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1 Introduction

Recently, the counting of small %—BPS states in 4d U(N) N' =4 SYM on R x S? [1, 2] has
been nicely related to the problem of counting gravitons and giant brane BPS excitations
in AdSs x S° [3-6].

It is known that upon truncation at powers of ¢ of order N or smaller, the %—BPS index
Z(q) matches the N-independent index Tk ¢ (g) counting BPS multigravitons in AdSs x S [1].
The coefficients in the g-series of Z(g) that depend on N appear only at powers of ¢ of order N
or larger [7, 8]. This is because the traces of products of more than N BPS gauge covariant
letters can be always written as a linear combination of multiple single trace gauge invariant
states. The dependence on N implied by these constraints is essential to obtain a growth of
states as IV grows. Should there be no such dependence, there would be no chance to match
the order N? growth predicted by the dual black hole entropy (which we know is not the case).

The ¢g-monomials with N-dependent coefficients can be reorganized in linear combinations

of subsums with an overall pre-factor ¢"V,! where n is a positive integer. Such reorganization

!Sometimes it will be more convenient to work with chemical potentials e.g., t, dual to the rapidities
27it
eg.,q=¢e"".



is obviously non-unique.? As recognized in [3-6], there is at least one such reorganization for
which the ¢™V-weighted subsums count n D3 brane excitations wrapping supersymmetric
and contractible S3-cycles in S°.

Whether this organizational pattern continues to hold for the complete g¢-series Z(q)
remains an open question.? For example, it is possible that new stringy excitations in AdSsx S°
are required at large enough N and charges of order N2 in order to keep the correspondence
going. This puzzle is important to elucidate because for such charges the number (counted
with signs) of %—BPS gauge-invariant states in the gauge theory, the coefficients of the g¢-
monomials, grows with N as the exponential of the dual black hole entropy [9-11]. Thus, in
a sense, it is a priori unclear whether such an entropy growth can be understood by working
solely within the D3 brane systems prescribed by the proposal of [3].

Another giant graviton-like reorganization of the index, an exact one by construction,
has been recently put forward in [12].* This reorganization is not quite the same as the
proposal of [3] — as explained in [13] — but it seems to be closely related to it as argued
in [12] and [14]. Being an exact expansion, it would be useful to understand the physics
behind it and how close it is to the physics of the proposals of [3] and [5].°

The main goal of this paper is to study the giant graviton representations of [3, 5, 6]
and [12] at large charges and to compare the results with the ones obtained with the canonical
matrix integral representation [10, 18-22]. Moreover, we will also aim at understanding
whether at large-N the entropy of dual 1/16 BPS black holes can be recovered from the
perspective of giant-brane expansions. We advance that the answer to both these previous
quests turns out to be positive.

Using the representation of [3] and working in the macrocanonical ensemble, at large
charges and for all N we will show that an exponentially large number of cancellations occurs
when summing over the giant brane number n. Such cancellations can be explained in terms
of an extremization mechanism for the giant graviton number n. At N > 1 this mechanism
explains how the dual black-hole entropy is recovered within the giant graviton expansion, and
its derivation provides, in particular, a first-principle explanation of the large- N extremization
mechanism proposed in [23]. More generally, the mechanism here identified implies that the
latter cancellations continue to happen at large charges for any value of IV, not just in the
large-N expansion. It will be also shown that a similar extremization mechanism holds for
the exact giant graviton-like representation of [12] and checked — against numerics — how
such mechanism exactly accounts for the exponentially large cancellations happening after
summing over individual giant graviton-like subseries (in appendix D, see plot 1).

2For instance, assume N = 8 then a monomial ¢'® in the total index can be divided in many ways into
contributions coming from the subsums labelled by n = 1 and n = 2.

3For the Schur limit of the %—BPS index the correspondence applies to the complete g-series [5, 6].

4This study covers a family a matrix integrals that include the superconformal index as a particular case.

5Tt would very interesting to understand whether there is a systematic way to identify holographic dualities
of this kind starting from the partition function of free gauge theories. The approach put forward in [5, 6]
seems natural to start thinking about this problem. The approach of [12] gives a first step in such a direction
as well. The next step though, which would be to understand how to translate the averages over free-fermion
systems to partition functions of brane systems in AdSs x S°, seems more involved. Perhaps some of the ideas
in [15, 16] may be useful, at least to study 1 [17] and £-BPS indices, and to understand what stringy/brane
excitations the individual free-fermion contributions are counting.



In the representation of [3, 5, 6], this extremization mechanism will tell us that the
black hole entropy [24-26] comes from the superposition of a pair of complex conjugated
saddle points whose semiclassical contributions evaluate the sum over giant graviton brane
number n. The canonical matrix integral representation of the index [1] is known to be
dominated by a pair of complex conjugated eigenvalue configurations too [8, 11, 27-30].
The latter and the former pairs are related: they provide two different interpretations of
the very same contributions to the index at large charges of order N2.% It remains for the
future to understand the physics of the excitations accounting for subleading corrections
in both, the canonical matrix model and giant graviton(-like) expansions, and for both
small and large black holes.”8

The paper is organized as follows. After a summary of results, in section 2 we explain
how the large-charge approximation simplifies the counting of states, and introduce tools that
will be useful later on. In section 3 we introduce conventions, and the two representations of
the superconformal index that we will study. In section 3.3, and as warm-up for the analysis
of the giant graviton indices, we compute the large charge asymptotics of the superconformal
index using a novel approach that turns out to be convenient for our scope. In section 4
we apply the previously mentioned asymptotic tools to understand how the large-charge
growth of the index is matched by the large-charge counting of giant gravitons for all N
not just at N > 1. In appendix C we explain the role played by the choice of contour of
integration [6, 17] in the large charge expansion. In appendix D we move on to study the
exact representation of the superconformal index put-forward in [12] and conclude explaining
how exponentially large cancellations among individual giant graviton-like contributions are
understood in the macrocanonical ensemble.

1.1 Summary of main results

Let us briefly introduce and summarize our main results. Detailed expositions will be
presented in the main body of the paper.

As mentioned in the introduction, the authors of [3, 5, 6] proposed that the superconfor-
mal index Z of four-dimensional U(N) N' =4 SYM on S? can be expanded in a sum over
indices Z,, := Zx K L, no,ny Of stacks of ny, ng, ng giant graviton D3-branes wrapping three
contractible S3-cycles in S°.? The details of this proposal will be given in subsection 3.1.
Schematically, it looks as follows

Z(t) = Tyg(t) := Z Z,(t). (1.1)

ni,m2,n3

51t would be interesting to understand what is the physical meaning in the microcanonical ensemble of
the Zy operation that exchanges the two leading saddles. What are the two groups of 1/16 BPS states that
carry charge +1 under this operation?

"In the context of the canonical matrix integral representation of the index, this problem has been partially
analyzed in [30, 31].

8It would be also interesting to study how the defects recently studied in [32] deform the giant-graviton
expansions.

9The fact the cycles are contractible implies the existence of tachyons: the low energy spectrum of this
D3-branes is rather different from that of N' =4 SYM.



In this relation t denotes the set of chemical potentials {1, @2, 03, 7}'? dual to the charge
operators

Q: {5317}32753373}' (12>

' The three spin-twisted R-charges 9123 and the right spin that we denote here as J,
respectively.'? From now on we call them R-charges and spin, respectively.

Let the lattice of eigenvalues of the operators (1.2) over a basis of eigenstates spanning
the space-of-(BPS)-states in N/ = 4 SYM be

Sn=1 = {2} (1.3)

13 Let the lattice of eigenvalues of (1.2) over a basis of eigenstates in the space-of-(BPS)states
of the n-brane theory be

Sgy’ = {945} (14)
Let us denote the union of all possible BPS lattices of charges of n-brane theories as
Sgg = {Qqg} = 5{552) : (1.5)

14 With these definitions in mind, we put forward the following proposal to test giant graviton
identities like (1.1). The indices of V=4 SYM and of the proposed n-giant brane theories
can be encoded in formal Fourier expansions'® at the domain t = t € R?* (to avoid issues
with convergence in the discussion below one can freely replace the index by its truncation to
the finite sum of terms necessary to count states at certain level of charges )

0= a(@)e™?, T, =3 an(Q))e2 5 (1.6)
Q (n)

99

The Fourier expansion coefficients of Z(t) can be computed by computing the Laurent
expansion of its matrix integral (plethystic) representation around q = ¢*™* = 0 and they
are bound to be integer numbers which can be either positive or negative. The Fourier
expansion coeflicients of Z,(t) can be computed from Laurent expansions of their plethystic

representation (and truncations of it) by carefully expanding its plethystic representation
2mit

around q = =™ = (. By carefully expanding, we mean that we only take Laurent expansions

in q’s around the origin when they appear as second or third arguments in the elliptic

functions I'. and 6y that define the integrand of Z,(t) (and that will be reported in (3.36)

0T ater on we will use the convention A; = —2rwipr, I =1,2,3, and wy = —2rir, after fixing wy — +2mi +
A1+ A+ Az — wr.

"This is the same set of charges defined in (3.24) and that will be denoted as @’ in section 4.

12By R-charges and spin we refer to the charges that have such an interpretatgn from the perspective of
the 4d N' =4 SYM leaving in the boundary of AdS5. From the perspective of the giant branes the meaning of
R-charge and spin is exchanged.

BPurposely denoted with the same letter as the operators. We hope this does not create much confusion in
the reader.

1 All these three charge lattices can be projected in R*(with degeneracies). They are, closely related to
weight lattices of SO(6) x SO(4).

15Their truncations are finite Fourier series.



and (3.38)).16 Then, after integrating over gauge rapidities one obtains the a,’s, which are

also bound to be integer numbers that can be either positive or negative.'”

The total sum of giant brane indices (1.1) can be also written as a Fourier series

Zye(t) = Z%g(ﬂgg)e?mwg 7 (1.7)
Dgg
where
agg(Qgg) = Z an(Qgg) - (1.8)

For later convenience it should be said that the sum over n in (1.9) is not a series be-
cause a,(Qgyq) vanishes for large enough values n, at a fixed Q.1

It is clear that Sy is much larger than Syr—4, and also that a necessary condition for the
equality (1.1) to hold is Sy—4 C Syq. Our discussion above implies that a microcanonical
version of the proposal (1.1) is

a Q ) if Q :Q € Sj\/’:
agg(ﬂgg) = Zaﬂ(ggg) f @) % ! . (1.9)

0, otherwise

Our proposal (1.9) to test (1.1) says that the sum over giant graviton numbers n must project
the BPS giant graviton spectrum Sy, to the much smaller gauge-theory spectrum Syr—4 of
BPS states. In forthcoming work we will study (1.9) at finite values of charges Q.

As said before, the proposal (1.1) has been checked for small enough values of Q ~ N [3, 6].
Our goal in this paper is to show that at large charges Q — oo (and for all N) a precise
and more general version of the following asymptotic relation holds™

13" an(Q)] ~ [a(Q)] ~ (V33 Pmed NS (1.10)

This is, that at large charges and for all N the sum over the giant graviton microcanonical
indices a, evaluated at charges Q € Sy—4 matches the exponential growth of %—BPS states
at charges 0.

In this relation the quantity c is an order 1 real contribution that depends on how fast
the spin J grows in relation to the R-charges, we will come back to comment on it below
(e.g. a particularly simple case where ¢ is simply a c-number will be reported in (3.77) but
our results cover more general cases).

To illustrate, let us briefly explain how the particular result (1.10) is obtained. In
subsection 2.3 we will introduce a large-charge localization Lemma that will help us to

5These are the elliptic (modular-like) parameters appearing after the semicolons.

17T particular the Fourier series computed in this way will not start with 1 as for the usual index. That is
because of the presence of tachyons. These contributions cancel out after suming over n, provided one has
correctly integrated out gauge rapidities.

¥This is because by definition the generating function of the integer number an(9) is a g-series that starts
at a power larger than q"". Thus, schematically speaking, at any £ the integrals (1.11) that define the
microcanonical indices an () are forced to vanish for every n larger enough than Q/N.

19The precise definition of the symbol ~ will be explained below.



compute localized contributions aljgfn to the giant graviton index. The microcanonical index

of giant gravitons is defined as follows
an(Q) = / dt T, (t) e 2™ (1.11)
n Lt

In this equation I' is a period (of the integrand) in the four-dimensional moduli space of
chemical potentials, denoted as t. By saying that I' is a period we mean that it is a cycle of
periodicity of the integrand (following from quantization and periodicity of the dual flavour
charge lattice Ség’)). It is important to say that I' is independent of the giant graviton
number n.20 In this equation the gauge-rapidities have been already integrated out using
saddle-point approximation.?!

The alfgfn are two equally-dominating contributions to (1.11) in its asymptotic expansion

at large R-charges, assuming generic growth for the spin J, and any n

an(Q) ~ a'?%,(Q) + ', () . (1.12)
These two contributions £ are complex conjugated to each other
al (Q) = | dtZ(P(t) e ™R, (1.13)
n P, n

The large-charge localization Lemma of 2.3 will tell us that the contours 'y can be understood
as small subpieces of the contour I', centered at the leading essential singularities of the
integrand Z,(t) in the moduli space of chemical potentials t. These singularities are located
at specific values of the chemical potentials ¢ = {1, @2, p3} dual to R-charges. In the cases
of interest to us, there are two types of such divergences that we label by the two choices of
signs . The localized form of the integrands, I(Qi) (t), are the leading asymptotic expansions
of Z,(t) around the essential singularities +.
After commuting the sum over n with the integrals over 7 in (1.11) one obtains

>0 (Q) = /F L (Y- Za(y) e, (1.14)

As it will be explained in the main body of the paper, the sum over n can be replaced by
an integral over a compact domain whose asymptotic behaviour around the singularities 4
(and at large R-charges) can be obtained by the saddle point method

ST ~ ). (1.15)

The saddle point condition ends up taking a simple linear form that fixes n = n* := n*(t) as
a function of t. The function n*(t) is defined by a linear relation of the schematic form

N
¢ -nk = Sfx(t), (1.16)

20That there is a common cycle for all the charge lattices S;n) can be seen from the definitions of Z, (t)
(given in (3.33)). Namely, such integral is invariant under changes of rapidities t — t+ 1 for all n.

