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1 Introduction

Understanding the properties of the spectrum of local BPS operators in superconformal

field theories (SCFTs) offers a window into their strong coupling dynamics and is a subject

with illustrious history. Supersymmetric indices a la Witten provide a convenient tool to

encode such BPS spectra and are therefore objects of central interest in SCFTs.

Such



supersymmetric indices acquire new importance in the context of AdS/CFT and black
hole physics where they can be used with great efficacy to do precision holography or
to account for the microscopic entropy of black holes. Supersymmetric localization [1, 2]
has been extensively used for exact calculations of path integrals in strongly interacting
quantum field theories and as we discuss in this work can be brought to bear yet again for
the calculation of supersymmetric indices in large N holographic SCFTs.

The superconformal index (SCI) of the 4d N = 4 Super-Yang-Mills (SYM) theory on
St x S defined in [3, 4] has received particular interest in this context. This is largely
due to the recent observation that the SCI of the N'= 4 SYM theory can account for the
entropy of the dual supersymmetric Kerr-Newman (KN) AdSs black holes found in [5—
9]. The key to this microscopic understanding of the black hole entropy is to allow for
complex chemical potentials associated with the global charges of the N'=4 SYM theory
when evaluating the SCI [10-13]. This can be interpreted as choosing the “second sheet”
for the complex valued chemical potentials [14]. These developments have sparked a flurry
of activity centered at understanding the SCI of N' = 4 SYM theory and its generalizations
to other N' = 1 holographic SCFTs that provide the microscopic origin of the entropy of
dual AdS5 black holes. A remarkable feature of the SCI in 4d N = 1 holographic SCFTs
is that it allows for an all order expansion in a Cardy-like limit in which the size of the S*
is taken to be much smaller than the radius of the S3, see [14, 15] as well as [16-23] for
further discussion on the 4d SCI in this Cardy-like limit. In the large N limit, on the other
hand, the exact evaluation of the 4d SCI becomes much more involved due to multiple
competing saddles; see [24-37] for a selection of recent results on various aspects of the
SCI in this large N limit.

Our goal in this work is to study the large N limit of the SCI on S' x S? defined
and studied in [38-43] for 3d holographic SCFTs. The calculation of the 3d SCI in the
large IV limit has been previously studied in a particular regime of fugacities but the result
has been restricted to the leading order in the large NV limit taken after the Cardy-like
limit [44-46]." In the discussion below we focus on the Cardy-like limit, which ultimately
amounts to taking the limit of vanishing S? angular momentum fugacity w, and improve
on this analysis in two significant ways. Focusing on the U(N); x U(N)_; ABJM theory
for concreteness [48], we first rewrite the SCI in a suitable manner that simplifies the
analysis of the leading w™' and w® terms in the Cardy-like limit. We then use a saddle
point approximation to show that the w™! term in the small w expansion of the SCI is
determined by the so-called Bethe potential used in the calculation of another related
supersymmetric observable, the Topologically Twisted Index (TTI) [49-51]. Moreover, we
find that the w® term in the Cardy-like limit simply evaluates to the TTI itself. Such a
judicious rewriting of the SCI was studied in [44, 45] for general 3d N = 2 gauge theories
where it was also shown that it can be used to compute the Cardy-like limit of the SCI
for general values of V. These results are significant since the TTI has recently been
computed to all orders in the 1/N expansion for various holographic SCFTs, including the
ABJM theory [52-54]. We can thus leverage these recent TTI results to obtain a closed

!See also [47] for some very recent related work.



form expression for the w™! and w® terms in the Cardy-like limit of the SCI for the ABJM
theory to all orders in the 1/N expansion at fixed k. We believe that our results can
be extended to many holographic 3d N' = 2 SCFTs. To illustrate this we use the same
techniques to compute explicitly the w™! and w® terms in the Cardy-like limit of the SCI
for 3d U(N) N = 4 SYM coupled to one adjoint and Ny fundamental hypermultiplets?
to all orders in the 1/N expansion at fixed Ny. The S3 partition function and the TTI
of these two holographic SCFTs can also be computed in a closed form to all orders in
the large N expansion, see [55-58] and [52, 54], respectively. Our findings thus add to the
menagerie of exact large IV results in these two holographic models.

The 3d SCI for holographic SCFTs arising from M2-branes can be used to understand
the leading N 3 term in the large N limit of the entropy of the dual supersymmetric Kerr-
Newman black holes in AdSy constructed in [59-63], see for instance [63-65]. Our explicit
results for the SCI go well beyond this leading order in the large N limit and should
thus have interesting holographic implications. In particular, we find that the N 3 term in
the large N expansion of our SCI results agrees with the holographically dual calculation
performed in [66, 67] using higher-derivative supergravity. Moreover, we find that the
log N term in the large N expansion of the SCI agrees with the dual 1-loop calculation in
supergravity discussed in [68]. We also show that our results are compatible with a recent
conjecture [69], motivated by 4d gauged supergravity and holography, for a closed form
expression for the SCI of the ABJM theory to all orders in the 1/N expansion. Finally,
we discuss how the subleading 1/N corrections to the 3d SCI that we have obtained from
the field theory side can improve on the previous microstate counting of the entropy of the
holographic dual supersymmetric AdS, black hole.

