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Abstract

In this thesis we investigate on the microscopic nature of the entropy of black holes in
string theory in the context of AdS/CFT correspondence. We focus our attention on
two particularly interesting cases in different dimensions. First, we consider static dyonic
BPS black holes in AdS, in 4d N/ = 2 gauged supergravities with vector and hyper
multiplets. More precisely, we focus on the example of BPS black holes in AdS, x S
in massive Type IIA, whose dual three-dimensional holographic description is known
and simple. To provide a microscopic counting of the black hole entropy we employ a
topologically twisted index in the dual field theory, which can be computed exactly and
non-perturbatively with localization techniques. We find perfect match at leading order.
Second, we turn to rotating electrically-charged BPS black holes in AdSs x S® in Type
IIB. Here, the microscopic entropy counting is done in terms of the superconformal index
of the dual ' = 4 Super-Yang-Mills theory. We proceed by deriving a new formula, which
expresses the index as a finite sum over the solution set of certain transcendental equations,
that we dub Bethe Ansatz Equations, of a function evaluated at those solutions. Then,
using the latter formula, we reconsider the large N limit of the superconformal index.
We find an exponentially large contribution which exactly reproduces the Bekenstein-
Hawking entropy of the black holes of Gutowski-Reall. Besides, the large N limit exhibits
a complicated structure, with many competing exponential contributions and Stokes lines,

hinting at new physics.
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Introduction and summary

One of the fascinating aspects of the physics of black holes is its connection with the
laws of thermodynamics. Of particular importance is the fact that black holes carry a
macroscopic entropy [4-8], semi-classically determined in terms of the horizon area by the

famous Bekenstein-Hawking formula:

kg ¢ Area

S pummy
BH A GN 4 )

(1)

where ¢ is the speed of light, kp is the Boltzmann constant, A is the reduced Planck
constant and Gy is the Newton constant (to simplify the notation, throughout the rest
of this thesis we will work in natural units and set ¢ = kg = h = 1). In this formula, the
}L proportionality factor is very important and it has been very precisely determined by
Hawking [8], using arguments involving the black hole thermal radiation—the Hawking

radiation.

In the search for a theory of quantum gravity, explaining the microscopic origin of
black hole thermodynamics is a fundamental but challenging test. As string theory is
proposed to embed gravity in a consistent quantum system, it should in particular provide
a microscopic description of in terms of a degeneracy of string states. Evidences that
such expectation is correct have been put forward by appealing to the nature of black
holes arising in string theory. The latter can indeed be formed from systems of branes [9]
which, in turn, admit a description in terms of a worldvolume gauge theory [L0-15]. This
provides a powerful alternative point of view, besides the gravitational description, much
more amenable to a quantum treatment. This framework was first used by Strominger
and Vafa [16] to show that, within string theory, one can give a microscopic statistical
interpretation to the thermodynamic Bekenstein-Hawking entropy of BPS black holes

in flat space.

Many different setups have been analyzed since then, including quantum corrections,
to an impressive precision [17-21] (see e.g. [22] for more references). In essentially all
examples, the microscopic counting is performed in a 2d conformal field theory (CFT)
that appears—close to the black hole horizon—as one plays with the moduli available in
string theory (and takes advantage of various dualities). In fact, also the entropy of BPS

black holes in AdS3 is well understood, since the microstate counting can be performed in
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the 2d CFT related to AdS; by the AdS/CFT correspondence [23-25] (see e.g. |26,27] for
reviews and further references). It is important to stress here that many of the derivations
of the black hole entropy in these contexts involve the use of the Cardy formula [28], which
gives the asymptotic growth of CF'T states for large charges.

In the case of asymptotically-AdS black holes in dimension d > 4 the situation is
different, because in general there is no regime in which the black holes are described by
a 2d CFT. On the other hand, the AdS/CFT duality constitutes a natural and wonderful
framework to study their properties at the quantum level. The duality provides a non-
perturbative definition of quantum gravity, in terms of a CFT living at the boundary of
AdS space. Therefore, one would expect the black holes to appear as ensembles of states
with exponentially large degeneracy in the dual field theory[] The problem of offering
a microscopic account of the black hole entropy is then rephrased into that of counting

particular CFT states.

Despite the very favorable setup, the problem in four or more dimensions has remained
unsolved for many years, and only recently a concrete example was successfully studied
in 29,30]. There, the entropy match was obtained for static dyonic BPS black holes
in AdS,; x S7 in M-theory. The strategy of the computation is the following: First, the
black holes are conveniently described by a consistent truncation of M-theory on S7 to a
4d N = 2 gauged supergravity with three Abelian vector multiplets—the so-called STU
model [31]. Then, the microscopic counting is performed in the 3d boundary theory—
the ABJM theory [32]. Being the black holes both electrically and magnetically charged
under (flavor and) R-symmetry, the holographic duality identifies their microstates with
ground states of the dual QFT quantized on S? (or a Riemann surface, depending on the
black hole geometry) with a topological twist 33|, necessary to account for the magnetic
charges. Such states can be conveniently counted by a (refined) Witten index [34], defined
in [35,36] and called “topologically twisted index”:

Z(p,A) = Trysz (—1)F e 2™ La Bada (2)

Here A, are chemical potentials for the electric charges q,, while H is the Hamiltonian
on S?, whose dependence on the topological twist is in terms of a set of integers p,,
associated to the magnetic charges of the black hole. Because of supersymmetry, only
the ground states contributeE] Furthermore, the index can be exactly computed using
supersymmetric localization [37] (see e.g. [38,39] for nice introductions and 40| for more
detailed reviews). In order to make contact with weakly-curved gravity, one should take

a large N limit in the QFT. Assuming that at leading order there are no dangerous

1By contrast, for black holes in flat space one uses a different QFT description for each black hole.

2In absence of deformations, the ground states have H = 0. However, when real masses o, are turned
on, the ground state energy is modified to H =) 049, and what we use as chemical potentials are the
complex parameters A, + 8o, /27.
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cancelations due to (—1)F E] the quantum degeneracies can be extracted with a Fourier

transform, which at large N is well approximated by a Legendre transform:

~

SBH = lOg Z(pa 3) —2mi Za Aaqa > (3)

with ﬁa such that the right-hand-side is extremized. This procedure has been dubbed
“T-extremization principle” in [29] and, for black holes in AdS, x S7, it exactly reproduces
the Bekenstein-Hawking entropy . Notice that here the microstate computation in the
index only involves the large N limit and thus it reproduces the black hole entropy for
any value of the charges, as opposed to the case of asymptotically flat black holes, where

the Cardy formula is used.

As a generalization, putting together the results in [29,30,43],44] the entropy match
is expected to work for generic static BPS black holes that can be described in consis-
tent truncations to 4d N' = 2 gauged supergravities with only vector multiplets. More
precisely, in the gravity description, the near-horizon region of the BPS black holes is
controlled by attractor equations [43|. Schematically (and in a frame with purely electric

gauging) the Bekenstein-Hawking entropy is given by the value of the function

, Pa0.F(X) — g X
S x zza T (4)
at its critical point. Here (p,,q,) are the magnetic and electric charges of the black hole
(in suitable units), X are the symplectic sections parametrizing the scalars in vector
multiplets, and F is the prepotential. Identifying A, = X/, X° and using that the

prepotential is homogeneous of degree two, one can write

Sy (ipaaggf) —z'qua> . (5)

On the other hand, it has been shown in [44] that, for a large class of quiver gauge theories
appearing in AdS/CFT pairs, the large N limit of the index is related to the large N limit
of the S? free energy Fgs by

B OF g
logZ =7 Za PagA (6)

Thus, provided one verifies the proportionality between the supergravity prepotential and
the S? free energy—which is a property of the conformal vacuum and has nothing to do

with black holes—one has also matched the entropy of static dyonic BPS black holes.

Thanks to this general approach, a number of microscopic matches for dyonic BPS

3An argument, similar to the one in [41,142|, was given in [29] that the index at large N counts the
precise number of single-center black hole states, while one expects cancelations to take place on states
related to multi-center black holes and hair.

Elisa Milan 3
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black holes/strings in diverse dimensions and with compact and non-compact horizons
have been performed in [44-68| (see e.g. [69] for a nice and detailed review). Attempts to
reproduce some subleading corrections have been made in [70-76|. Furthermore, proposals
for a geometric gravitational dual to the Z-extremization principle have been put forward

in [77-81].

As the large amount of recently produced literature can testify, the remarkable success
of this approach has opened the way to new studies, devoted to improve our understanding
of the microscopic nature of the black hole entropy. The aim of this thesis is to present
some new developments in this program, which extend the original results to more general
and, perhaps, more interesting scenarios in a universal framework. We summarize below

the novel results and outline the structure of this essay:

Part [ In the first part we analyze the case of asymptotically-AdS, dyonic black
holes arising in string/M-theory from consistent truncations to 4d N = 2 supergravity
with both vector multiplets and hypermultiplets. In particular, we describe how their
entropy is microscopically determined in terms of the topologically twisted index of the

holographic dual 3d QFT. The structure of this part consists of a single chapter:

Chapter [l  This chapter contains the main results obtained in [1]. Here we study the
case of black holes arising from consistent truncations to 4d N’ = 2 gauged supergravity
with both vector and hyper multiplets. Whenever the latter multiplets are present, they
can give mass to some of the vector multiplets, constraining the values of the vector
multiplet scalars at the horizon. This affects the formulation of the Z-extremization
principle in such a way that the standard argument presented above does not go through.
The purpose of this chapter is then to investigate whether the entropy of AdS, black
holes can be microscopically reproduced also in such more general theories. We consider
a particularly interesting example: black holes in AdS,x S® in massive Type ITA. The AdS,
vacuum has been recently constructed in [82] and the dual three-dimensional SCFT has
been identified as well. It is a 3d N' = 2 SU(N);, Chern-Simons gauge theory with three
adjoint chiral multiplets and superpotential W = Tr X[Y, Z]. Besides, the near horizon
geometries of static dyonic BPS black holes have been identified in [83] (see also [84]).
Making use of the attractor equations with hypermultiplets and dyonic gaugings [85],
we are able to reproduce—at leading order—the entropy of those black holes from a
microscopic counting. Notice, as a remark, that the black holes considered here are in
massive Type IIA [86], as opposed to M-theory. As a result, the entropy scales as N°/3
as opposed to N3/2. Yet, the microstate counting works perfectly, thus providing a non-

trivial check of the robustness of the proposal in [29).

Part In the second part of this thesis we depart from the realm of asymptotically-
AdS dyons to study a very different case: purely electric and rotating black holes. We
show that, differently from the dyonic case, in absence of magnetic charges the microscopic

counting is done in the dual QFT in terms of a different index—the “superconformal
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index” [87-89]. Although in this case the boundary theory is not topologically twisted,
a generalized version of the Z-extremization principle can be formulated and the entropy

match perfectly works. The structure of this part is composed of two chapters:

Chapter . This chapter discusses the content of |2|. Here, the main purpose is to set
the ground for the entropy match of electrically charged rotating black holes by discussing
some important features of the superconformal index. In QFTs with superconformal
invariance, the latter object counts (with sign) the number of local operators in short
representations of the superconformal algebra. The counting can be done keeping track
of the spin and other charges of the operators. Crucially, the superconformal index is
protected by supersymmetry and it can be computed exactly and non-perturbatively.
Despite its simplicity, this observable contains a lot of information about the theory, and
indeed it has been studied in all possible dimensions (i.e. up to six) and under so many
angles (see e.g. [40] for reviews). Having in mind the discussion on asymptotically-AdS;

black holes of the next chapter, here we focus on the four-dimensional index.

Because the index does not depend on continuous deformations of the theory, and a
suitable supersymmetric generalization thereof does not depend on the RG flow, it follows
that in theories that are part of a conformal manifold and have a weakly-coupled point
on it, and in theories that are asymptotically free, the evaluation of the index can be
reduced to a weak coupling computationﬁ This amounts to counting all possible local
operators in short representations one can write down, and then restricting to the gauge-
invariant ones. In the language of radial quantization, one counts all multi-particle states
in short representations on the sphere, and then imposes Gauss law. In the case of the 4d
N = 1 superconformal (or supersymmetric) index of a gauge theory with gauge group G
and chiral multiplets ®, in representation R,, the counting is captured by the standard
formula [87],88,90]:

T r Ta oo Wa rk(G
(5 ) (g )5 [1.I1,,cor, D((pa) /22720 p, q) 1(—[) dz;

L(p,q;v)=
(p.4:v) Wol o) ooa T 0.0)

(7

1=

Here, briefly, p,q are the (complex) fugacities associated to the angular momentum, v
collectively indicates the fugacities for flavor symmetries, z indicates the fugacities for the

gauge symmetry, r, are the R-charges, and I is the elliptic gamma function.

Inspired by recent work of Closset, Kim and Willett [91,(92], we show that, when the

fugacities for the angular momentum satisfy
¢ =7’ (8)

for some coprime positive integers a, b, then one can derive an alternative, very different

4There is a small caveat: the IR superconformal R-symmetry must be visible in the UV, i.e. it should
not be accidental.
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formula for the 4d superconformal index.

The new formula is a finite sum over the solution set 9Mpag to certain transcendental
equations—that we dub Bethe Ansatz equations (BAEs)—of a function, closely related
to the integrand in ([7)), evaluated at those solutions. Very schematically, we prove that
)% Dl )=

(p;p 4 q

Wel

) ab
Z Z Z(zh_m,p,q,v) H(z,p,q,0v)" . (9)

z EMBAE {mi}:l

I(p,q;v) =

Here, the function Z is the integrand in the standard formula ; h is a fugacity defined in
terms of p, g by p = h® and ¢ = h°, for coprime a,b € N; Mpag is the set of solutions—on

a torus of exponentiated modulus h—to the BAEs, which take the schematic form
Qi(z,p,q,v) =1 fori=1,...,1k(G) (10)
in terms of some functions @); of the fugacities; the function H is the Jacobian

aQi(Zap7 q, U)
H =det ———————=
(2,p,q,v) = de Jlog 2,

(11)

defined in terms of ;. A special case of this formula when p = ¢, namely a = b =1, was
derived in [91]. All the details and definitions required for the new formula will be given

throughout the chapter.

The condition limits the applicability of the Bethe Ansatz (BA) formula @ in the
space of complex fugacities. Yet, the domain of the formula is rich enough to uniquely
fix the index as a continuous function (with poles) of general fugacities. We offer two
arguments, one that uses holomorphy of the index and one that just uses continuity.
Roughly, the reason is that the set of pairs (p, q) satisfying is dense in the space of
general complex fugacities.

The BA formula @D can be thought of, in some sense, as the “Higgs branch localiza-
tion” partner of the standard “Coulomb branch localization” integral formula , using
the terminology of [9394] (see also [95-97| for similar formulas). More precisely, the
existence of a formula as (9 can be justified along the lines of [35/36,/91,(92,/98,[99]. The
superconformal index can be defined as the partition function of the Euclidean theory on
S1 x S3, with suitable flat connections along S' and a suitable complex structure that
depends on p, ¢, and with the Casimir energy [100}|101] stripped off.ﬁ The standard local-
ization computation [102,[103] of the partition function leads to (7). However, when p, ¢
satisfy , the geometry is also a Seifert torus fibration over S%. Following [92], one ex-
pects to be able to reduce to the computation of a correlator on S? in an A-twisted theory

coming from dimensional reduction on the torus [104], which should give an expression

5Notice that the superconformal index, up to a change of variables reviewed in Section is a
single-valued function of the fugacities, while the partition function is not [101].

6 Elisa Milan
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as in ([9). In any case, we have derived the BA formula (9)) by standard manipulations of

the integral expression and thus we do not rely on any such putative 2d reduction.

Chapter [3| The last chapter of this thesis contains the material discussed in [3].
Rotating, purely electric black holes are very important solutions of general relativity
and generalizations thereof, including string theory. Providing a microscopic entropy
computation for such black holes constitutes a very important yet challenging problem.
Famously, the microstate counting for BPS black holes in AdSs; has remained a long-
standing open problem, which dates back to the work of [88,|105,/106|. In this context,
BPS black holes arise as rotating electrically-charged solutions of Type IIB string theory
on AdS; x S° [107}111]. Their holographic description is in terms of 1/16 BPS states of
the boundary 4d A/ = 4 Super-Yang-Mills (SYM) theory on S3, which can be counted
(with sign) by the superconformal index. One would expect the contribution of the black
hole microstates to the index to dominate the large N (i.e. weak curvature) expansion.
However, the large N computation of the index performed in 88| showed no rapid enough
growth of the number of states, and thus it could not reproduce the entropy of the dual
black holes. Additionally, that result was followed by several studies of BPS operators at

weak coupling [112-116] in which no sign of high degeneracy of states was found.

Very recently, the issue received renewed attention leading towards a different conclu-
sion. First, the authors of [117,/118] formulated an extremization principle to extract the
black hole entropy in terms of a Legendre transform, and then noticed the latter shares
intriguing similarities with anomaly polynomials and Casimir energy of the dual field
theory. Second, the authors of [119] related the black hole entropy to the (complexified)
regularized on-shell action of the gravitational black hole solutions, and then compared
the latter with the S* x S3 supersymmetric partition function of the field theory, finding
perfect agreement at leading order in large N. Third, the authors of [120]| analyzed the
index in a double-scaling Cardy-like limit, finding quantitative evidence that the index
does account for the entropy of large BPS black holes (whose size is much larger than the
AdS radius). Lastly, in [121] it was observed that, even at finite values of the fugacities,
the index exhibits a deconfinement transition before the Hawking-Page transition related

to the known AdSj; black holes, pointing towards the existence of hairy black holes.

In this chapter, we offer a resolution of the issue by revisiting the counting of 1/16
BPS states in the boundary N' = 4 SYM theory at large N. We approach the problem by
using the Bethe Ansatz formula for the superconformal index, introduced in the previous
chapter. This expression allows for an easier analysis of the large N limit, similar to the
one performed in [29,30]. We find that the superconformal index, i.e. the grand canonical
partition function of 1/16 BPS states, does in fact grow very rapidly with N—as O(eN*)—
for generic complex values of the fugacities. Although the BA formula can handle the
general case, this is technically difficult and therefore we restrict to states and black holes

with two equal angular momenta, as in [108].

Elisa Milan 7



A Tale of Two Indices

The BA formulation reveals that the large N limit has a complicated structure. There
are many exponentially large contributions, that somehow play the role of saddle points.
As we vary the complex fugacities, those contributions compete and in different regions
of the parameter space, different contributions dominate. This gives rise to Stokes lines,
separating different domains of analyticity of the limit. The presence of Stokes lines also
resolves the apparent tension with the computation of [8§|, that was performed with
real fugacities. We show that when the fugacities are taken to be real, all exponentially
large contributions organize into competing pairs that can conceivably cancel against
each other. The fact that for real fugacities the index suffers from strong and non-generic

cancelations was already stressed in [120,/121].

Our main result is to identify a particular exponential contribution, such that extract-
ing from it the microcanonical degeneracy of states exactly reproduces the Bekenstein-
Hawking entropy of BPS black holes in AdS5 (whose Legendre transform was obtained
in |117,[118]). This is in line with the double-scaling Cardy-like limit of [120]. Along the
way, we show that the very same Z-extremization principle [29}30] found in AdSy, is also
at work in AdS; guaranteeing that the index captures the total number of single-center
BPS black hole states.

At the same time, we step into many other exponentially large contributions: we
expect them to describe very interesting new physics, that we urge to uncover. To that
purpose, we study in greater detail the case of BPS black holes with equal charges and
angular momenta [107]. We find that while for large black holes their entropy dominates
the superconformal index, this is not so for smaller black holes. This seems to suggestf]
that an instability, possibly towards hairy or multi-center black holes, might develop as
the charges are decreased. Similar observations were made in [120,|121]. It would be
extremely interesting if there were some connections with the recent works [122-126|, and

we leave this issue for future investigations.

For more recent advances in the study of the AdSs black holes, the dual index and
generalizations thereof we refer to [127H134], where approaches similar to the ones dis-
cussed here are employed. See also [135}/136] for discussions on rotating black holes in

dimensions other than five.

SWe are grateful to Shiraz Minwalla and Sameer Murthy for suggesting this possibility to us.
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Part 1

The topologically twisted index and
AdS, black holes






1 Black hole entropy in massive Type IIA

We study asymptotically-AdS, dyonic black holes in massive Type IIA on S arising
from a consistent truncation to 4d N = 2 supergravity with both vector multiplets and
hypermultiplets. In particular, we show that the Bekenstein-Hawking entropy of these
black holes can be holographically reproduced in terms of the topologically twisted index
of the dual 3d QFT.

The chapter is organized as follows. In Section we describe the near-horizon ge-
ometries of static dyonic BPS black holes in AdS, x S%. We recast their entropy in the
form of the solution to an extremization problem. In Section we compute the index
in the field theory, at leading order in N, and express again the microstate degeneracy as
the solution to an extremization problem. In Section we show that the two problems

coincide. We conclude in Section [T.4]

Note added. When this work was under completion, we became aware of the related

works [49] and [50] that overlap with ours.

1.1 Dyonic black holes in massive Type IIA

We study BPS black holes in massive Type IIA on AdS; x S®. The supersymmetric AdS,
vacuum, corresponding to the near-horizon geometry of N D2-branes in the presence of
k units of RR 0-form flux (the Romans mass [86]), has been constructed in [82]. The S°
is squashed, as a squashed S? bundle over CP?, and it preserves U(1)g x SU(3) isometry.

The first factor is an R-symmetry, and the solution preserves 4 4 4 supercharges.

We are interested in static dyonic BPS black holes in this geometry, and they are more
conveniently described within a consistent truncation to 4d N' = 2 gauged supergravity.
In particular, massive Type ITA on AdS; x S admits a consistent truncation to ISO(7)
dyonically-gauged 4d N' = 8 supergravity [82], where ISO(7) = SO(7) x R” (see also
[137138]). This theory has many supersymmetric and non-supersymmetric AdS solutions,
and the one we are interested in preserves N/ = 2 supersymmetry and a U(1)z x SU(3)
subgroup of I50(7)["] Dyonic black holes generically break U(1) x SU(3) to its maximal

"To the best of our knowledge, no complete classification of AdS vacua is available for this theory.
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torus, and can be described by a further consistent truncation to a 4d N = 2 gauged
supergravity with vector and hyper multiplets. Such truncations are characterized by
a subgroup Gy C ISO(7) under which all fields are neutral. We are thus interested in
the case where Gy = U(1)?. Such an A/ = 2 truncation contains three vector multiplets
and one hypermultiplet, and what is gauged is a group R x U(1) of isometries of the
hypermultiplet moduli space [83)].

When dealing with 4d N = 2 supergravity, it is convenient to use the language of spe-
cial geometry [1397141|.ﬁ Let us restrict to the case with Abelian gauge fields, then the
formalism is covariant with respect to symplectic Sp(2ny + 2,7Z) electric-magnetic trans-
formations (ny is the number of vector multiplets). We use a notation VM = (VA V))

for symplectic vectors, where A = 0,...,ny, and define the symplectic scalar product
(VW) = VMQua VY = Vih — VAW, (1.1.1)

in terms of the symplectic form €2 = (g S )

First, the complex scalars z* in the vector multiplets (with @ = 1,...,ny) describe
a special Ké&hler manifold Mgk. We can give it a (redundant) parametrization in terms
of holomorphic sections X*. The holomorphic sections are collected into a covariantly-

holomorphic symplectic vector

VY — K2 (i_j((j:))) (1.1.2)

with DV = 0,V —1(8:K)V = 0. Here K(2%,2) = — log [i(]:AYA—XA.T-"A)} is the Kéhler
potential for the metric on Mgk, namely ds3; = —(8,185/C)dz“d§l_’, while Fp = OpF are
the derivatives of the prepotential F. Thus the covariantly-holomorphic sections satisfy
(V,V) = —i. In addition to z% the vector multiplets contain gauge fields A% which,
together with the graviphoton A°) form a symplectic vector AM = (A%, ZA) where A,

are dual to A* under electric-magnetic duality.

In our caseﬂ ny = 3 and the special Kéhler manifold is Mgk = (SU(1, 1)/U(1))3,
parametrized by {2%},-123. The prepotential is

F=—2VX0X1x2X3 (1.1.3)
(as in the STU model |31]) and the holomorphic sections can be parametrized as

Xt = <_ 212220, =2, =2, —23) ) Fr= (1, 2223, 2128, zlz2) . (1.1.4)

Indeed, the scalar potential being function of 70 scalars, finding all its critical points is a very hard task.
8We follow the notation of [85|.
9More details about this gauged supergravity and its action can be found in [83].
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In other words X' X?2X3/X? = 1. The Kihler potential is K = — Zi:l log (2 Im z“) and

the metric is
3

1 dz® dz®
2. == —_ . 1.1.
dssi 4 ; (Im z2)2 (L.L5)

Thus the scalars z* live on the upper half plane.

Second, the real scalars ¢* in hypermultiplets (with uw = 1,...,4ng and ny is the num-
ber of hypermultiplets) describe a quaternionic Kéhler manifold Mqk. The dyonic gaug-
ing involves an isometry of Mqxk with associated commuting Killing vectors k, (where a
parametrizes the isometry generators). The specific gauging is described by an embedding
tensor ©,,* that contains information about the coupling of gravitini and hypermultiplets
to the gauge fields. One requires the locality constraint (0%, ©F) = 0 that ensures the
existence of a frame where the gauging is purely electric [142]. Hence, one constructs a
symplectic Killing vector K}, = 0,4k and then the covariant derivatives of the scalars

q" are given by
Dq" = dg" — (A, K") = dg" + A0,k — A0 kY . (1.1.6)

The isometries of Mgk descend from SU(2)-triplets P7 of moment maps, where SU(2)
acts on the supercharges and x = 1,2,3. Once again, one can use the embedding tensor

to construct a symplectic vector
Pi =0,"P". (1.1.7)

The SU(2) index x is related to an SU(2) bundle over Mqk, and one can thus perform
local SU(2) rotations.

In our case ny = 1 and the hypermultiplet manifold is Mqx = SU(2,1)/(SU(2) x
U(l)). We parametrize it with ¢* = (o, ¢, ¢, Q:) and its metric is given by

1 L 2 1 -
sty = huadg“dg” = ; " (do— +1(¢dC - gdg)) g+ e (dC? +dC) . (L18)
The dyonic gauging involves an Abelian R x U(1) isometry of Mgk with Killing vectors
ke = 0, , kuay = ¢ = CO; . (1.1.9)
Here o = R, U(1). They descend from moment maps

B =0, PJ(1)26¢(§—i§)7
] (1.1.10)

1 -
P[g — —§€2¢ 5 Pg(l) — 1 — Z€2¢(C2 _I_ CQ) 9
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where P = P! +iP?. The embedding tensor is

oM _ e\ ([ m 0 0 0
~\e,) Lo o0oo0o0

where g, m are the electric and magnetic coupling constants, respectively, with dimension

.
000
I (1.1.11)
099y

of mass. We will assume g,m > 0. Notice that the hypermultiplet is charged only
under one linear combination of the three U(1) gauge symmetries associated with the
vector multiplets, namely under Z‘Z:l A All fields are neutral under the remaining
Gy = U(1)? € ISO(7). On the other hand, o plays the role of a Stiickelberg field that

gives mass to the graviphoton A°.