21The contour of integration over gauge rapidities could depend on n, but in the large-charge approximation
it is enough to localize its integral to its leading saddle point u, = 0 which is independent on n. Thus,
effectively, if there is such dependence it disappears at large charges. The details on our conclusions regarding
the integration over gauge rapidities are presented in appendix C.



where fi(t) are cubic polynomials in t such that |fi(t)| is finite and non zero as 7 — 0. The
explicit form of this equation will be specified in the main body of the paper.??
To compute the asymptotic behaviour of [r., dtl'%) (t)e~ 2R at large 9, not just at
large R-charges as before, but also at large spin J, we use again a saddle point evaluation
(£) (¢, —2mitd (F) gy, —2mitQ _, 1
dtzn; (e ™ ~ T (e ™ = aC . . (1.17)

n +,n*
'y =+ =+

This time the saddle-point condition fixes the chemical potentials t, and in particular the
one dual to spin J, 7, to a function of charges 9 (led by the spin J)
N2/3

with ¢, being order 1 contributions that depend on how fast the spin J grows in relation to
the R-charges. At this point we simply collect results and obtain

> an(Q) ~ alf. +al%. (1.19)

n
which after trivial algebraic manipulations leads to the announced asymptotic relations (1.10).

By composing (1.16) with (1.18) we obtain the scaling properties of the complex saddle
point configuration that dominates the sum over giant gravitons

32/3

2% NI/5 - (1.20)

C14+ ‘n} ~oc

123

In this equation ¢; 4 and ¢ 1, again, represent order contributions that depend on how

fast the spin J grows in comparison with the R-charges. In particular, we note that cs 4
are complex quantities.?*

In summary, the asymptotic relations (1.10) show that the giant graviton proposals
of [3, 5, 6] capture the large charge (for all N) asymptotic growth of the microcanonical
superconformal index. Moreover, using the large-charge localization lemma we show that

in the holographic scaling limit

Q — o0, % = fixed, (1.21)

the giant-graviton representations exactly recover the entropy of 1—16—BPS black holes in AdS5,

at generic values of the ratio %, where in our conventions G5 = @.25 Namely,
lagy(Q)| — dpp(Q) := 551D (1.22)

upon imposition of the non-linear constraint among charges that in the bulk corresponds
to avoiding CTC’s. More on this, will be said below.

226.g. the simplest possible example comes from equation (4.29)4(4.42) after constraining Az = —A; —
As — 2wi F 2w, and A = Ay, and then identifying w1 — —27iT and Ay — —2m7iep.

231f one fixes the angular momentum J to be small and instead considers large R-charges then the conclusions
are different (See the discussion in the last paragraph of subsection 3.3). In this paper we will not study in
detail this other domain of the spectrum of charges.

24They are related to the constant ¢ in (1.10).

2Note that for the black hole scaling (1.21) the absolute value of the complex saddle points (1.20) becomes
of order N as expected.



2 State-counting at large charges

The large charge approximation has been a useful tool in varied contexts as, for example,
the computation of anomalous dimensions, correlation functions, partition functions, the
conformal bootstrap, cf. [34-39]. Let us explain briefly how this tool applies to the counting
of operators in quantum statistical system.>26

Consider a 27-periodic complex function f = f(x) = f(z 4 27) with a set of singularities

at x = l’a’sing S R, a = 1,2,. . ey such that
<5l: i + ) An . (511 ) > O (2 ].)
J a,sing A Ja ) n ) .

where the definition of the symbol faey which denotes an asymptotic relation, is given
—

in appendix A.
Let us consider the average

d(Q) == /F dr JS@-19Q g7, (2.2)

over a cycle I' that can be decomposed in an integral combination of Lefschetz thimbles I'j«
ending at saddle points z = z* of the exponent f(x) + izQ.
Under these assumptions, the leading asymptotic behaviour of d(Q) in the large charge
approximation
Q= qgA"™ | A > 1, ¢ = finite, (2.3)

is determined by the asymptotic form of the saddle points x*, which in the large charge
regime become infinitelly close to the singularities x4 ging,
. dx*
Tr = $a7sing + T, (24)
with
dz* ¢ fi(0x*) —ig = 0. (2.5)

Then, under the previous assumptions and in the large charge approximation, we have

d(Q) ~exp " Far (050 7i(@ar cingh 07 )a) (2.6)

A—o0
where a*, dz}. label the singularity a = a* and the solution dx* = dz}. of (2.5), respectively,

that maximize the real part of the exponent A™(f,(62*) — i(2qsingA + 62*)q). The definition

of the symbol ~eyp,, which denotes an asymptotic relation, is given in appendix A.
A—o0

26In the context of superconformal and topologically twisted indices a particular case of one such large-
charge approximation known as the Cardy-like approximation has been thoroughly studied in the last few
years [10, 18-22, 40-55]. Perturbative corrections to the leading asymptotic behaviour of four-dimensional ' =
1 superconformal indices in the large charge expansion have been exactly matched against higher-derivative
corrections to the leading semiclassical onshell action of AdSs black holes in the relevant dual supergravities [56—
58]. It would be very interesting to study the large charge expansion of the partition function at non-vanishing
coupling, of say N'=4 SYM, at least in near-BPS sectors [59-63]. The goal being to try to extract universal
lessons that could be compared against recent holographic expectations e.g. [64, 65].



2.1 An illustrative example

As an example, we briefly discuss a simple toy model. Let us assume @ = gA® to be a
positive integer,

f(x) := —micsc? (g) . (2.7)
In this case, we have n = 2, and
fa(z) = ——. (2.8)
Let us fix the integration cycle as follows

(—1+i\/§) N
VQ

Obviously d(Q) is convergent, because I' is compact and it does not intersect the set of

F::{ye(C|y:x+ ,$€[0,27T)}. (2.9)

singularities
Zasing = 0+ 2mi(a — 1), a=1,2,.... (2.10)

There are three saddle points around each singularity z,gng. At large charge, they take
the form

(-1-ivB) U7 2ym (-1+iV3)¥m
va Ve v

Notice that we have engineered the integration cycle I' to intersect the last saddle. This

Sa* = (2.11)

guarranties |d(Q)| /* oo for @) /* co. Indeed, one can check numerically for @ ~ 100 and
larger, that the integral d(Q) localizes to the integrals over the infinitesimal vicinity of
the contour I' that becomes infinitely close to the singularities. More precisely, at large
charges, d(Q) localizes to its saddle-point approximation which is, at leading order,?”

+ 3 2/3
d(Q) ~exp €XP 61\/7?62 7 B
A—oo (—i + \/§>

The prediction coming from the saddle point intersected by I' for @ < 0 is d(Q) = 0, which
happens to be the correct answer as well, i.e., the answer we computed from the direct

for @ a positive integer . (2.13)

numerical evaluation of the integral d(Q) at @@ < 0. This happens because the cycle I" has
zero intersection number with the Lefschetz thimble ending at the saddle point that produces
exponential growth of the quantity e/(*")=%"Q at Q <« 0, which is the first one in (2.11).

2"THaving into consideration the contributions from the two saddles whose thimbles are intersected by the
contour of integration [0, 27], labelled by a = 1,2, and one-loop logarithmic corrections about each one of
them, one obtains an improvement of (2.13). Comparing absolute values for simplicity, as we will eventually
do, one obtains
2/3 7,2/36%\55;?3/@
|[d(Q)] Ajoo 2 X W X e v3Q . (2.12)

Now the quotient between the left and right-hand sides is 1 at A — .



2.2 Application to the superconformal index

In the case of the superconformal index, we are interested in computing integrals over
multidimensional cycles of the form

d(Q" :/1“d£/p dﬂe—Seff(g;y)—@Q'7 (2.14)

gauge

at large and positive integer charges Q’. Here, x denotes the set of four chemical potentials

dual to four global charges Q’ 28 T and [gauge are integration cycles that we assume can
be decomposed in integral combinations of Lefschetz thimbles of Seg(x;u). The effective
action —Seg(x;u) is the logarithm of the integrand of the superconformal index Z(z) :=
ngauge du e %) - Ag it will be shown below, Set(z; u) has leading singularities located at

T4 sing 5 L5,sing = 271'1(&4’5 - 1) . (215)

The free energy takes the form

oz ox _ dry Ox
Sefr <$17$27334,Sing + T47$5,sing + A57U> A:;oo S (.’I/’l,l‘g, T4’ A57u> ) (216)
where
dxy O
§($17$27 %7 %7@) — A2 gA(x17$27 53347 5‘T5aﬂ) ) (217)

and most importantly, these two functions are asymptotically-equal

Sa(x1, @2, 04, 055 1)

— ~ 1. 2.18
(w1, w2, 024, 65;u) A—oo (2.18)
Notice that the singularities (2.15) are not points but a 2-cycle I'y » spanned by the vari-
ables x1 2 (times the integration cycle I'gayge Over the gauge potentials). Then, following
analogous reasoning as before and using (2.18), it follows that at large charges

Q/1,2 = %,2/\2’ Qil,B = qg’5A3, (2.19)
one has

d(Q) ~exp oxp(A*(=5(ef, 3, 003, i) — iwfa) — iwhe — i0wfe) — 10ades)), (2:20)
A—o0

where the x denotes one of the saddle points that maximize the real part of the exponent
in (2.20) among those intersected by the Lefschetz thimbles that compose the original
cycle '@ T'.. As in the simplest toy example before, such saddle points will be asymptotically
close to the singular locus I'; 2 X I'gauge Of Sef(2;w) in the scaling limit (2.19). Note that
the first perturbative corrections in the %—expansion are also captured by (2.20). They are
encoded in the Laurent expansion of 5(z) around z4 = x5 = 0.

28Tn terms of the usual notation for the chemical potentials of N' =4 SYM {A1, Az, As,w1,we}, with Az =
—A1 — Ay + w1 + w2, wWe define —iz123 = A1,2)37 and —iT45 = w1,2.

,10,



2.3 Large-charge limit as a localization mechanism

Let us come back to a generic function f = f(x) with a regular singularity zgng

iTging @ = 2min , nez, (2.21)
such that
ox o
I @sing + N A:ooA fa (0x) n >0, (2.22)
with a single dominating saddle * = Zging + 57’\—*. Let us further assume that given the equality
Vi) =7 (5. (223
the functions f(z) and f(z) are asymptotically-equal (2.18)
@)y (2.24)
f(x) A—oo

Then, as we explained before, in the large-charge scaling limit

Q= qA"t!, (2.25)
it follows that
/ dpel @@ / d(6z)eh" (Fat6w)—idaq) (2.26)
r A—oo Féz*

where ['g.« is the Lefschetz thimble of fA(ém) — idxq intersecting the dominating saddle
point dx*.
After scaling the variable dx — yA, equations (2.26) and (2.23) imply

. TN ox*
/Fdazef(z)me :exp g dye/W—Q y* = i , (2.27)
—00 y*

where Iy« is a Lefschetz thimble of f(y)—iyQ that ends up at the dominating saddle point y*.>?
Thus, to compute the asymptotic behaviour of d(Q) at large values of charges

Q~ AL, (2.28)

we only need to plug the asymptotic expansion of f(z) around x = 0

_ (-n)  F(-n+1)
f(a:):f s . +O(z*™), (2.29)

" :L.n—l

into the integral

/ dyel W)@ | (2.30)
T«

2Note that we have dropped out a factor of A which is subleading with respect to the eAz—growth that
comes from the exponential in the integrand.
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This integral will be called the large-charge-localization or large-charge coarse grain of the
original integral [ ef@—12Q " and it is much simpler to study. Roughly speaking, this
localization mechanism tells us that at large charges the function f(z), which could be rather
complicated, can be substituted by its asymptotic expansion f(y) around the singularity y = 0,
i.e., the singularity that attracts the leading saddle point y = y* at large charges. It should
be also noted that the integration cycle needs also to be modified as indicated before. The
subleading and perturbative terms in the asymptotic expansion of f(y) give exact perturbative
corrections to the leading prediction for the asymptotic growth of d(Q).

The generalization of this localization mechanism to the case where f(x) depends on
more than one variable (when the singularities can be not only points, but also cycles), is
straightforward. For example, the microcanonical index (2.14), is such that the localized
action s (essentially the series expansion of the complete effective action about the leading
singularity)

5(:61,962, %, %,u) o A%3p(z50), (2.31)

—00

is (weakly) equal to sy

Sp(z;u)

~ 1. 2.32
S(zy;u) A—oo (2:32)

Then as a consequence of (2.20) it follows the large-charge localization formula or lemma:

d(Q) ~exp /1“ dydu oS-y Q (2.33)

A—co y*,u

In this equation I'y« .+ is a 4 + N-dimensional integration contour. It is also a combination
of Lefschetz thimbles of —5(y;u) — iy - @ and it intersects the leading saddle point(s) y*, u*

0uS(y; g)‘ =0, 9ys(y; Q)’

y=y*,u=u* Y=y u=u

—iQ =0, (2.34)

with intersection numbers defined by the decomposition of the original integration contour I' x
I'gauge in terms of the Lefschetz thimbles associated to the original exponent S(y; u) — iy - Q.

In conclusion, to compute the asymptotic behaviour of d(Q) at large values of charges
we need, first, to compute the asymptotic expansion of $(y1,y2, 4, y5) around y4s = y5 =0

~(1,1) . ~(1,0) ) +(0,1) )
g(y;g):s (yl,yQ,@)Jrs (y17y2,y4,y5,u)+s (Y1, Y2, Ya, Y55 ) + subleading

- YaYs5 Ya Ys
(2.35)

which, by construction, is the same as the asymptotic expansion of the complete effective
action S(y,u) around y4 = y5 = 0. Second, we must compute the leading saddle point
values y* and u* of the desired truncation of (2.35). Then, at last, we obtain the following
asymptotic formula

A(Q) ~exp e WHITWC, (2.36)

T Ao

In the following sections we will use this recipe, and particularly its integral version, the
large-charge localization formula (2.33), to compute asymptotic behaviours.
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3 The to E—BPS index at large charges

The superconformal index of 4d N =4 SYM on R x S? is defined as [1]

T =Ty [(~1)"p{pfui? wi*wf’] (3.1)
with the constraint
Ditets _ (3.2)
p1p2

Substituting it in (3.1) fixes the four-dimensional lattice of charges within the five-dimensional
lattice spanned by {J, J,Q1,Qo, Qg} that commutes with the two super (conformal) charges
that define the index Z.