The rest of this paper is organized as follows. In section 2 we briefly review the
SCI of N' = 2 SCFTs and the corresponding matrix model obtained via supersymmetric
localization. In sections 3 and 4 we investigate the SCI of the ABJM theory and the
ADHM theory respectively, and provide the all order perturbative 1/N expansion for the
first two leading terms in the Cardy-like expansion. In section 5 we discuss the holographic
implications of our results and their bearing on the thermodynamics of supersymmetric
Kerr-Newman AdS4 black holes. We conclude in section 6 with a short discussion of some
open questions. The four appendices contain a collection of technical results on special
functions and the saddle point approximation along with a summary of the numerical
analysis used to derive our main results.

2 Superconformal index of generic N' = 2 SCFTs

The S! x S? superconformal index (SCI) was defined in [38-40] and then considered for
generic N' = 2 SCFTs in [41-43]. It can be viewed as the following trace over the Hilbert
space of the theory in radial quantization

I(g,&) = Tr | (~1)F e P{QQ A+ TT ¢

a

, (2.1)

2This model is also known as the ADHM quiver theory and we will often adopt this monicker.



where F' is the fermion number and the supercharge Q satisfies the anticommutation
relation

{Q,Q"} =A-R—js. (2.2)

The charges A + j3 and F, in the trace formula (2.1) commute with Q and Q. Here A is
the energy in radial quantization, R denotes the superconformal R-charge, j3 is the third
component of the angular momentum on S2, and F, are charges associated with flavor
symmetries.

We use the conventions of [41] where the ratio of the circumference of S' and the
radius of S? is denoted by 8 = 51 + (2. The SCI (2.1) is independent of the parameter 3;
based on the usual argument for the Witten index and receives contributions only from the
BPS states annihilated by Q and of or equivalently the BPS states saturating the bound
A — R — j3 > 0. As a result one can rewrite the SCI (2.1) as

I(q,&a) = Trgps | (—1) ™28 [[ &l (2.3)

where Trppg|- - - | means that the trace is taken over the BPS states annihilated by Q and
Q' only. We will call the chemical potential for the ¢ fugacity w and will use the relation
q = ™. The relation between the geometric parameter (2 used in [41] and w is then
mw = ifs. Since the SCI is independent of 5; we can take it to vanish and then use s
as the real parameter that determines the length of the S (in units of the S? radius).
Therefore the Cardy-like limit of small S* corresponds to taking w — 0. This limit will
play a central role in our discussion below.

The SCI (2.3) can also be written explicitly in terms of a matrix model for generic
N =2 SCFTs [41-43]. In this paper we focus on the case where a given N' =2 SCFT has
the gauge group G = @'_; U(N)g, with Chern-Simons (CS) levels k,’s and N = 2 chiral
multiplets collectively represented by ® with superconformal R-charge R(®) and flavor
charges f,(®). The matrix model for the SCI then reads®

1 d T, R .
I(q’ga) = W Z % (H H 27:;zr7i (Zr,i)k' i Hg(llﬂa,y,L 7,1>

X H 1_[q*%‘m”'*“""»j| (1 - zr,iz;;q|m"”‘*m"*j‘) (2.4)

L1p(m))| (e—ip(h) [T, €7@ g2 R@)+H e, q2>

>
)

% H H <q1—R(<I>)e—ip(h) Hga—fa(@)>
D p a

(eiﬂ(h) [L, &1 gr@)+p(m); q2)

¥We mainly followed the conventions of appendix A in [70] involving the extra phases in the 2nd line
of (2.4) compared to the previous localization formula in the literature [41-43], which comes from the
canonical prescription for the fermionic number operator (—1)F = (—1)%3. See also [71-73].



hri are over the unit circles

where the contour integrals for the gauge zero modes z,; = el
and p runs over the weights of the representation Re of the N’ = 2 chiral multiplet ® with
respect to the gauge group G = ®”_, U(N),. The m,; denote quantized gauge magnetic
fluxes. In appendix A we provide the definition of the co-Pochhammer symbol (+;+) and
present some of its properties.

It is worth mentioning that in the matrix model (2.4) we have also included the contri-
bution from mixed CS terms between gauge and flavor symmetries with general CS levels
kar,i following appendix A of [70]. For the concrete examples in the following sections,
however, we will turn on such mixed CS terms only for the topological symmetries with
unit CS levels by coupling a background vector multiplet to the topological symmetry

current Jp. = x Tr[F,] with gauge field strength F;.

3 ABJM superconformal index

In this section we investigate the SCI of the ABJM theory. In section 3.1 we briefly
introduce the ABJM theory [48] and then provide the matrix model for its SCI based on
the general presentation in section 2. In section 3.2 we evaluate the matrix model for the
ABJM SCI using the saddle point approximation in the Cardy-like limit following [44, 45].
In section 3.3 we provide the all order perturbative 1/N expansion for the first two leading
terms in the Cardy-like expansion of the ABJM SCI using the exact ABJM TTI on S* x 52
recently found in the literature [52, 53]. Finally, in section 3.4 we discuss the relation
between the all order results for the ABJM SCI and the Airy conjecture recently proposed
in [69, 74].