The magnetic gauging m is induced by the Romans mass in the massive Type ITA
uplift of this theory [82]. It has the effect to mix the graviphoton AY with its magnetic
dual EO, and in the Lagrangian it induces a topological term which requires the use of an
auxiliary 2-form field B° [142]. This produces an extra Abelian 1-form gauge symmetry

with parameter £°, such that:
0 0 0 0 o, 1 .o T = 1

This symmetry will be useful later when studying the BPS equations.

1.1.1 Black hole horizons

We consider static BPS black holes with dyonic charges and horizons given by a compact
Riemann surface ¥;. In particular, we can have spherical (52, g = 0), flat toroidal (72,
g = 1) or hyperbolic (locally H?, g > 1) horizons. The metric ansatz takes the form

ds? = —e 20 g2 42U g2 4 62(1&(7‘)—U(7”))d32E (1.1.13)

g

in terms of radial functions U, . Here als%g is the metric on ¥ with constant scalar

curvature Ry, =2k and k = 1 for g =0,k =0 for g=1, K = —1 for g > 1. Locally we

can take
sinf  g=0
dss, = db” + fZ(0) dg” fo0) =14 1 g=1 (1.1.14)
sinhf g>1.

The scalars are taken to have radial dependence. The ansatz for the gauge fields AM is

such that it fixes the electric charges e, and the magnetic charges p® of the black hole:

. 5 .
A A
Pt = H™ ex = Gy . 1.1.15
Vol(Z,) Jy, A7 Vol(xy) o A ( )
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Here H* = dA* +62°ImB° and G = 87Gy §(ZLdvoly) /6 H”, where .Z is the Lagrangian
of the model. The correction term ensures that the charges are gauge invariant, however

it is always possible to choose a gauge in which the 2-form B° vanishes. The volume of
24 1s

Vol(3,) = 27,

olg—1| f 1
n:{ o 1] forg# (1.1.16)

1 forg=1.
We collect the electric and magnetic charges into a symplectic vector (in general r depen-

dent)
Q= (p",en). (1.1.17)

It will be convenient to define also
Q" = (P, Q) , (1.1.18)

which is an SU(2) triplet of scalars.

To find BPS solutions we should specify an ansatz for the Killing spinors as well.
The condition such that the gauge connections cancel the spin connection in the gravitini

variations boils down to (see e.g. [143])
Kea=—0%(0%) PTep . (1.1.19)

Here €4 is a doublet of spinors, A = 1,2 is an index in the fundamental of SU(2) and
hatted indices correspond to vielbein. By taking the square of this equation we obtain

the constraint

Q"Q" =k*. (1.1.20)

For k # 0, halves the number of preserved supercharges. As we will see, in
the near-horizon region one finds Q* = 0. Using local SU(2) rotations we could always
enforce this condition on the whole solution. Then, in order to solve (|1.1.19), we would
impose the projectoﬂ

en= (0% PTep . (1.1.21)

This gives us the stronger constraint
Q= —k, (1.1.22)

which will turn out to be the BPS constraint on the Chargesﬂ In practice we will not
work with this rotated frame, both because we want to keep the moment maps in their

simple form ((1.1.10)), and because in any case we will only consider near-horizon solutions.

10Such a projector corresponds to the one imposed by the topological twist in the boundary theory.

"This is equivalent to the BPS constraint (G, Q) = —k in the case without hypermultiplets. In that
case G = (g, ga) is the symplectic vector of magnetic and electric gaugings, also called Fayet-Iliopoulos
terms.
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Had we chosen the opposite sign in , we would have considered anti-BPS solutions
and the constraint would have had the opposite sign. For k = 0 we are led to
the same constraint , however it seems that there is no need to impose projec-
tors. Nevertheless, the projector ((1.1.21))—or the one with opposite sign—is imposed by
requiring the gaugini variations to vanish for generic charges. From a careful analysis of

the BPS equations one derives another constraint [85]:
K hw (K, Q) =0 . (1.1.23)

This will be useful later.

The only full black hole solution that has been constructed in this theory to date
has equal magnetic and electric charges [84]. However, near-horizon geometries are much
easier to construct—thanks to the attractor equations [43,[85}/143]—and they have been
explicitly constructed in [83|. Since the near horizon geometry is all we need to determine
the Bekenstein-Hawking entropy of the black hole, we will restrict to that. In fact, as we
will see, we do not even need to find the full near-horizon geometries explicitly in order

to exhibit a match with the microscopic field theory computation.
The near-horizon geometry is AdS; x 3, corresponding to the functions

2

i — P — I (1.1.24)
LAdSz

while all scalars are constant. The full near-horizon solutions are fixed by attractor
equations [43,85,[143]. Let us defind™|

Z(2%phep) = (Q, V), Lz q") = (P V). (1.1.25)

Then the BPS equations imply
(K", V) =0 (1.1.26)

as well as = P
Dy -=0, —i— =1Ly, (1.1.27)

supplemented by the constraints ((1.1.22)) and (|1.1.23)). In the equation above, 0, is a

derivative with respect to the vector multiplet scalars z%. The first equation is in fact
equivalent to D, (Z — iL%gﬁ) = 0, when combined with the second one. Moreover the

second equation computes the horizon area.

Our strategy will be to use the equations to fix the hypermultiplet scalars and enforce

the constraints they impose on the vector multiplet scalars and the charges, but leave the

12The definition of £ here differs from the more common one Lipere = (Q%P%, V) that is used, for
instance, in [85]. The one here, used e.g. in [143,/144], allows us to treat all cases k = {1,0,—1}
uniformly.
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remaining freedom in the vector multiplet scalars unfixed. Let us begin with ((1.1.26]).

The vector K? is identically zero, while the other ones give

M\R
N

e

3
(K7, V) = gX —mFy, e H(KSV)=—(gd X", e 3K CQZX“.
) (1.28)

Since o is a Stiickelberg field shifted by R gauge transformations, we can gauge fix it to
zero. Together with (1.1.26) we obtain, at the horizonﬂ

3
c=(=(=0, Hza:—%. (1.1.29)

Then we consider ((1.1.23]). Imposing ( = ¢ = 0 the only non-vanishing components are
with A = 0, either up or down. They give a constraint on the graviphoton charges:

mey—gp’=0. (1.1.30)

Finally we impose (1.1.22). When ¢ = ¢ = 0 only P? is non-vanishing, while P* = 0.
Using (1.1.30) we find Q3 = 923:1 p®, and thus we obtain the BPS constraint on the

charges

> pt= -5 (1.1.31)

Instead of trying to solve the remaining equations in ((1.1.27)) (explicit solutions can be
found in [83]), we aim to reduce them to a simpler extremization problem. We evaluate

the functions £ and Z at the horizon, imposing ¢ = ¢ = 0:

1
L= — 2 (gX0 —mF) +g(X+ X2+ X3
‘ 3¢ (0X0 = mFa) o ) (1.1.32)

Z = r/? (eAXA — pA]-"A) .

When imposing D, (Z — iLQEgﬁ) = O, [e7 (2 - iLQEgﬁ)} = 0 we are supposed to vary
the functions with respect to independent scalars z*. However the hypermultiplet scalar
e?? plays the role of a Lagrange multiplier for the second constraint in , therefore
we can reduce to the problem of extremizing —iZ /L with respect to constrained scalars
satisfying (1.1.29). Imposing the constraint we find

Z i S (9eaz® —mp®/2,) .
_Z =2 - with (T.1.29) . (1.1.33)
£ g2 Za:l Za

13Here we are using that E 1 X = ZZ 1 2% # 0 since z® take values on the upper half plane.
However, even relaxing this COIldlthIl and allowing—in principle—specific values of 2% for which (1.1.26] m
is solved leaving ¢, ¢ unconstrained, for k = +1 we still find that (1.1.20) and (1.1.23)) imply { = ¢ = 0.
We conclude that there exist no special solutions to (|1.1.26]) besides (|1.1.29)).
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Although not needed here, notice that the equations 9, [e_’c/ 2 (Z — iL%gﬁ)} = 0 with
variations with respect to independent 2%, combined with the constraint (1.1.29)), fix the
value of the Lagrange multiplier e??, which is the last hypermultiplet scalar we had not

fixed yet.

1.1.2 The Bekenstein-Hawking entropy

The Bekenstein-Hawking entropy Sy of the black holes is given by the horizon area:

Area 27”7[/22
SpH = = L 1.1.34
NV TE NV TEN ( )

The attractor equations ([1.1.27)) determine the area in terms of the value of —iZ/L at its

critical point. We can then introduce a function

2mn 2 2w n ey (9€az” —mp®/za)

S(z%peq) = — — 1.1.35

(hp'ed = =il T 771G S (1.1.35)

of two complex variables, in which the three scalars satisfy Hi:l 2% = —m/g and the

charges satisfy Zi:l p* = —k/g. The entropy is equal to the extremal value of this
function:

S = S(2%;p% €q) with 2% such that  0,aS(2%; p?, e4) =0. (1.1.36)

z20=2

We should now comment on the existence of the BPS black hole horizons we have
studied above. A generic solutions of the BPS equations satisfying the ansatze f
does not give rise to a well-defined large smooth black hole (with finite horizon
area). For this to be the case further requirements need to be satisfied by the charges
(p?, e,). First of all we should impose all the metric components to be real (or, equivalently
that L3.s, and L3 be real positive) as well as that 2° live on the upper half-plane.
These inequalities can drastically reduce the domain of charges leading to a large smooth
BPS horizon, although they cannot modify its dimensionality. Solving these inequalities
is a very important but hard task that, to the best of our knowledge, has not been
exhaustively addressed for the 1.S0O(7) dyonically-gauged supergravity or its truncations.
We will not address it here, but we leave it for future investigations. Instead, we focus
on a more tractable necessary condition to have a good near-horizon geometry, which is
that S(z% p, e,) be real positive. This imposes a further polynomial constraint on the
charges. We also note that for every choice of charges (p®, e,)—satisfying —it is
always possible to perform a common shift of e, such that S(z%; p®, e,) becomes real (not
necessarily positive, though). This is a shift of the R-charge of the black hole. Such a shift

does not affect the extremization problem, therefore it does not change 2%, but it shifts
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W =Tr X[Y, Z]

Figure 1.1: Quiver diagram and superpotential of the 3d dual to massive Type IIA on SS.

S by an imaginary amount. We conclude that (before applying quantization conditions)

the domain of charges (p?, e,) leading to large smooth BPS horizons has dimension 4.

We can describe the procedure in a slightly different way. First we fix magnetic charges
that satisfy the BPS constraint (1.1.31]), and flavor charges e, — e3 for a = 1,2. Then
we determine the unique value of the R-charge eg = e3 such that S(z%; p%, e,) is real. In
other words, for given magnetic and flavor charges, there is a unique value of the R-charge
such that a large smooth black hole with those charges can possibly exist. As we will see

in Section [I.3] this procedure has a direct counterpart in the field theory analysis.

1.2 Microscopic counting in field theory

The three-dimensional quantum field theory dual to massive Type IIA on S° whose
consistent truncation we studied in the previous section, has been identified in [82]. It
is an N = 2 supersymmetric Chern-Simons-matter theory with gauge group SU(N) and
level k (related to the Romans mass), coupled to three chiral multiplets X, Y, Z in the

adjoint representation, and with a superpotential given by
W=TrX[Y,Z]. (1.2.1)

The corresponding quiver diagram is represented in Figure (it coincides with the quiver
of 4d N' = 4 SYM, which we will study in Chapter . The global symmetry of the theory
is SU(3) x U(1)g, where the latter is the R-symmetry. We find it convenient to adopt
two different bases for the maximal torus U(1)? x U(1)g of the global symmetry:

Ry Ry Rs ‘ di 92 T

X2 0 0 1 0 0
(1.2.2)

Y| 0 2 0 0 1 0

Z10 0 2]|]-1 -1 2

Here the generators R o3 of the first basis are all R-charges, as they give charge 2 to the
superpotential (1.2.1)). On the other hand, in the second basis we have two flavor charges
o = %(Ra — R3), with @ = 1,2. Moreover, we have chosen an R-symmetry generator

r = R3 that gives integer charges to all fields.
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The regime in which the bulk gravitational theory is weakly coupled corresponds to
the large N limit with k fixed (or at least N > k). The BPS dyonic black hole solutions
in AdS, induce, via the rules of AdS/CFT |23-25|, relevant deformations of the boundary
theory. First of all the 3d CS theory is placed on ¥ x R, where Y; is a Riemann surface
with the same genus g as the black hole horizon. Second, the theory is topologically twisted
on X, [145] in such a way that one complex supercharge is preserved. In other words,
there is a background gauge field V' on ¥, coupled to an R-symmetry, equal and opposite
to the spin connection and therefore such that % fzg dv =g — 1 In the presence of
flavor symmetries there are multiple choices one can make for the R-symmetry used in the
twist. We can parametrize those choices by fixing r as the R-symmetry and introducing
Abelian background gauge fields A, coupled to the symmetry currents associated with the
flavor charges q,. Doing so (in the Cartan subalgebra, without loss of generality) turns

on magnetic fluxes on X:

1
Pa = %/2 dAa € FgU(g) . (123)
g

The numbers p, are GNO quantized [146] in the coroot lattice FgU(B) of the flavor sym-
metry, and effectively parametrize the twist. It turns out to be convenient to introduce
an auxiliary flux parameter, formally associated to the R-symmetry, that is defined lin-
early in terms of the other ones. Then the fluxes p, in field theory correspond to the
magnetic charges of the black hole (the precise normalization will be fixed in Section .
In our case we introduce ps, besides p; o, such that 32°_ p, = 2(g — 1). This description
is directly associated to the first basis in and it is convenient because the Weyl
group of SU(3) acts as permutations of the indices a = 1,2, 3. Finally, the Hamiltonian
of the theory is subject to the so-called ‘“real mass deformation”. Viewing the Abelian
gauge fields A, as components (in a Cartan basis) of a background vector multiplet V
associated with the flavor symmetry group, this relevant deformation can be parametrized
by non-zero constant configurations o, (again in a Cartan basis) for the adjoint scalars
in the bottom component of V. The latter preserve the original supersymmetries and
they introduce mass terms which lift the spectrum of the Hamiltonian to a gapped one.

Additionally, they modify the supersymmetry algebra in the following way:

{Q QN =H-) o, (1.2.4)

where Q is the preserved supercharge, H is the Hamiltonian on Y, and q, are the flavor
charges defined as in (|1.2.2)).

The black hole microstates correspond to ground states of this system, therefore in
order to give a microscopic account of the black hole entropy we should count them [29,30].
This is a non-trivial problem because the theory is strongly coupled in the IR. However

we can have a good estimate, in the large N limit, of the number of ground states by

4We can turn on a background flux because all gauge-invariant operators have integer R-charge.
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computing an index, dubbed “topologically twisted index”:
Z(p,A) = Tryys,) (—1)F e PH 2rizacata (1.2.5)

Here, F'is the fermion number and «, are real chemical potentials associated to the flavor
charges q,. Furthermore, notice that the Hamiltonian H on >, explicitly depends on the
flavor fluxes p, and on the real masses o,. This object is a Witten index [34]: it only

receives contributions from ground states H = ) 044,, such that
Z(p,A) = Tr g—q (—1)F 2 2a Badla (1.2.6)

is a meromorphic function of A, = «, + if0,/2m, which play the role of complexified
chemical potentials. As a remark, let us stress that, in the case where the real masses
o, are switched off, the index is singular as the spectrum of H becomes continuous and
so the trace is ill-defined. Nevertheless, a well-defined formula for the index in the limit

0, — 0 can be obtained via analytic continuation.

The index (1.2.6]) is protected by supersymmetry and it can alternatively be thought
of as the supersymmetric partition function of the Euclidean theory on the topologically
twisted S x X, background. As such it can be computed exactly with localization tech-

niques [35,136,/98|, and it takes the following form:
1
Z(p,A) = —— 7{ (T, m;y.p) . 1.2.7
0.8 =iy 32 At (127

Here W is the gauge Weyl group, I'}, is the co-root lattice of the gauge group G, and the
sum is over gauge fluxes m on ¥;. Then Z;, is a meromorphic rk(G)-form on the space of
complexified flat gauge connections on S!, which can be parametrized by gauge fugacities

2mifa are (complex) fugacities for the flavor symmetries. The integral is

x. Finally y, = ¢
a contour integral along a particular contour called the Jeffrey-Kirwan residue [147]. We

refer to [35136,98] for details.

Taking an alternative approach [36],98,99| (see also [104,/148|), one can obtain an
equivalent expression for the topologically twisted index, very different from (1.2.7). This
formula expresses the index as a finite sum over the set of solutions Mgag of a system
of 1k(G) algebraic equations—dubbed “Bethe Ansatz Equations” (BAEs)—of a function
directly obtained from the integrand Z;,;. More precisely, the BAEs are of the form

27miB;(x) _ 1

e : i=1,...,r, (1.2.8)

with

Bl(l’) _ Lalog Zint(m7 m;y, p)

= — S (1.2.9)

m=0
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The new formula is given by

(- A N
Z(puA) = T A Z Zint(x70;y7p) H(xayap)gi ) (121())

ZEMBAESs

where H is the determinant of the Jacobian matrix

e2miBi (z)

H(x; =det —— 1.2.11
(59, p) = det S (12.11)

and
Mpar = {x i=1,...,r ‘ BiER) — 1 w4 i Ywe WG} (1.2.12)

identifies the only solutions to (|1.2.8) which are not fixed by any Weyl group elementﬂ
The strategy employed to obtain such a formula consists in resumming the series over
m € T'), in (1.2.7) making use of some manipulations to recast it as a geometric series.
Upon carefully dealing with convergence issues, this produces a sum of residues at the
solutions of the BAEs. Assuming that all the acceptable solutions are simple roots,
the sum of residues precisely evaluates to E This Bethe Ansatz formula for the
topologically twisted index can be given a physical interpretation along the lines of |36},98|
99,104]. Indeed, the index can be thought of as a correlator on 3, in the dimensionally
reduced theory on S!'. The latter is an effective two-dimensional A-twisted Landau-
Ginzburg (LG) model of rk(G) Abelian twisted chiral multiplets, governed by a twisted
superpotential W. In terms of the 3d degrees of freedom, the bottom components of these
multiplets correspond to the gauge fugacities z and W has a holomorphic dependence on
them. Using the standard formula [104)/149|, the correlator is expressed as a sum over
the supersymmetric vacua of the LG model, precisely giving . In this language,
the BAEs consist in the 2d vacuum equations and they are determined in terms of the
twisted superpotential by the relation

Bi(x) = 2mi 8W(33)

Tosa. (1.2.13)

Moreover, the contribution of Zj|m=o in (1.2.10) can be interpreted as the insertion in
the correlator on 3, of line operators wrapped on S*, whose effect is to turn on the flavor
magnetic fluxes pa.lﬂ For further details, we refer to [36}98,(99}/104].

15An equivalent requirement is that the Vandermonde determinant ] e AG(l — z%), playing the role
of the vector multiplet 1-loop determinant in Zj,s, evaluated on the solutions to the BAEs be non-
vanishing [36].

I6Tf the roots are not simple does not hold. In this case one has to use a more general
prescription, in terms of the Jeffrey-Kirwan residues.

17To be precise, Zint|m=0 also accounts for the contribution of an effective dilaton operator [104], which
governs the coupling to curvature of the 2d LG model.
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To extract the Bekenstein-Hawking entropy of the black holes, we should compute the
large N limit of the topologically twisted index. Since the index is in the grand
canonical ensemble with respect to the electric charges, the microcanonical degeneracies
(with sign) of states with fixed electric and magnetic charges (p, q) have to be extracted

from a Fourier transform with respect to the chemical potentials:
Z(p,q) = /ddA Z(p, A) e 220Gl (1.2.14)

where d is the total rank of the flavor symmetry. Here a complication arises [30]: since
the index Z(p, A) depends on flavor fugacities but it cannot have a fugacity for the R-
symmetry (it would spoil supersymmetry), what we have on the left-hand-side is the sum
of contributions from all states with fixed flavor charges but arbitrary R-charge. However
in the large N limit we can assume that one R-charge sector is dominant, and we will see
that it precisely coincides with the single-center black hole sector. Moreover, assuming
that at large N log Z grows with an appropriate power of N, the integral can be

computed in the saddle-point approximation. Therefore one defines the function

Z(A;p.q) = log Z(p. A) = 2mi Y dalA, (1.2.15)
such that the logarithm of the degeneracy dicro Of states is given by

oz
0A,

~

10g dricro (P, 9) = Z(A;p,q) with A, such that

—0, (1.2.16)
A

which is the Legendre transform of log Z. This is the object we expect to reproduce the
entropy of dual black holes.

Here, a very important subtlety to keep in mind is that Z in is an index, thus
it counts states with sign (—1)¥ and so Z (3) may fail to reproduce the black hole entropy
due to strong fermion /boson cancelations. However, it has been argued in [29,30] that the
states associated to the pure single-center BPS black holed™| all contribute with the same
sign and thus the index precisely counts their number. The argument can be summarized
as follows: the holographic 3d QFT on ¥  can be thought of undergoing a RG flow across
dimensions to a 1d Super Quantum Mechanics (SQM) in the IR, describing the BPS
black holes near-horizon dynamics. Because of the AdS, factor in the latter geometry, the
SQM must develop an su(1,1]1) superconformal symmetry. The BPS black holes being
supersymmetric, their microstates must be invariant under such AdS, (super-)isometry.
Therefore, the dual QFT states—which are the ground states—transform trivially under

su(1,1]|1). This implies in particular that they have vanishing superconformal R-charge

8By “pure single-center black hole” we mean the near-horizon AdS; x X, solution with boundary
conditions that fix the microcanonical ensemble with respect to both magnetic and electric charges [150].
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Rs. = 0. At this point one has to rewrite the index in (1.2.6) as
Z(p, A) = Tr gy €™ Frint(&) =21 g daTmAa o—=F{Q.Q1} (1.2.17)

where the trace is over the quantum mechanical states on ¥X; and Rin. is a trial R-
symmetry given by
Ruia(A) =7+2)  geReA, (1.2.18)

with r = R3 defined in and such that e™ = (—1)F. It is now clear that, when Ry
is tuned to R, then (1.2.17) counts all the ground states with the same sign. The non-
trivial observation is then that the critical points A, of the function 7 in (1.2.15)) precisely
select the superconformal R-charge Ry, = Rtrial(ﬁ) out of all the possible trial R-charges.
Although a satisfactory physical justification is not yet available, this principle—dubbed
“Z-extremization principle’—has been shown to work in various examples, guaranteeing
that reproduces at leading order in N the degeneracy of the quantum mechanical
ground states, and so of the holographically dual pure single-center BPS black hole mi-
crostates. On the other hand, the same conclusion does not apply for all the other states
in the IR SQM, including those dual to multi-center black holes and hair, whose number
however we might expect to be subleading. As a remark, let us stress that this argument
is very similar to the one given in [41,42] (and nicely summarized e.g. in [151]) for BPS

black holes in flat space.

Interestingly, it has been noticed in [30] in one example that if we introduce one
auxiliary chemical potential Ay, defined in terms of the other ones—as we did for the
flavor fluxes p,—such that ) A, = 1, we can extract the dominant R-charge from
by requiring Z to be real. This is done by first explicitly expressing Z in terms of
the redundant chemical potentials A,, now associated to the R-charges R, (defined from
(. similarly to ), and then by choosing the last R-charge R4.1 in such a way that

ImZ = 0. As we will see, the same applies also in the example considered here.

1.2.1 The topologically twisted index

Let us go back to the specific SU (V) theory we are interested in. We denote by y; o the

fugacities associated with the flavor charge q; 2, with
Yo = €570 (1.2.19)

and by p; 2 the corresponding magnetic fluxes on ;. In order to restore the symmetry
under the Weyl group of SU(3), it is convenient to introduce also the auxiliary variables
y3 and p3 fixed by

3 3
Yo Pa=20-1), II_ v=1. (1.2.20)
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in such a way that, formally, each y, is now associated to the R-charge R, defined in
. In order to avoid the technicality arising from the structure of the Cartan subal-
gebra of su(N), we consider the theory with gauge group U(N ), instead. The computation
of the U(N) partition function is simpler, and in our case it provides the same result as
the SU(N) theory. In fact it has been proven in [35] that the index of a U(NV), CS theory
with no topological flux is exactly equal to the index of the corresponding SU(N); CS
theory whenever the matter is neutral under the central U(1) in U(N). Following the

rules in [35],36,98| and after some manipulations, the index takes the form

) 3 yN (1+pa—g)/2 N dv; o
Z(p,A) = H(l N(1+pa—9) Z%}KHM% X
a=1 meZN =1
A — Yo T il T;\ 19 T;\ 9~ 1-Pa
< [T1I ( a J) I1 (1 - J) I1 (1 - ya—’) . (1.2.21)
(i) a=1 ~Yalis i a=1 i

The integrand has poles at x; = 0 and oo (for generic values of y,). Assuming k£ > 0,
the JK prescription selects an integration contour around z; = 0 and thus the integral
computes minus the sum of the residues there. Since there are poles at z; = 0 only for
m; < M —1 for some large positive M, we can restrict the sum to those values and resum

the geometric series before picking the residues. This leads to the Bethe Ansatz formula,

given by:
3 N?(1+pa—9)/2 N P NE T S gl
1 Ya _ Ti\1-9 i\ 9~ 1-Pa
A S H(gf:)gll_[(l——) H(l—y —) .
| _ N(14+pa—g) > @ A
N! e (1 —y,) Pa=g P vy T; e z;
(1.2.22)
Here the BAEs are
il Ti — Yo
1= 27miBi(x) _ ..k ¢ v Jery Vi=1.....N 1.2.23
oA TR ey e
J(#i) a= 17
while the Jacobian term is given by
‘ 8627riBi(:L‘)

This matrix can be written in a more explicit form as
xT

0 Z=Y1 Z2—Y2 Z2—UY3
B,; = e2miBi@) | Dy )bij—Dyj| o Dyj =251 ( >
! K +Z ) U P G I e Rpys =

(1.2.25)

We stress that (|1.2.22)) is an exact expression for the index, valid at finite N.

The BAEs ([1.2.23) are N algebraic equations in N complex variables z;: in general
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they have a large number of solutions and cannot be analytically solved. However for any
solution {z;} we can generate other ones {wx;} where w is a k-th root of unity. Each of

the k solutions in the orbit gives the same contribution to (|1.2.22]).