The commuting charges in (3.1) are defined as follows

J=E—-J,+Jg, J=E-—J,—Jgr,

(3.3)
Q1=—q¢ —q3, Q2=—-q1 —q3, Qz=—q —q2,

in terms of the dilation operator F, the left and right angular momenta Jy g in the Cartan
of the SO(4) = SU(2) x SU(2) isometries of S, and ¢, g2 and g3 are the Cartan elements
of the SO(6) R-symmetry.?® The following definitions of rapidities and chemical potentials
will be useful later on

wy =e¢€ . we=e D2 w3 =e A

Y (3.4)
pr=e ', pa=e .

For gauge group U(N) the index can be written in the form [1]

Ti= §dp T 11 Pesp (iCw: pr,pa) Uss) (3.5)

a=1b=1

where U, is the a-th diagonal component of a diagonal unitary matrix, and Uy, = U, /Us.
The measure in (3.5) is defined as

1 N
F 1:[ 27T1U H (1 - Uab) ) (36>

and
(1 - wl) (1 — ’wg) (1 - wg) '

i(w;p1,p2) = i (w1, wa, we; p1,p2) =1 — 3.7
i) = ! (1=p)(1—p) &0
The plethystic exponential is defined as usual
o R(zl ..... zl)
Pexp (R (21, .., 24)) 1= edoim1 —— T, (3.8)
for any rational function R of d rapidities x1,...,x4. In particular,
1
Pexp (Uaw) = U, a#b. (3.9)

30We use the conventions and values of charges of fundamental letters of e.g. [66].
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Summarizing different representation for the index that can be found in various references [1,
2, 67] (see also, for instance [68]) we recall that

VI = (Lo wh) (1-wh) (1-ub)
=PI g 11 e (‘Z IO T R,

n

N N dU, 131 Te (wiUap; p1, p2)
N 11 271U, l Le (Uap; p1,p2) ’
a=1 a#b=1 ab;

where the normalization (or zero modes) factor is defined as

(Pexp (i(w; p1,p2)))"
NI ’

N = N(N,wi, w2, ws; p1,p2) = (3.11)

and

3
Pexp (i(w; p1,p2)) := (p1:p1) (P2; p2) H (wr;p1,p2) - (3.12)

Two ways of implementing the constraint among rapidities. The constraint

Wi1waws

=1, 3.13
b1p2 ( )
can be implemented in various ways.
Expansion A) The implementation (A)
wy = P2 (3.14)
wi1w9

(and analogously for the case obtained by the permutation of the indices 1, 2,3 of w’s) defines
the following series expansion

L= Z d(J/ J QlaQQ) P1 p2 Ql ?27 (3.15)
J,7.Q,.Q,

in terms of the four charges
J=J+Qs,J =J+Qs, Qlo:=0Q12— Q3. (3.16)

For (3.15) to be a well-defined expansion, i.e. for it to follow from the original represen-
tation (3.5), requires imposing the following condition (A)

Ip1p2| < |wiwel, (3.17)
which together with
Pal s Jwi2,3] < 1, (3.18)

guarantees absolute convergence of the series in the exponent of the plethystic exponential
defining the index (3.10).
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Scaling limit A) For later purposes, we note that the condition (3.17) implies that in a
scaling limit to the boundary of the convergence region of representation A)

pi2 - 1—€e = 17, (3.19)
necessarily
Re(A7) — 07 (3.20)
where I = 1,2,3. Thus, we are free to assume that in such a scaling limit
Ar — Im(Ajp)i, (3.21)

where Im(A7) is a generic real number (which eventually we will require to be different

from 27n, with n integer).

Expansion B) The implementation (B)
W1 WaW
p2 ‘= &7 D2 7& pP1, (322>
b1
(and analogously for the case obtained by the permutation of the indices 1,2 of p’s) defines

the following series expansion

= Y d(7.QL@Qh @) pl wiuSul, (3.23)
J,Q1.Q5,Q%
that counts degeneracies as a function of the four charges
j/ =J - 7, Q/17273 = Q1’273 +J. (324)
These charges relate to (3.16) as follows
F=r -7, Qu=Q,+7T. Q=7 (3.25)

Obviously, the two degeneracies d and d are related by the composition conditions (3.25).
For (3.23) to be a well-defined expansion of the index Z, i.e. for it to follow from the
original representation (3.5), requires imposing the following condition (B)

|w1w2w3] < ’p1| . (326)

Scaling limit B) For later purposes, we note that the condition (3.26) implies that in a
scaling limit to the boundary of the convergence region of representation B)

wigz = 1—€, = 17, (3.27)
necessarily
Re(w1) — 0. (3.28)
Hence, we are free to assume
w1 — Im(wy)1i, (3.29)

where Im(w1) is generic real number (which eventually we will require to be different from 27,
where n is an arbitrary integer number).

We will use the expansion B) for the study of the giant graviton representation. As
mentioned before, the domain of convergence of the giant graviton Hamiltonian traces is
different from the one of the -1-BPS index of N’ = 4 SYM. In such an analysis, extensive

16
use of analytic continuation will be required.
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3.1 The giant graviton proposal

The giant graviton expansion proposed in [3] is

T = Ixk Toa, (3.30)

where Zx i is the generating function of 1—16—BPS multi-graviton excitations at N = oo (closed
strings contributions)

IKKZexp<oo }( wh v + wé P - s ))
=l 1—wh  1—w 1—wé N I
() (1) (1 ut) Y
B =1 (1—ph) (1 —ph) ’
and Igg is the giant graviton index
Tac = Z wY " wh 2wl Ty o e - (3.32)

n3=0

Here, 7y, nyns is the index of nq, no and n3 stacks of D3 branes wrapping three different S3
cycles within the internal space S° (i = 1,2,3), times the index of open strings ending
on pairs of stacks [3].

Concretely,

Z,(Y) = Ty noms = ﬁ dprdpedps L0, I (3.33)
gauge

with measure

1 ny (I)
e H -1 (1 ) . (3.34)

27r1Ua astb—1 U(I)

The closed contour I'gayge, Which is not the trivial unit-circle, has been proposed and tested
at small values of N and charges in [3, 6]. Another seemingly valid definition has been given
in [6].3! For reasons that will be explained in appendix C the explicit form of the closed
contour I'gayge plays (almost) no role in the large-charge expansion. To understand this one
must rely on results that will be derived in subsection 4.2. So, from now on we postpone
any discussion on I'gayge until appendix C.

The objects:

3

d 4d d
Iﬁhnmﬂa = HZ ’ 27317”2,713 : H II+17 I+3~1, (3'35)
I=1
are the contributions of 4d N = 4 vector multiplets corresponding to worldvolume massless
excitations of a stack of n; D3-branes wrapping the 3-sphere I, and 2d U(ny) x U(ns41)
bi-adjoint hypermultiplets corresponding to massless open strings excitations stretching
between the stacks of D3 branes I and I + 1, respectively. By definition Zyg 90y = 1.

31'We have recently reported on this for the Schur index [17].
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The 4d adjoint contributions are

ny njy

durZi = dpr ] HPeXP< (wr, pr,p2s wy, wi) UG, ))
a=1b=1
T 200 o (35 LA L)

=1 27TiU(£I) a#b=1 =1 ! (1 - wt ) (1 o le) @

)

o B A0, DU ) (0 ) (0 )
prm— I .
s 2mivs) a b=1 Le (UC%);U/J,U}K)

(3.36)
for I # J # K = 1,2,3, and the zero-mode contributions are defined as

N[4d ::N(nlvw;17p17p2;wj7wK)' (337)

We define the a-th component of the diagonal unitary matrices as U, (D and their quo-

(1)
tient Uéb) = %
b

The contributions to the index coming from a 2d U(n;) x U(ng) bi-fundamental field are

ny Ni+1
(I,I+1) 1
II+1 _al_[lbl_[lPexp< (p1,p2;wy) (U +U(£1+1)>>

1 pLw (I,I+1) /prwy.
i 00 (e B ) 0 (U357 5 ) (3.39)
’LUJ ’
a=1 b=1 ) I,I+1
o | grreivs | oo (V™" 5 w0)

p1p2’

in(p1, p2;w) = \/g(l _’il)_(iu_ P2) (3.39)

In this expression J # I,I + 1mod3. We define the quotient of diagonal components of

(rr+1) _ ul 39
- (I+1) *
Ub

where

different unitary matrices as U,

3.2 The free fermion representation of the index

An exact expansion of the index as an average over an ensemble of free fermion systems
was put-forward in [12]. As we explained in the introduction, it takes again the form of a
giant-graviton expansion, different from the physically motivated D-brane expansion. Still,
it is a mathematical exact rearrangement of the index and it will be interesting to consider
its properties. In particular, we will discuss in appendix D the detailed way it reproduces
the large black hole entropy. In this representation, the index reads

1=T1kk <§: jn(N)> ) (3.40)

n=0

32I-T‘ollovving the conventions of the original proposal of [3] here we have assumed ajo0p = @12a23a31 = 1. In
that case, without loss of generality we can assume a/'*1) =1 (See equation (11) in [3]). More generally, the
analysis in section (4.2) can be straightforwardly reproduced for any other choice of a"T+ Y however, the
only for ajoop = 1 we obtain consitent results.
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=D R dyidz  (yi/z)™ , 1
In(N) = n! jgzr[l@myz) (2miz;) (1 — i/ zi) det ( — yJ)

exp (i In (plhplz; wl) 2ij=1 (Zf - y@> (zj L y]_l)) (3.41)

=1
and

(1—p1) (1 —po)
(1 — wl) (1 - wg) (1 — w3) ’
=1. (3.43)

Jn(p1,p2;w) =1 — (3.42)
wW1wWwaWs

p1p2

with

The object J,,(N) is a Hubbard-Stratonovich transformation of a determinant of two-point
functions in an auxiliary theory of free fermions [12].
Using the identity

det 1 T , Ihijcicn (zi = 2) (Wi —wi) H1§j<i§n (2 — 25) (Y5 — wi)
oz )=l ey m— s i — 9y)
Zi 1=1 t,j=1 Y i=1 Z i#j=1\%i — Yj
(3.44)
together with the change of variables
Yi
(zi, vi) — (z{ =2, G = j) : (3.45)

(2

(and ignoring the / in the z’s from now on) one reaches the form that we will work with

d¢;dz; (Q)NJrl
TIn(N ]{H (2mi¢;) (2miz;) (1 _Q)g 'Det(g,g).

ijn (PlpPlQ;wl) ij= 1? (1—4') (1_Cj_l) (3.46)

1
J

l )

exp
=1

where

H1<]<1<n (Z Zj) (yj - yl) '

Det = Det(z,() := H;& e
1£)= 7

(3.47)

3.3 The index at large charges

Let us fix the constraint (3.14) and study the large charge asymptotic behaviour of the
microcanonical index

27i dAldA2 4mritwy dLL)l 4mritws de 1 du _ N ,
d(oQ’ :/ 7/ 7/ 2= ett(zyu) —iz-Q 4
(@)= @r)? Ju @) Ju () Jo M1C o (348)

where

. . —/
—ir12 = Ay, —ir45 = w1, Q12 =Q12, Qis=J,J. (3.49)
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The 4ri is because the charges Q) 5 are quantized in units of 1/2. The two saddle point
positions wy 5 (which are not pure imaginary) will be determined below.
The effective action

o (1 —w) — wh _ (2 \1
—Sesi(z;u) == — i 3 (1 l)l 2 (1 (w1w2) )

(3.50)

o0

- N
1:21 (1 —ph) (1—ph)

has singularities located at
T4 = Tyging = 0, x5 = T5sing = 0, and periodic images . (3.51)

Around these singularities:
S < 4 0% 4 9 > A2 5( Sa4, 625; 1) (3.52)

1, T2, Tdsi —  T5.si —u] o~ S(x1, e, 024, 025; 1) . .
eff 1,42, L4 sing A 5,sing A ) ASe 1,42,0L4,0L5, 4%

Using the formal Taylor expansion [69]

1 _ i Bo (94, 025) (i)H’ (3.53)

<e‘5j3\4l6 . 1) < 5x5l 1) k=0 k' A

on the denominator in the right-hand side of (3.50) one computes the small-1/A expansion

of the effective action S.g

~ N g(l’l)(yla Yo; ) 5(10) (Y1, Y2, Ya, Ys; u) g(o’l)(yb Y2, Ya, Y53 1)
S(yvﬂ) - + +
- Yays Y4 Ys (3.54)

+ ca Nlogys + c5s Nlogys + cg Nlog(ysa +ys) + ... ,

where

g(l,[))( 5(1’0)(

Y1, Y2, Y4, Y53 W) Y1, Y2, Y4, Y53 W) (3.55)

are linear functions of 4 and y5,%> and dots denote contributions that vanish in the infinitely

y“—s at A — oo.
For the moment let us focus on the leading contribution

s (1-— 1- <1— L l)
A( )(y17y27 . N Z( wl)( w;) ( 1 2) e27‘ril’uab‘ (3.56)

a,b=11=1

large scale transformation ys5 —

Below we will show how to compute the subleading contributions. Recalling the expansion

o0

N

Li,(z (3.57)

T
l:ll

33 .. which can be straightforwardly extracted from (3.50). We do not write in here these expressions

because their explicit form will not be relevant for our goals. For our present goals it will be enough to start
from (3.50) to recover the contribution that these terms give to the effective action, as it will be explained
below.
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(3.56) can be rewritten as:

S (i) =+ Y Y B fua+ 5% (359)
ab=1 I=1 m
with
A3 — —Al — AQ . (359)
In this equation
B o n! - 2inA ny —2inA

is the periodic Bernoulli polynomial of order n. For example, for n = 3 one gets

_ 3 R
The contributions §9 and 5O, can be computed analogously.
Remarkably the large-charge degeneracy of states up-next-to-leading order in the large-A

expansion (up to order O(A)) is computed as follows

d(Q) ~exp Z 6_§(£*§y*)—i£*-g

A—oco gx u*

— A*
ar3i =N :;71 B3 {“Zb*z?i] _ (3.62)
5 L o T T AT Q) A3 Q)
~exp Z e 192 ’
A—oo T* u*
where the variables (z*;u*) = (iw7 o, lAl,Z;@*) denote the leading saddle points of:
ardi N X7-1 B3 |ua + 5% _

+ { } +wrd +wed + A1Q) + A2Q), (3.63)

3 a,b=1 wiw2

i.e. the saddle points of (3.63) with respect to (w12, A1,2,uq). Those that maximize the
real part of (3.63) but this time with the constraint

A3 — —A1 — Ag +wy +ws. (3.64)

instead of (3.59).

