symmetry
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currents (and supercurrents). Its superconformal primary, called TrT’, has
R,r =0and A = 2. Hence, it is a linear combination of Tr[Q7zQ?*] and Tr[pg].
Reduction of the hamiltonian over these operators is

Tr[¢o] Tr[Q7Q"]
. Tr[q§¢]_ 4N 4 WfN o)
T[QrQ* I\ 4/F  2068+7) —4A(F —2)

We require a zero eigenvalue of this matrix at the superconformal point Ny =
2N, yielding 3 + v = 4. Another fact that TrT¢ is also a protected oper-
ator imposes a relation 3 4 2n = 8. Also, one loop anomalous dimension of
flavor nonsinglet operator Q¢ ... #Q; is calculated to be 4. The contribution
comes only due to the “boundary” i.e. due to (Q¢|pQ) matrix element, as the
“bulk” contribution from pairs of adjacent ¢s is zero. This determines n = 2.
Summarizing we get,

a =2, g =4, v =0, n=2. (C.6)

C.1.2 Interpolating SCFT

We repeat the same exercise as before. The quartic vertices contribute the
following to the hamiltonian.

(D da|PON st = 0505 + gPgpq — 2050, (C.7)
(Gpdg|0°0) g = KA(S05 + gPgpy — 2006y)  (C.8)

(@ QuplQrzQ7)qe = 28] 60507 — 078 oo
+ 220707 050F — o5oLsL6T)  (C.9)

(QrzQ77NQ  Queor = 26680507 — 67 6 o0
+ & (2076]056F — 0555667)  (C.10)
<¢p’¢q’|QIfQjJ>Q2¢2 = gp’q’ég(sjj (C.11)
<¢V’P’(&q"ijin>Q2(i>2 = ﬁzgp’q’ézjéjj (C-12)
Q77 6el " Qut)posg = —2r085767 (C.13)
(P Q77| Qrida)sase = —26050767 (C.14)

The first four elements could have an additional identity pieces. They
are easily determined by imposing the symmetry under g < g, Q) < @ and
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¢ < ¢ and by requiring the hamiltonian to reduce to that of SCQCD in the
limit £ — 0. The one loop hamiltonian (5.38) is precisely reproduced by this
method.

C.2 Composite Impurities

To implement the aforementioned constraint that )z can only occur as a
combination Q7Q7, we regard the combined object Q7QY = MIJ as a basic
impurity object in the spin chain. For future convenience, we define the singlet
combination M = %sz(% and the triplet M" = %MIJ(UZ')% where o'
are three Pauli matrices . These can be rewritten in an SO(4) notation as
MM = %Mlj(am)é, where m takes the values 0, . .., 4 with 0° = [,,,. With
these basic objects at hand, we would like to write down the way they interact
in the spin chain.

C.2.1 Neighbouring M™ and ¢

We now write down the nearest neighbour Hamiltonian in this picture, with
M™ and ¢ as the basic impurity objects. Let us concentrate on the matrix
element that acts on neighbouring ¢ and M. Consider the following sequence
in the spin chain, ... #*Q7Q7¢%. . ..

ol Qr Q7 Pt
33+ e (5 — $)lgo — 2Koq 13+ 5o
i I !
¢p’ QI/ QJ’ ¢q’
(C.15)

In this new picture, where we see M as the basic impurity, we need to include
the middle term (g — Dlgg + 2Kgq of the Hamiltonian i.e. “self energy” of
M., in both the nearest neighbour Hamiltonian that acts on consecutive ¢ and
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Ms. So we write,

G ML P ML)
o 1 5 1 _5 p ST T
—05,67 5%,
= (46767, — &767.)6h
g g M PM™ L)
1 ! ! — !

_ p smm/ m0
= Al @Iy — 205 @ P°

Here, we have introduced a new operator P°. This operator is a projection
operator which projects the four dimensional space spanned by M™ onto M.

C.2.2 Neighbouring M™ and M"

It is easy to repeat the exercise to get the nearest neighbour matrix ele-
ment acting between two Ms. For this purpose we consider the sequence

QI QK Q..

Q1 Q7 Qx Q*
(5 - $lao — 2Kao (5 — Dlge + 2Kqq (5 - $)loe — 2Kgo
i ! i
QT Qg QX Qr
(C.16)

The downward arrow shows the action of Hamiltonian in various neighbouring
sites. This simply says that

g2 MEL ML MIME ) = (C.17)
1 5 I/ j ’ E J I/ / E
5(5—2)07 67.0% 0 — 07 07.0x 0%
(g — 1)6% 07,0 65 + 2% 678,65,
1 5 ! ! ! !
5= 5)5% §7,6% 65 — 07 65,6507
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gL MM MM = 5 (13 — 40™0 — 46m)

+5mn5m’n’ _ 5mn’5nm’ + ,éemnn’m’
Following Minahan and Zarembo, we introduce the SO(4) spin operators,

(X9 = 08 69 — 6167 (C.18)

m

Now we can rewrite this piece of Hamiltonian when the spin-spin interactions
are manifest.

!/ = !

GH L MTMY MM L) = 131y @ Ty — AP @ Ty 4+ Iy @ P)
+559 @29 - Ze;u¥ o T
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C.3 Spin Chain

C.3.1 The Undynamic Spin Chain

In this appendix, we construct the Hamiltonian for a spin chain which has M
and ¢ to be the elementary excitations.