It is convenient to perform the change of variables
x; = X Yy, = e¥iBa (1.2.26)

where A, are chemical potentials for the flavor symmetries. The angular variables are
defined modulo 1, and the constraint on y, becomes 2221 A, € Z. The BAEs in the new

variables take the form

1 N 3 N
T u-—ul Ag . i uj_ui—Aa _ ‘ N
—ﬂjzlg[ 2milu—utAa)) L, (2 >)] it =0, (12.27)

Q

where the integers n; express the angular ambiguity, while

Liy(z Z k— (1.2.28)
k=1

are the polylogarithm functions and Li; (z) = —log(1— z). Following the discussion above
, the BAEs can be obtained as the critical point equations (up to integer shifts,
already accounted for in ([1.2.27))) of the twisted superpotential W of the dimensionally
reduced theory on S*:

N N N
1 : 2mi(uj—u;+Aq) : 2mi(uj—u;—Ag) m;
R e 2 2 [l ) S ] =3 e
(1.2.29)
Here the integers m; incorporate the various angular ambiguities of (1.2.27). In the

[NoR

language of Bethe/gauge correspondence [152-154], the latter superpotential plays the
role of the “Yang-Yang functional” [155] of the dual integrable system.

1.2.2 The large N limit

We proceed by computing in the large N limit at fixed k. The computation is
essentially the same as the one in [29)], and turns out to be very similar to the computation
of the large N limit of the S partition function in [156}/157]. More examples have been
considered in 46| and a rather general analysis have been performed in [44], therefore

here we will be brief.

First of all, we assume that there is one k-fold orbit of solutions to the BAEs that
dominates Z. To determine it, we consider a continuous distribution of points u(t), where

t is the continuous version of the discrete index ¢ = 1,..., N, and a density distribution
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p(t) defined by
1 di

P(t)zﬁa~

In the continuum approximation, sums over ¢ are turned into integrals Zf\il — N [dtp(t),

(1.2.30)

and the density distribution is normalized as [ dt p(t) = 1. From numerical solutions to
, and as suggested by [1564/157], we consider the following ansatz for the behavior
of the dominant solution:

u(t) = N*(it + v(t)) , (1.2.31)

where v(t) is real and « is an exponent to be determined. Then we compute the large
N limit of the twisted superpotential W, as a functional of u(t) and p(t). On general
grounds, we know that the index Z is analytic in A, [35], therefore it is convenient to
perform all computations with A, € R and analytically continue the result at the end.
Only for a specific set of values of the integers m; there is a cancelation of “long range
forces” in (|1.2.29) and the large N functional becomes local:

N

=1

m; = (2 Za A, — 3) Z {@(Hm(ui — ;) — O(Im(u; — w)} : (1.2.32)

Here © is the Heaviside function.

The functional W(v, p; 1v) is, at leading order in N:

W(v, p;p) = N2 / dt [iktp(t) v(t) + Ep(t) (v(t)* - t2)} -

2
2-a |, p(t)’ .
_N [zG(A)/dtm —W</dtp(t) - 1)} . (1.2.33)
The function G(A) is defined as
G(A) = ;ng(Aa) ) ng(x) = E o Z + E : (1234>

The polynomial terms in the first line of the expression for w directly descend from the
first term in (1.2.29). The first term in the second line, instead, comes from the sum of

polylogarithms. The derivation consists in splitting the sum as

N
S Lip (207 8) = N Lip (2795) — (2mi)* Y g/ (uy — i + Aa) +

ij=1 i<j

N
+ Z <L12 (627ri(uj—ui+Aa)) . L12 (627ri(uj—ui—Aa))) ’ (1235)

1<j

where we have used that Lis(e*™™) 4 Liy(e*™*) = —(277)%¢/, (u) for 0 < Rew < 1. The
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first term in the expansion is obviously subleading, therefore we neglect it. Moreover,
the contribution of the polynomial terms in ¢/, , once plugged in (1.2.29)), can be shown
to properly cancel with the angular ambiguities chosen in (1.2.32)). Making use of the

definition of Liy, the contribution of the last line can be turned into an integral of the

form:
N . © N2 [t n .
> Ly (2t Ay = o dty p(ty) / dto 2T (t2=t1)
i<j k=1 t— t1
— (ta —t1) 2mik(N (v(x)—v(t1))+Aq)
% Z Ta; p(z)e 1 (1.2.36)
j=0 : r=t1
NQ*CM ] t 2
=5 Lis (627F2Aa) /dt 1f(—@2;(t) + subleading .

Plugging this equality in and using that Liz(e?™™) + Liz(e™2™) = —(2mi)3g, (u)
for 0 < Reu < 1, we obtain the first term in the second line of . Finally, we
have enforced the normalization condition [ p =1 with a Lagrange multiplier p, and we
have chosen its scaling with N for convenience. The dominant solution to the BAEs in
the large N limit is obtained by extremizing W, Only for a = % there is a competition
between the various terms and a well-behaved saddle point is found@ In this case the

twisted superpotential scales as N°/3.

The BAEs correspond to the system (WNV/(SU(t) = §VNV/6p(t) = 0, together with the

normalization condition 3%/ Ou = 0. After some manipulations, the first two equations

reduce to . 2G(A) (1)
[ P
= —kto(t)+—(v(t)? —*) + —— = 1.2.37
We solve this equation taking k£ > 0 as well as
3
0<A, <1 and » A, =1, (1.2.38)

which implies also G(A) > 0. We look for solutions in which p(t) is positive, bounded,
and either integrable or with compact support between two zeros. It turns out that there
exists only one solution satisfying these requirements, and it has compact support. After

fixing the normalization [ p =1, the solution is

t 37/6k31/3G A 2/3
v(t) = ———= o= (4) (1—i/V3)
V3 1 1.2.39
SR 2kt 355G ()3 (1.2.39)
p(t) - 2G(A)1/3 o 3\/§G(A) ly = 2k1/3

with support on the interval D = [t_,¢,]. The density p(t) vanishes at t.

9 Moreover, in this scaling argument we are assuming that k does not scale with V.
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We notice that the k-fold degeneracy of the solutions is invisible in the large N limit:
the k solutions in the orbit are related by shifts of v(t) by 1/kN'3. The solution for
S A, = 2 is similar to (1-2:39): just map v(t) = —v(t), G(A) = —G(A) and p — p*.
The density p(t) is well-defined because G(A) < 0 in this range. The cases ), A, = 0,3
imply A, = 0, 1 respectively (since 0 < A, < 1) and do not lead to solutions to the BAEs.

It was proven in [44] that, for a large class of quiver gauge theories including the one

we are studying here, the following relation holds:

3
W(A = —iZ N3 u(A,) . 1.2.40
(B)] =i Nu(a,) (1.2.40)
On the left-hand-side is the twisted superpotential (1.2.33) evaluated on the solution
(1.2.39). The relation is indeed satisfied in our case. If we restrict to >, A, = 1 there is
also a connection with the S? partition function Fgs [158-160] of the gauge theory, in the
large N limit:

2mi W(A) = iFss (R, = 24,) , (1.2.41)

BAEs
where R, are the R-charges. The S® partition function of the gauge theory we are studying

here has been considered e.g. in [161].

The last step is to compute the large N limit of the expression for Z, as a
functional of the solutions (v, p) to the BAEs, and then to plug in the dominant solution
we found. Once again, the computation is essentially as the one in [29] | It turns
out that at large N the logarithm of the index grows as N°2. In particular the k-fold
degeneracy of the solutions is irrelevant at leading order in N. As a functional of the

solutions to the BAEs and at leading order in N, the index is given by:

2
log Z(p, A; v, p) = 20N (p, A, g) /D dt% (1.2.42)
with
- (1-g)
Felp2g) =D (01— pa) gh(Da) + 5 (1.2.43)

a=1
This expression has been obtained using the same technique as for the twisted superpo-
tential W in (|1.2.33)). Notice that, only the last two products in (1.2.22) give contribution
to the leading order in N. Plugging in the solution ([1.2.39)) we find

37/6 1 AW _
log Z(p, ) = =" fg&)l/f) KY3NB(1—i/V3) . (1.2.44)

This expression can be further simplified recalling that p, and A, are constrained by

20Tn |29] it was crucial to keep into account “exponential tails”. In the cases where log Z scales like
N5/3 such tails do not play a role [44].
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(1.2.20f). Specializing to the case in whic Zizl A, = 1, one finds that

. Z—a ) G(A) = 1A1A2A3 : (1.2.45)

1
f+(p, A g) = _§A1A2A3 5

We are thus led to the simple expression:

7/6
log Z(p, A) = :;Tg (1—i/V3) KON (A12,05)*° 5 22 (1.2.46)
a=1 a

This expression seems not to depend on g, however recall that the fluxes p, are constrained

as in (|1.2.20)) and that introduces the dependence on g.

In fact, the general analysis of [44] gives a compact way to compute the index once
the dominant solution to the BAEs is found:

OV(A)
A,

log Z = 2mi » P, (1.2.47)

BAEs

This expression agrees with (|1.2.46)) and determines a relation between the topologically
twisted index and the S® free energy as stated in @

1.3 Entropy matching through attractor equations

We compare the Bekenstein-Hawking entropy computed from supergravity in Section [1.1

with the microstate counting from field theory in Section (1.2

First of all we need a dictionary between the charges. In field theory there are three
electric and magnetic charges (p,, q,) that are integer, and p, satisfy the BPS constraint
(1.2.20). To understand the quantization condition of (p®, e,) in supergravity (see a similar
discussion in [30]) we recall that the Yang-Mills action is normalized in the same way as

the Einstein-Hilbert term. Rescaling to canonical normalization we find

o U
.= €z, e=-——e, €Z. 1.3.1
Pa=19Dp G = Jang (1.3.1)

This is compatible with (|1.1.31]).

Then we need a dictionary between the field theory chemical potentials A,, constrained

by (|1.2.38)), and the supergravity vector multiplet scalars 2z, constrained by (1.1.29)). We

propose

za

Zi:l 2

21The solution for the other case, in which > u Ay =2, can be obtained from this one simply mapping
A, —1—-A,.

A, = (1.3.2)
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This automatically guarantees ) A, = 1. The map is three-to-one (before taking
into account that the scalars z* take values in the upper half-plane), not invertible: a
common rotation of z® by e?™/? leaves the A,’s invariant. This resonates with the fact
that the large N index (|1.2.46) is not a single-valued function in the complex A,-plane.

The inverse of (|1.3.2)) is
“=e3— —_ 1.3.3
& ¢’ ( g ) (A1A2A3)1/3 ( )
which has in fact three Sheet and automatically guarantees szl 2z, = —m/g. One also
obtains the relation ([, Aa)l 3( >uza) = €3 (m/g)' 3.

Finally we need a dictionary between the field theory dimensionless parameters N and

k and the supergravity dimensionful parameters g, m and Gy [82]:

1/3 ,—7/3 2/3 3
m / g / _ 3 / k1/3N5/3 , 167 <@>5 = N]{;5 . (134)
4G N 22/35 3 g

Although not needed here, the relation with the Type IIA mass parameter is k = 27l ,m.

Consider now the index function Z(A;p, q) = log Z(p, A) — 2mi Y, A.q, whose value
at the critical point computes the large N ground state degeneracy:
2—1/3 32/3 T e—iw/

6 3
T= 5 /3 NoB/3 (A1A2A3)2/3 Z p_z — 2mi ; qal\, - (1.3.5)

a=1

Using the dictionaries for the various quantities we can rewrite it as

. 3 a a
Tog— 2 1 N (002" = mp/z) , (1.3.6)

g* 4Gy > amt 2

exactly matching the entropy function S in ((1.1.35)) we found in supergravity. Notice in
particular that the supergravity variables z* provide a global description of the parameter

space, on which the function Z = § is single valued.

Summarizing, we have reduced the classical supergravity computation of the horizon
area and the quantum field theory computation of the ground state degeneracy—more
precisely, of its index—to the same extremization problem: finding the value of a complex
function at its critical point. Since the two functions S and Z coincide (as functions of
variables with the same constraint), the result is guaranteed to be the same: the black

hole entropy exactly equals the ground state degeneracy at leading order.

Notice that from the field theory index we can also reproduce the R-charge of the
black holes, along the lines of [30]. In field theory the flavor charges are q, = 3(R, — R3).
Keeping them fixed, we perform a common shift of the R,’s (which does not affect the

extremization problem since 37>, A, = 1) in such a way that the value of Z at the critical

221t is important that one uses the same branch of the root for the three values a = 1, 2, 3.
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point becomes real. Then we read off the R-charge r = R3. Exactly the same procedure

fixes the black hole R-charge er = e in supergravity, as we commented upon at the end

of Section [I.11

1.4 Conclusions

In this chapter we have studied the entropy of static dyonic BPS black holes in 4d N = 2
gauged supergravities with vector and hyper multiplets. We have focused on a specific
example: BPS black holes in AdS; x S® in massive Type IIA. We have shown that,
similarly to the case with no hypermultiplets, the entropy can be expressed as the value
of a function S at its critical point. Moreover we have shown that the entropy can be
reproduced with a microscopic computation in the dual (via AdS/CFT) 3d QFT: there
the logarithm of the number of states can be reduced to the very same extremization

problem, thus giving evidence that the Z-extremization principle applies also in this case.

It would be interesting to understand the case with hypermultiplets more in general.
The hypermultiplets can give mass to some of the vector multiplets, thus effectively re-
ducing the extremization problem to a submanifold of the vector multiplet scalar manifold
Msk. Only this submanifold seems to be visible to the QFT index. Presumably, a gen-
eral matching argument (similar to the one presented in the introduction for the cases
with no hypermultiplets) would involve not only the prepotential on Mgk, but also the
Killing vector fields on the hypermultiplet scalar manifold Mgk that are gauged, and the

embedding tensor. How these quantities appear on the QFT side is unclear to us.
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2 A Bethe Ansatz formula for the supercon-

formal index

We derive a new formula—dubbed “Bethe Ansatz formula”™—for the superconformal index
of 4d N' = 1 supersymmetric theories and we carefully discuss its properties. The chapter
is organized as follows. In Section we review the standard formula for the 4d super-
conformal index, carefully stressing its regime of applicability. In Section we present
our new Bethe Ansatz formula in great detail, and then we derive it in Section [2.2.2] We

give some conclusions in Section [2.3]

2.1 The 4d superconformal index

Let us review the standard formulation of the superconformal index [87,88], thus fixing
our notation. This object counts local operators in short representations of the 4d N' =1
superconformal algebra (SCA) su(2,2|1). Going to radial quantization, this is the same
as counting (with sign) %—BPS states of the theory on S3.

The bosonic part of the superconformal algebra is su(2,2) @ u(1)g, where the first
factor is the 4d conformal algebra and the second one is the R-symmetry. We pick on
S% one Poincaré supercharge, specifically @ = @Q_, and its conjugate conformal super-
charge QT = S,. Together with A = 1{Q, Q'} they form an su(1|1) superalgebra. The
superconformal index is then equal to the Witten index

Z(t) = Tryyse) (—1)F e 8 Hk th (2.1.1)

where Jj, are Cartan generators of the commutant of su(1|1) in the full SCA and t; are
the associated complex fugacities. By standard arguments [34], Z(¢) counts only states
with A = 0, i.e. annihilated by both Q and Qf, and thus it does not depend on 5. On
the other hand, it is holomorphic in the fugacities t;, which serve both as regulators and

as refinement parameters.

To be more precise, the states counted by (2.1.1) have A = E — 2J, — 3r = 0,

where E is the conformal Hamiltonian or dimension, J. are the Cartan generators of

35



A Tale of Two Indices

the angular momentum su(2), @ su(2)_ C su(2,2), and r is the superconformal U(1)g
charge. Moreover, the subalgebra of su(2,2|1) which commutes with su(1|1) has Cartan

generators F + J, and J_. Therefore we write
I(p,q) = Tr aco (—1)F ps EHIIH- g5 (BHIO=I —y _ (—1)F p/itsgh*s | (2.1.2)

where J; o = J, + J_ parametrize the rotated frame u(1); @ u(l)y C su(2); @ su(2)-
and p, q are the associated fugacities (up to a shift by r/2). Whenever the theory enjoys
flavor symmetries, one can introduce fugacities v, for the Cartan generators of the flavor

group. Then, the index will depend holomorphically also on v,,.

The trace formula can be exactly evaluated at all regimes in the couplings.
Indeed, since Z is invariant under any continuous deformation of the theory, one can
explicitly account for the contribution of every gauge-invariant state with A = 0 in the
free regime [88,105,/106]. In particular, the contributions of all the multi-particle states are
simply encoded in the plethystic exponential [162] of the “single-letter partition functions”,
whereas the restriction to the gauge-invariant sector is done by integrating the latter
contributions over the gauge group. This procedure yields a finite-dimensional integral
formula for the superconformal index, which can be expressed as an elliptic hypergeometric
integral [90] 7]

For concreteness, we consider a generic N' = 1 gauge theory with semi-simple gauge
group G, flavor symmetry group G and non-anomalous U(1)z R-symmetry. We assume
that the theory flows in the IR to a non-trivial fixed point and we parametrize U(1)g
with the superconformal R-charge sitting in the SCA of the IR CFT (assuming this is
visible in the UV). Furthermore, the matter content consists of n, chiral multiplets ®,
in representations R, of GG, carrying flavor weights w, in some representations R of G
and with superconformal R-charges r,. Additionally, we turn on flavor fugacities v,, with
a =1,...,1k(GF), parametrizing the maximal torus of Gp. The integral representation
of the superconformal index is given by

T T n Ta e s G
T N (p§p)ol<{>(G)(Q§ Q)olé(G) Hail Hpaei)%a F((pq) /22P VY p, q
(p,q;v) = II 27TZZ )

(Wel Trk(G) [ToeaT(2%p,q

(2.1.3)
The integration variables z; parametrize the maximal torus of GG, and the integration
contour is the product of rk(G) unit circles. Then p, are the weights of the representation

MR,, a parametrizes the roots of G and |Wg| is the order of the Weyl group. Moreover,

23 An alternative way to obtain the integral formula is to use supersymmetric localization |37]. Indeed,
the supersymmetric partition function Z of the theory on a primary Hopf surface H, , ~ S* x S% can be
computed with localization [1024103| and it is related to the superconformal index through Z = e~ Fsus¥ T,
where Egysy is the supersymmetric Casimir energy [100,/101].
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k(G) _pt k(G Py
G e and e = TGP 089 whereas

we have introduced the notation 2z’ = [[.2)" 2 ae1

00 1 — pm+1qn+1/z
[(zp,q) = , lpl <1, ¢l <1 (2.1.4)
is the elliptic gamma function [163] and
(2 @)oo = [ ] (1= 24" , lql < 1 (2.1.5)
n=0

is the g-Pochhammer symbol (see Appendix |A| for details).

This representation makes manifest the holomorphic dependence of the index on
D, 4, Vo. It is important to stress that the expression ([2.1.3]), which is a contour integral
along rk(G) unit circles, is only valid as long as the fugacities stay within the following

domain:

ra/2, wa

pllgl <1, Pl < |(pg)™"?v

<1, Va. (2.1.6)

These conditions descend from the requirement of convergence of the plethystic represen-
tation of the index, from which (2.1.3)) is derived. The plethystic expansion of the elliptic

gamma function,

> 1 2m— (pq)mz—m
I'(z;p,q) = exp — , 2.1.7
)=o) 3 = ) 24D
converges for
lpgl <|z[ <1 and  |p|,q| <1. (2.1.8)

The domain then follows from requiring the integrand of to have a con-
vergent expansion. Indeed, within the domain of convergence , the elliptic gamma
function is a single-valued analytic function with no zeros, poles nor branch cuts. Both
['(z;p,q) and (2;¢)s can be analytically continued to z € C. However, when we ana-
lytically continue the integral outside the domain , the integration contour
must be continuously deformed in order to take into account the movement of the various
poles of the integrand in the complex plane, in such a way that the poles do not cross
the contour. As a result, for generic fugacities the integration contour is not as simple
as a product of unit circles. To avoid this complication, throughout this chapter we will

always work within ([2.1.6)—and perform analytic continuation only at the end, if needed.
It will be useful to set some new notation. We define a set of chemical potentials
p= 627ri7' 7 qg= 627ri0 7 Vg = 627ri£u 7 2 = eZTriul- ’ (219)
as well as a fictitious chemical potential vi for the R-symmetry, whose value is fixed to

VR = %(T—l—O') (2.1.10)
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by supersymmetry. Moreover, we redefine the elliptic gamma function as a (periodic)

function of the chemical potentials:

F(U,T7 O') — F(€27riu;€27ri‘r,€27rio') ’ (2111>

so that the integrand of (2.1.3)) can be expressed as

o T (pa(u) + wa(§) + rav; 7, 0
Z(u; &, Vg, 1,0) = [ Hpaem“ (p E ) (© f ) (2.1.12)
[Toca T(a(u);7,0)
At last, we define
()% (g5 )%
kg = . 2.1.13
e Wl ( )
The integral representation of the index takes then the following compact form:
Z(p,q;v) = /fg/ Z(u; €, vp, 1,0) Ay | (2.1.14)
Trk(G)

The integration contour T™(®) is represented on the u-plane by a product of straight

segments of length one on the real axes. In terms of the chemical potentials, the domain

(2.1.6) can be rewritten as:

Im7, Imo >0, 0 <Imw,(§) <Im(r+0), Va. (2.1.15)

The integral formula (2.1.14)) is the starting point of our analysis. In the next section
we will focus our attention to the case where 7/0 is a rational number to derive—from

(2.1.14))—a new formula that expresses the index as a finite sum.

2.2 A new Bethe Ansatz formula

The integral representation (|2.1.14)) of the superconformal index is valid for generic com-
plex values of the chemical potentials within the domain (2.1.15]). However, if we restrict
to a case where

T/o€Qy, (2.2.1)

we can prove an alternative formula, very similar to the expression for the topo-
logically twisted index in 3d, describing the superconformal index as a finite sum over the
set of solutions to certain transcendental equations, which again we call “Bethe Ansatz
Equations” (BAEs). We will first present the formula in detail, and then provide a proof.
In Section we will also discuss the properties of the set of pairs (7,0) satisfying
(12.2.1)).
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Let us take
T=aw, o=bw with a,b € N such that ged(a,b) =1 (2.2.2)

and Imw > 0. This implies ¢* = p°, as in . We can set p = h® and ¢ = h® with
h = 2™ although we will mostly work with chemical potentials. We introduce the

BAEs as the set of equations
Qi(u; &, vp,w) =1, Vi=1,...,tk(G), (2.2.3)

written in terms of “BA operators” defined as

Qi(u; &, vp,w H H P(pa(u +wa(£)+ra1/3;w)pz . (2.2.4)

a=1 Paema

The basic BA operator is
e—wi%—l—ﬂ'iu
Oo(u;w)

where 0y(u; w) = (2;h) oo (27 h; h) o With z = €™ and h = *™.

P(u;w) = (2.2.5)

The BA operators satisfy three important properties. First, they are doubly-periodic

in the gauge chemical potentials:
Qi(u+n+mw; & vr,w) = Qi(u; &, vp,w) , Vn,mi€Z, i=1,...7k(G). (2.2.6)

Second, they are invariant under SL(2,7) modular transformations of w:

QUi ) = Qi €ovmo ) = Qs (4E. 2 -2 — Qg v
(2.2.7)
The last equality represents invariance under the center of SL(2,7Z). Third, they capture
the quasi-periodicity of the index integrand:

Qz(ua §7 VR, CU) Z(U, g’ VR, aw, bw) = Z(U’ - 5Zabw7 ga VR, aw, bw) ) (228)

valid V¢ and where §; = (%);kz(f) so that (v — d;abw); = u; — d;;abw. Notice that,
thanks to (2.2.7), one might prefer to rewrite @); in terms of the function 0(u;w) =
e~mutmw/6 g (4 w) that has simpler modular properties [91] (see Appendix. Neverthe-

less, here we will refrain from doing so.

Because of the double-periodicity of ();, the actual number of solutions u; to the system
of BAEs is infinite. However, the solutions can be grouped into a finite number of
equlvalence classes [u;] such that a; ~ @; + 1 ~ @; +w. In other words, the equations and

their solutions are well-defined on a torus T?*(%) which is the product of rk(G) identical
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complex tori of modular parameter w, and the number of solutions on the torus is finite.
The modular invariance (2.2.7)) confirms that the equations are well-defined on the torus.
We define

Mpar = {[7)2], i=1,...,7k(G) ’ Q,([@],{, J/R,w) =1, w-[al#u VYwe Wg}
(2.2.9)
as the set of solutions (on the torus) that are not fixed by non-trivial elements of the
Weyl group. For definiteness we can choose, as representatives, the elements living in a
fundamental domain of the torus with modulus w, i.e. with 0 < Ret; < 1 and 0 < Imu; <
Imw. Notice that, because of , the solutions must organize into representations of
SL(2,7).

As we prove below, thanks to the properties of the BA operators, we can rewrite the

superconformal index as a sum over solutions to the BAEs in the following way:

Z(p,q;v) = kg Z Ziot (U5 €, VR, aw, bw) H(1; €, vp,w) ™" . (2.2.10)
i€ MpaE
Here
ab
Ztot(u; 57 VR, aW, bw) = Z Z(u — MW, 57 VR, aW, bW) ) (2211>
{mi}=1

where Z is precisely the integrand defined in (2.1.12)) and

. o L a@z(uv 67 VR, U))

is the contribution from the Jacobian of the change of variables u; — @Q;(u). Notice that
both the function H, and the function Z; evaluated on the solutions to the BAEs, are
doubly-periodic on the product of complex tori of modulus w. On the other hand, because
SL(2,7) is not a symmetry of the superconformal index, the summand kg Zio; H ! is not

invariant under modular transformations of w.

A specialization of this formula to the case 7 = o was derived in 91|, while a three-
dimensional analog was derived in [92,/99]. In the next section we will spell out in detail
how the BA formula uniquely fixes the index for all values of the complex fugacities, using
either holomorphy or continuity. In Section we will derive the final formula ,
starting from the integral representation (2.1.14]). The proof is rather technical and it
does not give new physical insights on the main result. Therefore, uninterested readers

may directly jump to Chapter [3]
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2.2.1 Continuation to generic fugacities

Our BA formula ([2.2.10)) can only be applied for special values of the angular fugacities
that satisfy ¢® = p?. We will offer two arguments, one based on holomorphy and the other
based on just continuity, that this is enough to completely determine the index for all

values of the complex fugacities.

Using the standard definition (2.1.2)), the index is not a single-valued function of the
angular fugacities p, g—unless the R-charges of chiral multiplets are all even. This is also
apparent from the integral formula . On the other hand, regarded as a function of
chemical potentials 7,0 each living on the upper half-plane H, the index is single-valued
and holomorphic. Keeping the flavor fugacities fixed in the argument that follows, the
BA formula applies to points (7,0) € H? such that 7/0 € Q. Such a set is dense in a
hyperplane J = R3 of real codimension one in H? defined as J = {(T, o) ‘7’ Jo € R+}.
Thus, the BA formula determines the index on J by continuity. On the other hand,
we know that the index is a holomorphic function on H?, therefore its restriction to J

completely fixes the function on H? by analytic continuation.