It is easy to prove that the complete answer at next-to-leading order O(A) is recovered by
simply substituting the rule (3.59) by (3.64), and only considering the asymptotic expansion
of the gauge saddle-point solution at leading order at large-A. From now on we denote the
latter asymptotic value as u* the saddle point of 3(1’1)). This is because any next-to-leading
correction to the effective action coming from % deformations to u* = O(A®) would vanish
when evaluated at u*. This is because by definition such correction to the effective action is
proportional to the saddle-point condition that «w* satisfies by definition. Thus, to evaluate
the contribution at next-to-leading order to the effective action we just need to evaluate the
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original form of the latter (3.50) at u* = O(AY) and expand the result up to order O(A').
Following this procedure we obtain

3 7 A
ardi XL 271 B3 [Uzb + 2711}

3 P wi1ws

§(z;ut) = — + O(AY) (3.65)

with the relation Az — —A; — Ag 4+ w; + w2 . The terms linear in w; and wy in (3.64) come
from the powers of p; and py in the numerator of the sumands in the first line of (3.50).

The contribution of zero modes: computing c4, c5, and cg. The contribution
of zero modes in the second line of (3.50) determines the coefficients of the logarithmic
divergencies log ys4 5 and log(ys + y5). The easiest way to compute these contributions is
to write

< ((1wt) () (1 () )
_N;l< (1—ph) (1 —ph) _1>

L (10) (1 pd) = (1) (1 wd) (1 (822))
7 (1—ph) (1—ph) ’

and Taylor-expand the denominator, keeping as many terms as necessary. Then, we sum

(3.66)

NE

=N

l

(over 1) the coefficients of each monomial in the Taylor expansion. The result is a linear
combination of polylogarithms. Many of such polylogarithms contribute to the terms (3.55).
The remaining ones take the form

+ca Nlogys + c5 Nlogys + c¢ Nlog(ys +ys) + ..., (3.67)
where for 0 < w1 = —iys < 1
C4:c5:1(y4+y5—3>, c6:1<—y4—y5—3>, (3.68)
12 \ys  ya 6\ y5s W

the dots in (3.67) denote terms that vanish after rescaling ya 5 — vya5/A and taking A — oc.
Logarithmic contributions with similar origins as (3.67) will appear in the study of the giant
graviton expansions. They are subleading contributions (of type-F') that will not affect
the leading asymptotics we are looking for, but for future developments it may be useful
to explain how to compute them.

Evaluating the saddle points. The saddle-point condition
DuS(z;u) =0, (3.69)
has a leading solution (independent of other chemical potentials) [21, 28],
Wiy =0. (3.70)
The remaining saddle point conditions

0r3(z;u*) = —iQ, (3.71)
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are piecewise polynomial conditions and can be solved straightforwardly. In this subsection
we focus on counting operators with charges

J=T~AN#0, Qi=0Q,=0. (3.72)
The solvability of conditions (3.71) requires
Wi = wa, A=Ay (3.73)

Then solutions of (3.71) at leading order in the large A expansion are

*

1

1+

= — 1 . 4
= j:3mod , (3.74)

the extrema of B3 [%}, and

1

. 4320N?3 1 NS

Wi = F1 32/3 w ~ T . (375)

These two saddle points zf = {iwf,iA%} contribute as follows
e )0 — oxp (VB F 1) 31/0m JHANS) (3.76)

to the asymptotic growth of the microcanonical index along the region of charges (3.72) and

at very leading order in the large-A expansion

1d(Q)| ~exp ,efg@m*%@:-g + 67'5(@*,@*)7@19‘
T Ao
~exp €XP ((\/g) 31/37rj’2/3(A3N)2/3) |2 cos (31/37rj’2/3(A3N)2/3)] (3.77)

A—oo

~exp €XD ((\/g) 31/3 J/2/3N2/3) _

A—o0

We note that this result is valid at any finite N. It is, however, only valid at leading order in
the large-A expansion (i.e. in the large charge expansion). Namely, this particular form is only
the leading asymptotic expansion of |d(Q)|. Note also that in order to have order N 2 growth
for N > 1 we have to demand J' = N2A3O(1) which means that at very leading order in
the large charge expansion, the asymptotic expression (3.77) only captures the growth of
states with spin ]‘\J,—; = O(A3) — oo and ERUSRY — O(A?) — oo,

N2
The complete black hole entropy at any finite ratio %

is recovered by using the
localized form s up to next-to-leading order, concretely

= [a
4mdiN? X3o1 Bs | 2%
3 WiWo

§(z;u" =0) = } +O(A?) (3.78)

with the substitution rule

Ag = —A1 — Ay + w1 +ws.
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The numerator of this localized form of the effective action > 5_, B3 [%

cubic polynomial. Its profile along the real locus % € R is reproduced by translation of

two cubic polynomial profiles leaving in two independent fundamental domains QA—% that

we will denote from now on by appending the symbol + on flavour chemical potentials.

} is a piece-wise

In such domains we find

2

Seasu’) + O(Y) = Fap = g S22, 570
A1+ Ay + Ag — wy — wy = 271,

where Fpy is the effecitve action that reproduces the %—BPS black hole entropy at any

ratio %, as first observed in [33].

From now on when we refer to the d(Q) of the superconformal index we will mean not
just its leading asymptotic form (3.77) in the region of charges (3.72) but more generally the
finite-N degeneracy d(Q) computed by plugging (3.79) into the localization formula (2.36);
and which particularized to the large-N expansion (1.21) is known to match the exponential
of the 1/16 BPS black hole entropy at any region of charges and for entropies such as the

ratio % remains finite and arbitrary [33].34

Some comments on the more general region of charges. Let us assume

J =T ~AN#£0, Qi=Q,~A>#0. (3.80)
Working with the analytic continuation to complex x := Aj9/(27i) of the function (D.32),
which was originally defined for y € R, the extremization conditions take the form

F_T 23N (x — 1)2(2x — 1)

wf
Q= 1272N2(x — 1)(3x — 2)
1,2 — 2 .

Wi

(3.81)

Plugging x = % + %Oz in (3.81) we solve for
2rN+/a*(1 — a*
W =wh =+ \% ) A, (3.82)
1,2

where the complex saddle value a = o* is defined by the cubic equation

14+ao* =202 10 =0, r:= 81 N? ~ A, (3.83)

The asymptotic growth of degeneracies comes from the root o* with positive and maximal
imaginary part of

3 3 Ja*|?

2ir(5a + 1)Q 5 27 Im(a*
= ( )Q’L2 : (3.84)

34The explicit form for this |d(Q)| upon the imposition of a non-linear constraint among the four charges Q,
can be found in the original reference. An alternative way of deriving it can be found in appendix B of [9].
Using this way one obtain the complete answer without imposing the non-linear constraint among charges.
Here we avoid the reproduction of those results, and instead refer the reader looking for such level details to
those references.
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We note that only if

147
—| > —, 3.85
‘ + 27 27 ( )
equation (3.83) has non-real roots. Consequently, only in the chamber of charges consistent
with (3.85) the present saddle point approximation predicts an exponential growth of states.

For example if |r| is large enough

=

a* = (-r) 3, (3.86)

and one recovers the asymptotic growth computed in the previous case (3.77). On the contrary
if r ~ 0 (i.e. for small enough J’ at fixed @ ,) none of the saddle points of —5(z;u*) —iz-Q
carries exponential growth: the leading saddle value becomes a highly oscillating phase times
a bounded function. This feature is not surprising because we expect many more operators
at large spin and fixed R-charge, than the other way around.

4 Large charge entropy from giant gravitons
Let us define the following particularization of chemical potentials z and charges Q

_lg - —i{w1,$2,$3,$4} - {Ala A27 A37w1} 9

~/ A AT (4'1)
Q:{QDQQ?QE}?J}'

Then we move on to compute the asymptotic growth of the giant graviton index (3.30)
at large positive integer charges Q

|Q4/NJ [@4/N] |Q4/N]

doo@)= [z > > X SET N eed (1)

1o 1mal | |
n1=0 ng=0 mn3=0 Pgauge n1n2:ng:

or more precisely, in a large-charge expansion (around A — oo) defined by the scaling
properties
Qlas = A2€A141,2,3 ; q) 2,3 = finite . (4.3)

Before re-summation over the giant-graviton numbers n has been taken, nothing will be
assumed about the scaling properties of J’ which can be an arbitrary function of A. Eventually,
we will assume J' to grow as O(A%). However, initially, the scaling properties of J’ play
no role in localizing the single giant-graviton contributions nor the sum over wrapping
numbers n. This is because there are no essential singularities at w; — 0 in the effective
action of single-giant brane contributions. The scaling of J" will be essential to recover the
growth of the giant graviton representation only after re-summation over the index n has
been performed. Namely, in the last step when (as it will be shown below) the localization
becomes equivalent to the one previously studied for the superconformal index.
As we summarized before

(ny,m2,m3)
,Scﬁtl 273) (3:0) — me ngNwTL3N I4d 2d (44)

€ ni,n2,n3 ~ni,n2,ng ’

— 24 —



J2d,Ad

where the functions I5977 .,
ma,

defined in (3.35), depend on the nj 4+ ng + ng gauge potentials
w={ul),u? B3} (4.5)

() = 627riugl

. . L qess )
These potentials exponentiate to the rapidities U, . Note that we have truncated

the sums over ny23. That is because the truncated terms do not contribute to the counting
of degeneracies at charges smaller or equal than @}, @5, and Q% (the explanation was given
in footnote 18).

The procedure to follow is summarized in the following steps:

1. Commute the integral over z with the sums over n3d

(n1,m9,n3), . .o
/ng/F dye Sen T (ww)—izQ (4.6)

gauge

2. At large R-charge the integral over u is evaluated at its saddle point u*, while the
integral over z is localized as follows

fS(nl’n%nS) (z'u)fix-fé/ 7§("1*"2*"3)(x'u*)fix-§/
dzx duy e et BWTEL e dxe LU )Ll (4.7)
I I

gauge A—>oo FE*

3. Use (4.7) in (4.6) and substitute the result in (4.2). Then commute the integral over x
with the sums over n to obtain3%

|Q}/N |Qy/N] |Q4/N]

dac(@) ~op [z DY Y e e zd

A—o0 n1=0 n9o=0 n3=0

4. Evaluate the asymptotic behaviour of the sum over n (in the large charge regime (4.3)
we can safely drop the floor’s)

Q4 /N Qy/N Q4 /N

cRec) = 33 Y ) (4.9)

n1=0 n2=0 n3=0

5. Substitute the entropy function of the gas of giant gravitons Sgg(z) into (4.8), and
localize the remaining integral over x to the leading saddle point * which is the one
attracted by the leading singularity of Sga(z)

JGG(@,) ~exp e—scG (@) (4.10)
T A—oo
6. At last, compare
dac(Q) and d(Q)=d(Q), (atlarge Q' = Q and any N). (4.11)

35The integral over & can be commuted with the truncated sum over n, which is finite.
36These integrals can be commuted because the localized integrand does not have poles: the logarithmic
divergencies in the exponential are either suppressed or can be absorbed in a redefinition of gauge variables wu.
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4.1 A first approximation capturing the entropy of small black holes

Let us start with step 2. Following our large charge localization lemma, we look for the
n2,n3)

leading singularities of Sé?fl’ which happen to be located at
€1,2,3 = X1,2,3,sing = Omod 1, (4.12)

and in their vicinity (the details behind the derivation of this formula are postponed to
the following subsection)

. ox ox ox
Ségl’n%nd) (xl,sing + le T2 sing + T27 T3 sing + Tgv T4 u)
A:oo A :9&”17”27”3) (51‘1, 09, 0x3, Ty4; Q) (4.13)
0x1 dxg Ox
~ gmimang) (221 F22 983
AHOOS <A7 A? Aax47u>'

This expansion holds at any value of ny, ns, and n3. Moreover, §(An1’n2’n3) and §(n1n2.ns)
are asymptotically-equal

n1,m2,n3 .
g(A )(5x1,(5$2,5w3,1'4,ﬂ)

§rim2ns) (§ay, 0o, 63, L451) A oo

1. (4.14)

Assuming (for the moment)
w=0MA"1) as A— oo, (4.15)

we obtain for all n and for all N

2
E(nhng,na)@; u*) = T(z) (ﬂ . £> — iN(Q . §> , (4.16)
with
) _
=~ Liy () = Liz (p1) 72 (1- 6B ()
3 1 - 21 ~
o _ 4.1
T(z) VNV +7(z) SAAA, @) (4.17)

where, again, these equations will be derived from scratch in the following section. The Ba(x)
in equation (4.17) is the periodic Bernoulli polynomial of order 2
Bo(x) = Bo(z — |2]) . Bo(z) = mQ—x—l—é. (4.18)
In this equation, 7 comes from a subleading contribution to 3(":7273)(z; u*) which is a
scale-invariant combination of Ay, Ao, and Ajs. Naively, one would say that discarding this
contribution would not change the leading asymptotic behaviour of the giant graviton index
(in microcanonical ensemble) at large charges and spin. However, as we will show below
such an assumption turns out to be incorrect. In particular, at large N, discarding 7 does
not give a chance to recover the counting of microstates of large BPS black holes. Instead,
it allows, at most, to recover the entropy of small black holes i.e. those with large values
of charges @, such that N2 > |Q| > 1 [23].
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The contribution 7(z) turns out to be such that

oxr2 Ty
YA A" ) 0, 1’4¢Z,
oo

ATA A
(6w bmy bzy (4.19)
T( A A A 71"4)

ox1 Oz Ox3 ~ 1’ Ty € L.
T(°fh, °R2, °F, w4) Ao

Thus, 7 is subleading if x4 is far enough from Z. On the other hand if x4 is at distance O(%)
to the integers Z, 7 becomes leading in the expansion (4.3). Thus, 7 cannot be ignored without
the risk of missing leading contributions at large-charge saddle points infinitely attracted
to integer values of the chemical potential x,.