We run into difficulty if we continue writing the nearest neighbour Hamil-
tonian in this picture where M is the basic impurity and not ¢ and Q. This
is because while writing the Hamiltonian in this fashion we implicitly assume
that the number of sites is preserved by the Hamiltonian, which is clearly not
true. There is an element of the Hamiltonian which is responsible for the “de-
cay” of the impurity M into ¢ and ¢ and vice versa i.e. for the transition
M — ¢p + ¢¢p. Clearly, this transition does not preserve the number of
sites in the spin chain. To remedy this situation we follow Beisert’s treatment
called the undynamic spin chain. Let us introduce an integer subscript [ which
counts the number of ¢s following an impurity.

o =opt M= Mg (C.19)

with these redefinitions of the impurities, each site in this chain hosts a vector
space V ®Z, where V is spanned by ¢ and M™"s, for example, ¢; can be written
as ¢ ® |l). We introduce the raising and lowering operators acting on Z, with
a'|ll) = |l + 1) and a|l) = |l — 1). The hardcore constraint is implemented by
defining |0) to be the vacuum, hence annihilated by a. Let I; be the number of
¢s following the ¢ th impurity. a; and aj- are the raising and lowering operators
which act on ¢ th impurity.

H[leiﬁgliﬂ] = GQEliQ;liJA - lei+1$li+1—l - lei—lqgli+1+l
F20, M)y 4 205, A M — 61,0601, 6,
d, 0 can be rewritten as (1 — aza,-),
H[(Eliggliﬂ] = (6&3&2- - a;'rai+1 - aj+1ai>$lig5li+l
+2(a; + a1) o, M) )

liv1

Doing the same exercise for all the matrix elements,
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D101 14 ¢liMZ?+1 ML DL Mg?Mﬁ’+1
Ga;.fai 7a;.fai+1 70,;!»1(” 2((1;.f +a1+1)7>g+1 0 0
. ) 0 Ta: — op0
2(a; + a1+1)73i+1 4+ 3a;a; —2P; 4 0 0
0 0 4+3a;.fai 7a;.fai+1 2(0,;( +a;f+1)’Pg+1
7a1j+1ai — 277?
aIai(s —2(P} + Pg+1)) - (1= alai)
0 0 2(a; + ai41)PY (13 — 4(PY + P2, )

+35 Dig1 — 25 X Tiqq)
(C.20)

Here, P? is a projection operator acting on i th M™ impurity, and ¥ x ¥
stands for €;;,;XY3*. In the matrix elements of Hamiltonian H;;y; we have
included the half of the self energy of the ¢ th and 7 + 1 th nearest neighbours,
and nontrivial movements of ¢ + 1 th impurity. The block diagonal structure
is due to this feature of construction. Please note that we can not include the
movement of ¢ th impurity in H,,;.; as it would change the subscript of i — 1
th impurity as well. Our treatment is consistent because of the cyclicity of the
spin chain, which makes the above Hamiltonian act on all the impurities.

Consider a two impurity sector in a periodic spin chain of length [. This
sector will be spanned by the operators ¢, ¢, qgllM{’;_l and MP"_ M} _,,
with the constraint [y + I = [ — 2. Let us write down the Hamiltonian in this
basis,

b1y b1y b1y M M, MM,

2(3(alar + afaz) 2(af + af)PY 2(al + al)PY 0
—ajaz —ajzay)

2(ay +a2)7’8 3(a;ra1 +a;a2) 0 2(a{ +a£)7>(1)
7(1,;(1,1 —ajaz +8 — 4773

2(aq +a2)77(1) 0 3(0,;(0,1 +a£a2) 2((11f +a;)7’8
70,;0,1 — aIa2 + 8 — 477(1)
26 — 5((111-0,1 + a{al)
0 2(ay + az)PY 2(a1 + az)Py —(8 = 2(afas +afaz))(PY + PY)
(2 — aIal — a;ag)
X(3%1 -8 — £31 x D)

(C.21)

C.4 Superspace for N =2 orbifold theory

In this appendix, we explain the superspace construction of the most general
N = 2 superconformal Lagrangian with the field content displayed in Table
5.2. This corresponds to the theory of the “deformed” orbifold of N’ = 4 SYM.
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The component Lagrangian of this theory is presented in Section 5.2.1.

The component fields of the Table 5.2, can be organized into two N = 2
vector multiplets and a hypermultiplet. The N = 2 vector multiplet in N' =1
superspace language is made out of a vector multiplet and a chiral multiplet.

In this theory of two SU(N.) gauge groups, the color indices of the N = 2
vector superfields under both the gauge groups are V¢, ®* V‘ib and ®° .
Their component expansion is as follows,

V. = 60"0A, +i6°0) — i*0) + 626°D (C.22)
d = ¢+0x—0°F (C.23)
V o= 00"0A, +i6°0\ — i0°0X + 620°D (C.24)
d ¢+ 0% — 6°F (C.25)

The N' = 2 hypermultiplets, however, carry the bi-fundamental index
structure with respect to the two gauge groups as Qaia and Q%% ,. They are
decomposed in the components as,

Q; = ¢ +00; —0°f; (C.26)
Of = F o0t — 02t (C.27)

The unique N = 2 superconformal Lagrangian with above multiplets is,

L = Ly+ Ly (CQS)
Ly = /d4¢96_gYMV(i)€gYMV—|—(/dzewawa—i—h.c.)

+ / d'ge= 01V et mV / dOW W +h.c)  (C.29)
Ly — /d49QngMVQ+/d49Qe—gwa

+/d49Qe‘9YM‘/Q+/d49Qe~‘7YM‘7Q

+( / d*0QPQ + h.c.) + ( / d*0QPQ + h.c.) (C.30)

One could add the term m [ d20QQ to the Lagrangian which would preserve
the N = 2 supersymmetry but this would break the conformal invariance.
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