It turns out that we can refine the argument in such a way that we only use continuity,
and not holomorphy, of the index. This is because if we think in terms of angular fugacities
p, q each living in the open unit disk D, then the set of points (p, ¢) € D? such that ¢* = p°
for coprime a,b € N is dense in D?. This fact is not completely obvious, and we show it

in Appendix [C]

Unfortunately, the index (2.1.3)) is not a single-valued function of p, ¢ if we keep the
flavor fugacities v, fixed, unless the R-charges are all even. However, it is always possible
to find a change of variables which expresses Z as a single-valued function of a set of new

fugacities. The latter is defined by
Apg=wa(&) +ravp = Yo = e¥Be =y (pg) T | Va=1,...,n,. (2.2.13)

This gives us a set of (redundant) chemical potentials A,, one for each chiral multiplet
present in the theory, which must satisfy some linear constraint, following the requirement
of invariance of the theory under flavor and R-symmetry. Suppose, indeed, the theory

has a superpotential given by

W(®) = ZA Wa(®), (2.2.14)

where each W4 (®) is a gauge-invariant homogeneous polynomial of degree n4. Then, for
each term in (2.2.14)), the following linear constraints must be satisfied:

Y ra=2, dwi=0, Va=1,.. 1kG). (2.2.15)

acA acA

Elisa Milan 41



A Tale of Two Indices

Here we used a € A to indicate the chiral components ®, which are present in Wj4.

The first equation imposes that the superpotential has R-charge 2. The second equation

rk(GFr)

constrains W to be invariant under Gp. Indeed, w, = (w?),-; " are the flavor weights

carried by ®,. A similar role is played by ABJ anomalies.
Translating (2.2.15]) to the definition of A,, we obtain

Y Ag=2sp=1+0 VA. (2.2.16)
acA
In such a new set of variables we have
Hzil Hpaema F(pa(u) + Aa; T, J)
[Toea T(a(u);7,0)

Z(u; A, 7,0) = ; (2.2.17)

showing that the index is now a well-defined, single-valued and continuous function (in
fact, also holomorphic) of the fugacities p, ¢, y,. Indeed, recall that the elliptic gamma
function is a single-valued function of its arguments, and notice that the constraints
(2.2.16|) always involve integer combinations of 7, o, thus never introducing non-trivial
monodromies under integer shifts. Once again, the BA formula can be applied whenever
q® = p® and for generic values of 7,. Since such a set of points is dense in the space of

generic fugacities, we conclude that the BA formula fixes the index completely.

2.2.2 Proof of the formula

We prove the formula (2.2.10)) in three steps. First we verify the properties ([2.2.6) and
(2.2.8) of the BA operators. Then we use them to modify the contour of the integral

(2.1.14) and to reduce it to a sum of simple residues. Finally we prove that the only

poles that contribute to the residue formula are determined by the BAEs, thus obtaining

[2-2.10).

Properties of the BA operators

First, we prove the identities and . For later convenience, let us briefly
recall the anomaly cancellation conditions that are required to have a well-defined four-
dimensional theory. These requirements can be expressed in terms of the anomaly coef-
ficients. In particular, let i = (7, ) collectively denote the Cartan indices of the gauge
x flavor group, where i = 1,...,1k(G) are the gauge indices and o« = 1,...,tk(GF) are
the flavor indices. Moreover, define a = (a, p,) as running over all chiral multiplets com-

ponents, where p, are the weights of the gauge representation 9R,. Then the anomaly
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coefficients for gauge/flavor symmetries are defined by
A= QL0MQx AV =3 Qa0 A=) Q. @)

where Q! = Qi(ama) = (p.,w?) are the components of the gauge x flavor weights carried
by the chiral multiplets. The first and the last coefficient in (2.2.18]) are associated with
the gauge® and mixed gauge-gravitational? perturbative anomalies. The second term—
sometimes called pseudo-anomaly coefficient—describes the non-perturbative or global

anomaly |164-H166] when the corresponding perturbative anomaly vanishes.
Similarly, the perturbative anomaly coefficients involving the R-symmetry are defined

by

A = S G Qkra = )+ 9 Sl A= Q1)

a€EA

(2.2.19)
ARRR:Z(ra— 1)? +dim G Al = Z(Ta— 1) +dim G,
whereas the pseudo R-anomaly coefficients are
AR =3"Ql(ra — 1) ARR =3 "(ry = 1)* + dim G | (2.2.20)

Anomaly cancellation is realized by a set of conditions on the coefficients defined above,
that a well-defined quantum gauge theory must satisfy. We will also restrict to the case
that the gauge group G is semi-simple. The conditions for the cancellation of the gauge

and gravitational anomaly are
AF = A'=0  and A7 €4Z  for G semi-simple . (2.2.21)

The conditions for the cancellation of the ABJ anomalies of G and U(1)g, namely that

those are global symmetries of the quantum theory, are
Al = AR = (2.2.22)
Finally,
AleB = piol — fiRR — o and A = AR = (2.2.23)
simply follow from the restriction to semi-simple gauge group G.

We now focus on describing some properties of the basic BA operator

w2 .
—7r27+7rzu

(&

P(u;w) = —Ho(u; )

(2.2.24)
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First, consider the function

Oo(u;w) = (2:h)o(2 7 hi M) = [ (1 = 2BF)(1 = 27'WMHY) | 2= b=
k=0

(2.2.25)
which is holomorphic in z and h, and satisfies the following properties (see Appendix
for details):

Oo(u + 1 + mw; w) = (—1)™ e~ 2mimu=mimm=Lw g (4. ) Vn,meZ
| (2.2.26)
Oo(—u;w) = Op(u + w;w) = —e 2 Oy (u; w) .
They immediately imply
P(-u;w) = =P(u;w)
(2.2.27)

Plu+n+mw;w) = (—1)"m e & Gnutn®) p(y: ) VnmeZ.
It turns out that the basic BA operator has also nice modular transformation properties:

SVSNTL u 1 m<u2,£,i+,>
P(u;w+ 1) = "% P(uyw) P{——— | =e \v 72 Plyyw). (2.2.28)

w w

In order to prove (2.2.8)), we also need to show that

~ abm2 m(a+b—1) _7'rimu2 . 2, _
P(u+rvg;w)™ I'(u + rvg;aw, bw) = (=1) 2 T 2 W tmiabmu—mim(atb)(r—1)u

e X

m3ab | abla+b)m?(r—=1) m(at+b)?(r—1)2 | m(a?42+2) ~
T 6 + 4 - 8 + 2

 D(u+rvg — mabw; aw, bw) . (2.2.29)

X h

Here r € R mimics the contribution from the R-charge of a generic multiplet in the
theory. Notice that all factors in front of [ in the r.h.s. of explicitly depend on
the fermion R-charge r» — 1. This will be crucial to ensure anomaly cancellation in the full
BA operator.

Proof. The identity ([2.2.29) follows from the properties of the elliptic gamma function.
Indeed, for generic 7 and o, we have that

L(u+7;7,0) = 0o(u;0) T(u; 7, 0) Pu+oy7,0) =bo(u;7) I(w; 7, 0) . (22.30)

Moreover, there exists a factorization property (see Theorem 5.4 of [163]) which expresses

['(u; aw, bw) as a product of elliptic gamma functions with equal periods:
~ a—1b—-1 N
[(u; aw, bw) = H H I'(u+ (as + br)w; abw, abw) , (2.2.31)

r=0 s=0

valid for a,b € Z (not necessarily coprime). Using both (2.2.30]) and (2.2.31)) we obtain
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the identity

a—1b-1
I(u 4 abw; aw, bw) = [ H H 0o (u + (as + br)w; abw) ] x T'(u; aw, bw) (2.2.32)

r=0 s=0

and its generalizations to m € Z, given by

~ abm(m—1) m(m—1) ab(2ab—a—b) m(m—l)(m—2)a2b2
- 2 h™ 2 2 - 6 X

I'(u + mabw; aw, bw) = (—z)

a—1b—1
X [ H H «90(u + (as + br)w; abw)m] X f(u, aw,bw) . (2.2.33)

r=0 s=0

Now, by enforcing the assumption that ged(a,b) = 1, we can use the properties of numer-
ical semigroups (see Appendix for a review) to reduce the periods of the theta functions
from abw to w. In order to do so, let us introduce some notation. We call R(a, b) the set

of non-negative integer linear combinations of a, b:
R(a,b) ={am+bn|m,n € Zsg}. (2.2.34)

Then R(a,b) forms a numerical semigroup, which can be thought of as a subset of Zx,
closed under addition, with only a finite number of excluded non-vanishing elements. The
latter elements form the so-called set of gaps R(a,b) = N\ R(a,b). The highest element
of R(a,b) is the Frobenius number F(a,b) = ab — a — b, whereas the order of R(a,b) is
called the genus x(a,b) and the sum of all its elements is the weight w(a,b). It is a classic
result in mathematics that, in terms of a, b, the latter read

(a-1DOb-1)

x(a,b) = o, w(a,b) = (a-DE-1ab—a-b-1)

2.2.35

Thanks to the properties of these objects, we can use the following identities (proved in
Appendix :

a—1b-1

(25 h)o
(Zhas-i-br; hab)oo —
,,1:[0 g erﬁ(a,b)(l — zh")
ol b1 (2.2.36)
HH(Z—lhab—as—br; hab)oo _ (Z_lh; h)oo H (1 . Z—lh—k) :
r=0s=0 keR(a,b)
which lead to

a—10b—1

LTI 60 (u+ (as + brjwsw) = (—2) X A=) gy (u;w) . (2.2.37)
r=0 s=0
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Substituting into ([2.2.33) we obtain

2
abm m(a+b—1)
I

I'(u + mabw; aw, bw) = (—2)~ X

abm3 +ab(a+b)m2 (a2+b2+3ab—1)m

X h™ 6 T 2 0o (u; )™ T(u; aw, bw) . (2.2.38)
Finally, applying (2.2.38)) to the Lh.s. of (2.2.29)) proves the latter identity. O]

We now turn to analyzing the full BA operators. Notice that, in the definition ([2.2.4)),
Q; receive contribution only from the chiral multiplets of the theory. The vector multiplets

do not appear in ([2.2.4)) because their contribution simply amounts to

1T Pla(u);w)™ = II [P](D(_(;—mr — (—1)Zes00 = 1 | (2.2.39)

acA a>0

which holds true if G is semi-simple, as in this case the sum of positive roots is always an

even integer. Despite this fact, as far as the proof of (2.2.10)) is concerned, we write

Qi(u; &, v, w H TT P(pa(w) +walé) + ravisw)™ x T] Pla(u);w) ™ (2.2.40)

a=1 paema aEA

without simplifying the vector multiplet contribution.

At this point, using ((2.2.27]) we can show that @); satisfies:

Qi+ n: €, v, w) — (_1),4%]. o= S (AT*n (2uptre) +247n; €0+ 247 ) Qi(u: €, v w)
Qilu+ mw; &, vp,w) = (=)™ Qi(us €, va,w) |
(2.2.41)
which, thanks to (2.2.21)-(2.2.23)), reduce to Vn;,m; € Z in an anomaly-free
theory. Similarly, and together with the anomaly cancelation conditions
(2-2.21)-([2-2.23) imply (2.2.7). Moreover, using (2.2.40), we can write

Qi(u; &, vr,w) Z(u; &, vr, aw, bw) =

_ Ham P(pa(u) + wa(8) + rayR%w)pé f(pa(u) + Ay aw, bw) |
[loea P(O‘(u)ﬂﬂ)a1 f(a(u); aw, bw)

Applying ([2.2.29)), the latter equation can be written as

(2.2.42)

Qi(w; €, vp,w) Z(u; €, v, aw, bw) = (—1) FAHETAT griab(Au AT

% o= S (ATFujup+ AP o gyt 241U 60 ) —mi(atb) (AU R+ AT RE, )4 TEED) LiiRey

_mia+b)? iRR, . wia2b? giii, o, mi(a4b%) i
milath)” giRRy,_ mialb? giiig,q milas4bT) 4

X e “ Z(u — d;abw; §, vp,w) , (2.2.43)
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which, by anomaly cancellation, reduces to (2.2.8]).

Residue formula

We now use the BA operators and their properties to modify the contour of integration of
the index in (2.1.14}). For our purposes, it is sufficient to implement the following trivial

relation:

Zp,q;v) = ﬁej{Z(U;ﬁ,vR, aw, bw) d™Dy

. j{ [T (1 - Qius& v, w))
G rk(G 1_ Qz(u £ VR, W ))

(2.2.44)

Z(u; &, vR, aw, bw) d™Gy

The numerator of the integrand can be expanded as

rk(G)

H 1—Q1U§VR; ))XZ(U;S,VR,aw,bw):

i=1

rk(G) ( n Tk(G)
= Z Z Qi (u; &, vp,w) ... Qs (us &, VR, w) Z(u; &, VR, aw, bw)  (2.2.45)
n=0 e
rk(G) (—1)" rk(G)
— . Z Z(u — (84 + ...+ i, )abw; &, VR, aw, bw) ,
n=0 inFtin

where, in the last line, we have used the shift property (2.2.8)). Plugging the last equation
back in (2.2.44)) gives:

rk(G n rk(G)
Z(p,q;v) = kg Z > Lia(pgv). (2.2.46)
i1 i
with
51 —i— .o+ 0; Jabw; €, VR, aw, bw
Ly (P, 450 7{ 1 )M,V ) ey
k() ( - Qi(u;§7VR7w))
(2.2.47)
f‘ u { VR, GW, bw) JKE),,
czl in H Qz(u>€7 VR7W>)
and where .
Cir.oin = T o | J{l2,] = [n*; 0} . (2.2.48)
k=1
This is a contour where z;,,...,z2;, live on circles of radius \h|7ab, whereas the other
variables z; parametrize the unit circles in T"*(¥) =" The second line in (2.2.47) has been
obtained by implementing the change of variables u;, + w; + abw for k =1,...,n and
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using the periodicity (2.2.6)).

The series of integrals in (2.2.46|) can be resummed to a unique integral over a com-

posite contour:

u &, VR, aw, bw) JK(E)

Z( = 24
(p, g5 v liGj{ Hrk ) (01— Qi &, vm)) u, (2.2.49)

where

—

k(G) rk(Q)

C= Z( S U Ciin U {lzi) = O} U {Jzi] = |h[ " 0} (2.2.50)

=0 ! 11F£Fip

3

is a contour encircling the annulus A = {uZ 1<z < |n| ™™ i=1,... ,rk(G)}.

We now apply the residue theorem to (2.2.49)). The integrand has simple poles com-
ing from the denominator, whose positions are precisely described by the BAEs .
Obviously, only the poles that lie inside the annulus A contribute to the contour integral.
Moreover, as we do in Appendix @, one can show that whenever a particular solution [u]
to the BAEs is fixed (on the torus) by a non-trivial element of the Weyl group
We, namely w - [u] = [a], then the numerator Z(4; &, vg, aw, bw) is such that cancela-
tions take place and there is no contribution to the integral-—more precisely, the function
Ziot(U; €, VR, aw, bw) defined in vanishes@ Hence, we define the set of relevant
poles by:

Minder = {u (@] € Mpar and 1< |5] < |[B]™, i= 1,...,rk(G)} . (2.251)

This includes all points inside the annulus A such that their class belongs to Mpag. In
particular, the same equivalence class [u;] € Mpar appears in M qex aS many times as
the number of its representatives living in A. For this reason, we employ the following

alternative description:

(2

Mindex = {aw = [d] — miw ‘ (@] € Mpag, ms=1,....ab, i = 1,...,rk(G)} (2.2.52)

where, we some abuse of notation, we have denoted as [i;] the representative in the
fundamental domain of the torus as after ([2.2.9)).

In addition, the numerator Z has other poles coming from the elliptic gamma func-
tions. As we show below, as long as the fugacities v,,p, ¢ are taken within the domain
(2.1.6)—which is necessary in order for the standard contour integral representation ([2.1.3])

to be valid—those other poles either lie outside the annulus A or are not poles of the in-

24In particular, let us stress that the condition w - [@] # [4] in the definition of Mpag could be relaxed
with no harm: in that case, we would simply include more poles in the sum, whose residues however
combine to zero.
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tegrand (because the denominator has a pole of equal or higher degree) and thus do not

contribute to the integral.

Therefore, working within the domain (2.1.6)), we can rewrite the index as

Z(u; b
I(pa q; U) - (_27Ti)rk(G) Ve Z R?% rk(G)(u, 57 VR, 49, W) drk(G)U
(™) € Mipdox w=at™ | TS (1 — Qi(u; &, VR:W))
(2.2.53)
Computing the residues produces the final expression for the superconformal index:

I(paquv> = kg Z Z(Ia(ﬁl>;57 VR,CL(,L),bCU) H(ﬁ<7ﬁ);£7VRaw)il ) (2254)
a(ﬁl)emindex

where H is defined in (2.2.12)). The residue formula (2.2.54]) can be rewritten, more

elegantly, in the final form:

I(p7Q7v) = kg Z Ztot(ﬂ;§7VR7aw7bw) H(ﬁ;€7yRaw)_1 ) (2255)
4 EMBAE
where ,
Ziot(u; €, VR, aw, bw) = Z Z(u—mw; &, v, aw, bw) . (2.2.56)
{m;}=1

To obtain this expression we have split the sum over the poles in 9M;,qex into a sum over
the inequivalent solutions to the BAEs, described by the elements of Mgag, and the sum
over the “repetitions” of these elements in the annulus A. Moreover, we have used the
double-periodicity of the Jacobian H(u; &, vg,w) to pull the latter sum inside the definition
of Ziot.

Analysis of the residues

The last step consists in showing that the only residues contributing to come
from zeros of the denominator. In particular we need to show that, remaining within the
domain (2.1.6]), all poles in which are not given by the BAEs live outside the
annulus 4 and thus do not contribute to the integral. We concretely do so by proving
that every pole of Z inside A is also a pole of the denominator [[,(1 — @;) with a high
enough degree that the integrand of is non-singular at those points.

We begin by classifying the poles of Z. Using ([2.2.26), (2.2.30)) and

~ 1
[(u;r,0) = =< ) (2.2.57)
I'(r+o0—u;T,0)
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we can rewrite Z as

Z(u; &, vg, aw, bw) = HGO s aw 90( bw XHF pa(u +wa(£)+ral/R;aw,bw).
a>0 a,Pa

(2.2.58)
Since 0y(u;w) has no poles for finite u, the only singularities of Z come from the elliptic

gamma, functions related to the chiral multiplets. These can be read off the product

expansion: .
SIS 111 (Lo
m=0 r=0 s=0
that follows from , and so they are given by
sPa — Ufwahfr,l(a+b)/27abmfasfbr (2260)

for 0 <r<a—-1,0<s<b—1andm > 0. The multiplicity of each pole is p? = m+ 1@

Notice that one could also write zPe = v~«eh~alatD)/2=k for k € R(a,b).

We now turn to analyzing the denominator. More specifically, we need to find the
singularities of Hrk(G)(l Qi(u)). From (2:2.4) and (2.2.5) we see that Q; has a pole
whenever 8y (pa (1) + wa(€) + revg;w) = 0 and p) > 0. Therefore, the singularities of the

denominator are given by
zPa = y~Wapralatb)/2n forn € Z (2.2.61)

all with the same multiplicity v* = Y, o+ pi,. Here D represents the set of indices such
that p. > 0, resp. p!, < 0, thus v* is the sum of the positive components of p,. We notice
that the denominator poles in with —n € R(a,b) coincide with the numerator
poles. Therefore, the actual singularities of the integrand in are only those points
n (2.2.60)) such that p2 > v* or more explicitly

m > Zie@f{ 0. (2.2.62)

We now want to show that, when the fugacities satisfy , the set of actual sin-
gularities is always living outside the annulus \A. Therefore, we first study the conditions
for which belong to the annulus A. By imposing that 1 < |z] < |h|~*, we obtain
that ’ ’

||~ Zieni P < | zPa| < || iend P Va. (2.2.63)

Then we determine the constraints imposed on ([2.2.60|) by requiring (2.1.6]). In the rational

25In counting the multiplicity one may worry that there could be different choices of 7, s that give
the same abm + as + br for fixed m. This is equivalent to finding non-trivial solutions to the equation
as +br = as’ + br’. However, it is easy to see that, as long as 0 < r,r’ <a—1and 0 < s,s’ < b—1, such
an equation has no non-trivial solution in Z.
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case, the latter conditions are expressed by |h|*"" < |v®eh7e(@t9/2| < 1 Va. These

inequalities, together with 0 < as + br < 2ab — a — b, imply that
|h|—abm < ’h’—abm—as—br < |zfe| < ’h’—abm—a(s—i-l)—b(r—i-l) < |h‘—ab(m+2) _ (2.2.64)
Furthermore, requiring to be satisfied, we obtain that
2P| > |B| " Zient Po Va, (2.2.65)

which is satisfied by all the singularities of ([2.2.49|) coming from the numerator Z.

At this point, we immediately notice that the intersection between (2.2.63)) and (2.2.65))
is empty. This means that, if the flavor fugacities satisfy , all poles of the integrand
that come from poles of the numerator Z live outside the annulus A, and so the
only residues contributing to the integral are those given by the BAEs. This completes

the proof of (2.2.10)).

2.3 Conclusions

In this chapter we have derived the BA formula for the superconformal index
of 4d N' = 1 gauge theories, expressing it as a sum over the solutions of a set of Bethe
Ansatz Equations. This expression provides a powerful alternative to the integral repre-
sentation ([2.1.3)), more suited to study the asymptotic expansion in interesting limits (see
e.g. Chapter|3)) and to perform numerical computations. Although the applicability of the
BA formula is limited by the condition (2.2.2)), we have formulated one holomorphy-based
and one continuity-based arguments to show that the index can be uniquely fixed as a

function of generic fugacities.

Finally, as a remark, we stress that the BA formula can be viewed as the 4d version of
the analogous formula for the topologically twisted index of 3d N' = 2 theories.
Indeed, as mentioned in the introduction, when ¢ = p® one expects, along the lines
of [35,36,91192,98.99], to be able to interpret, as computing a 2d correlator on S?
in the A-twisted theory obtained from dimensional reduction of the original theory on the
torus of modulus w. Nevertheless, our derivation is entirely based on the manipulations

discussed throughout the chapter.

In the next chapter we will apply the BA formula to solve a very important issue: the
holographic counting of the entropy of electrically charged rotating black holes in Type
IIB on AdS; x S°.
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3 Black holes in 4d N = 4 Super-Yang-Mills

We study the entropy of electrically charged rotating BPS black holes in AdSs [107-111]
that can be embedded in Type IIB string theory on AdSs x S° [167]. Via the AdS/CFT
correspondence, we relate their microstate counting problem to the large N computation
of the superconformal index of the boundary SU(N) N = 4 SYM theory. We perform
such a calculation making use of the BA formula derived in Chapter[2]and, generalizing the
Z-extremization principle to this setup, we find perfect agreement with the gravitational
dual. Furthermore, we discuss in a simple example the presence of Stokes phenomena in

the asymptotic expansion of the index and their possible physical interpretation.

This chapter is organized as follows. In Section we review the BPS black hole
solutions in AdSs and their entropy. In Section we consider the dual N' = 4 SYM
theory and we describe its superconformal index in the BA formula, whereas in Section
we compute the large N limit. Sections and are devoted to extracting the black
hole entropy from the index. Finally, we conclude in Section [3.6]

3.1 BPS black holes in AdS;

In order to set the stage, we briefly review the properties of BPS black holes in AdSs x S°.
These are solutions of Type IIB supergravity that preserve one complex supercharge [168|,
thus being 1/16 BPS. The metric interpolates between the AdS; boundary and a fibration
of AdS, on S? at the horizon. Moreover, the black holes carry three charges Q1,23 for
U(1)> € SO(6) acting on S°, that appear as electric charges in AdSs, and two angular
momenta J; 5 associated to the Cartan U(1)? C SO(4) (each Cartan generator acts on an
R? plane inside R*). The black hole mass is fixed by the linear BPS constraint

M = g(|4] 4 1l + Qi + 1Qa] +1Qal) (3.L1)

where g = /5! is the gauge coupling, determined in terms of the curvature radius £5 of
AdSs (whereas charges are dimensionless). It turns out that regular BPS black holes
with no closed time-like curves only exist when the five charges satisfy certain non-linear

constraints. The first constraint relies on the fact that one parameterizes the solutions by
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four real parameters 123, = [111]@ The second constraint is
Fias>=—1>0. (3.1.3)

Alternatively, one can have the same constraint with = substituted by Z=! which corre-

sponds to exchanging J; <> J,. The third constraint is
Spa € R , (314)

where the entropy Sgy is defined in (3.1.10|) below.

Charges and angular momenta of the black holes are completely determined by these

four parameters p;, = with I = 1,2,3. Defining

W=D M V2= prps . V3= fajafis (3.1.5)
1

1<J

the electric charges and angular momenta are

T ur g 273 T 972 3 J (=
=—|—=+= - — J=—|== —(=-1
@ 4GN{9+2(72 m” ! 4GN[2 +g%+93( )}

3.1.6
>T 4Gy | 2 ST\ E
where Gy is the five-dimensional Newton constant and
T =110+ dm) - (3.1.7)
I

It is easy to see that one of the charges (); can be zero or negativem There are some

combinations, though, that we can bound above zero. For instance:

Ql‘i‘Qz—i-Q:s:L E—Fﬁ >0
ovlg 2 (3.1.8)
o Hr + pi o
Q1+QK—4G +gurpr| >0 for I # K .
N

26Tn |111] the authors use five real parameters 123, a, b with 0 < a,b < g~!, however the black hole
charges only depend on the combination = = /(1 — b2¢2?)/(1 — a2¢?). The parameters a, b are useful to
write the full supergravity solutions. They are determined, in terms of y; 2 3 and Z, by the extra relation

2ab + 29~ (a +b) + 3g~2
1+ pi2 + pz + 3972

V(1 —a2g?)(1 - 2g?) = (3.1.2)

2TFor instance, take p; that goes to zero with us 3 fixed, then Q1 becomes negative. One may wonder
whether the extra condition that the entropy be real could force the charges to be positive. This is not
the case. For instance, setting pu; = p3/3(1+ p2) and puz = pa as well as = = 1, one finds (up to constant
factors and setting g = 1) Q1 ~ —u3/6 <0, Q2 = Q3 ~ p2(pu2 +2)/2 > 0 and Sy ~ pi/12 > 0.
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In particular, at most one charge can be zero or negative. Setting g = 1 for the sake of

clarity, we also have
0 -
Qi+ I = = [ (14 unc) (1 1) (s + A+ )@= 1)) | >0
4Gy

Q1+J2=é{(l+uz<><l+m) <u1+(1+m)(é—1))

for I # K # L # I. The two inequalities follow from (3.1.3)).

(3.1.9)

The Bekenstein-Hawking entropy is proportional to the horizon area, and can be

written as a function of the black hole charges [169]:

Area
4G N

7

= 271'\/@1@2 + Q1Qs + Q203 — 1Cng® (i + J2) - (3.1.10)

SBH =

The constraint (3.1.4]) requires the quantity inside the radical to be positive. The BPS
solutions have a regular well-defined event horizon only if the angular momenta are non-

zero: in other words there is no static limit in gauged supergravity.