Step 4. further clarifies the relevance of 7. The entropy functional —sgg(z) of the gas

of giant gravitons is defined from

Q\/N Q4/N Q4 /N

e—sca(z) . Z Z Z oS5 8) (2 ) (4.20)

n1=0 n2=0 n3=0
To compute (4.20) at large @’17273 (as detailed in (4.3)) it is convenient to change variables:
AQ

mes = 0n1,2,3 - (4.21)

In the new variables the sums over nj 23 become integrals

/1’2’3/N A2 q1,2,3
Z - - d[5n1 2 3] . (4.22)
A—oo N Jg =
ny2,3=1
Precisely,
—saa(@) TAY [ dtsm] (% dona] [* dong] =39 @) 4.23
e 00 o (L 57) [ dlom] [ " diona) [ disns]e . (423)

A—oco  g=1

From (4.16) it follows that this integral is Gaussian. Assuming for the time being that
the z, are real and positive (the general result can be obtained by analytic continuation)

then in the variables
X =dnix1 + dnoxo + dnzxs, Y =dnswe, Z = dngxs, (424)

the integral measure (which acts upon an integrand that depends only on X') becomes

7 % % 7o
jﬁlcﬂ5n1LK;2dMnQLK;3dwng]—+ /1* X (4.25)

0 L1T2T3

where

AMX)::/ dvdz, (4.26)
(X)
is the area of a two-dimensional region (X ) spanned by pairs (Y, Z) € R? such that

0<X-Y~Z<qm, 0<Y < ghas, 0<Z < gsxs. (4.27)
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As Ay (x) is the area of a polygonal surface whose perimeter has length growing linearly
with X and/or ¢,z,, then As(x) is always bounded from above by a polynomial function
of X and ¢,x,. This is all we need to know about As(x)-

Implementing the change of variables (4.24) and evaluating the one-loop saddle point
approximation at large A one obtains

;]7 ;17 67 o(nq,n9,ns iay* N O L2
/ 1 d[énl]/ 2 d[énZ]/ 3 d[éns] =S @) ~exp 39 f (‘T Q) e, (4.28)
0 0 0 Aooo N 23/T

where O(z, ') is the value of ~ x;;?) at the saddle point locus
T LA S 'CS SRS P\ (4.20)
LT o) = 9T(z) A2 L '
Collecting results one obtains
~ 4 2
ooy, A VTOLT) o (4.30)
where
A? (@]
f (x Q) ~exp 1, V. (431)

N2 2\/ A—oo

At z far enough from the zeroes of T" the left-hand side of (4.31) diverges as the area spanned
by two flat directions that open up in the moduli space of giant gravitons (ni,ng,ng) in
the expansion (4.3) of the integrand (4.23). This is because at leading order in such an
expansion the integrand of (4.23) depends on a single direction in the three-dimensional
space of (n1,n2,n3)’s: the other two directions become flat, and thus, summing over giant
gravitons configurations along such directions produces an overall factor proportional to ]/\\,—z

If and only if x is close enough to the zeroes of T'(z), i.e. at distances of order % of
them, then

N2
A5 4T (z)

ggg(@) (4.32)

grows exponentially fast with A. Indeed, our large-charge localization lemma implies that the
zeroes of T'(z) which are the leading singularities of g, determine the leading large-charge
asymptotic behaviour of the integral

~1 2 . ~/

dgdue—gcc(z;ﬂ)—izg ~exp eUT]\(IT*@*‘Q
- A ~ (4.33)
~exp dGG(Q ) = ag9(Q) -

A—oo

iz* - @/ attracted by the zeroes of T'(x).

where z* is the leading saddle of —% —iz"-Q
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Control over subleading corrections in Step 2 is essential to recover large spin
growth. Step 6: is the asymptotic growth in the index of giant gravitons dgg(Q’) equal

to the asymptotic growth of the superconformal index? i.e.

CflVGG(Q) ~exp d(g) = d(Q)7 (at any N) ? (4'34)
A—oo
In the chambers
w1
-1 +Re[— 4.
< Re[%i] <0, (4.35)

the function T'(z) is

w1 ($27Ti — wl)

T(z) = oA AR, T 7(z). (4.36)

If one naively substitutes (4.36) into the saddle point formula (4.33) assuming 7(z) — 0, then
one does not obtain the exponential growth at large spin of the superconformal index (3.77)
(i.e. the degree of the singularity w; — 0 or F27i would be 1 < 2).

Indeed, at large N and assuming 7(z) — 0, the localized action (4.32) can lead, at best,
to the asymptotic growth of microstates of small black holes [1, 23]. For example, if we
assume 7 = 0 and focus on the particular locus of charges [23]3"

Foj=0. Gi=@h-@—-q (437
then extremizing the entropy function

NZ2
"I iz Q (4.38)

with respect to the chemical potentials =

_1£ == —1{1'171'27:(:3,3]'4} - {A17A27A37w1}7

~ I (4.39)
Q/ = {Qllv Q,Q’ ng J/} ’
one obtains at the saddle point values
2 2
w=Fmi, AP=AZ=AZ=A%= ;Qq : (4.40)
and for ¢ > 0 the following prediction for the entropy
2v/2 3/2
f;q. (4.41)

38 In the asymptotic regime N2 > ¢ > 1 this is the leading term of the Bekenstein-Hawking
entropy of small and supersymmetric black holes in AdS5 with equal left and right angular
momenta j = 0 [23].%°

37This is only for the moment, to recover the small-black hole entropy contributions, in the following sections
we will comeback to the large-charge regime we are interested at (4.3) with J' = O(A®).

38Note that for finite N and ¢ — 1 the singularity of the localized action %&) that attracts the saddle (4.40)
is not w1 = 0 but A = co.

39 Compare with the leading contribution in the first line of equation (2.26) of [23].
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In order for (4.34) to hold, namely in order to obtain the asymptotic growth of the
most generic index at large charges which are not too small in comparison with N2, it
is necessary that

(w1) (—A; — Ag — Az + wy +27i
Tw) = Toa) = - R Le ) (1.42)

In particular, this also means that if the underlined contribution does not match the mi-

croscopic prediction of 7(z) then the growth of the series of giant graviton indices can not
account for the large charge growth of the complete superconformal index. In the following
subsection we proceed to check whether 7(z) equals
wi (A1 + Ag + Ag)
2A1 AgAg
4.2 Refined calculation and large black hole entropy

(4.43)

In this subsection the localized form §("172:m3) of the giant graviton effective action Ser (n1,m2,n3)

is computed. We follow the steps summarized below the equation (4.6).

ni,n2,n . . .
(n2.na) Loar its leading sin-

The first step is to compute the asymptotic expansion S g
gularity (ies).
Let us divide the effective action in three pieces (and omit the supra indices nj o3 for

a moment)

3
ST () = 3 Sy () + Z S\ (3 ) + Z S ers (2320 (4.44)
I=1 I=1 =
Zong (1—wph)(1 - l)(l—pl)—(l—wl)(l—wl)
Sy =y (- wy 2 J ) 4 log(ny!), (445

s (1— _ _ !
S (@) =S (1) (- sb) (L) Z Ut (4.46)

=1 l(l_wj) (1_wK) a#£b=1

12 —1)2

o (1—p7)(1— w;Tw nJ K

7 J K (JK

S es(@w) = =3 ( ) (l I )z ZZ( )+ Ul )> . (4.47)

=1 (1 —wp) a=1b=1
UD = exp(2riull)), a=1,...,ns. (4.48)

We proceed to compute the expansion A — oo of
(n1,n2,mg) [ *1 X2 X3 .

Seff <A A A ,1‘4,u) (449)

or equivalently the expansion of each of the four contributions in (4.44) and extract its
localized form 3("1:m2m3),
To compute this expansion we proceed as follows

1. Substitute
e > eB0 (4.50)
(I

in the denominators of the summands of the zero-modes action Syy; and in the

(1)

numerators and denominators of the summands of the non-zero modes actions SVect
and S (1)

Hypers

and expand about € = % ~ 0.
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2. Perform the sums > ;°; in the result obtained after step 1.

3. Substitute
W1 WoW
Py — 1727 , Wy — g e , (4.51)
b1

in the result obtained after steps 1. and 2. and expand the answer around ¢ = 0 up to
order O(e°) being careful about logarithmic singularities.

4. Lastly, truncate the series at order O(e®), and re-scale back the variables
Ay — —, (4.52)

to obtain an e-independent effective action. Such an answer is the contribution
of S7M, Vect, Hypers, respectively, to the localized action §™1"2:™3(z; u).

Using these steps allows us to keep control over logarithmic corrections that appear in the
expansion A — oo (coming from the action of vector zero-modes). Proceeding otherwise these
non-analyticities would evidence themselves as infinite coefficients in the would-be-Laurent
expansion around A = oo.

The large charge effective action of zero modes: Let us start computing the large charge
effective action of zero modes following steps 1.—4. To illustrate the procedure let us focus
on a single zero mode contribution of the vector multiplet 1:

Wy (L= wi ) (1= ph) (1 —ph) — (1 — wh)(1 — wh)
SZM(@) —;T 1 (11—1012)(;—10%) 2 . (453)

After steps 1. and 2. we obtain for all ny, at order O(e~2)

_ Lig(pi)n1 Lig(p2)ma n Liz(p1p2)n1
62A2A3 €2A2A3 €2A2A3

_ nggl/wl)nl + L13(2pl/w1)n1 + ng(fg/wl)m (4'54)
€ AgAg € A2A3 € A2A3
_ Lig(pipa/wi)ny  Lig(wg)ny  Lig(ws)ni  Lig(wows)m
€2A2A3 62A2A3 62A2A3 €2A2A3

and at order O(e™ 1)

~ mLip(p1)  mLia(p2) | miLiz (pip2) miLiz (p1)  maLis (p2)

2€A2 2€A2 2€A2 2€A3 26A3
mLig (plpz) nlLig (%11) n nlLig (%21) B nlLig (%) n ’nlLig (%11)
2e/A3 2eA\o FAY) PIFAY) 2e/A3 (4.55)
4 TllLiQ (%ﬁ) B TllLiQ (%) B nlLiQ (u%l) N nlLi2 (w2) nlLiQ (w3) .
2€A3 2€A3 26A2 26A2 2€A2

: 1
B nqLiy (wgwg) B n1Lis (E) n1Lis (wg) n1Lisy (wg) B n1Lis (wg’wg)
2eAg 2e/As 2e/A3 2e/A3 2e/A3
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and at order O(e)

(A3 +3A3A3 + A3) ny
12A5A5

1
x <1og<1 ~p1) +log (1~ pa) ~log (1~ prpe) + log (1 - -
—log (1— p1> — log (1 — 192) + log (1_]912?2>
w1 w1 w1
—log (1 —wy) — log (1 — ws) + log (1 — w2w3)> .

Then, after adding (4.54), (4.55) and (4.56) and implementing step 3., we obtain at order ¢!

_1 7r2A1n1 (1 — 6§2 (—%))

4.57
€ 3A5A3 ’ (4.57)
and at order €
A1nq (Al + Ao + Ag) w1 -
log= 4.58
where (assuming for the moment ¢ > 0, A; > 0)
log = (JU) _ (AlAQ + A1A3 — AgAg)
g=1lL 2A9A3
B (A% — 3A3A9 + A%) log (—AzAg)
12A5A3
| (A3 43030y + A3) log (A + Ag) (4.59)
6A5A3
N (6A3+ 6 (Ag + Ag) Ay + A + A3+ 345A3) log (57415 )

12,4,

40 At last, implementing step 4 we obtain the contribution of the zero mode 1 to the large
charge action 3("172:73) (z; )

_7T2A17”L1 (1 — 6B; (—%ﬂ)) N Aing (A1 4+ Ag + Ag)w
3A5A5 2A0A3

L 4 log =1 (z)ng - (4.60)

The contribution coming from the zero modes 2 and 3 are computed analogously. The
general result is

_7T2A]n[ (1 — 6Bs (-%)) Ay (A + Ag 4+ Az)wy
3A;AK 2A 7 Ak

+log=Zr(z)ng, (4.61)

4%We note that the term in the first line can be absorbed in a redefinition of the argument of the second out
of the three logarithms in the second line and the second and third out of the six logarithms in the fourth line.
This implies that the log Z1(z)n1 contribution is of type-F and thus it will not contribute at the degree of
accuracy we are looking for. We will keep track of these contributions though, as we may learn something for
the future.
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where the definition of log Z; can be recovered from (4.59) by the obvious permutation of
subscripts. Assuming (4.35), equation (4.61) can be rewritten as

A%n;wl (F2im+ A1+ Ao+ Az —wy)
2A1 A3\

+logZ;(z)ng . (4.62)

Note that the contributions log Z;(z)n; coming from zero-modes are of the type F' defined
around (A.3) and thus we can ignore them in the following. However, to gain insight into
their meaning, we will keep track of them from now on.

The large charge effective action of vector non-zero modes To start let us focus on the
contribution of the vector multiplet 1:

(1- w1 N —pH)(—ph) . ay
% Ut (4.63)
V - agllzl w2)(1 —wé) b

After steps 1.-3. we obtain for all ny, at order e~ !

1o 7 (6B () - ) - AL (0))

€ artb—1 3A2A3

(4.64)

and at order €Y

o Ay (A1 + Ay + Ag) (log ( - ,%Uéi)) — log (1 B plUé?))
99 As '

(4.65)
a#b=1

Using the relations

(1) (1)

pan Ua
log P27 ) _1og (—) —wn, 4.66
( o0 ) g (4.66)

ni (1) ni (l)
Z log (—%) = log H (—%) =log(1) =0,
atb=1 U, azb=1 \ Uy

(4.65) simplifies into

e AL (AL +As +Ag)wy

gb:l 27515

(4.67)

At last, adding (4.64) and (4.67) and implementing step 4 we obtain the contribution of the
vector modes 1 to the coarse grained action §(”1’”2’”3)(§; u)

o m2A (6@2 (—u&) — g”—wl) — 6 > Lig (U(l)))
2 3A2A3

A (A1 + A+ As)w
2A5A3

a#b=1 (4.68)

+ nl(nl — 1)
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The contribution coming from the vector modes 2 and 3 are computed analogously. The
general result is

i T2 Ap (GEQ (—ug? — 1‘2”—;) — —ng (U(I)>)

el 3AJAK (4.69)
A (A + Ag+ A
T gy — 1) 224 12AJZK e

The large charge effective action of hypermultiplets To start let us focus on the contribution
of the hypermultiplet 3:

1 me 0o _ . =l/2  —=l/2
Sirypers 2 1 iiz(l ) (l1(1 5251 S )

a=1b=11=1

After steps 1.-3. we obtain for all ny, at order !

1i§:2<w2B2 (v = 52) + 7B (e — 52) — Lia (Ugy”) — Lia (U)) (4.71)

€ a=lb=1 Az

and at order €’

_uw? (1.2)
(A1+Ax+A3) (log( 1 . log (1—-p1U,, " ) +log | 1—

(2 L))

> ~log (1-p1USy ))) |

2A3
(4.72)
Using the relations
(1) (1) (1)
log 1—% = log _pila_ +log (1 - —2 |,
@ @ p1U(2)
b b b (4.73)
1 =log | — w1 ,
2 2
2 78
together with the analogous one for Uéj’l) and
(1) 2)
log (—U°E2)> + log (—Ub(l)> =log(1l) =0, (4.74)
Uy, Uqg
(4.72) reduces to
i i (A1 + AQ + Ag) wi (4.75)

a=10b=1

At last, adding (4.71) and (4.75) and implementing step 4 we obtain the contribution of the
hypermultiplet 3 to the coarse grained action §("1’”2’”3)(g; u)

n1 n2 2 (712B (1,2) _ 1w1 Liy U(:E)—i_
- 2(75: (17 - ) 1 (117) o)

(Al + Ay + A3) w1
Az

a=1b=1 (4.76)

+ ning
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The contribution coming from the hypermultiplets 1 and 2 are computed analogously. The
general result is

ny ng 9 (WQPQ (u(%’K) — 1;’7}) — Liy (Uéb‘]’K)) + symm)
A

(A1 4+ Az + Ag) w1
A

The coarse grained action: collecting (4.62), (4.69), and (4.77) we obtain, at last,

L o) (< (o) - ) - (0)
AjAK

a=1b=1 (477)

-l-anK

3(n1,n2,n3) (

Tiu) =

3 ny ng 92 (7T2§2 (ug‘g’K) — 1;—;) Liy (U(JK)) (J,a) + (K, b))
A

o (A1 + Ay + Ag)
2A1A9A5
+n1 log Z1(z) + n log Za(x) + n3 log Z3(z) .

+(n1 A1 4+ naAg 4+ n3Ag) w1

(4.78)

We note that contributions coming from zero modes have been obtained in a certain choice
of branch that has simplified computations for us. Other choices of branch would give us a
different answer. However, as we will show next, these contributions can be absorbed in a
redefinition of the gauge variables which does not affect the leading saddle point evaluation.
This is, at least at large charges the ambiguities coming from zero modes are indistinguishable
from gauge-choice ambiguities and thus they do not affect the indices of giant graviton branes.

The gauge saddle point u*. The next step is to find the leading saddle points u* of

n3

1 —5(n1,m2,m3) (g (1) ) —s(n1,n2,n3)
d s (z5u) = / d d X ( s (z5u)
ni!ngng! L ue nllng'ng =" zl_{ U H U Zzl_I1 i
(4.79)
in the small ¢ = % expansion at fixed np 3, this is, assuming
Ar=0A"Y, A= . (4.80)
After changing integration variables
ul) = w0 () (4.81)

equation (4.79) transforms into an integral over a new contour I'Z,

n9 ns
) (2) . (3) —s=(1m2,m3) (g
nl‘ng'ng / H du H du, H du;” - e (4.82)

ur i=1 i=1 i=1
with the new action taking the form
§=(mm2,ms) (g ) — g(n1.ma.n3) (z; uVzy, uP =y, u(3)53)

(4.83)
—ny log=) —ny log=y —ng logEs.
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Following our large charge localization rules we scale the chemical potentials

A, — €A, (4.84)
and plug the ansatz
ul* =3 uffl)c(@ &+ hi(z) Ploge+ ..., (4.85)
k=0

41 into the saddle point equations following from the action

32 (n1,n2,n3) (f\l’ %’ %7 $4;u) . (4.86)

Then, we expand about A = co and extract recurrence relations among the u’s and the h'’s.

One obvious saddle point solution to this recurrence relations is*?

(1)

d1l
ul — ual())* _ “0120 — 7“J =1, (4.87)
’ s U( )
b

where ug is a zero mode that is integrated out trivially and we can set it to ug = 0 without loss
of generality (the integrand does not depend on this mode and thus, the corresponding integral
gives 1). (4.87) is a saddle point of the coarse grained action (4.86),*3 it is, on the other
hand, a logarithmic singularity of the original effective action ~£g1’n2’n3). The saddle-point
of the original effective action must have a non vanishing e—subleading contribution which
must be non-coincident, i.e., such that

w20 i o £ b, (4.88)

For our purposes knowing the explicit form of the small-e correction to (4.87) is not necessary.
All that we need to know is of its existence, which as it was just explained, it has to be the case.
The existence of one such non-coincident solution implies the existence of other ~ nj!lnglng!—1
identical copies obtained by permutations of the gauge indices. Summing over these solutions
m prefactor in (4.79).

Thus, in the large R-charge expansion (4.3)

cancels the

_5(n1,m2,m3) (4- _GE(n1,m9,n3) (pen,*
dge s\n1"2:m3) (giu) ~exp € s=(n1,n2,n3 (g&)? (4.89)

Ty A—oo

4111 this equation the w’s and h’s depend on combinations of A1 2,3 and the dots stand for possible higher
order logarithmic terms, vanishing at € = 0. The factor of €? is the minimal integer power of e that it does
not produce singularities of the form l"% in the saddle-point conditions, i.e., it produces a singularity of the
form log € which can be used to cancel other such singular contributions to the saddle-point condition. Because
we have used the change of variables (4.81) it follows from the saddle point conditions that hgg =0.

42There are other saddle points u* of ?7l1’"2’"3)(g; u) corresponding to n1,2,3-th roots of unity. Here we will
focus on the leading ones (4.87) (See analogous discussions in [21, 28, 29]).

43Pirst, because 55(™"23) ig even in u; second, because 5=("1""2"3) depends only on differences of u’s,

and third, because 55("1"2:"3) has continuous first derivatives on w.
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where

gE(n17n27n3)(£; u*) = T(g) (ﬁ . §)2 - iN(ﬂ ) Q)

T(z) = w1 (—A; — Ag — Az + wy + 27i) (4.90)
2 28, A/ '
At last, in Step 6., i.e. after using (4.90) together with (4.33), we conclude that
15(2) = dao(@) ~ep A@) = d(@Q) = a(Q),  (atany N).  (491)
A—o0

Namely, that the large charge asymptotic growth of the superconformal index of U(N) N =4
SYM on S3, at any N, equals the large charge asymptotic growth of the giant graviton index.
In virtue of the explanation given around equation (3.79), the asymptotic relation (4.91)
implies that, in the large-N limit (1.21), the giant graviton index reproduces the asymptotic
growth of states accounting for the Bekenstein-Hawking entropy of the dual % BPS states.

The large-charge analysis for the representation of [12] is summarized in appendix D.
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A Conventions

Let us assume two functions X, = X, () and Y = Y (i) of a set of variables pu. Let us
assume the explicit dependence of X, on A to be such that its limit function in the A — oo
is well-defined. Let us select a subset of variables & C p and denote its complement as .
Let us assume that o = q is a singularity of X and Y. Thus, if we define

5
a=a+da, m:%%,

it follows that X,,Y — oo in the limit A — oo defined by keeping da;.., fixed. Based on
the previous definitions we will say that in such A — oo limit

(A.1)

Xy ~ Y, (A.2)
A—oo
if and only if*4
XA
— — AlogA+ (log F + cpranch) - (A.3)
Y Ao

“4In this paper — means that the limit  — xo of the quotient among the left and right-hand sides of the

T—xQ

symbol is 1.
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The A, and F are functions of the da (they can also depend on the ) such that
A(de) = A(daren) , (A.4)

i.e. is invariant under homogeneous scaling of the da and C is a c-number (independent
of the p). Obviously, if da is a single variable then A is a c-number as well. Also, if the
explicit dependence of X on A is trivial, we can safely assume A = 0. The function F' does
not need to be scale invariant, but it needs to have only power-like zeroes and singularities
in such a way that log F' has only logarithmic divergences. The function cpqnen is fixed in
terms of log F' it is defined as a generic choice of branch cut of log F' and thus choosing the
appropriate branch we can always assume, and we will do so from now on, that cprqnen = 0.

Contributions to F' can have perturbative®® or non-perturbative®® origin. Perturbatively,
they could originate from subleading one-loop determinant contributions or subleading correc-
tions to the effective action. Non-perturbatively, they could originate from the superposition
of complex conjugated saddle-points (e.g., see subsection 3.3, second line of equation (3.76)).47
In this paper we will not try to fix all these contributions (which are subleading with respect
to the leading asymptotics we are looking after). Analogously, we will say that in the
expansion A — oo, as defined before,

XA ~exp Y y <A5)
A—oo
if and only if
XA A
— A F. A.

B Elliptic functions

The g-Pochammer symbol ({;q) = (¢; ¢)~ has the following product representation
oo
H 1-¢¢). (B.1)
The quasi-elliptic function has the following product representation
w .
00(C:q) = H 1= -d¢h. (B-2)
The elliptic Gamma, functions has the following product representation

Le(Cipyq) =

fj L
.
k=0 1 Crlq

“*Explicit examples of this kind of contributions are given in equations (3.67) and (4.59).

46 An explicit example of this kind of contributions is given in equation (3.77).

47To properly fit the definitions before, one would need to invert the dependence on charge variable J in
terms of chemical potentials, as determined implicitly by equation (3.75).
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C On the contour of integration I'gayge

In this appendix we explain how the details of the contour of integration I'gauge, cf. (3.33),
are relevant to compute the asymptotic growth of Z,, 5, n, in the expansion A, — 0 at
fixed ratios among A’s.

Resolving the physical poles. Let us comeback to the definition of giant-graviton
indices (3.33)

In17n27n3 = ﬁ d,Lle[LQdMg Iétl:l,ng TL3‘,Z’-T2L(1i,TL2,TL3 (C]‘)
gauge

It will be convenient to change integration variables from

ul, a=1...,ny, (C.2)
to the affine variables [A7]
N (I)
U¢§2+1 :7?1) ) a=1, ,nr—1,
Ua+1
o Vs (C.3)
U(gl) = (H UC(LI)> .
a=1

In terms of the new variables the original fundamental, adjoint, and bi-fundamental variables

can be recovered as follows?*®

g R
I ~(I
)<H aa-l—j) UO ’

()
(n._Ua (D)
Uab =1 = U( H Uk o1 -
Ub k=a (C 4)
l/n[ ’
2y O ) -
wy (g[) B ( J ,a+J U(g[)
ab T (0) Ung 77(J)°
U, U,
ny—1 J) 0
(HJ r Ub( b+y>
Note that the adjoint variables U(b) are equivalent to the adjoint tilded variables U, (I) U(I) .

The contour prescription of [6] indicates that all physical poles selected by I'gauge should
be located at

uvh=0, a=1,....n;, I=1,2,3. (C.5)
with generic adjoint and bi-fundamental ratios U, (b) and U(I 7). In the tilded variables this

means that all physical poles should be located at

oV =0, 1=1,2,3, (C.6)

“Here we assume the rules (XY)? = X*Y* and (X/Y)* = X*/Y>.
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~(I,J

with generic ratios U, ) and U (g’J). This means that in the new variables the contour of

integration can be divided in two components, a co-dimension 3 loop that we denote below

70

as fgauge and a 3-dimensional infinitesimal loop picking up the residue at Uy’ =0

ny—1 (I
dau,,

gauge Tganze 79 \ a1 2miU (1) g 041

3 a7

d

j{ | I G~ Vandermonde Det’s).
Us"=0 75 27 1U0

(C.7)

At this point we can proceed to evaluate the 3-dimensional integral over the diagonal
modes ﬁél). However, this is not the most convenient way to proceed, because the pole (C.6)
is degenerate. In the original variables this degeneracy is reflected in the vanishing of all the
positions UéI). In the new variables the complication is translated into 0/0’s indefiniteness
in the naive residue evaluation. The latter indefiniteness arises after evaluating the bi-
fundamental positions U, (1) Jefined in the third line of equation (C.4), at the position of
the pole U, 7D = 0. This techmcal complication makes ill-defined the naive residue evaluation,
due to the contribution coming from the fundamental strings stretching among different
stacks of branes Zo4.