In this chapter we will focus on the “self-dual” case J; = Jo := J [108]. Since, in
general, J > 1 and = > 1, necessarily = = 1. The constraint (3.1.3]) simply becomes

pr > 0. (3.1.11)
The charges are
T |pur g 273 T [972 3
_ pro 9, 2| J:—[— }>o. 3.1.12
Qr 1Cn {g + 5 <’Vz Iy ﬂ Gy L2 +39°73 ( )

The entropy is

2

2GN

™

2Gng?

Sph = J . (3.1.13)

242
\/ (L g2)m — 57 = 27r\/Q1Q2 + Q1Qs + Q2Qs —

Once again, the constraint (3.1.4)) requires the quantity inside the radical to be positive@

3.2 The dual field theory and its index

A non-perturbative definition of Type IIB string theory on AdSs x S° is in terms of its
boundary dual: 4d N' =4 SYM theory with SU(NN) gauge group [23]. The weak curvature
limit in gravity corresponds to the large IV and large 't Hooft coupling limit in field theory.

28We stress that the entropy is not automatically real. For instance, if we take y; that goes to zero
with p9 3 fixed, then the quantity inside the radical becomes negative.
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This follows from the holographic relation

03 s
N2=T5 _ . 3.2.1
2GN QGNQ?’ ( )

Up to the choice of gauge group, SYM is the unique four-dimensional Lagrangian CFT
with maximal supersymmetry. The field content, in N = 1 notation, consists of a vector
multiplet and three chiral multiplets X, Y, Z, all in the adjoint representation of the gauge
group. The quiver diagram is the same as in Figure [I.T and, furthermore, there is a cubic
superpotential W = Tr X[V, Z]. The R-symmetry is SO(6)g: going to the Cartan U(1)3,
we choose a basis of generators R; 23 each giving R-charge 2 to a single chiral multiplet

and zero to the other two, in a symmetric way.

Considering the theory in radial quantization on R x S®, we are interested in the states
that can be dual to the BPS black holes described in Section These are 1/16 BPS
states preserving one complex supercharge O, and characterized by two angular momenta
Ji2 on S? and three R-charges for U(1)® C SO(6)x. The angular momenta J; » are semi-
integer and each rotates an R? C R*. To comply with the notation of the previous chapter,
we set Ji as the spins under SU(2); x SU(2)_ = SO(4), so that Jy,» = J, + J_. With
respect to the N' = 1 superconformal subalgebra (SCA) that contains Q, we describe the
R-charges in terms of two flavor generators q; o = %(RLQ — R3) commuting with Q, and
the R-charge r = %(Rl + Ry + R3). All fields in the theory have integer charges under

q12. The counting of BPS states is performed by the superconformal index, defined in

(2.1.1). In this case it is a function
I(p, q,v1,v9) = Tr (—1)Fe BN pits gats i 02 (3.2.2)

of the (complex) angular fugacities p, ¢ and of the (complex) fugacities v,, with o = 1,2,
associated with the flavor charges q,. The corresponding chemical potentials are 7,0, &,,
defined as in (2.1.9):

p= 627T’i7 ’ q= 6271'1'0 ’ Vg = 6271’1'5& ’ (323>

whereas, the fermion number can be expressed as F' = 2(J, + J_) = 2.J;. Briefly, the
index is well-defined for |p|, |¢| < 1, i.e. for Im7, Imo > 0, and it only counts states
annihilated by Q and QT, thus being independent of 3 (see Chapter [2| for details).

It will be convenient to redefine the flavor chemical potentials ad?

T+o0
3

29This choice is similar to the change of variables defined in (2.2.13)), although here we do not introduce
any redundant chemical potentials.

Aazga_'_

(3.2.4)
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and use
Yo = 2R (3.2.5)

The index becomes]
I, g yr,ys) = Tr (—1)Fe PN i Rs ot 3B g gt (3.2.6)

Notice that Ji, Js, %F , %R:}, are all half-integers and correlated according to

F R
L:kzazg (mod 1) . (3.2.7)

It is then manifest from (3.2.6)) that the index is a single-valued function of the fugacities.

In order to evaluate the large N limit of the index, we find it convenient to use the
Bethe Ansatz formula (2.2.10f), derived in Chapter . Computing the limit with this
formula is still challenging, and in this chapter we will restrict ourselves to the case of

equal fugacities for the angular momenta:
T =0 — p=q, (328)

which implies that a = b = 1.

In the case of N' =4 SU(N) SYM and with this restriction, the BA formula of the

superconformal index reads:

T(qy. ) = kv Y, Z(A 1) H@z A 7)™ (3.2.9)

1 € MBAEs

Let us stress again that this is a finite sum over the set of solutions {@} on the torus of

the Bethe Ansatz Equations, given by

a Oo(uji + Av; 1) Oo(uwji + Ao 7) Op(wji — Ay — Ag; 7)

1=0Q; U;A,T = 62”()""323'“2‘3‘)
Qi( ) Oo(wij + A1 7) O (wij + Ao 7) Op(ui; — Ay — Ag; 1)

(3.2.10)
for i = 1,..., N and where w;; = u; — u;. The unknowns are the “complexified SU(N)
holonomies” u; subject to the identifications

u ~ u;+1 ~ u;+71 (3.2.11)

meaning that each one lives on a torus of modular parameter 7, and constrained by

N
Y ui=0 (modZ+7Z), (3.2.12)
i=1
30With respect to the notation in [88]: p = t3x|there, q= t3/x’there, yi =120, Y = th/v|there.
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as well as a “Lagrange multiplier” A\. The prefactor in (3.2.9) is

hN = > (3.2.13)

~ ~ N—
1 (@i T(asrnn T agnn)\
F<A1 +A2;T7 T) .

The function Z is the integrand in the integral representation ([2.1.3))

Z(u; A7) = ﬂ i(u” A7) Dy T AnT, ) : (3.2.14)
T it F(’LL” +A1 +A2;7_7 T) F(uij;Ta 7—)

Finally, the Jacobian H is

H‘ - (3.2.15)
BAEs

ot L a(QhaQN)
21 8(u1, e, UN—T, >\)

when evaluated on the solutions to the BAEs. Notice once more that both Q;, Ky, Z and
H are invariant under integer shifts of 7, Ay and A,, implying that the superconformal
index is a single-valued function of the fugacities. The functions 6, and T are
defined as in the previous chapter (see and (2.1.4), (2.1.11)) and some of their
properties are collected in Appendix [A]

Let us add some comments on how and are obtained from the gen-
eral formalism of Chapter 2] The maximal torus of SU(N) is given by the matrices
diag(z1,...,2n_1,2y) with vazl z; = 1 and, setting z; = e*™, is parameterized by
uy,...,uny_1. For general gauge group G, the BA operators @); in have an index ¢
that runs over the Cartan subalgebra of G. Let us denote the BA operators of SU(N) as
@1, . ,@N_l, then the BAEs are @j = 1. The BA operators of SU(N) can be written as
@j = ;/Qn in terms of the BA operators Q1,...,Qy of U(N). Introducing a “Lagrange
multiplier” \, we can set Qx = e~ 2™ and write the BAEs as ¢?™*Q; =1forj=1,...,N

(this includes the definition of \). Absorbing e?™ into Q;, we end up with (3.2.10).
The Jacobian H for SU(N) is given by

1 90,
H = det {— an} . (3.2.16)
2mi Ou, =1, N_1
When evaluated on the solutions to the BAEs, we have
1 9(Qi — Qn)
H’ = det | — DN — 3219). 3.2.17
BAEs ¢ |:27TZ 8Uj ij=1,..,N—1 ‘-’ ( )

To see the last equality, one should notice that 0Q);/ 8)\}3 AR = 2T

The chemical potentials u; are defined modulo 1, and the SU(N) condition implies
that they should satisfy Zj u; € Z. However, thanks to (2.2.6)), the BAEs (3.2.10) are
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invariant under shifts of one of the u;’s by the periods of a complex torus of modular
parameter 7, namely uy — uy +n+m7 for a fixed k. Hence, as proven in Chapter [2] the
BAEs are well-defined on N — 1 copies of the torus. Consistently, both H and Z—when
evaluated on the solutions to the BAEs—are invariant under shifts of u; by the periods

of the torus. Furthermore, the (3.2.10) are invariant under modular transformations of

the torus (see (2.2.7)):

1

THT+1 T == T T
T C:

. T
S u

T

(3.2.18)
Ur— —u

This has been shown in Section for the general case and it can be easily checked
rewriting the BAEs in terms of the function 6(u;7) (see Appendix [A). Doing so, the
term ;Ui In the exponential in disappears and, using the modular properties
, one proves the invariance under the full group SL(2,7Z). On the other hand, let
us stress once again that the summand xyZH ! in is not invariant under modular

transformations of 7: this is not a symmetry of the superconformal index.

3.2.1 Exact solutions to the BAEs

When evaluating the BA formula (3.2.9)), the hardest task is to solve the BAEs (3.2.10)).
The very same equations appear in the topologically twisted index on T? x S? 35|, and

one exact solution was found in [47,57]:

T T(N—-7) N-—1
uy = (1), =", A= (3.2.19)

Here @ is a suitable constant that solves the SU(N) constraint (3.2.12)); since all expres-
sions depend solely on u;;, we will not specify that constant. Notice that the solution does

not depend on the chemical potentials A,. To prove that it is a solution, we compute

o Oo(wsi +A)  Thicobo(Fk +4) x [Tl nbo(Fh +4)
ot ol + &) TR 00 (Fk + A) < TLL 0o (Fh+4)
_ Lo 9o(Fk +2) < T w(=¢""y)

IS oGk + 2) x Tty (—¢*™)

To go to the second line we used the periodicity relations . Taking the product over
A = {A;, Ay, —A; — Ay} we precisely reproduce the inverse of the prefactor of ,

for every i. Furthermore, notice that the shift v — u + % generates a new inequivalent

— (_1)]\771 yN72Z'+1 qiszﬁl ) (3220)

solution that solves the SU(N) constraint. Repeating the shift N times, because of
the torus periodicities, we go back to the original solution. Therefore, (3.2.19) actually

represents /N inequivalent solutions.
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Because the BAEs are modular invariant, we could transform 7 to 7/ = (a7+b)/(c7+d),
then write the solution uj; = 7'(j —i)/IN, and finally go back to 7 = (d7’ —b)/(a — c7').
This gives, for any a,b € Z with ged(a,b) = 1, an SL(2,Z)-transformed solution

ar+0b,. .
Uij = — (j—1). (3.2.21)

However, one should only keep the solutions that are not equivalent—either because of

periodicities on the torus or because of Weyl group transformations.

On the other hand, a larger class of inequivalent solutions was found in [57] (we do
not know if this is the full set or other solutions exist). For given N, every choice of three
non-negative integers {m,n,r} that decompose N = m - n and with 0 < r < n leads to

an exact solution

~

)k r _
ug= L4~ (14 )+ (3.2.22)
where 7 =10,...,m — 1 and = 0,...,n — 1 are an alternative parameterization of the
index 7 = 0,...,N — 1. As we show below, the first class is contained into the second

class. Once again, (3.2.22)) actually represents N inequivalent solutions because of the
possibility of shifting u.

The solutions ([3.2.22)) organize into orbits of PSL(2,7Z) with the following action:
mn m(n —r) }

ged(n, )’ ged(n,r)
(3.2.23)

where the last entry of {m/,n’,r'} is understood mod n’. One can check that S* = 1. If

T:{m,n,r} — {m,n,r+m}, S:{m,n,r}»ﬁ{gcd(n,r),

{m,n,r} have a common divisor, then one can see that also {m’, n’, 7'} have that common
divisor, and since T', S are invertible, it follows that d := ged(m, n, r) is an invariant along
PSL(2,7Z) orbits.

We can prove that if {m,n,r} have ged(m,n,r) = 1, then they are in the orbit of
{1,mn, 0}, i.e. there exists a PSL(2,Z) transformation that maps them to {1, mn,0}. In-
deed, let 7 = ged(m, ). We can perform a number of 7" transformations to reach {m,n, 7}.
Necessarily ged(n,7) = 1, therefore an S transformation gives {1, mn, m(n — 7)}. Now
a number of T' transformations gives {1,mn,0}. On the other hand, we observe that if
ged(m,n,r) = d > 1, then the orbit under PSL(2,Z) is in one-to-one correspondence
with the one of {m/d,n/d,r/d}, which is generated by {1,mn/d? 0}. This shows that
the number of orbits is equal to the number of divisors d? of N which are also squares.
Each orbit is generated by {d, N/d, 0}, and is in one-to-one correspondence with the orbit

generated by {1, N/d?, 0}, which we can regard as the “canonical form”.

At this point we recognize that the set of inequivalent solutions in the first class
(3.2.21) (neglecting shifts of @) is precisely the PSL(2,Z) orbit with ged(m,n,r) =1 in
the second class (3.2.22)). Indeed, start with a solution of type (3.2.21]) for some N and
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some coprime integers a,b. Let m = ged(a, N) and n = N/m. We can write the solution

as
u; = —MT _b +u (mod Z+TZ) . (3.2.24)

n N
We can identify k = (a/m)j mod n. Since (a/m) and n are coprime, as j runs from 0
to n — 1, k takes all values in the same range once. Moreover there exists s = (a/m)~!
mod n, such that j = sk mod n. In other words, (a/m) is invertible mod n and its

inverse s is coprime with n. We can write
j=sk+nj (3.2.25)

and as j runs from 0 to N — 1, j covers a range of length m. Substituting the expression

for 7 we obtain

bk b
uj = _Ej_ - (T—|— ES) +u (mod Z+77Z) . (3.2.26)

Notice that ged(b,m) = 1. Indeed, suppose that b and m have a common factor, then
this must also be a factor of a, which is a contradiction. Therefore we have the equality
of sets {b7 mod m} = {j mod m}. Finally, we set » = bs mod n and we reproduce the
expression in (3.2.22)). The values {m,n,r} obtained this way have ged(m,n,r) = 1.
Indeed, suppose they have a common factor, then this must also be a factor of a but not

of (a/m), and thus it must also be a factor of b, which is a contradiction.

On the contrary, start with a solution {m,n,r} of type (3.2.22)) with gcd(m,n,r) = 1.
It is easy to see, by repeating the procedure, that it is equivalent to a solution of type
(3.2.21)) with @ = m and b = r (which imply s = 1).

3.3 The large N limit

In this section we take the large N limit of the BA formula (3.2.9) for the superconformal
index. The first part of the section is technical, and the uninterested reader could directly

jump to Section [3.3.3] where the final result is presented.

In the related context of the topologically twisted index on T2 x S? [35/102], it was
shown in [47] that the basic solution leads to the dominant contribution in the
high temperature limit. Assuming that such a solution gives an important contribution in
our setup as well, we will start evaluating its large N limit. We will find that it scales as
e®?) therefore in the following we will systematically neglect any factor whose logarithm
is subleading with respect to O(N?). We will also find that the solution is not

necessarily dominant in our setup, rather other solutions can compete, and we will thus

have to include the contributions of some of the solutions (3.2.21)).

First of all, consider the prefactor xy in (3.2.9) and the multiplicity of the BA solutions,
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whose contribution does not depend on the particular solution. Each BA solution (|3.2.22))
has multiplicity N-N!, where the first factor comes from shifts of @ while the second factor

from the Weyl group action. Thus, from (3.2.13)), we find
N-N! gy =W (3.3.1)

This contribution can be neglected at leading order.

3.3.1 Contribution of the basic solution

Here we consider only the contribution of the basic solution (3.2.19)) to the sum in ((3.2.9)).

The Jacobian. We use the expression in (3.2.15)). The derivative of ); with respect to

u; can be computed and it gives:

Dlog Qi(u; A7) . G (uis; A, 7)
=N O, up | 6 SRR B 3.3.2
O 2 Doy | B+ 2 G (uiw; A, 7) 332)
k=1 Ae{A1,Az,—A1—A3}
ith
v Glus ) — folut A57) 533
wAT) = ——o 1~ 3.
T Oo(u + A;7)
and 8ujuik = 0ij — Ok — O;n + Opv. This relation holds because we take uy,...,un_1 as

the independent variables, and fix uy using (3.2.12)). Substituting we get

Olog Q;(u; A, T) "ug; A, T)
— (5. N
auj (6” zN 671 +ZZ g Uzk,A 7_ +

k=1 A

(uin; A7) G'(uiy; A7)
- Z ( Guin; A7) g(uij;AaT>) (3:3.4)

where A is summed over {Ay, Ay, —A; — Ay}

When we evaluate this expression on u;; = 7(j — i)/N, we notice that—for generic
values of A,—the terms in the second line are of order O(1). Indeed, the distribution of
points u;; generically does not hit any zeros or poles of G. Retaining only the terms in

the first line, the Jacobian reads

A 01 - o1) 1
O(1) A o1
H = det : : : (3.3.5)
o0(1) Av_y 1
—Ay —An —Ay 1
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where the diagonal entries are
1 & G (uwi; A, 7)
Ai=3N4+-—) Y = (3.3.6)
A

Let us estimate the behavior of A; with N. By the same argument as above, A; contains
the sum of N elements of order O(1) and thus it scales like O(N) (or smaller). The

determinant can be computed at leading order and it gives
N N
H=>" T[] A;+subleading. (3.3.7)
k=1 j (#k) =1

This scales as O(NY), therefore log H = O(N log N) and can be neglected.

The functions I'.  The dominant contribution comes from the function Z defined in
3.2.14). To evaluate it, let us analyze Zgé] log f(uij—l—A; 7,7) with A € {Ay, Ao, A1 +A5}
separately. Making use of the relation (A.22) proven in [163], we write

e—m’Q(uij +A;7,7T) « 1/1< J )

™ . — T . .0
T(uij + A; 7,7) 00<Uij:A;_%> L[O q/,(k_“;ﬂ'_A) (3.3.8)

The function () is defined in (A.12)), while Q is a cubic polynomial in u:

3
-1
QuiT,0) = 5 — LTy
3To 270 (3.3.9)
(t+0) +70-3(t+0)+1 (t+o0—1)(t+0—710)
+ U+ .
670 1270

To make progress, we perform a series expansion of log#, and log, evaluate this

expansion on the basic solution for w;; in (3.2.19)), and perform the sum Zf\; ;- We define

35— 6271'1'u/7' 7 g _ 627riy/7 : q _ 6—27ri/7' (3310)

as the modular transformed variables. We have

al ui+A 1 * & : z
D _log 60( 2 ,——> =22 log Kl - 71751“") (1— - @71@"“)]
i#] T T n=0 i%j & =i
w5 N (5 ‘
2| (Zear) (2o (33.11)
0=1 n=0 i#j J ¢
x| ¢ ~nt ¢ ~(n+1)e —1  J+5'q
:—ZZZ[AHJQ + A5G }:—ZZAE —
/=1 n=0 /=1 q
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where we introduced A, which denotes the following sum over ¢, j:

N ,.\¢ N 2
. N*—N for/{=0 mod N
A, = Z (g) _ Zemu—z)ﬂﬂv = (3.3.12)
iz \Fi vy —N for {#0 mod N .
The series can be resummed to N log [60 ( —g) /6o ( )} , however we do not need

that. We collect the terms into two groups:

00 ~ - ~ N - . - . .
1"+ 1L g+ g™ gv
I BUISN . 3.3.13
Ny N4 i B3

where the second term comes from ¢ = Nj. For |¢| < |g| < 1, namely for

0 < Im (%) < Im (—%) , (3.3.14)

the series converges. The second term is suppressed at large N, whereas the first term is
of order O(N) and can be neglected.

We then perform a similar analysis of log 1, using the series expansions of the functions
log and Li,. We find

(k—‘rl—‘ru”—f—A)

ZZ 8 ﬁ) = iii [—% (%W q' - %zf) + (3.3.15)

i#j k=0

Lwg g | g N Zi ’
ZT(y +7 Q)+%€—2(y — 7 q)] <Z—jq)

i E+14+A_ , ., k—A_\ _ 1 Av, ., )
= Z{ (— eqf_ ye)qke—i-—,—g(yg—yfqg)qké}
T 271

k=0 (=1 T
where we used that the following sum vanishes:
By = Zu ( ) = lZN:(j —4) XMUTN =, (3.3.16)
i#] “\5 NG

Once again, the expression can be resummed by breaking the sum into two groups (cor-
responding to generic ¢ and ¢ = Nj):

° p(EER) g (MR
(3.3.15) = kz_; [—Nlog M + log W

The first term (that comes from setting Ay — N) is of order O(NV) and can be neglected.

(3.3.17)
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Figure 3.1: In yellow is highlighted the domain (3.3.14) in the complex A-plane. The
right boundary is the line 7, passing through 0 and 7. The left boundary is the line v —1,
passing through —1 and 7 — 1. The dashes lines are other elements of v + Z.

The second term is

x| N EHI+A v E=A N ki L N Ny Nk
> [—7 (f(q/y)m - TyN]) ¢+ o (1 = (@)™

, 211 g
k=0 j=1
(3.3.18)
In the regime of convergence (3.3.14)) this series goes to zero as N — oco. We conclude
that the only contribution at leading order in N is from the polynomial Q in (3.3.9).

The limit we computed is valid as long as A satisfies . That inequality has
the interpretation that A should lie inside an infinite strip, bounded on the left by the
line through —1 and 7 — 1, and on the right by the line (that we dub 7) through 0 and
7 (see Figure . On the other hand, f(uw + A;7,7) is a periodic function invariant
under shifts A — A+ 1. Therefore, unless A sits exactly on one image of the line v under
periodic integer shifts, there always exists a shift that brings A inside the strip. This

means that we can use our computation to extract the limit for all A € C\ {y+ Z}.

Let us define the periodic discontinuous function

Al = (A+n|nez, 0<mm(42) <Im(-1)) for Tm(2) ¢ Z x Im (L) .
(3.3.19)
The function is not defined for Im(A/7) € Z x Im(1/7). Essentially, this function is
constructed in such a way that [A], = A mod 1, and [A], satisfies when it is
defined. It also satisfies

A+1), = (A, A+l = (Al +7, Al = —[A, = 1. (3.3.20)

We use such a function to express the limit as

lim log f(um + AT, 7') = —m Q(Uij + (Al T, T) + O(N)
N*“’; ’ Xﬁ: (3.3.21)
— _1iN2 ([A]T - T) ([A}T - T+ 5) ([A]T - T 1) +O(N) .

372
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This expression is, by construction, invariant under A — A + 1. The lines
m(A/7) € Z x Im(1/7) (3.3.22)

that we have dubbed + + 7Z, are Stokes lines: they represent transitions between regions
in the complex A-plane in which different exponential contributions dominate the large
N limit, and along which the limit is discontinuous Y| We do not know what is the limit
along the lines, because different contributions compete and a more precise estimate would

be necessary to evaluate their sum. We will elaborate on Stokes lines in Section [3.3.3]

The term with A =0 requires a special treatment, because it does not satisfy (3.3.14)).
We can still use the expansion . The term log 6, is evaluated as

Zlog@o (ﬂ ——) ZZlog [(1 il ’“) (1 - %g’fﬂ)} (3.3.23)

i#j i#j k=0
SN / o).
= og 1—— +22210g 1——q = Nlog N 4 2N log ~———~=
i#] i#j k=1 (Qa Q)oo

To calculate the first term in the second line, we notice that 2¥ —1 = H;VZI (z—e*mia/N)y,

Factoring (x — 1) on both sides we get ¥ 1 + ... + 2 +1 = H;V:_ll (z — €*™/N) and
substituting z = 1 we get N = H;V:_ll (1—e?™/N). At this point we can shift j by k units
and multiply over k:

H H ( eWﬂ'—k)/N) . (3.3.24)

k=17 (k) =

To compute the second term we use the series expansion as before. We see that log 6

contributes at order O(N log N) and can be neglected. The product of terms log gives

k+1+u” ) N o) (k+1+u”
ZlOgH k u” Zl 08 k+u” Zlng< U)
i#j k=0 ) 1#] k=0 w( i#] <3325)
—Z (3_2 —1) MmN -y,
6 12
1<j

In the first equality we changed sign to u;; because it is summed over ¢, j; to go to the
second line we used (A.13)). This term is of order O(/N) and can be neglected. We conclude
that

N 1
: =0 N e i Gt
Tim. ; log T'(uij; 7, 7) ‘ o = TN = +O(NlogN).  (3.3.26)

31Stokes lines divide the complex plane into regions in which the limit gives different analytic functions.
Because of their origin, Stokes lines have the property that only the imaginary part of the function can
jump, while the real part must be continuous. One can indeed check that (3.3.21]) satisfies this property.
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Total contribution from the basic solution. At this point we can collect the various
contributions and obtain the large N limit of log Z in (3.2.14)) evaluated on the solution
(3.2.19). The expression depends on [Aq],, [As]; and [A; + Ay].. We notice the following

relation:

A+ A [A]: + [Ag]- if 0 < Im (M) < Im (—%) 15¢ case
1+ Qg =
[Ai]; +[Ag), + 1 if Im (=1) < Im (M> <Im(—2) 2" case.
(3.3.27)

The second one can be rewritten as
A = Ao]y = [<A, + [<Ag],  if0<Im (M) <Im(=1) . (3.3.28)
The large N limit of the summand is then

lim log Z = —miN?*O(AL, Ay 7) (3.3.29)

N—o0 (13.2.19)

where we have introduced the following function for compactness:

[AI]T[AQ]T(QT —1- [Al]’r - [A2]r)

. 15 case
O(A1, Ay 7) = '
([Aﬂr + 1) ([AQ]T + 1) (27— —1-[A4)- — [A2]T) -1 2nd cage.
T (3.3.30)

The two cases were defined in (|3.3.27)).

We can rewrite the function © in a way that will be useful in Section Define an
auxiliary chemical potential Az, modulo 1, such tha@

Al —+ AQ + Ag —-2r € 7. (3331)

It follows that [Az], = 27 — [A1 + Ay, — 1. It is also useful to define the primed bracket

Al =[AL+1 =  Im (1) < m (ﬂ> <0. (3.3.32)

T T

The primed bracket selects the image of A, under integer shifts, that sits inside the strip
on the right of the line v through zero and 7, as opposed to the strip on the left. Hence

[Al]T [AZ]T [AS]T

2 i 0 < I (B8 ) < (- )
O(A, Ay 7) = ! (3.3.33)

AL [AS][AS] / /
[ 1]7’[ 22]7'[ 3]7’ 1 if Im (%) < Im ([A1]T—:[AQ]T> <0.
T

32This definition represents the specialization of the general change of variables (2.2.13)) to the case of
N =4 SYM.
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Irrespective of the integer appearing in (3.3.31)), the bracketed potentials satisfy the fol-

lowing constraints:

[A]r + [As); +[As); =27 +1=0 1% case
(3.3.34)
ALl + [As]l +[As]. —27—1=0 27 case .

Such constraints have already appeared in [117,/119]/120].

3.3.2 Contribution of SL(2,Z)-transformed solutions

As discussed in Section 3.2.1 (3.2.19)) is not the only solution to the BAEs: each inequiv-
alent SL(2,7Z) transformation of it, given in (3.2.21)), is another solution—and even more
generally there are the {m,n,r} solutions (3.2.22)) found in [57]. Some of those solutions

might contribute at the same leading order in V.

A class of inequivalent solutions—particularly simple to study—that contribute at

leading order in NV is obtained through 7T-transformations:

T;r(j—z) forr=0,...,N 1. (3.3.35)

U,ij =

These are the solutions {1, N,7} in the notation of Section 3.2.1] To evaluate their
contribution, simply notice that both Z in (3.2.14) and H are invariant under 7 — 7+ r,
thus the contribution of (3.3.35)) is the same as in (3.3.29) but with 7 — 7 4 r. In the

large N limit, r runs over Z.

We have not evaluated the contribution of all other {m,n,r} solutions, which is a
difficult task. However, in order to have an idea of what their contribution could be, let

us estimate the contribution from the S-transformed solution

(3.3.36)

which is the {NV, 1,0} solution in ({3.2.22]). The large N limit of sy does not depend on
the solution, and is subleading. Moreover, the large N limit of log H is computed in the
same way as in Section [3.3.1] and it gives O(Nlog N) or smaller. Let us then analyze Z.
In the regime |¢|? < |y| < 1 we can directly expand log I in its plethystic form:

N oo o ' ¢
> il +a5m) = 33 3 M ((2) - (2) ) o

7 7 =1 m=0 (3.3.37)
= m+1 _ . [(NA;N7,NT
= Z—g Ao (v =y '¢*) ¢™ = Nlog (~ >:(9(N).
=1 m=0 I'(A;7,7)

If |y| is outside the range of convergence of the plethystic expansion, either above or below,
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the large N estimate of f(N A; N7, N7)¥ becomes discontinuous and, in general, it does
not produce only exponentially suppressed contributions. To see this we can simply shift
A — A+ k7, for some k € Z such that |y¢*| is inside the convergence domain. Then,

repeatedly using (A.17) and (A.4)) gives an additional contribution of the form

2
- m‘N2<k(k — DA+ k(K — 1)7) + Nklogfo(N(A + kr); N7) . (3.3.38)

Here, the last term can be treated similarly to and it is exponentially suppressed in
N. On the other hand, the first terms give a contribution of order O(N?). Nevertheless,
being these contributions linear in the chemical potentials, they do not play a role in
the analysis we perform in Sections and (they do not modify the extremization
problem). Moreover, their appearance may be justified as a consequence of the analytic
continuation of the index outside the regime of convergence of its plethystic expansion,
where the physical interpretation as a trace is no longer well-defined. For these reasons,
we will neglect these problematic terms and work with the estimate for the regime
lg|* < |y| < 1. The case A = 0 requires a special treatment. We have

al ~ Al 2 <1/ %\
loo T (.- — _ _ Sl R W
Zog (wij; T, 7) Z[ log<1 Zj)+22 E(zj) q ]
i#£j i1#£] {m=1
= —Nlog N +2 i &qmz = —NlogN+2Nlog% =O(NlogN) .
Pl (4™;4™)

(3.3.39)

Thus, there is no contribution from log Z at leading order in N.

In the following we will assume that the only solutions contributing at leading order,

namely O(N?), are the T-transformed solutions.

3.3.3 Final result and Stokes lines

Since we end up with competing exponentials, the one with the largest real part dominates
the large N limit. Assuming that solutions other than the T-transformed of the basic one

are of subleading order in N, we find the final formula
A}im log Z(q, y1,92) = rh\a%( (—m’N2 O(A1, Ag; T+ 7")) = log Zo - (3.3.40)
—00 re

The function © is defined in (3.3.30)). The meaning of max is that we should choose the
value of r € Z such that the real part of the argument is maximized. One of the good
features of eqn. (3.3.40) is that it is periodic under integer shifts of 7, Ay, Ay. We already
observed that © is periodic in A; 5 because the functions [A; 5], are. Taking the max over
T — T+ r gives periodicity in 7 as well. This implies that the RHS of is actually

a single-valued function of the fugacities q, y;,y2. This is a property of the index at finite
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N, as manifest in (3.2.6) and (3.2.9)), and it is reassuring that the large N expression we

found respects the same property.

The function Z,, has a complicated structure. The full range of allowed fugacities
q, Y1, Y2 gets divided into multiple domains of analyticity, separated by “Stokes lines”.
In each domain of analyticity, only one exponential contribution (for some value of r)
dominates the large N limit: the function logZ,, takes the form of a simple rational
function given by ©(A1, Ag; 7+ 7). The Stokes lines are real codimension-one surfaces, in
the space of fugacities, that separate the different domains. When crossing a Stokes line,
a different exponential contribution dominates, and log Z,, takes the form of a different
rational function. In particular, on top of a Stokes line there are two (or more) exponential
contributions that compete: their exponents have equal real part. This characterizes the

locations of Stokes lines. In terms of the function O:
Hm@(Al,AQ;T—FTl) = Hm@(Al,AQ;T+T2) (3341)

for some 7,9 € Z.

In fact, also the values of Ay, Ay such that ©(A;, Ay; 7 + r) is discontinuous (for
the value of r picked up by max) should be regarded as forming a Stokes line. In this
case, the two competing exponents correspond to the values of © on the two sides of the
discontinuity. There are two possible sources of discontinuity. First, one of the bracket
functions, say [A;],, could be discontinuous. This happens when Im(A;/7) € ZxIm(1/7),
namely when o = lim. ,o+[A; — €];/7 € R. Taking into account that on the left of the
discontinuity we are in the 1% case, while on the right we are in the 2°¢ case—in the
terminology of (3.3.27)—and assuming that A, is generic, we find

lim [O(A; — €, A0;7) — O(A +6,Ap;7)| = (a—1)? € R, (3.3.42)

e—0t

where the limit is taken with e real positive. Second, we could pass from the 15 to the
21 case of the definition ([3.3.30]). This happens when [A;],; + [As], + 1 = a7 for some

a € R. Assuming that A, 5 are otherwise generic, we find
AO =(a—1)* € R. (3.3.43)

In both cases we confirm that the codimension-one surface of discontinuity is a Stokes

line, because Im © is equal on the two sides.

When we sit exactly on a Stokes line, two (or more) exponential contributions compete,
and in order to compute the large NV limit we should sum them. However we do not know
the relative phases, because they are affected by all subleading terms and a more accurate
analysis would be required. Therefore, we cannot determine the large N limit of the index

along Stokes lines.
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It turns out that a value of r that maximizes the real part of the argument of max
may or may not exist. We can estimate the behavior of the real part at large r by noticing
that

A ImA
lip [Blrer ImA (3.3.44)
r—doo T4 7T Im 7
This implies that
ImA; ImAs ITm(27 — A — A
lim TmO(Ay, Ay r 4 r) — o1 ImAs Im@7 = A1 = Ay) (3.3.45)

r—=+oo (]Im 7')2

Thus, the real part of the argument of max approaches a constant value. If there is no
maximum but rather the constant value is a supremum, then our computation is not
finished: All contributions from the T-transformed solutions should be summed, however
for large |r| they form an infinite number of competing exponentials, whose sum crucially
depends on how they interfere. In order to determine such a sum we would need more

accurate information.

We conclude by stressing that—even though only the dominant exponential determines
the large N limit of the index—we expect that all exponential contributions, including
the subdominant ones, have some physical meaning. Each of them plays the role of a
“saddle point”, although our treatment is not the standard saddle-point approximation.
We will make this comment more concrete in Section [3.5, when comparing the large N

limit of the index with BPS black hole solutions in supergravity.

3.3.4 Comparison with previous literature

The large N limit of the superconformal index of N' = 4 SYM was already computed
in [88|. There, it was found that the large N limit does not depend on N, and therefore
it does not show a rapid enough growth of the number of states to reproduce the black
hole entropy. In this section we would like to explain how the results here and there can

be compatible.

The authors of [88] took the large IV limit of the index, for real fugacities. Their result,

in our notation and restricted to the case p = ¢, is

= 1
lim 7 - 3.3.46
A v 12) g 1= f(q" v v3) ( )
with X ' X ,
1= (g g, ) = L) ayf);); /) (3.3.47)

In particular, logZ is of order O(1). On the contrary, we computed the large N limit
for generic complez fugacities, and found that logZ is of order O(N?). It was already

discussed in |120], in a double-scaling Cardy-like limit, that the large /N limit of the index
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is completely different for real and complex fugacities, and it was observed in [121] that

there exists a deconfinement transition once complex fugacities are taken into account.

The resolution we propose relies on the fact that, for complex fugacities, the limit shows
Stokes lines. As we described, along those codimension-one surfaces multiple exponentials
compete. In order to know what the limit is there, we would need to sum those competing

exponentials, but this requires a more accurate knowledge of the subleading terms.

What we notice, though, is that the codimension-three subspace of real fugacities is
precisely within a Stokes line. Therefore, although we cannot prove it, it is conceivable
that the competing terms cancel exactly, leaving the O(1) result . Indeed, in
Appendix [E] we prove the following result, which is stronger than the statement that we
sit on a Stokes line. Take the angular fugacity ¢ to be real positive, namely 0 < g < 1
and set 7 € iR for concreteness, and take the flavor fugacities y; 2 to be real. Then
O(Aq, Ay; 7) is along a Stokes line and is not defined, while

O(A, Ag;7—1) = —0O(A1,Ag;7+71) — 1 (3.3.48)

for r > 0. On the other hand, take the angular fugacity real negative, namely —1 < ¢ < 0

and set 7 € —% + 1Ry, and take again the flavor fugacities to be real. Then

O(A,Ag;7—1) = —0O(A1,Ag;7+1r+1) —1 (3.3.49)

for r > 0. Therefore, among the various contributions from 7T-transformed solutions
parameterized by r € Z, there is an exact pairing of all well-defined terms where, in each
pair, two terms have the same real part and can conceivably cancel. In other words, not
only the term with maximal real part can cancel, but also all other terms we computed
at order O(N?). This scenario is a strong check of our result, that makes it compatible
with [88].

3.4 Statistical interpretation and Z-extremization

We wish to extract the number of BPS states, for given electric charges and angular
momenta, from the large N limit of the exact expression of the superconformal
index. Since the latter counts states weighted by the fermion number (—1)¥, one may
worry that strong cancelations take place and that the total number of states is not
accessible. However, following the argument of [29,30]—reviewed in Section one can
assert that the index (3.2.2)) or (3.2.6) is equal to

I(p q, Y1 y2> = Tr eiﬂ'Rtrial(TvgvALAQ) 6*277Hm[TC1+UCQ+A103+A204] e—ﬂ{Q,QT} (341>
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where the trace is taken in the IR N/ = 2 super quantum mechanics (QM) obtained by
reducing the 4d theory on S®. Here Ry, is a trial R-symmetry, and (' 2,34 are the charges
appearing in (|3.2.6)):
R R
01:J1+73, 02:J2+737 C’gqu, C4ZC[2. (342)
Indeed, because of the relations (3.2.7)), we can represent the fermion number as (—1)f =
e™Rs - Substituting in (3.2.6) and separating the chemical potentials into real and imagi-

nary part, we obtain the expression (3.4.1)) with
Ruyial(1,0,A1,A9) = R3+2Re7Cy +2Rec Cy + 2Re A1 C5+2Re Ay Cy . (3.4.3)

From the point of view of the super QM, Rj3 is an R-symmetry while the other four
operators are flavor charges, hence Ry, is an R-symmetry. We see in (3.4.1) that only
the first exponential can produce possibly-dangerous phases, while the other two are real

positive.

Now, for a single-center black hole in the microcanonical ensemble, the near-horizon
AdS, region is dual to an N/ = 2 superconformal QM. The black hole states are vacua of
the su(1,1|1) 1d SCA. Since we are in the microcanonical ensemble, each of those states
is invariant under the global conformal algebra su(1,1) = so0(2,1) (because AdS, is) as
well as under the fermionic generators (because the black hole is supersymmetric). This
necessarily implies that those states are invariant under the superconformal R-symmetry
u(l)se C su(1,1|1), i.e. that they have vanishing IR superconformal R-charge Rs.. Thus,
when Ry;a is tuned to Ry, the index counts the black hole states with no extra signs
or phases (this is similar to [41,42]). Of course, in a given charge sector there will be
more BPS states than just the single-center black hole, but assuming that the single-
center black hole dominates, the index captures its entropy. It remains to understand
how to identify Ry.. At large N, the entropy is extracted from the index with a Legendre
transform, and this operation can be argued to effectively select Ry, among the Ria’s.
This large N principle is the Z-extremization principle of [29.30], originally proposed for
dyonic black holes in AdS, and now extended to magnetically neutral black holes in AdSs.

Let us elaborate on this point. The index is the grand canonical partition function
of BPS states. Introducing an auxiliary variable Az and the corresponding fugacity y3 =
e?™83 such that Ay + Ay + Ag — 7 — 0 + 1 € 27, we can rewrite (3.4.1) as

Z(p, ¢, 1, 92) = Treps p” g2 & yS2 49 (3.4.4)

Here the trace is over states with {Q, @'} = 0, and we have identified Q; = R;/2 (for I =
1,2, 3) with the electric charges in supergravity. We recognise that the black hole angular

momenta J; o are associated with the chemical potentials 7, o and the charges ); 23 with
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Aj 3. The microcanonical degeneracies at fixed quantum numbers are extracted by
computing the Fourier transform of . However, since Az is not an independent
variable, what we obtain are the degeneracies for fixed values of the four charge operators
appearing in , summed over (J3. Using the supergravity notation, those four fixed

charge operators are

Ci=J1+Qs, Cy=Jo+Qs, Cs3 =01 —Qs, Cy=0Q2—Q3. (3.4.5)

Thus, what we can compute is

3
= /dr dodAydAy T(p,q,y1,v2) p~ g™ " H y;Q’ (3.4.6)

I=1

C1,2,3,4

> d(J,Q)
Q3

where d(J, Q) are the (weighted) degeneracies with all charges J; 5 and Q23 fixed.

Nevertheless, we can take advantage of the fact, reviewed in Section [3.1] that the
charges of BPS back holes are constrained, and for fixed C'y 2 34 there is at most one black
hole—for a certain value of the fifth charge (3. We can then use to extract its
degeneracy d(J, Q) = exp Spu(J, Q) at leading order because the latter will dominate the

sum over ().

In the large N limit, the integral (3.4.6) reduces by saddle point approximation to a

Legendre transform with respect to the independent variables {7, 0, A;, As}:

3
SBH(J, Q) zlogI(?,?t\, 31,32) — 2 ?Jl —|—8’J2+ 3]@[
(Fhreohsybe) b

= 10gI(§'\, (/J'\, 31, 82) — 2m (7/:01 + 802 + 3103 + 8204> + 27TiQ3 s

where hatted variables denote the critical point. In this approach, )3 can be determined

as the unique value that makes the entropy Sgu(J, @) real [29,30].

In the particular case of 4d N/ = 4 SYM, the large N limit of the index is a function
with multiple domains of analyticity, separated by Stokes lines. This makes things more
interesting. In each domain we should perform the Legendre transform, and whenever
the critical point falls inside the domain itself, we obtain a self-consistent contribution to
the total entropy. Even more generally, we have written the index as a sum of competing
exponentials (one for each Bethe Ansatz solution) and we can compute the Legendre
transform of each of those exponentials—irrespective of which one dominates. We expect
each contribution to represent the entropy of some classical solution—very similarly to
a standard saddle point—even when the entropy is smaller than that of the dominant

solution.
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3.5 Black hole entropy from the index

In this section we show that the contribution of the basic solution ([3.2.19)) to the supercon-
formal index at large IV, in the domain of analyticity that we called “1%* case” in (3.3.27)),
given by

[A1]T[A2]T(2T —-1- [AI]T - [Az]T)

2 Y

— miN? O(Ay, Ag; 7) = —7iN?

15 case T

(3.5.1)

precisely reproduces the Bekenstein-Hawking entropy (13.1.13)) of single-center black holes
in AdS; (this is in line with the result of [120] in a double-scaling Cardy-like limit). It
amounts to show that the Legendre transform of (3.5.1]) is the black hole entropy (this

will be reviewed below), and that the critical point involved in the Legendre transform
consistently lies within the domain of analyticity in which (3.5.1)) holds.

Recall that the contribution of the basic solution corresponds to the r = 0 sector in
. For black holes with large charges, i.e. for black holes that are large compared
with the AdSs scale, that is indeed the dominant contribution to the index. However,
intriguingly enough, as we reduce the charges the contribution of the single-center black
hole may cease to dominate. We will highlight this phenomenon in Section in the very
special case of black holes with equal charges. This seems to suggest that, below a certain
threshold, the BPS black holes may develop instabilities, possibly towards hairy or multi-
center black holes. Indications that this is the case have also been given in [120}/121]. It

would be nice if there was a connection between this observation and recently constructed
hairy black holes in AdS; [122-126].

The entropy function. The Legendre transform of the black hole entropy (3.1.10|) in
the general case, also called entropy function, was obtained in [117]. Let us review it,
following the detailed discussion in Appendix B of [119]. The entropy function is
X1 X X, N?
B with vV=— T

S = —2mi =
v w1 Wo 2 4GN93

(3.5.2)

and with the constraint

Y Xe— ) wit+l1=0. (3.5.3)

a=1,2,3 i=1,2
Because of the constraint, S is really a function of four variables. The entropy Sgy is the

Legendre transform of & with its constraint. We can compute it as the critical point of

§=5-2ri (Y} QuXat Y Jiw) —2miA (3 Xa= D wit1)  (354)

Elisa Milan 75



A Tale of Two Indices

in which the constraint is imposed with a Lagrange multiplier A. The equations for the
critical point are

oS 198

1
WA= — , Ji—A=_— 2 3.5.5
@+ 211 0X, 271 Ow; ( )
and the constraint (3.5.3). In details,
Xo X X1 X X1 X
Q+A=-—v222 Q2+ A=—v—""2 Qs +A=—v "2
w1 Wo w1 Wo W1 Wo
X1 Xo X X1 Xo X (3:5.6)
A WL CELCE U R SR R R
Wi Wa W1 Wy

It follows that
0=(Q1+M)(Q2+AN)(Qs+A)+v(Ji —A)(Jo—A) = A? + poA? + piA + po (3.5.7)
with
p2=Q1+ Q2+ Q3+ v

p1=Q1Q2 + Q1Qs + Q2Q35 — v(J1 + Jo) (3.5.8)
po = Q1Q2Q3 +vJ1Js .

It turns out that we can find the value of S at the critical point without knowing the
exact solution for the critical point. We use the fact that S is homogeneous of degree 1

(it is a monomial), and thus

oS oS
X 22 S, 5.
> aaXa—i_EiWZawi S (3.5.9)
Substituting into (3.5.4]) we find

Spn=38| = —2miA. (3.5.10)

crit

Since A is the solution to the cubic equation , it looks like there are three possible
values for the entropy. However, since for real charges the cubic equation has real coeffi-
cients, we either find 3 real roots or 1 real and 2 complex conjugate roots for A. Imposing
the entropy to be real positive, we require that there is 1 real and 2 imaginary conjugate
roots, then only one of them—the one along the positive imaginary axis—leads to an
acceptable value for the entropy. Since (A — 3)(A —ia)(A+ia) = A* — BA? + oA — Ba?,

we obtain the following constraint on the charges:

Po = P1D2 and p1>0. (3.5.11)
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One can check that the parameterization (3.1.6) automatically solves the first equation.
Then the roots of (3.5.7) are A € {—pa, &i,/p1}. The physical solution is

A=iypi =  Sen=2rp1. (3.5.12)

which is precisely eqn. (3.1.10). We stress that the conditions (3.5.11)) are necessary, but
not sufficient, to guarantee that the supergravity solution is well-defined [*7]

It is not difficult to write the values of the chemical potentials at the critical point.

To simplify the notation, let us define
Piog= Q123+ A, Pys=Jip— A, P23 = X123, Q5 = —wio (3.5.13)
and use an index A =1,...,5. The equations imply that
b, P, areall equal for A=1,...,5. (3.5.14)

Implementing the constraint (3.5.3)), the solution is
(S~ 1)
dy=—-—— — . 3.5.15
- () (3519
Since, even for real charges, the P,’s are complex, the solutions ® 4 are in general complex.

Equal angular momenta. Let us specialize the formulas to the case J; = Jy = J,
and determine useful inequalities satisfied by the chemical potentials at the critical point.
First of all, from the constraint (3.5.3) it immediately follows

- — +—+—-2. (3.5.16)
wooow w w
At the critical point (3.5.15]) one finds
X, J—A Xa Qo+ J
—_— = Im(|(— ) = — >0. 3.5.17
o " QA w (D) =g (3517

33As an example, take Q1 = Q2 = Q3 = Q and J; = Jo = J. The first equation in 1) is
solved by J = —=3Q — 1+ (2Q + 1)3/ 2 and both branches are covered by the parameterization (3.1.6) as
Q=p+p?/2, J=3u%/2+ 3. Then p; = 3Q% +6Q + 2 F 2(2Q + 1)*>/? and one can check that, for
@ > 0, both branches have p; > 0. However, only the branch with upper sign satisfies also —here
@ > 0—and corresponds to well-defined supergravity solutions, while the branch with lower sign does
not.
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To obtain the last inequality we used that @, + J > 0 for the BPS black holes, as we
showed in (3.1.9). This implies that

X 1
0 <Im (—a) < Im (——) fora=1,2,3. (3.5.18)

W w

Using the explicit parameterization (3.1.12]) presented in Section (and setting g = 1
for the sake of clarity), one can also show that

1 V2
Re(w) = ——— . Im(w) = —— 2 3.5.19
RRETCEn T (3:5:19)
where p; = 12 ((14 71)73 — 373). In particular, the first equation shows that
1
0 < Re(w) < 3 (3.5.20)

Entropy from the index. Finally, we compare the contribution to the index from the
basic solution in the 1% case, given in (3.5.1), with the entropy function S in (3.5.2)). The
latter, after eliminating X3 with the constraint (3.5.3) and restricting to equal angular

fugacities, reads
X1 X (2w—1-X; — X)

S = —miN? — (3.5.21)
We see that it is exactly equal to (3.5.1)), as long as we can identify
T=w, Al = X, for a=1,2,3. (3.5.22)

This is not obvious, but we can check that it is indeed possible. First of all, X; and
X, should satisfy the strip inequalities that [ -], does, at least in a neighbourhood of the
critical point. This is precisely what we proved in . Second, the fugacities at the
critical point should also satisfy the inequalities that define the 1% case. Because
of the constraint, this is the same as requiring that also X3 satisfies , which is
true. Thus, this concludes our proof. Let us stress that, in our approach, the constraint

(3.5.3]) with the correct constant term simply comes out of the large N limit.

One could wonder what is the physics described by the domain of analyticity named
27d case in . It appears that it reproduces the very same black hole entropy as
the 1%¢ case. Indeed, as apparent from , in the two cases O takes almost the
same form, the only difference being that [-], and [-] satisfy opposite strip inequalities
and a constraint with opposite constant term. It was already observed in [119] that
the entropy function & reproduces the black hole entropy with either one of the two
constraints imposed. We leave for future work to understand what is the role of such a

twin contribution.
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3.5.1 Example: equal charges and angular momenta

In order to make some of the previous statements more concrete, we now study in detail a
very special case in which the index counts states with equal charges Q) := Q1 = Q> = Q3
and angular momenta J = J; = Jy. This will be instructive to elucidate the structure of

Stokes lines.

Let us first quickly summarize the properties of black holes and their entropy in this

case [107]. We set v =1 (all charges are in “units” of v) so that
po=Q+ %, pi=3Q-2], p=3Q+1, (3.5.23)
and the charge constraint is
pip2 —po = 8Q* +3Q* —2(3Q +1)J —J*=0. (3.5.24)

This is quadratic in J and potentially leads to two branches of solutions. However only
one of them satisfies (3.1.3]) when parameterized in terms of p (we also set g = 1):

1

Q=p+ 1 A=iypi, S=2myp
3
J=02Q+1)**-3Q—-1= §,u2—|—,u3 (3.5.25)
3
p1=3Q7+6Q+2—-202Q+1)** =y’ + ~p* .

4
The entropy is positive for ¢) > 0, and in this range J > 0.

The extremization problem simplifies because we only have two chemical po-
tentials, X = X; = Xy = X3 and w with the constraint . The critical point
is

e 9N , xo__J=A (3.5.26)

2Q0+3J —A 2Q0+3J+A
Let us mention that in the alternative extremization problem in which the constraint
(3.5.3]) is modified by changing +1 into —1, the critical values of X and w are given

by the same expressions, however the critical value of the Lagrange multiplier becomes
A= —?;1 /P1-

We now turn to the index. Given the identifications X, = [A,]; and w = 7, we can
restrict to chemical potentials such that [A]; = [Aq], = [As], = [As],, where Aj is
defined through the general constraint (3.3.31). Up to integer shifts, this amounts to

27 —1

A3:A1:A2:A3: 3

(3.5.27)

The critical points (3.5.26|) indeed satisfy this relation. We have thus reduced to a single

independent chemical potential 7. Notice that the function Z (A(T);T): z (%;7) is
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periodic under 7 — 7 + 3, therefore we will restrict to 0 < Ret < 3.

We study the large N formula (|3.3.40|) for the index, in particular we want to determine

the structure of the leading contributions as 7 is varied, and where the Stokes lines are.
To do so, we need the values of the bracketed potentials [A], ., for r € Z. We find

(

A+ 2—; ifr=0 mod3
27 —1 .
PAY—_—— [ 3 } = < undefined ifr=1 mod 3 (3.5.28)
T+r
2r—1

A+ T ifr=2 mod3.

\

In the second case the bracket is not defined because Im(A/(7+71)) € ZxIm(1/(t+7)),
i.e. because A sits exactly on the boundary of a strip defined by 7 + r. We can however
consider [A],,, for values of A that are a bit off the boundary of the strip in the real
direction. We consider the values A1) = A £ € with infinitesimal € > 0 and find
Aw].. — A+ QT; 2 AG), — A 27”;” ifr=1 mod3.
(3.5.29)
Using these formulas, the values of O(A, 7+ r) are easily computedﬁ In particular, the

imaginary parts of © computed on A4 are the same.

The dominant contribution to the index is determined by comparing the absolute
values of exp(—m’N 20(A; T+ r))—or equivalently the imaginary parts of ©—as we vary
r. When there is a particular value 7 for which Im ©(A;7 + 7) is maximum, there is
one dominant contribution which leads to a concrete estimate of the leading behavior of
the index. When, instead, there is no maximum, we are left with an infinite number of
competing contributions and more detailed information would be needed to resum them.

We obtain the following values for the imaginary part of ©:

(2Tm T Ret +r 3
— ifr=0 d3
27 ( |7+ 7| |T+T‘|2) nr mo
81
ImO(A;7+7) = 21];7— ifr=1 mod3  (3.5.30)
2]11117'( _ReT—i—r_ 3 ) fr=9 mod3.
[ 27 lT+rl* | +7r]?