To simplify this residue computation it is convenient to deform the integration measure

by substituting

ﬁ du, 3 du,

_ e (C.8)
D 2o 10/ 2mi (05" - 1)

where p should be thought of as a parameter that will be taken to zero after evaluating
the non-degenerate residues. After this modification the degenerate poles transform into
non-degenerate ones

oP=0 — U=y (C.9)

For p # 0 the physical poles do not condense to the very same position Uél) = 0 and one
can proceed to evaluate®”

3 rr(I
H dU ( )0 1—4d I2d I4d IQd
o ~(I) ) ni,n2,n3 <ni,nz,ng | “ninens fnineng
0 — M

=015 27r1<U0 TD=p
_ ad <12d ) (C.10)
ni,n2,m3 ni,n2,m3
U(gl)zu
. 4d F2d
Inhnzﬂls ni,n2,n3 °
For later convenience we note that
~2d _ 2d
B, = (P (.1
(I
u{P=1

“9This deformation is an example of the resolutions used in [6] to evaluate residues.
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At last, we can write

ni—1 )
+1 ~
"17"27"3 ‘7{ H ( aa) Iﬁinz,w ZgianS ) (0'12)

Pgauge -1 \ =1 27“U( )a,a+1

where we have not written down the limit ¢ — 0 in the right-hand side because the
integrand Iﬁ‘f no.ns Iﬁ‘f na.ns does not depend on p.

In what follows we assume either that there is no other remaining degenerate residue
in the affine integration variables Uli CZ 41, or that, if there is any one such, then it has
been resolved [6, 17]. Anyways, the poles that dominate the expansion A, — 0 at fixed
ratios among A’s, which are the ones we will be concerned with, are non-degenerate in
the affine variables U, LS Lf 41 and thus they do not require any further resolution. This will

be explained below.

The residues at A, — 0. The integral (C.12) can be written as

nl,ng,ng, ZRQS[ I4d I2d U= U (013)

ni,n2,n3 n17n2,n57

where « runs over whichever are the poles selected by the choice of contour fgauge.
In these expressions we have removed the indices I and a,a + 1, and the products

over [ =1,2,3anda=1,...,n7r—1, to ease presentation. For generic values of ni, no and ng
S Res| . T2 0 T2 i U =Ua| # 0. (C.14)
o
The results in subsection 4.2 imply the following asymptotic condition for residues®’:°!
Res|-. 20 T2 i U =0a] = Resalz,OaJe @00 (C15)

with ratios fixed

In this equation the function s(z, U ) equals the localized effective action reported in equa-
tion (4.78),

2mi

S, 0 = e (o122 (C.16)

when the latter is expressed as a function of the new affine variables U — U , and restricted
to the (n1 + na + ng — 3)-dimensional section

U =1. (C.17)

This action 3(z, U) defines the exponential singularity of the integrand of Z,, n,n, in the
expansion A, — 0 at fixed ratios. The asymptotic relation (C.15) and the explicit form
of the function Resy[z, U] to be presented below in (C.18), follow from the fact that the

50To derive this relation below it is important not to truncate the infinite products in the residues and to
work with their plethystic exponential representations.
51We recall that the symbol — means that the quotient between the left and right-hand side

Ag —0
with ratios fixed

expressions tends to 1 in the corresponding limit.
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polynomial [[5_, [T, (U (52 41 -U gc)m +1) that needs to be multiplied to the integrand in
order to extract its residue at U = U,, does not affect the leading exponential growth of
the integrand in the limit A, — 0 at fixed ratios of A,’s.

The function Resy[z, U] is a subleading contribution defined as
— ~ _ (0 +) 7O ) +
Resalz, U] = ¢~* (@U+00) 4+, Jog(UL), —U) 411 +0 )’ (C.18)

where the 07 is an auxiliary regulator whose only function is to keep finite the two terms in
the exponent of (C.18) at U = U, (for the combination of the two quantities, this regulator
plays no role because the logarithmic term is cancelled by the first term).

The function

o0 (@ 0) - ( JgAd T ) X eg@ﬁ), (C.19)
Ag —0

ni,m2,m3="ni,n2,n3

with ratios fixed

n ng,n lo, U
is the subleading contribution that we have discarded in the evaluation of e """ 3(2, 550,

Namely, the ambiguous contributions of type F' that were defined around (A.3).

As it was explained in the main body of the paper in a certain region of chemical poten-
tials z the magnitude of the exponential growth of the factor ]e‘s("l m2nal(.
the configuration UC(LI) = 1. More generally, we explained how Ué ) =1lisa stationary point
of e=s"1"2 ™ () In virtue of thi(sl)last statement and of (4.78) with the restriction (C.17), it

follows that the configuration U, , ; = 1 maximizes the exponential growth of the leading

()] is maximized by

factor |e*;('“) | in certain regions of chemical potentials z, and more generally, that it is
a stationary point of e~s(-). This means that in the small-chemical potential expansion
above-quoted, the sum over residues

S Resy [z, U] e @) (C.20)

is dominated by poles {8} C {a} that obey the asymptotic condition

Ofiaai1 (@) A (C.21)
with ratios fixed

if and only if:
e ['gauge encloses some of them and the sum over their residues is non-vanishing.

For the contour prescription proposed in [3] there are infinitely many such poles. In the
integrand . Ifb‘fm nSIgf nans these poles always come in pairs®? (denoted as positive and
negative poles). For example, assuming nj > 1 there are simple poles defined by selecting ny—1

pairs (a,b) for each I = 1,2,3 such that (for I # J # K and generic wy_j x°°)

b—1
I ~(1 I wr co(a
L = H U](,j)Jrl =Ufy) = @ (wywg )@ (C.22)

52At least at large charges, these pairs mutually cancel each other, as it will be shown below.
531t is sufficient, not necessary, to assume w; to be different from any product of rational powers of w.
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for any two choices of integers ¢1(a,b) > 0 and c(a,b) > 0. These poles come from the
elliptic gamma functions [70] in the vector contributions (3.36). The first family comes from
the poles of the first factor in the numerator of (3.36). The second family comes from the
zeroes of the denominator of (3.36). They can be organized in two groups that map into
each other under a Zs operation. One could denote such two subsets as positive and negative.
This separation in two, which is non unique, comes from the fact that for every pole U="0U,
there is a pole located at the inverse position U= ﬁ; 1. This bijection implies the existence
of many Zy operations, out of which one can pick up one, and declare that it maps half of
the number of poles coming from vector multiplets (positive) into the other half (negative).
For the indices studied here there are co many such poles.®® As it will be shown below,
in order to have a non-trivial answer at large charges, f‘gaugc must necessarily pick up an
unbalanced number of positive and negative poles in order for the corresponding integral
not to vanish trivially at large charges.

In the concrete example of Ty g o it is easy to identify poles in the first family in (C.22)
for the choices ¢; = 0 and 1 as:

3
Up =ws, —, —. (C.23)
Using both, the identifications and the constraint below
~(3 3
U1(2) — zth}ere ) Wq — qUqathere » UlthereU2thereU3there = 1 ) (024>

the three positive poles (C.23) map into the three positive poles corresponding to the tachyonic
and zero mode terms fi, fo and f3 depicted in figure 2 of [3].

As recalled in the latter example, the pole-selection prescriptions of [3] and [6], pick up
an unbalanced number of positive and negative poles of type 8 which happen to come solely
from vector multiplets (the positions of the poles coming from the chiral multiplets reduce
to some power of p; in the scaling A, — 0. Please refer to (3.38)).5°

Let us proceed to explain why the sum over residues of type § selected by contours f’gauge
breaking the Zs symmetries among the latter, does not vanish for generic values of chemical
potentials. For the poles of type 5, we can always use the Taylor expansion around A = 0

Up(x) =1+ >  cpAPAPAY, (C.25)
i1,ig,i3 €27
0
where the coefficients ¢; g := ¢;, 4,.45,8 are c-numbers. In particular for every g,
c1,8 = {100, 0,108, C00,1,8} # 0 (C.26)
and generically for 3 # 3/°°
cLg 7 cLp - (C.27)

541f the giant graviton expansion is complete and not asymptotic, then one must expect, and we will assume

so, that the corresponding infinite sum over poles will be convergent in some continuous domain of rapidities.
% The poles for this bi-fundamental contribution come from the zeroes of the Jacobi theta functions [70] in
the denominator.
56We identify poles 8 and 8’ that are identical after a permutation of their gauge indices a; = 1,...n; — 1.
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Moreover, within this family of poles {5} the remainder function

R\e/Sg[g, ﬁﬁ] _ effsvo(£71+cl,5-é)+log[cl,5'é] = e*A(ol,%g)@) (0.28)

Ag —0
with ratios fixed

(1

reduces to the exponential of a function of x, —50705) (z), whose dependence on 3 can be
constrained in a simple way. We will do so in the following subsection. After substituting (C.25)
in the leading contribution to (C.20) coming from the residues of type 3, and keeping in the
exponent the terms that do not vanish trivially as A, — 0, one obtains

e 3 e~ %08 @-5s@) (C.29)
B
where — after reinstating the indices I and a — it follows that

5p(z) N 23:"1231 9y <§<x, ﬁ))

a,a+1

% (Ci{g;a,tﬂrl A)

with ratios fixed I=1 a=1 ﬁ:l (030)
<~ 0,
Ag —0

with ratios fixed

vanishes trivially because U =1is a saddle point of the action s. Thus, we conclude that
in the limit A, — 0 with ratios fixed, the total — and leading — residue contribution
to Iy, nons takes the asymptotic form

~ ~(log)
—3(z,0 - z
e—5(z,0) E e S0 (@) A;O T nans - (C.31)
ﬁ with ratios fixed

As we will show below, the sum over 5 can be a series only if f‘gauge selects an infinite number
of unpaired positive or negative poles. The equation (C.27) implies that for a generic choice

of a contour I'gauge selecting an unbalanced number of positive or negative poles of type 3,
_~(log)
the exponential factors {e 5075@)}, whose quotient will be reported in equation (C.40) below,

are linear independent functions of x and thus, for generic values of z
lo
Y etos @ g, (C.32)

In such a case, in virtue of (C.31), one concludes that, provided the sum over [3’s is either

finite or a convergent series,

i ~(log) —
,s(g,l)fsoﬁi (2) ’ ’SV(Q, 1) + ~(l0g) (g) ~ g.:,(nl,nz,n:;)(l’ O) ) (033)

Zninams ~exp € 50,80 A—soo

A—o0

where the ambiguity in the choice of 5y is shielded in the ambiguity in the relations ~.

Constraining the relative contribution of poles. Let us come back to the function

(reduced residue)

Resglz, U] = e~ @0)+og(0=0;) (C.34)
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The goal is to constrain the dependence on § of the quantity
Resglz, Us + 01] < oo, (C.35)

in the asymptotic expansion near its singularity U, 3 — 1. It is convenient to compute such
asymptotic expansion in two-steps, starting from the function (C.34)

Us—»U, U—1. (C.36)
For example, in a two-step expansion defined by the quadratic differential variations
U=1+6U,Us=U(1+Us), (C.37)
where U5 < 0U the exponent of (C.34) takes the form
—5O(z,U) +1og(U — Ug) ~ — 5 (z,1 4 6U) + log(6U) + log §Us . (C.38)

Using the expansion (C.38) for two different poles § = 1 and § = (52 we conclude, after
exponentiation, that in a limit 6Ug, , — 0 the quotient among the reduced residues of roots
of type B approaches a universal expression,

ResBl[w UB1 =1 +(5U51] . 5[751

1. (C.39)
Resﬁz [z, U52 =1+ 5U52] 0Ug,
This expression and (C.25) imply the following relation
Ress, [z, U, (& Siarentdn A hHe
B1 B1 — ﬁl = (C 40)
Resg, (2, Upy (2)] 0 it et Sal Yg;‘ LA e @

This relation is telling us that the relative contribution of poles of type § is defined, unam-
biguously, by their corresponding coefficients c; 5. This is very useful, because the latter
coefficients can be computed easily, and consequently using (C.40) one can straightforwardly
predict what poles in the integrand would cancel among each other should fgauge pick them all.

For example, from (C.40) one concludes that if the positions §; and [ are inverse
to each other, then

_“(log)
e %0 (z)

~(log)
6_50 gg2 (z)

— 1. (C.41)

which means that both contributions would cancel each other in the sum

“(log)

e~ (20) Z ~s05 (@) (C.42)

This implies that, should f‘gauge not break the Zo symmetries for poles of type [, then the
contributions of the latter would vanish at large charges. On the contrary for a r gauge that
breaks the Zo symmetries for poles of type (3 the analytic analysis above presented predicts
that the answer will not vanish.
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For choices of fgaugc that pick up an infinite number of unpaired positive and negative
poles of type 8 it may be possible that the sum

~(log)
Z e 05 @ (C.43)

could not be resumed into a finite function. Equation (C.40) can be used to understand
this point better. Just to give an idea, assume Ay = Ay = Ag and take 8 = Bnin to denote
the pole(s) with the minimum value nuy;, of

n_

3
+1 +1 D:a,a+1
nl = n(B)] =Y D elyimart ellmart 4 {lyoatt). (C.44)

Then we can write

A‘(log) (045)

= ¢ *0bmin @ Z deg(n

Mmin 727

n2Nmin

where the integer number deg(n) receives contributions from every f selected by gauge
with n(8) = n: precisely, +1 contributions from positive poles and —1 contributions from
negative poles. Obviously, only if deg(n) = 0 for n > L where L is a positive integer, then
the sum in the right hand side of (C.45) becomes finite. Assuming fgauge does select an
infinite number of unpaired positive and negative poles of type- 3, we interpret the infinity
above as signature that the infinite sum over residues can not be blindly commuted with
the expansion A, — 0 at fixed ratios. At the level of computing asymptotic expansions
though, it is enough to truncate the convergent sum over poles 3 to a large sum, say with
only L > 1 elements, those with the minimum values of n(3) out of the infinitely many
selected by the contour. In the presence of this intermediate cut-off L the asymptotic
relation (C.33) follows from the fact that the dependence on L is shielded in the subleading

ambiguity of the relations ~.%7

D Large charge entropy from averages over free Fermi systems

Brief summary of results in this appendix. In [12] the author proposed an exact giant
graviton-like expansion for a large family of matrix integrals that include the %G—BPS index
as a particular example. Schematically, this expansion looks like

-y /dtImC(t), (D.1)

57In other words, in the regions of chemical potentials A,’s where an infinite sum over poles of type j
converges, [7‘&{)) = 0 happens to be an accumulation point for such type of poles, i.e., in those regions of Al s
the larger |n(8)| the closer S is to ﬁéé) = 0. This is the reason why a series over poles of type 3 can not be
commuted with the limit A, — 0 with ratios fixed: for a fast enough limit of poles towards [75? =0 it is not
always true that the posterior limit A, — 0 implies the condition (C.21). That said, for any finite sum over
poles of type 8 the latter issue is not present.
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where

In,((ta C) - Z an,t(Q)eQﬂ—itQ . (DQ)
Q

¢ = e~ ! is an auxiliary integration variable, whose string theory interpretation is unclear to
us, and which we find evidence that —at least at large charges — it may be related to the
linear combination of giant graviton numbers ¢; 4+ - n in the representation of [3]. On the
other hand, n is a non-negative natural number that reminisces, as well, one of the three
numbers of giant gravitons in the expansions of [3] and [5]. From now on, when referring
to the representation of [12], n will be called the giant graviton-like number.