Notice that the limiting value for large |r| (equal to the value for r =1 mod 3) is as in
(3.3.45)). If there is a value of r that maximizes Im ©, it must come from the first or third

case. In particular, there exists 7 with 7 = 0 mod 3 if 7 satisfies the following relation:

Ret +7> 3|7 +7 with  7=0 mod 3. (3.5.31)

3For r =0 mod 3 one has to use the 15 case of ©, while for r = 2 mod 3 the 2" case.
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Figure 3.2: The upper left plot shows the values of Im ©(A; 7 + r) as a function of r, for
7 inside the semi-circle . The red dot corresponds to » = 0, and is the dominant
contribution in this case. The upper right plot shows Im ©(A; 7+7) for 7 inside the semi-
circle . The green dot corresponds to » = —1, and is the dominant contribution
in this case. The lower plot shows the values of Im ©(A;7 + r) for 7 outside the two

semicircles, where there is no dominant contribution.

This corresponds to the interior of a semi-circle in the upper half 7-plane, centered at
the boundary point 7 = 1/6 — 7 and with radius 1/6. Similarly, there exists 7 with 7 = 2

mod 3 if 7 satisfies
—Rer —7> 3|7 4+7 with  7=2 mod 3. (3.5.32)

This corresponds to the interior of another semi-circle of radius 1/6, centered at 7 =

—1/6 — 7. The two inequalities (3.5.31]) and (3.5.32)) define two semi-circles in the funda-

mental range 0 < Re7 < 3, for 7 = 0 and 7 = —1 respectively, as well as all their images
under the periodicity 7 — 7 + 3. On the other hand, outside the two regions there is
no dominant contribution because, for all values of r, Im © is smaller than the limiting
value. In Figure we provide plots of Im ©(A; 7 + r) as r is varied, both for 7 insides

the semi-circle (3.5.31]), inside the semi-circle (3.5.32), and outside those two.
In Figure we represent the fundamental range 0 < Re7 < 3 of the upper half
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Figure 3.3: Stokes lines in the 7-plane. The red semicircle corresponds to the domain
of analyticity where the r = 0 contribution dominates the index. The green semicircle
instead corresponds to the domain where the r = —1 contribution dominates. In the
remaining region we do not have a dominant contribution. The blue and orange lines
are the critical points of the entropy function for BPS black holes, in the two possible
formulations. The dashed lines indicate the subspace where both fugacities ¢ and y are

real and the computation of [88] applies.

T-plane, dividing it into regions according to the dominant contribution. In Figure
we represent the same information in the g-plane, using ¢*/? as the variable. The red
semi-circle ([3.5.31]) corresponds to the values of 7 in which 7 = 0, while the green semi-
circle corresponds to 7 = —1. These are two different domains of analyticity.
The remaining “no max” region, in blue, corresponds to values of 7 for which there is no

dominant contribution. The three regions are separated by Stokes lines (in black).

Inside the red semi-circle (3.5.31)) the large N limit of the superconformal index is

[A]7 2 (27— 1)°
7:—7”]\[ W

log Zoo(A;7) = —miN? O(A;7) = —miN? (3.5.33)
This expression exactly matches the entropy function of black holes with equal
charges () and angular momenta J, and its Legendre transform selects the critical points
. We represent the line of critical points, as p > 0 is varied, by a blue solid line
in Figures and 3.4 As we see from there, for y > pu. the blue line lies inside the
red semi-circle, meaning that the entropy of the single-center black hole is the dominant
contribution to the index. This seems to confirm that “large” BPS black holes, with
Q > Q, or equivalently J > J,, are stable. On the contrary, for 0 < u < u, the blue
line plunges into the “no max” region. We can still identify the black hole entropy with
the contribution of the basic solution (3.2.19)) to the index, however such a contribution
is no longer dominant. This suggests that “small” BPS black holes with @) < @, might be
unstable towards other supergravity configurations. We find the following values at the

transition point:

8 26 Am
*:_7 *:_7 *:_) o 4
Q 9 J. 57 S, 3 (3.5.34)

2 1+
* = Ty = )
=3 6

where @), J, S are in units of v. It would be nice to derive these values from supergravity.
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Figure 3.4: Stokes lines in the ¢-plane, where the variable is ¢'/®. The notation is the
same as in Figure 3.3l The dashed line indicates the subspace where both fugacities ¢

and y are real and the computation of [88] applies.

The green semicircle in Figures [3.3] and corresponds to values of 7 for which the

r = —1 contribution dominates. In this domain we find

log Zoo(A;7) = —miN?O(A; 7 — 1) = —miN? M —1
(r =17 (3.5.35)

This also reproduces the entropy of single-center black holes: this expression matches the
entropy function (3.5.2) with the alternative constraint among the chemical potentials,
given by (3.5.3) with +1 substituted with —1. In the figures we have indicated with a

solid orange line the critical points obtained with the alternative extremization principle.

It is interesting to draw the subspace where both fugacities ¢ and y are real and the
computation of [88] applies. We include this subspace, in terms of ¢'/3, in Figure (3.4, We
see that the real subspace does not intercept the black hole lines: it only asymptotically
reaches them, at the tail that describes black holes much smaller than the AdS radius.

3.6 Conclusions

In this chapter we have successfully studied the microscopic origin of the Bekenstein-
Hawking entropy of electrically charged rotating black holes in Type IIB on AdSs x S°.
This has been done in the holographic dual N' =4 SYM theory by computing the large
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N limit of the superconformal index. Due to technical difficulties, we have restricted

ourselves to the case of equal angular momenta.

To perform the large N limit we have used the Bethe Ansatz formula derived in
Chapter As we have shown in Section [3.3] the asymptotic expansion enjoys Stokes
phenomena in the space of complex fugacities. This space is then divided into various
chambers—separated by Stokes lines—in each of which the leading behavior of the index
is captured by a different analytic function. The latter have the form of many exponen-
tially large contributions and their interplay seems to justify the discrepancy with the
computation of 88|, that was performed with real fugacities. This is because the sub-
space of real fugacities lies on a particular Stokes line in which all the exponentially large
contributions organize into competing pairs, making possible their cancelation to an order
O(1) contribution.

We have furthermore shown that there exists one particular contribution from which
the Bekenstein-Hawking entropy of the dual BPS black holes can be extracted via a
refined version of the Z-extremization principle. On the other hand, the presence of other
exponentially large contributions points towards the interpretation as saddle points in the

dual gravitational path integral.

We have been able to shed more light in this direction in the simple example of BPS
black holes with equal charges and angular momenta. Here, the entropy dominates the
superconformal index only for large black holes. One possible explanation invokes the
presence of instabilities for small black holes, possibly towards hairy or multi-center black

holes. We leave the task of making these observations more precise for future works.
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A Special functions

We review the properties and main identities of special functions that have been used
throughout this thesis.

g-Pochhammer symbol. The function is defined as

o0

(2;Q)00 = H(l — zqk) . (A.1)

Here and in the following we set z = >, ¢ = ¢*™" and take |q| < 1.

A plethystic representation is

(23 @)oo —eXp{ % } (A.2)

w

which converges for |z], |q| < 1.

Function 6y. This function, also called g-theta function, is defined as [163|

Oo(u; 7) = (21 ¢) oo (4/2 @)oo - (A.3)

It has simple zeros at z = ¢",for m € Z and no singularities except for z = 0 or co. It

satisfies the following relations:

Oo(u+n+mr;7)=(—2)"" q*M(m . Oo(u; T) (A4)
Oo(u; 7) = Op(T —u;7) = —200(—u;7) .
valid for any m,n € Z. The modular transformations are
1 i ﬁ,u wyry 11
Oo(u; 7+ 1) = Op(u; 1) , o <1—L, ——) =e (5 -urs4d:-3) Oo(u;7) . (A.5)
T T
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To derive them, one can relate 6, to the Dedekind n and Jacobi 83 functions:

L O3(u—I—1;7) 1 <X
0 w;T) = g2 2 2 _ e nqn(n—l)/2 ’
ol 7) n(7) (¢ ¢)oc nz_:oo( )

where

+00 5
O3(u;m) = > 24T = (0:0)00 (—20"% D)oo (—2 7103 ) -

n=—oo

The function 65 is also called ¥y in the literature.

Thanks to (A.2), there is a plethystic representation

- 1284 z‘qu]

Oo(u; 7) = exp {— T —

k=1

which converges for |g| < |z] < 1.

Function #. This is a modification of the function 6y, defined as
O(u; 7) = e ™6 g (u; T)
Its periodicity relations are

O(u+n+mr;7) = (1) 27 ™2 g (u; 7)
O(—u;7) = =0(w;7)

again valid for m,n € Z. The modular transformations are

) 1 9
O(u;7+1) = e/ O(u;T) 0 (E; ——) = e/ O(u;T) .

T T

Function . Following [163|, we define the function

W(t) = exp {t log(1 — e ™) — = Liy (6_2””)} .

271

(A7)

(A.10)

(A.11)

(A.12)

Within Im¢ < 0, the definition is analytic and single-valued. The branch of the loga-

rithm is determined by the series expansion log(1 — z) = — 32 2" /k, whereas Liy(z) =
> one, 2¥/k*. One can show that the branch cut ambiguities of the logarithm and the
dilogarithm, that appear for Im¢ > 0, cancel in the definition of (¢). This means that

the latter function can be analytically continued to the whole complex plane yielding a

meromorphic function.
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Two useful properties of 1(t) are:
Y(t) (—t) = e G(t+n)=(1—e ) "p(t) VYneZ, (A13)

valid for any t € C.

Mt g = ¥ the elliptic gamma function [163] is

Function T. Setting now p = e
~ ) ] ] O 1— m+1,n+1.,—1
C(uyr,0) = F(z = 2™ p = 2T g = 627”") = H 1p_ pgq”zz , (A.14)

m,n=0

defined for |p|,|q| < 1. The function I'(z; p, q) is meromorphic in z, with simple zeros at

z = p™ g™ and simple poles at z = p~™¢™ ", for m,n € Zsg. A plethystic representation

is
1k —pFgkF

I'(2;p,q) = exp 2 =] (A.15)

which is convergent for |pg| < |z] < 1.

The basic periodicity relations are

Fu+1;7,0) =T(u;7,0) =T (u;0,7) (A.16)

and

F(u+737,0) =bo(u;0) I(w; 7, 0) P(uto;7,0) =0(u;T) (w7, 0) . (A7)

There is also an inversion formula:

[(u;7,0) = = ! . (A.18)
I'(t+0—u;T,0)

For 7,0,7/0,7 + 0 € C\ R there exist modular transformations (Theorem 4.1 of [163]):

_ . w.r _1 ‘ (. -1 ¢
[(u;7,0) = e ™M) _ C(z:5 ) = e mRTY) _ Gior?) (A.19)
s e
where
3 -1
QuiT,0) = 5 — LT
310 210 (A.20)
(14+0)2+70—-3(1+0)+1 (r+o0—-1)(1+0—70) '
+ u+
670 1270

is a cubic polynomial in u, as defined in (3.3.9)).
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In the degenerate case 7 = ¢ the definition (A.14]) simplifies to

> /1 qm+22—1 m+1
T(ziq,q) =[] (W) : g <1. (A.21)
m=0

Furthermore, the identities (A.19) do not apply. However, there exists an alternative
version (Theorem 5.2 of [163]):

. —miQ(uyT,T) X k+1+4u
Flur,m) =& v

C(E-D) iy e ()

valid for u € C\ {Z + 7Z}. The function 9 (t) is defined in (A.12)).

(A.22)

In the case where the periods satisfy 7/0 € Q, a useful relation holds (Theorem 5.4
of [163]):

a—10b-1
['(u;ar,br) = H H T(u+ (as + br)7; abr, abr) (A.23)

r=0 s=0
valid for a,b € Z.

Additionally selecting a,b € N such that ged(a,b) = 1, the following identity applies
(Theorem 5.5 of |163]):

ab—1
I(u;ar, br)® =T (u;7,7) H Oo(u + kT3 abT)* | (A.24)
k=0

where o, = —ab+ k + 1 if k = ar + bs for some r, s € Z>( and aj = k + 1 otherwise. In
the language of numerical semigroups (see Appendix |B)) the definition of «y can be given

as:

—ab+k+1 ifkeR(ab
Y itk € Ria,b) (A.25)
k41 if k € R(a,b) .
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B Numerical semigroups and the Frobenius

problem

Given a set of non-negative integer numbers {a4, ..., a,}, the Frobenius problem consists
in classifying which integers can (or cannot) be written as non-negative integer linear

combinations of those. This problem has deep roots in the theory of numerical semigroups.

A “semigroup” is an algebraic structure R endowed with an associative binary opera-
tion. Analogously to groups, we denote it as (R, *). On the other hand, differently from
the case of a group, no requirement on the presence of identity and inverse elements is
made. A “numerical semigroup” is an additive semigroup (R, +), where R consists of all
non-negative integers Zso except for a finite number of positive elements (thus 0 € R).
The set {ny,...,n;} is called a “generating set” for (R, +) if all elements of R can be
written as non-negative integers linear combinations of ny,...,n;. We then denote the

semigroup with the presentation
R=(ny,...,n. (B.1)

Among all possible presentations of R, there exists a unique minimal presentation, which
contains the minimal number of generators. Such a number is called the “embedding
dimension” e(R) of the semigroup. We now define other important quantities associated

with numerical semigroups:

e The “multiplicity” m(R) is the smallest non-zero element of R.

e The “set of gaps” R = N\ R is the set of positive integers which are not contained
in R. Equivalently, the gaps are defined as all natural numbers which cannot be

written as non-negative integer linear combination of the generators nq, ..., n; of R.

e The set of gaps R is always a finite set. Its largest element is the “Frobenius number”
F(R). Alternatively, given a presentation (ni,...,n;), the Frobenius number is
defined as the largest integer which cannot be written as a non-negative integer

linear combination of the generators.

e The “genus” x(R) is the number of gaps, i.e. the order of the set of gaps: x(R) = |”R‘
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e The “weight” w(R) is the sum of all gaps: w(R) = >,z k.

e The following inequalities hold:

e(R) < m(R) F(R) < 2x(R) — L. (B.2)

In particular, if x € R, then F(R) —x ¢ R.

We now study the case where the embedding dimension is e(R) = 2, i.e. the minimal
presentation is defined by two positive integers a,b with ged(a,b) = 1. The associated

numerical semigroup is denoted by R(a,b) = (a,b) and the set of gaps is R(a,b) =
N\7R(a,b). The multiplicity is simply m(a,b) = min{a, b}, whereas the Frobenius number

is given by
F(a,b)=ab—a—10. (B.3)
The genus and the weight are
—1H)b-1 —1H)b-1)2ab—a—-b—-1
Gy = D0=D oy = @D D@0 b
Thanks to the properties of R(a,b), one can prove the following identities:
a—1b—1
(25 h)oo
(zhas—i-br; hab)oo —
g s=0 erﬁ(@b)(l — zhk)
a—1b-1 (B.5)
(z—lhab—as—br; hzzb)oo _ (Z_lh; h)oo H (1 o Z—lh—k> ’
r=0 s

=0 k€R(a,b)

which are useful in the analysis of Chapter [2

Proof. We begin with the first identity. Using the definition (A.1)) of the ¢-Pochhammer

symbol we can write:

a—1b—1 oo a—10b—-1
HH(Zhaerbr; hab)oo _ H H H(l _ Zhaanraerbr) ) (B6)
r=0 s=0 n=0r=0 s=0

Using that a, b are coprime, the set of integers {as+b7“ ‘ r=0,...,a—1, s=0,...,b— 1}
covers once and only once every class modulo ab. It follows that the set of exponents
{abn + as + br} is precisely R(a,b). Then

a—1b—1

HH(Z}LGS—H)T; hab)oo _ H (1 _ th) _ H;O:O(l — th) o (27 h)oo

r=0 s=0 keR(a,b) erﬁ(a,b)(l N th) er%(a:b)(l a th) ,
(B.7)

which proves the first equality in ([2.2.36)).
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The proof of the second identity is a bit trickier. The key point is to notice that the

set {as + br} does not contain any element of R(a,b) and thus

0 ifkeR(ab
{as—i—br}:{k—l—ﬂkab‘k:O,...,ab—l} with B = : _(a ) (B.8)
1 if k € R(a,b) .

This implies that {ab—as—br} = {—k+(1—B)ab|k =0,...,ab—1}. Finally, including

the freedom of choosing n > 0, we find that the set of exponents is

{abn +ab —as —ar} = (—R)UZ~yg . (B.9)
Then
a—1b—1 oo a—10b—-1
H H(Zflhabfasfbr; hab)oo _ H H H(l _ Zflhab(nJrl)fasfbr)
r=0 s=0 n=0 r=0 s=0
= ] a-z"v")xJJa-2""") =("hh)e [] 1-2"'27%). (B.10)
kER(a,b) k=1 kER(a,b)
This completes the proof of (2.2.36]). [

Thanks to the definition of 0y(u;w), we can apply (2.2.36)) and we obtain that

a—1b-1

1—z2"th* 1
HHQO(u—i- (as+ br)w;w) = H W Oo(u;w) = (o) fytad Oo(u;w) .

r=0 s=0 k€R(a,b)

(B.11)
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C A dense set

Here we show that the set of points (p, q) such that

¢ =p’ for coprime a,b € N (C.1)

is dense in {|p| <1,lq < 1}. We write the fugacities in terms of chemical potentials,

2mio 2miT

p=e and g =e¢
the determination on the “strip” 0 < Re o, Re7 < 1. Then the condition (C.1)) is equivalent
to

with Im o, Im 7 > 0, and for the sake of this argument we choose

a(t+n) =bloc+m) (C.2)
for some m,n € Z and a,b € N coprime.

We choose an arbitrary point (7p, ) in the strip and ask if we can find another point
(1,0), arbitrarily close, that satisfies (C.2]). Consider a straight line in the complex plane
that starts from 0 and goes through 79+ n for some integer n. When winding once around

the strip, this line has an imaginary excursion

Im 7y

Ay= ——.
y Remg+n

(C.3)

We can make this quantity arbitrarily small by choosing n sufficiently large. We define
o’ as the closest point to oy that lies on the image of the line on the strip modulo 1, and

has Reo’ = Reoy. It is clear that
0" = 00| = |Imo’ — Imoo| < Ay/2, (C.4)

and, by construction, (¢’ +m) = t(19 + n) for some m,n € Z and t € R,. We see that
|o' — 09| can be made arbitrarily small by increasing n. Next, we approximate ¢ by a
fraction a/b € Q.. This, for a/b sufficiently close to ¢, defines a point ¢ in the strip by

(0 +m)= %(To—f—n) : (C.5)

It is clear that o can be made arbitrarily close to ¢’ by approximating ¢ sufficiently well

with a/b. We have thus found a pair (o, 7 = 79), arbitrarily close to (0¢, 79), that satisfies

the constraint (C.2)).
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D Weyl group fixed points

In this appendix we prove that Zi.(u;§, Vg, aw,bw) vanishes when evaluated at a point
@ which is fixed, on a torus of modular parameter w, by a non-trivial element w of the
Weyl group We:

w - [a] = [u] . (D.1)

This implies that the solutions to the BAEs ([2.2.3) which are fixed points on the torus of
an element of the Weyl group, can be excluded from the set Mpag—as is done in (2.2.9)—
because they do not contribute to the BA formula (2.2.10)) for the superconformal index.

D.1 The rank-one case

Let us first consider the case that the gauge group G has rank one, i.e., that g = su(2).
Then there are only two roots, @ and —c, and the Weyl group is Wg = {1, 8.} = Zs

where s, is the unique non-trivial Weyl reflection along the root a:
So(u) = —u Vueh. (D.1)

We choose a basis element {H} for the Cartan subalgebra b such that p(H) = p € Z for
any weight p € Ayeigni. In this canonical basis & = 2 (while the fundamental weight is
A =1). The solutions to s, - [a] = [a] are given by

P+ qw
2

U =

with p,q € Z. (D.2)
Choosing a representative for [¢] in the fundamental domain of the torus, the inequivalent
solutions are with p = 0,1 and ¢ = 0, 1.

The representations of su(2) are labelled by a half-integer spin 7 € N/2 and their
weights are p € {ﬁoz | (=—j,—j+1,...,5— l,j}. Therefore, exploiting the expression

35The integers p, ¢ appearing in this appendix should not be confused with the complex angular fuga-
cities appearing in the rest of the thesis.
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in ([2.2.5§]), the function Z reduces to

Z(U,7 57 VR, aw, bw) =

= 0o (a(u); aw) bo (—a(u); bw) H H r (Cacr(u) + we(€) + ravp; aw, bw) . (D.3)

a lo=—ja

Moreover, the function Zi, defined in (2.2.11) is a single sum over m =1, ..., ab.

We want to prove that Z.(4; €, Vg, aw, bw) = 0. To do that, we construct an involutive

map 7y : m — m’ acting on the set of integers {1,...,ab} according to
m' =m modb, m =q¢—m moda, (D.4)

which define m’ uniquely. It will be convenient to introduce the numbers r, s € Z such

that m" = m + sb = ¢ — m + ra. The map ~ has the property that

—q/2 db,
wl— 2= ™Y o —m—q/24sb=—(m—q/2)+ra. (DJ5)
—(m —q/2) mod a,

We will prove that
Z(ﬁ —m'w; &, VR, aw, bw) = —Z(ﬂ — mw; &, Vg, aw, bw) . (D.6)

In particular, the sum over m inside Z, splits into a sum over the fixed points of v and a
sum over the pairs of values related by 7. The property guarantees that each term

in those sums vanishes, implying that Z,; vanishes.

Let us adopt the notation
Zn = Z(0— mw; &, v, aw, bw) = Z(p/2 — (m — q/2)w; &, v, aw, bw) . (D.7)
We define the vector multiplet and the chiral multiplet contribution, respectively, as

A, = 0 (a(p/Q) — a(m — q/2)w; aw) O (—a(p/2) + a(m — q/2)w; bw)

(D.8)
B, = H H <€ a(p/2) — lya(m — q/2)w + wa(§) +7“aVR;aw,bw> ,
a Lo=—ja
such that Z,, = A,, B,,. Then Z, evaluated on @ can be expressed as
D + qw ab
Ztot(T;€7 VR,CLCU,bM) = Z Zm+ Z (Zm+Zml) ’ (Dg)

m=1:m'=m (m,m’):m/#m

Our goal is to show that Z,,, = —Z,,.
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We begin by considering the contribution of A,,. Using (D.5) we can write

A =6y (p + (2m — q)w — 2raw; aw) 90(—p + (2m — q)w + 2sbw; bw)

D.10
=0o(—p— (2m — Q)w + (2r + Daw; aw) o (—p + (2m — q)w + 2sbw; bw) . ( )

In the second equality we used the second relation in (A.4). Using the first relation in
(A.4)), the identity 2m — g — ra + sb = 0 and reinstating «, with some algebra we obtain

A, = —e2miama@re 4 (D.11)

Then we turn to B, and, using (D.5]), write

= H H < aP+La(2m — Q)w + we (&) + revr — 20 raw; aw, bw)
(D.12)

— H H < aP — La(2m — Q)w + we (&) + ravr + 20 raw; aw, bw) )

We recall that j, can be integer or half-integer. In the second equality we simply rede-
fined ¢, — —/, and shifted the argument by the integer 2¢,p. Using the identity (A.17))
repeatedly and distinguishing the cases ¢, < 0, we obtain

By =1 % B, (D.13)

where the factor 1 equals

Ja  2Ugr—1

B H H H ap lo(2m — q)w + we(§) —|—raVR—|—kaw;bw)
" 0o (—Lap + La(2m — Qw + wa (&) + ravr + (k — 20,r)aw; bw)

(D.14)
a £,>0 k=0

The second product starts from 1 or % depending on j, being integer or half-integer. Using

2m — q — ra + sb = 0 at denominator and shifting the arguments by integers, we rewrite

]a 20,r—1
ap Lo(2m — Qw + we(§) + revr + kaw; bw
n_HH H 9 0a(2 3 50 b)'b . (D.15)
a £>0 k=0 0 lap — La(2m — Q)w + wa(§) + Tavr + kaw — 2(,sbw; w)
Finally we use the first relation in (A.4]) at denominator, to obtain
Ja
n= H H (_1>4K3rs+8€grsp e—87ri€§rswa(f) e—87ri€§rs(ra—1)1/3 ] (D16)

Reinstating the root «, this factor can be written as

n= H H 4304(7‘ Ja(s)a(p) o H eTtPa(r)pa(s) **wa(f) (Ta*l)l’R) . (D17)

a £,>0 a, pa €Ra
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Combining with (D.11)), the factor picked up by Z can be expressed in terms of the
anomaly coefficients (2.2.18]) and (2.2.19)):

Zpy = — 210 s (GAN A G A r) g (D.18)

Here 7 is the gauge index taking a single value. We recall the anomaly cancelation condi-
tions A% = A¥F = (0 and A" € 47, implying that the second exponential equals 1. In

the first exponential we defined

¢ = %oz(r) a(s) a(p) Z Za 3= 4rspz Za 3 (D.19)

a £,>0 a £g>0
It remains to show that ¢ € 7Z, so that also the first exponential equals 1.

For each chiral multiplet in the theory, indicized by a, in order to evaluate the second
sum in (D.19)) we should distinguish different cases:

; 725+ 1)? € 4Z if j € Z
vy =4 =2k +1)2(8k2+16k+7) €27 if j=2k+3€2zZ+3
=0 L2k + 128K+ 8k +1) €4Z+ 1 ifj=2%k+1ec2Z+1.

(D.20)
Therefore, chiral multiplets whose gauge representation has spin j € Z or j € 27 + %
give integer contribution to ¢. On the other hand, chiral multiplets with j € 2Z + % can
give half-integer contribution. However, because of the Witten anomaly [164], the total
number of such multiplets must be even. This is reproduced by the condition (2.2.21]) on
the pseudo-anomaly coefficient A%. Indeed, the contribution of a chiral multiplet to the

pseudo-anomaly is

j . . . 3

3 4 47, ifjeZorje2Z+:=2
Al =3 (202 = 2+ 12 +1) € J J 2
— 3 AZ+2 ifje2z+1,

(D.21)

and the condition A” € 47 requires that the total number of chiral multiplets with
J €27 + % be even. This implies that ¢ € Z, and thus that Z,, = —Z,,. In turn, using

, this implies that
Ziot (45 €, VR, aw, bw) = 0 (D.22)

whenever 4 is fixed on the torus by the non-trivial element s, of the Weyl group of su(2).
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D.2 The higher-rank case

Let us now move to the case of a generic semi-simple gauge algebra g of rank rk(G). The

Weyl group Wg is a finite group generated by the Weyl reflections

Sa(u) =u —2 a Vueb, (D.1)
where « is the image of the root o under the isomorphism bh* — b induced by the non-
degenerate scalar product (-,-) on h*. Suppose that there exists a non-trivial element w
of Wg such that w -4 = 4. It is a standard theorem that the Weyl group acts freely and
transitively on the set of Weyl chambers. Therefore, @ cannot belong to a Weyl chamber
but must instead lie on a boundary between two or more chambers. Such boundaries are
the hyperplanes fixed by the Weyl reflections, {u|s,(u) = u}, and their intersections. We

conclude that there must exist at least one root & such that s4(a) = .

On the other hand, we are interested in points u such that their equivalence class on
the torus is fixed by a non-trivial element of the Weyl group, w - [4| = [¢]. In this case, for
each w we can always identify (at least) one root & such that ss[t] = [4], and moreover
we can choose a set of simple roots that contains &. Let us fix a basis of simple roots

{ar}i=1,.. k() for g that contains &. The fundamental weights ); are defined by

2 = . (D.2)

We choose a basis {H'} for the Cartan subalgebra b such that the fundamental weights
have components ' = N(H?) = §i. In this basis p(H’) = p' € Z for any weight
p € Ayeight- Moreover, the double periodicity of the gauge variables u = w; H" is u; ~
u; + 1 ~ u; +w. From , the fixed points should satisfy

a=p+qw for p=pH', q=¢H and p,q€eZ. (D.3)

Here « is dual to a. It is clear that p, ¢ should be aligned with a, therefore we set

2% 24 L
, - , thp, g€ . D.4
(@) L O P (D-4)

p:

In the basis { H'} we have choosen, the components of & are ()\;, &) = &; (&, &) /2, where
[ is such that & = «; and we have used . Only one component of a is non-zero,
which implies that the integer components of p, ¢ are p; = pd;; and ¢; = § ;. This proves
integrality of p, ¢. The general solution to can then be written as

P+ qw
2 7

(D.5)

U = Uy +
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where g is such that &(ug) = 0.

Now, consider the explicit expression for Ziy, in terms of Z given in ([2.1.12)).
Given any representation R of g, we can always decompose it into irreducible representa-
tions of the su(2), subalgebra associated with &. The set of weights (with multiplicities)
Ag corresponding to R can be organized as a union Ay = UrAn of subsets Ay, each
corresponding to a representation of su(2)s. Concretely, each Ag; is associated to a

representation of s1(2)4 of spin j;, so that its elements can be expressed as an &-chain:
Awr={pr+0a|lr=—j,—jr+1,...,50—1,ji} . (D.6)

Here p; is the central point, which is orthogonal to &, i.e. such that (p;,&) = 0. Notice
that, in general, p; is not a Weight@ The product over all weights p of the representation
PR can then be expressed as a product over the representations of su(2); contained in fR.

In particular we can write

H H F Pa u) + wa(§) + TaVR; aw,bw) =
a pa€Ra

]al

- H H paI _I' eala( ) + wa(f) + T'oVR; AW, bCU) : (D7)

a,I Lor=—jar

When specifying R to the adjoint representation, we obtain a similar decomposition for
the roots of g. Besides the roots & and —& of su(2)4, the other roots organize into 4-chains

that we indicate as
Aroots,] = {BJ + L0 | by = —Jn,—Js+ 1,05 — 1ajJ} ’ (D8)

where f3; is the non-vanishing central point orthogonal to & (once again, B 7 is in general
not a weight). Notice that, for each subset Ayotss Of the set of roots, there is a disjoint
conjugate subset Kmots, ; with the same spin j; but opposite central point — B J. For this

reason, we have that

Z(u; &, v, aw, bw) = by (d(u); aw) Oy bw) X

(—a
HaIHJZ_f]a] (a[ +€ala( ) wa{€)+raVR;aw>bw) ‘ (D9>

HJ ejf—g‘, (ﬁj(u) éja;aw,bw)f(—ﬁj(u)+€Jéz; aw,bw)

Similarly to the rank one case, we want to prove that Z.(u; &, Vg, aw, bw) = 0 for @ in

36Indeed, p; is guaranteed to be a weight (and in particular a root) only if the spin j; is integer.

37Tt is easy to prove that Avoots,s and Kroots’_] are disjoint. Suppose, on the contrary, that there exists
some common element B] +l0 = —BJ—I—k:Jd for some £, k. This would imply that BJ =(kj—1;)4/2,
but since (BJ, &) = 0, then BJ = (. Since the only roots proportional to & are —& and & itself, we have
reached a contradiction.
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. Thus, we construct an involutive map v : m — m/, acting on the set M of vectors
m = m;H" with integer components 1 < m; < ab. The map is constructed in such a
way that it leaves m invariant along the directions orthogonal to a, whereas it shifts the
component parallel to a by an integer amount. To be precise, take two vectors r, s € b
such that

2F 25
r= ATA a, s = ASA a, with 7, s € Z , (D.10)
(&, ) (&, &)

meaning that r, s are parallel to a and have integer components r; = 7d;, s; = §0;.
Then, we construct m’ as
m'=m+sbh, (D.11)

which implies that m’ differs from m only by integer shifts along the direction of a. For

5 we take the unique integer such that m’ € M and
a(m')y = a(m) + a(s)b=a(g—m)+a(r)a . (D.12)

Indeed, consider the following equation in r and s: 2&(m) — &(q) = &(r) a — &(s) b. Using

(D.4) and(D.10)), it reduces to &(m) — § = 7a — sb. Since a, b are coprime, this equation

always admits an infinite number of solutions in the pair (7, §), which can be parametrized
as (To + kb, 8o + ka) with k € Z. There is however one and only one solution such that m’
has components 1 < m; < ab. We define y(m) = m’ in such a way. One can easily check

that it is an involution.

As in the rank-one case, we adopt the notation
2, = Z(ﬁ — mw; &, Vg, aw, bw) = Z(ﬂg +p/2 —(m—q/2)w; €&, VR, aw, bu)) . (D.13)

and, for later convenience, split Z into the vector multiplet and chiral multiplet contri-

butions:

A, = (&(p/?) — a(m — q/2)w; aw) Oo(—a(p/2) + d&(m — q/2)w; bw) (D.14)

CE = H H F j:ﬁJ(uo —mw) + L;a(p/2) — L 6(m — q/2)w; aw, bw)
J by==j;

Jal
B, = H H F(paI Uy — mw) + Lor&(p/2) — Lar(m — q/2)w + we (&) + ravr; aw, bw)

I a[*_jal

such that Z,, = A,,B,,/C}C.. We will prove that Z,, = —Z,,, which implies that

Ziot(u) vanishes because 7 is an involution.

We begin by considering the contribution of A,,. Following the same steps as in
(D.10) and using (D.12)) and (A.4)), we can show

A, = —e 2mia)aE) e 4 (D.15)
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We also used that &(r), a(s), a(q) € 2Z, which is guaranteed by (D.4)) and (D.10). We
now turn to B,,. Eqn. (D.11]) implies that p,;(m’) = par(m) for any p,; orthogonal to &.
Using the identity (A.17) repeatedly and distinguishing the cases ¢,; < 0, we obtain

]aI

o= [T T (-faeaean

a,l L,1>0

x T (= 1)3ee0us =i )00 (s) (palto=me) ten(@+(ra=tvn) B (D) 1)

a, Pa
The analysis of C= is analogous to the one for B,, and it gives the following:
JJ
Ci/ _ H H (_1>Z3 a(p) H % Ya(s) ﬂia(r)a(s)VR > C$ ) (Dl?)
J £;>0 a#tta

Combining (D.15]) with the latter, we obtain that the vector-multiplet contribution is
A [CHCo, = —e P 2acacMalvr g jotC (D.18)

We used G(r)a(s) € 47Z, as well as ) A a(r)a(s) € 4Z for any semi-simple Lie algebra
g, and that 203a(r)a(s)a(p) € 2Z for any integer or half-integer spin. Including now also

the contribution from B,,, the factor picked up by Z can be expressed in terms of the

anomaly coefficients ([2.2.18]) and (2.2.19)):

. . 1 Ai5_ pijk (s ijo ij
Zm’ - 62m¢ emrisj(iA T — AME (Gl —mw) — AT € — A JRVR) Zm ) (D19>

The anomaly cancelation conditions A% = A¥® = AYE = ( and AY € 47 imply that

the second exponential equals 1. In the first exponential we defined

1 . . X ]aI . ja[
¢ = 504(7“)04 a(p Z Z 3, = 4rspz Z o, (D.20)
aI fa[>0 a,I éa1>0

Once again, in an anomaly-free theory ¢ € Z. Indeed, labelling the chiral multiplets
by a, their su(2)s representations by I and dubbing their spin j,;, the only non-integer
contributions to ¢ come from representations with j,; € 2Z + % On the other hand, the
contribution of an su(2), representation to the pseudo-anomaly coefficient is
Jar
AL =" (ar + L6) (par + L61) . (D.21)

4= _jaI

Since generic vectors r, s (D.10]) have integer components, the condition A% € 47 implies
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that also A"“r;s; € 4Z for any choice of r, s. Contracting with the vectors, we obtain

A7, if jur € Z OF jor € 27+ 3

Arisj = 278 jar(Jar +1)(2ar + 1) €
3 AZ+2 if jor €2Z+ 5 .

(D.22)

Therefore, the condition AY € 47 requires that the number of su(2), representations with
Jar € 27 + % be even, and this guarantees that ¢ = 0.
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E Real fugacities

In Section we evaluated, in the large N limit, the contribution of some of the solutions
to the BAEs to the sum in . In particular we found that all T-transformed solutions
(3.3.35)) of the basic solution, parameterized by the integer r, contribute at the same order
in N, and their contributions are the arguments of max in the final formula (3.3.40):

—TiN? O(Ay, Ag; T+ 7)

in terms of © defined in (3.3.30) and with r € Z.

Here we show that when we take the fugacities q,y1,y2 to be all real, we end up
precisely on a Stokes line. More precisely, we show that all contributions for » € 7Z
organize into pairs, except for those elements that already sit on a Stokes line determined
by the discontinuity of one of the functions [-],. In each pair, the two contributions have
equal real part and compete. We cannot compute the sum of the two terms, as this would
require more accurate information about the subleading corrections. Yet, this makes our
result compatible with the result of [88]. There it was found that, for real fugacities, the
index scales as O(1) at large N, implying that all O(N?) contributions cancel out. This

point was also stressed in [120,121].

Real fugacities corresponds to chemical potentials whose real part is either zero or
—1/2 modulo 1. We distinguish the various possibilities into two major cases: the case
that 0 < ¢ < 1, corresponding to 7 € iRy, and the case that —1 < ¢ < 0, corresponding
toT € —% +iR>o. Each case is further divided into subcases, according to the number of

positive flavor fugacities y 2.

E.1 Thecase 0 <g<1

We start with the case of positive angular fugacity, 0 < ¢ < 1. We take 7 € iR>( and
write
T =1t with ¢t > 0. (E.1)

We distinguish three different subcases, corresponding to yi, y» being both positive, one

positive and one negative, or both negative.
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If one of the flavor fugacities—that we call y—is real positive, we set the corresponding

chemical potential
A =1d, with 6 € R . (E.2)

We immediately see that [A], is not defined, because the argument sits precisely along
one of the lines of discontinuity. On the other hand, for » > 0 and generic ¢, the functions
[A];+, are well-defined and we would like to evaluate them. We can precisely determine

their values by splitting the imaginary axis in the A-plane into a series of intervals

L= (kk+1)x°  withkeZ. (E.3)

r

Assuming that § € I, we see that A can be brought inside the strip corresponding to
T 4 r by shifting it by &, and inside the strip corresponding to 7 — r by shifting it by

—k — 1. In formulas:
Al =10+ k Ao, =i0 —k—1 for o € I, . (E.4)
If 0 is equal to an extremum of I, i.e. if § = kt/r for some k € 7Z, then [A],, are not

defined.

On the other hand, if one of the flavor fugacities—that we keep calling y—is real

negative, we set its chemical potential

A:—%ﬂ'(s, withd € R. (E.5)

For r > 0 and generic §, both functions [A],4, are well-defined. As before, we can
determine their values by splitting the imaginary axis in intervals. This time the intervals

are

~ t
i=(k=12k+1)x o with k€ Z. (E.6)
T
We then find
. 1 , 1 ~
[A]T+r =10 + k- 5 y [A]T,r =110 —k — 5 for § € Ik . (E?)

If 6 = (2k — 1)t/2r for some k € Z, then [A], 4, are not defined.

We now proceed to applying these formulas to the three subcases.

The subcase y;,y, >0 with 0 < ¢ < 1

We take both flavor fugacities y; o to be positive. Correspondingly, we set purely imaginary

chemical potentials:
A, =10, , with 0, e Randa=1,2. (E.8)
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We immediately see that neither [Ay],, [Ag]; nor [A; + A, are defined because their
arguments sit precisely along one of the lines of discontinuity. This means that the

contribution r = 0 is already along a Stokes line.

Let us now consider r > 0. For generic §,, the functions [A,],+, are well-defined.
Precisely, for 6, € I, the functions [A,],4, are given by (E.4). Turning to A; + Ag, we

have two possibilities:

A1+ Aol = [A]r i+ [As]r = i(01 + 02) + k1 + Ko

A1 + Ag)rey = [Ar] o H A+ = 0(61 + 02) — k1 — ko — 1
(E.9)

51 + (52 € Ilier =

or

A1+ Ag)rir = [Ar]rprH[A2)rir+1 = 0(61 + 02) + k1 + ko + 1

01+ 02 € Ipyyhpy1 = ,
o A+ Aglrp = [A1] o+ [A2)r—r = i(01 +02) — k1 — k= 2,

(E.10)
whereas [A; + Ag),+, are not defined if 47 + d; = nt/r with n € Z.
In the first case, given by ([E.9), we compute
ATT‘ATT2 _1_ATT_ATT
@(Al,A2;7+r):[ Urir[Dorir (207 +7) [Arlrir — [Ao]r i)
(T4 71)?
<251 + k1)<252 + k‘2)<27’ —1- ]{31 - ]{32 + Z(Qt - (51 — 52))
= - (E.11)
(r +it)?
AT—’I‘ 1 AT—’!’ 1)(2 - _1_AT—’!’_AT—T
@(Al,AQ;T—r):([ ror + 1) (Do) + 1) (2(7 = 7) [A4] [A,] )_1
(1 —r)?
B (—r +it)? '
In the second case, given by (E.10), we compute
ATT’lATT‘ 2 _1_ATT‘_AT’I’
@(Al,A2;7-+r):([ Urr + 1) ([Ag)ryr +1) (2(7 +7) [Ad]rir — | 2]+)_1
(T +17)?
- (151 + k’l + 1)(’&52 + ]{?2 + )(27“ —-1- k’1 k’g + Z(Qt — 51 — 52)) 1
N (r +it)?
[Al]ﬂ'*’l" [AZ]TfT' (2(7- - T) - 1 - [Al]ﬂ'*’r‘ - [A2]7'77')
Ay, Ag;T7—1) = E.12
O(A, Ag; 7 —1) (r —1)2 (E.12)
(@0 =k — 1)(i0g — Ry — 1)(—2r + 14 ky + ko + (2t — 01 — 02))
n (—r + it)? '
From these expression we see that, in both cases,
O(A, Ap;7—1) = —O(A, Ag;7+71) — 1. (E.13)
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This implies that
]Im@(Al,AQ;T+T) :Hm@(AhAQ;T—T) (E14)

and thus

6—7riN29(A1 Ao THT)
)

_ ‘e—m'NQG(Al,Az;T—T) (E.15)

yielding to a competition between the two terms for each r > 0.

The subcase y; <0, yo >0 with 0 < g < 1

We take one flavor fugacity to be positive and one negative, say y; < 0 and yo > 0 (recall

that the index is symmetric in the two flavor fugacities). Correspondingly, we set

1
A = —5 + 107 , Ay = idy with 5172 eR. (E16)

Similarly to the previous case, [As]; is not defined and the contribution r = 0 is already

along a Stokes line.

For r > 0 and generic d,, instead, both functions [A; 5],1, are well-defined. Assuming
01 € fkl the functions [A;],+, are given by 1) and assuming dy € [, the functions
[Ag];+, are given by (E.4). Turning to A; + Ay we have two possibilities:

. 1
[Al + A2]7+7~ = [A1]7+7«+[A2]7—+7~ = Z<(51 + (52) + k?l + k‘g — 5

) 1
A1+ Aol = [Ar]rp H Ao s+ 1 = i(61 + 02) — ky — ko — 5
(E.17)

(51 + (52 € Ecl—l—kg =

or

. 1
- (A1 + Aolryr = [At]rr HA)r 1 = i(61 + 02) + Ky + ko + 3
01+ 02 € Igyyhyt1 =

. 3
A1+ Aol = [A] o+ [A0)r o = i(01 4+ 02) — k1 — ko — 5
(E.18)
whereas [A; + Ayl 4, are not defined if 6; + dy = (2n — 1) t/2r with n € Z.
In the first case, given by (E.17), we compute
0+ — D0+ k) 2r — 2 — k) — ke +i(2t — 0, — 6
A, Agir 7y = TR 3) (2 )@ =5 — oy = o #1200, = o))
(r 4 it)?
107 — k1 + )00y — ko) (—=2r + L + k) + ks +i(2t — 8, — &
O(A Ayir — 1) = (01 — k1 + 5)(i02 — ko) (—27r + 2.+ 14k +i( 1 —02)) 1
(—r +it)?
(E.19)
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In the second case, given by (E.18), we compute

' 9 DEr—1 kg — (O — 50 —
@(A1,A2;7’+7‘):(Z51+k1+2)<252+k2+ )(27’ .22 kq k2—|—z(2t 01 62)>_1
(r +it)
o(A A.T_r):(Z'51—kl—%)(2'52—/%—1)(—2r+§+k1+k2+z‘(2t—61—52))
v (—r +it)?
(E.20)

Hence, in both cases we find ©(Ay, Ag; 7 — 1) = —O(A1, Ag; 7+ 1) — 1, meaning that

the two terms compete.

The subcase y;,yo < 0O with 0 < ¢ < 1

We take both flavor fugacities y; » to be negative. Correspondingly we set

1
Aa:—§+i5a, with 0, ERanda=1,2. (E.21)

In this case [A,], are defined but [A; + As], is not. Therefore the contribution r = 0 is

along a Stokes line.

For r > 0 and generic d,, the functions [A,],;+, are well-defined. Assuming 4, € fka
then [A,].+, are given by (E.7)). We have two possibilities for Ay + Ag:

Ay 4 Aglrpy = [At]rr Ao rgr = 0(01 +02) + k1 +ho— 1
0+ 02 € Iy yhy1 = .
[Al + AQ].,-_T = [Al]T_T—i‘[AQ]T_r—Fl = Z((Sl + (52) - ]Cl — kQ
(E.22)

or

(A1 + Ag)rir = [At]rprH[Ao) rirn+1 = i(61 + 02) + k1 + ko
A1+ Ao)ry = [Ar]rp+H[Ag) o =4(01 +02) — k1 — ko — 1,
(E.23)
whereas [A; + Ag), 4, are not defined if §; + o = nt/r with n € Z. In the first case (E.22)

51 + (52 € [k1+k2 =

(i0y + k1 — 2) (002 + ko — 2)(2r — ky — ko + (2t — 61 — &2))

O(A, Ag; 7+ 71) =

(r 4 it)?
OAL Agir — ) = W=kt )02 — K + 3)(=2r + k1 + ko + (2 — 61 — 02))
1, =22, - (—T T Zt)2 ,
(E.24)
while in the second case, given by ([E.23|), we compute
O(Ay, Agi 7+ 1) = (161 + k1 4 3) (02 + ko + %)(2@— ki — ke +i(20 =61 = 6y)) X
(r +it)?
O(A), Agi 7 — 1) = (107 — k1 — %)(Mz — ko — %)(—27“ + ki + ko 4+ (2t — 07 — 02))
1, 8282, - (_71 n Zt)Q .
(E.25)
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Hence in both cases O(Ay, Ag;7 — 1) = —O(A1, Ag; 7+ 1) — 1, meaning that the two

terms compete.

E.2 The case —1 < ¢ <0

Now we move to the case of negative angular fugacity, —1 < ¢ < 0, and set

1
=g it with ¢ > 0 . (E.1)

Once again, we distinguish three different subcases corresponding to y;,y, being both
positive, one positive and one negative, or both negative. First, let us discuss the new

intervals we need.

If a flavor fugacity vy is real positive, as before we set A = 10 with § € R. Taking » > 0
and generic 0, the functions [A],; 4,11 and [A],_, are well-defined. To evaluate them, we

split the imaginary axis into intervals

I = (kb +1) x with k € Z . (E.2)

2r +1

We find
[A]T+’r'+1 = 2(5 + k 5 [A]Tfr - 2(5 — k _— 1 for 5 E [k . (EB)

If § =n2t/(2r + 1) for some n € Z, then [A] 4,41 and [A],_, are not defined.

On the other hand, if a flavor fugacity y is real negative, we set A = —%+z‘5 with 6 € R.
For r > 0 and generic 4, the functions [A],4,4+1 and [A],_, are once again well-defined.

We split the imaginary axis into intervals

T, = (2k—1,2k+1 ithkeZ. E.4
k= (2k ’k+)x2r+1 with k € (E.4)
This time we find
. 1 ) 1 -
[A]T+T+1:25+k—§, [A]T_T:zé—k—g for 6 € I . (E.5)

If § = (2ny —1)t/(2r + 1) for some n € Z, then [A],4,4+1 and [A],_, are not defined.

The subcase y;,y, > 0 with —1 < ¢ <0
We take both flavor fugacities y; o to be positive and set
A, =10, , with 0, e Randa=1,2. (E.6)
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For r > 0 and generic 6, € I, the functions [Ay] 4,41 and [A,],—, are well-defined and
given by (E.3)). There are then two possibilities. If §; + dy € I, 1, then

A1+ Ao)rirgr = [At]rgrr + [Ag)rprpr = 0(61 + 02) + k1 + ko

(E.7)
[Ar + Aol = [Ar]; o + [Ag]; o + 1 =i(61 + 02) — k1 — k= 1
and
@(A Ao: T +r+ 1) _ (Z(Sl + kl)(Z(SQ + kQ)(Q?" — kl — kg + Z(Zt — (51 — (52))
ne (r+ 1 +it)? -
@(A A 'T—?”) _ (2(51—kl)(zéz—kz)(—2r+k1+k2+z(2t—§1—52)) .
1, =2, (—T—%+lt>2 .
If 51 + 52 € [k1+k2+1 then
AL+ Aol = [At]rprgr + Aol i + 1 =0(01 +02) + k1 + ko + 1 (E.9)
A1+ Aol = [Ad]r—p + [Ad] -, =i(01 +02) — k1 — ko — 2 .
and
@(Al,AQ;T—i—T—i— 1) _ (Z(Sl + k‘l + 1)(@52 +k2 + 1)(?’/’ —.kl - kg —|—Z(2t - 51 - 52)) 1
(7" -3 + Zt)2
1, =22, (—7”— %—'—Zt)Z .

(E.10)
If 6 + 09 = n2t/(2r + 1) with n € Z, then [A; + Ag],4r41 and [A; + As],_, are not
defined.

In both well-defined cases, we find

O(A, Ap;7— 1) = —O(AL, AT +7r+1) —1 (E.11)

This implies that
e—ﬁiNQG(Al,Az;T—H"—l-I)

— |€—7ri@(A1,A2;T—T)| 7 (E]_Q)

yielding to a competition between the two terms for each r > 0.

The subcase y; < 0, yo > 0 with —1 < ¢ <0

We take one flavor fugacities to be positive and the other one to be negative. Hence we
set

1
Al - —5 + Zél y AQ = 2(52 y Wlth 61’2 c R . (ElS)

For r > 0 and generic d,, the functions [A,];4,41 and [A,].—, are well-defined. Assuming
01 € Eﬁ and 0o € Ij,, those functions are given by 1) and , respectively. If
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01+ 0y € E.CH_]Q then

) 1
[Al + AQ]H—T—H = [A1]7+r+1 + [AQ]H—T-H = Z(51 + 52) + ki + ko — 5 ( )
E.14

. 1

[Al + A2]T*’f‘ = [Al]Tfr + I:A2]T77" + 1= 2(51 + 62) - kl - kg — 5

and
(r+ 3 +it)?

@(AhAQ;T"’T‘i‘ 1) =

(i6y — by + (i85 — ky)

(
O(A, Ay:T —71) =
(A1, Aai7 =) (—r — L fit)?
(E.15)
If 6 + 0, € E€1+k2+1 then
. 1
A1+ Aol rr1 = [At]rarsr + [Ao]rivr1 + 1 =0(61 + 02) + k1 + ko + 3 ( )
E.16
. 3
A1 4+ Aglry = [A]7—p + [Ag)r—r =1(01 + 02) — k1 — ko — B

and

(10 + k1 4 3)(i02 4+ ko + 1) (2r + 2 — k1 — ko 4 (2t — 01 — 62))

O(A1, Ay; 1) = -1
( 1 2,T+7°+ ) (T—%‘i‘Zt)Q
oA A_T_T):(z’él—kl—%)(z’éz—l@—l)(—zr—§+k1+k2+z‘(2t—51—52))
1,822, (—T-%+Zt>2 )
(E.17)

If 6 + 09 = (2n — 1)t/ (2r + 1) with n € Z, then [A; + As], 4,41 and [A; + As],_, are not
defined. In both well-defined cases we find O(Ay, Ag;7—7) = — (A, Ag; 7+ 7+ 1) —1,

meaning that the two terms compete.

The subcase y;,y, < 0 with —1 < ¢ <0

Finally, we consider both flavor fugacities to be negative and set

1
Aa:—§+i(5a, with 0, ERanda=1,2. (E.18)

For » > 0 and generic §, € fka, the functions [A,], 4,41 and [A,],_, are well-defined and
given by (E.5). If 61 + 0o € Iy, 4k,—1 then

A1+ Aglrpri1 = [At]rprgr + [Aolrirgr = 4(61 +62) + k1 + ke — 1

' (E.19)
(A1 4+ Aglry = [A1]r—r + [Ag]rr +1 = 0(01 + 02) — k1 — ko
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and

(i1 + k1 — 2) (@02 + ko — 3)(2r + 1 — ky — ko + (2t — 61 — &2))
(r+ % +it)?

(i1 — k1 + 2) (102 — ko + 2)(=2r — 1 + ky + ko + (2t — 01 — &2))
(—r — 5 +it)? '

@(Al,AQ;T+T+ ].) =

O(A1, Ag;7—1) =

(E.20)
If 61 + 05 € [k1+k2+1 then

A1+ Ao)rirgr = [At]rgrt1 + [Aolrgrpr + 1 =0(61 + 02) + k1 + ko

(E.21)
A+ Aol = [Ad]r—p + [Ag]—, =i(01 +02) — k1 — ko — 1

and

(161 + k1 4+ 2)(i02 4+ ko + 3)(2r + 1 — k1 — ko 4+ (2t — 01 — 62))

O(A1, Ay; 1) = —1
( 1, 2;T+T+ ) (T—%+Zt>2
o(A A.T_T):(i5l—k1—%)(i5z—kz—%)(—2r—1+k1+k2+z‘(2t—51—52))
1, =22, (—T—%+Zt)2 )

(E.22)
If 61462 =n2t/(2r+1) with n € Z, then [A; +Ag]; 141 and [A; +Ay),_, are not defined.
In both well-defined cases: ©(Aq, Ag; 7 — 1) = —O(Ay, Ag; 7+ 7+ 1) — 1, meaning that

the two terms compete.
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