At large enough charges, the microcanonical index grows slower than the giant graviton-
like contributions [ dtan(Q) [13]

W@l
|fd< an,C(Q)‘ R—o0

This means that at large QQ’s a large number of cancellations happen after evaluating

3 / dtan(Q). (D.4)

Indeed, we will check that these cancellations can be understood as a transition in between

0. (D.3)

two pairs of complex conjugated saddle-point configurations of
log Z,, ¢ (t) + 27itQ (D.5)

at large Q.

The large-charge localization Lemma of subsection (2.3) implies that the integral over ¢
must localize — at large-R charges and fixed J and n — around essential singularities of the
integrand 7, ¢(t). Indeed, we find that the two relevant exponential singularities are located
around ¢ = +£1, respectively. If we denote the asymptotic expansion of Z, ¢(t) around them as

In,ﬁ(t) — In,:l:l-i—t(t)? (DG)

then the saddle points obtained after extremizing the answer obtained after the substitution
of the choice “—" in (D.6) on (D.5), are the ones determining a,(Q) at large @ and fixed n.
On the other hand the saddle points obtained after extremizing the substitution of the choice
of sign + in (D.6) on (D.5) dominate the counting after the sum over n is evaluated and
exponentially large cancellations happen. The details of this analysis will be summarized
in section D.

In summary, we will check that at large charges Q@ — oo (for all N) the following
asymptotic formulae hold

oc oc /37 cJ2/3N2/3
> [ dtand@ ~ ity )(Q) + alfh ()(Q) ~ al@) ~ VDTSN p gy

(and a more general version of it as well making contact with the complete moduli space of
dual black hole solutions) where the complex conjugated contributions

a5 (Q), (D.8)
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come from the saddle points of the localized effective action —logZ, (7) around the singular
region ¢ — 1. In this case the two complex conjugated saddle point values are

J2/3
N1/3”
where again, the ¢4 are order 1 complex contributions that happen to match the above-

t*j: = C+ (Dg)

quoted co+ in equation (1.20) —up to a normalization factor—.

The asymptotic relations (D.7) tell us how the exponential growth of %—BPS states in
the boundary gauge theory is recovered from the giant graviton-like representation of [12].
The relevant computations are summarized below. Curiously, the similarity among (1.20)
and (D.9) suggests that there may be a relation between the sum of the n auxiliary integration
variables of type t = —log( (in representation (3.40)) and a single linear combination of
giant graviton numbers n in the proposal of [3] (in representation (3.30)).

The cancellation mechanism. Let us explain how the cancellation mechanism among
giant-graviton-like contributions happens in the exact expansion (3.40). In this expansion
the microcanonical index of giant graviton-like contribution, ", J,, can be written as:

I.maXQl 2 3/ J

r

where t; = —log({;) € [0,27i) and

~Sii i(l_wl)(l_%)(l_%)‘(l— P)(1-d)

@20 =3 =) (1= wh) (1— )

- ( ) (1-¢) (1-¢7) - T (@ 2.0).

i#j=1

We collect the determinant and the zero-mode contributions in the quantity

B (Y S ) ) FE O

(D.11)

=1 (1 —wh) (1 —wh) (1 — wh) i=1
+ log(Det[z Zlog ( )2> +NZlog ¢i) — min.
=1
(D.12)
The identity
= 1 _ 1—¢ : .
_;;l(d‘i'gi l) _zi:log< G ) — min = 0mod (27i) , (D.13)
simplifies 7 as follows
s ~(-)(-d)
—T (25 2,¢) = ( 1—¢H) (1=¢7") + NLog (¢
R e T A AU R A

0o — wll — Wy - wé
Ly l<1( ) (1 ) (1 ) (2n) 4 log(Det|z,(]) .

— 48 —



To apply our large-charge localization Lemma, we must compute the asymptotic expansion
of the effective action around the relevant power-like singularity(ies). There are many
singularities, but we will show that the two relevant ones (+) are located at A, — 0
and ¢; — +1.°% We find and check (in the following section), that the singularity locus
at (; = —1 is the one relevant to compute asymptotic growth of states at fixed giant
graviton-like number n.

As in the cases before, these previous singularities serve as attractors to saddle-points.
The localization of the effective action around (; = +1 determines different saddle-point
contributions to the total integral (D.10). In this subsection, we will focus on the vicinity
of the singularity locus (or equivalently, on the saddle-points obtained after localization)
at (; = 1, which is the one making explicit contact with the index at large charges.

If we substitute

Ay — €A, (D.15)

and
G—e z — e Zmiui (D.16)

in the effective action (D.11) and expand it*? around e = % = 0 then the first term in the
right-hand side of (D.11) reduces to

n g2 <—§2 (—uij — %) + 2§2 (—uij) — EQ (—Uji + %)) titj
i#j=1 ArBzig (D.17)
n w1 (Al + Ay + Ag) titj 9
1;;1 2818243 Fol.

Evaluating this at the asymptotic form of the n! inequivalent saddle-points for gauge-
rapidities u;; — wu;; = 0, and expanding the T™ we obtain

n n - 1
ST~y ET(g)titj+O(62),

i7i=1 (D.18)
T]\(/[) = - T(z) (tl) +e Z t; N + O(loge) + O(€?).
i=1 i=1
Adding both results we obtain
() _ 1 PRy 2
-8y = ;T(g)(t) +et N+ O(loge) + O(e%) , (D.19)

58In particular, from now on we will only pay attention to the leading asymptotic behaviour, thus will not
pay attention to the F-type contributions (See the definitions given around (A.3)) coming from the log Det|[z, (]
term.

59Really, we first make the substitution in the denominator, then expand the result and keep leading
contributions. Then, finally, we re-sum over the variable [ and obtain a sum over polylogarithms at diverse
level. Then we substitute (D.15) and (D.16) and expand the answer around € = 0 up to the desired order. In
this way we are able to avoid finding undesired infinities due to mistreatment of logarithmic divergencies (See
the discussion in pargraph 4.2).
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where we have changed to variables (with unit Jacobian)
ti= Zti, t12, 1 =112, n—1- (D.20)

60 Lastly, we apply the large-charge localization lemma to the integral

27i

~ (n) (.. e o~ (n) (. % ~(n) T
/d@dﬁe*SM (z;2,€) ~exp / df e Sn @250 Nexp €M (z5t ), (D.21)
A—oo /0 A—oo
where
~ N
= — D.22
T () (D.22)
is the saddle point of
~ > 2 ~
S @) = -T@)(f) - N1, (D.23)
with onshell value
n), = N2A AN
6—5(M>(£;t ) ~exp €21 (A1+A2}4»A23—3w1127ri) . (D‘24)
A—o0

This result matches the exponential of the entropy function accounting for the asympotic
growth of states at large charges and spin, and thus one concludes that

(@) ~exp A(Q)  (YN). (D.25)

A—oo o

This had to be the case because the representation (3.40) is an exact representation of
the index.

The large charge growth at fixed n. We finalize by showing that the contribution

coming from the (pair of complex conjugated) saddle points of the localized action at (; = —1,

dominate the counting of states relative to a single giant graviton-like block n, for any finite n.

And second, by understanding from a macrocanonical perspective how the latter contributions

cancel at large charges after summing over n, letting the complex conjugated pairs of solutions

of the localized action at (; = 1 to dominate the counting of %—BPS states at large charges.
This time we substitute

A, — €A, (D.26)
and
G— (=) e,z = e (D.27)
in the effective action
—Si (@ 2,0). (D.28)

5%We assume the change of variables is implemented before taking any expansion that breaks the peri-
€

odicity t; — t; + % In this way we are safe to consider that the n new variables are such that %? and
ﬁtl,z,gy,,,,nfl range over the segment [0, 1).
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Then we expand the answer around e = % = 0. Being careful with contributions coming

from zero-modes (as detailed in previous analysis) and picking up the leading gauge saddle
point u;; = 0 we obtain the following leading contribution

wBhp+ R -Blg-%
—_— - D.2
3 YN XN +O(62)><n, (D.29)
where
By(r) := By(z — |x]), By(z) := 2t — 223 + 2% — 1/30. (D.30)

Q =Q,=0Q,=Q =qA*, J=0. (D.31)

(D.29) predicts an entropy growth-rate of ~ @’ 3/4. To show this we follow the approach
presented in subsection 3.3. To count states in the charge locus (D.31) we must extremize

n 1 iwq n iwq 1
4rt 234[§+ﬁ}—34[§}—ﬁ ~
— A A A ", D.32
3" AN + (A1 + A2 +A3)Q ( )

The relevant saddle point values are

1 [ 113
w1 GF3) V% va (D.33)
= -, Al = AQ = A3 = 5 °
271' 4 23/4\/§ \4/Q

and the prediction for entropy growth at fixed n is

S(at fixed n) 5/ L VQ%W\/H(,}%M A %ﬂ\/ﬁélfi/zl
A Q] ~exp e V3 o] mep € VB _ (D.34)

A—o0 A—oo

Notice first that this does not depend on N and second, that at finite IV it grows faster than
the ;z-BPS microcanonical index |dys| which grows exponentially fast in O(N 213Q12/3),

Let us define
g=e 2 =e 2 =e 2 =e 3, (D35)

and proceed to compute the g-series J,—1 = Jn=1(q) by computing residues of the inte-
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gral (3.46) (up to order Q = 80)

Tn=r@) =Y dy;V[Q1¢?
Q

= —10¢° + 12¢" — 9¢® 4+ 21¢'° — 54¢* + 83¢*2 — 102¢"3 + 72¢** + 128¢%°
— 585¢% +1122¢'7 — 1513¢™® + 13804 + 138¢%° — 39004 + 9996422
— 1737643 + 22568¢%* — 18114¢%*® — 6030¢° + 58474¢*7 — 142020¢® + 2441164>°
—320713¢%° + 287250¢%! — 25656¢>> — 5927664 + 1645122¢>* — 3038934¢>°
+4370499¢%¢ — 479283647 + 2942865¢°° + 2915380¢>° — 14343372¢*°
+ 31698240¢* — 52605856¢* 4 70039506¢** — 70602105¢** + 34228542¢*° + 6315413146
— 242185620¢*7 + 506010016¢*® — 819250914¢*° + 1082818902¢°° — 1111506156¢°*
+ 627383301¢°2 + 710585424¢°3 — 3216045014¢°* + 7001989140¢°° — 117153086494¢°°
+16199071728¢°7 — 18156237900¢°8 + 13963219146¢°°
+ 1135248962¢%° — 32145290706¢°" + 82429426092¢5% — 150565817086¢5°
+226011251286¢%* — 284147263932¢% + 282109482979¢%¢ — 1578745856887
— 163795361382¢%% + 754154356216¢°%° — 1647734709546¢° + 2791649406978¢"*
—3979126322771¢7 + 4777631630670¢7> — 4473905312412¢™* + 2073206793162¢™°
+ 3594625665549¢7% — 13599471353058¢" + 28405997629926¢"% — 47107802836014¢ ™

+ 66434292154434¢%° + - - .
(D.36)

We note that @ # @/ (see the discussion in section 3), however they are related in the
asymptotic limit (D.31) as follows

Q ~ 6Q. (D.37)

A—oo

Using this relation we can compare

n= at fixed n= ~
A5V Q) ~ep 5 = Q)

A—oo
4o, 226 (D.38)
~ey €V Ql3/4|2 cos ! TW@/3/4|
exp .
A—oo \/g

The result is presented in figure 1.

Notice that the giant graviton index at fixed n grows faster than the total giant graviton
index in the limit (D.31). How are these cancellations explained in the present approach?
Let us define the variable dn

on = A (D.39)

which ranges over a continuum domain in the limit as A — oo. Then we can trade the
sum over n by an integral over a finite segment of length ¢ = O(1) as A — oo that can be
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Figure 1. The vertical axis represents log (log \dg}:l)[@“) and the horizontal axis represents log ),
with @ ranging from 6 to 80. The vertical coordinates of the blue points come from evaluating the
asymptotic formula log(3X + log |2 cos X|) where X = @w \/g(Q/G)SM. The vertical positions of
the red points come from taking log(log | - |) of the coefficients in (D.36).

evaluated by saddle-point approximation (as it is Gaussian):

iwq

[Q'/N] (ﬁﬁ[%‘%’%]@zx[ﬁ]*%@)nz 7 (ﬁi[%‘%]*ﬁzx[%]*%@)ﬁw
Z e\ 3 A1AgAzed Nexp/ d[5n]e 3 A1AgAzed N2
n=0 A—oo Y0

~exp 1

A—o0

(D.40)

This mechanism explains how these contributions do not compete with the ones coming from
the singularity locus at ¢; = 1 (encoded in (D.24)) in determinining the total microcanonical
giant graviton index (D.10) at large charges.
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Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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