3.1 Matrix model for the ABJM SCI

The ABJM theory has U(N)pxU(N)_; gauge group with opposite CS levels +k, the
corresponding two N = 2 vector multiplets, and two pairs of bi-fundamental and anti bi-
fundamental N = 2 chiral multiplets A; 9 & Bj 2 with superconformal R-charge % We use
® to collectively represent all the N' = 2 chiral multiplets as ® = {A;, Aa, By, Ba}.

In addition to the U(1)r superconformal R-symmetry, the global symmetry of the
ABJM theory manifest in this N' = 2 formulation is SU(2) 4xSU(2)pxU(1)y. The flavor
symmetries SU(2)4 and SU(2)p act on A; o and Bj g respectively, while U(1)7 denotes
the topological symmetry arising from the U(1) factors in the gauge groups. We denote
the Cartan generators of these global symmetries as (A, B, T, R) respectively. The charges
of the N/ = 2 chiral multiplets under these symmetries are presented in table 1, see for
example [75] for more details.

The ABJM SCI can be obtained from the trace formula (2.3) and reads

Zas(q,€a, B, Er) = Trpps | (—1)F ¢33 () (€p) P (6r)T |, (3.1)

where (€4,&p,&r) are fugacities associated with the flavor charges (A, B,T') respectively.
The corresponding matrix model for the ABJM SCI can then be obtained from (2.4)



® |R| A| B |T
Ai 3] 1010
Ay |41 -1] 010
Bi|s] 0| 1]o0
By 3]0 |-1]0

Table 1. Charge assignments of ' = 2 chiral multiplets in the ABJM theory. The U(1)7 symmetry
acts non-trivially on monopole operators.

using table 1

Taim(q,64,€B,¢T)

N -
dZZ Zi kml~—km,
3 Y F Tl g g et™ s ™ eely
e Tiz; 2wiz;

m,meZN

N
X Hq*%\mrmy‘l (1 — Zizjflqlmrmjl) q*%\mrmg‘l (1 — 3 gj—l |1i; —tn |)
i)

—1lz ¢—1 S4|—m4+m;|. 2
1 _1~ _q\ 3 |mi—y (Zi INE haT)
X H 2 ( _

— 1 R
215 Eagr Ml g2)
e.9]

=1 (3.2)
2
N\ Ly < 2 1ziE gz Ml g )Oo
X H (qui zij) .
ij=1 (Zz‘i-_lf_ q§+|mi7mj"q2)
)= j A ) 0o
s—1le—1 34|—my+m;|. 2
5 1 -1 2Imim] (Zizj €pla2 ™ )oo
NG 13 g atimigl 2
ij=1 (Zl- zZi€pqz ™™ J;Q)OO

- 3 4 m
N\ Eimey| (Zizj '€pqz"] mz+m]|;q2>oo
x H (quizﬂ' 53) 1z =1 Lijm—m;]. 2
i,j=1 (Zz Zji€p g2 g )OO
where we have turned on the mixed CS terms between the gauge symmetry and the topo-
logical symmetries only. Note that the ABJM SCI (3.2) does not depend on &7, and &p,
separately but only on &7 = &1, &7, as expected from the fact that ABJM theory has only

)

one non-trivial U(1)p topological symmetry [48]. This can be seen explicitly in the ma-
trix model (3.2) by shifting the integration variables as (z;, 2;) — (zile/k Z §I/k). The
phases in the 2nd line of (2.4) disappear in the ABJM SCI (3.2) since the phases from bi-
fundamental chiral multiplets cancel each other and the phase from CS terms also reduces
to unity as

N 2_ =2
3 H(_l)k(mi ) —q (3.3)
m,eZN i=1

for an integer CS level k € Z.



To study the Cardy-like limit of the ABJM SCI it is useful to rewrite the matrix
model (3.2) as [44, 45]

Zagym(w, A, n)

N . -
Z y{ H ds; ds; i (U2-072) - 7 Ak (02-02)
il=q™i |5 =™ \ oy 2mis; 2mis;

m,meZN

(=78 (1 - 57%5,)(1 — 57 15,)(1 - 5715)]

éz

\TL.
<.

12na

X
—=
@
ol
N
M‘Z
CIJH
w\’z

@

Il
R
T

2 4
H Zya 7Q) % H( Slyal 2" na7q) ]

S; Siyaq @5 q )oo a=3 ( S; Szyaqnaaq )oo

2—ng 1,.2—ng.

6)1) xﬁ(z R R

L (8518900 42) oo

2 1~
H (Si 1Sjya lq
o (571 8yages ¢

=

Y
<

2 4
1 yal S E I S C LT R A WL ]
act (8557 "Yaqha; ¢ ) azz (55 S5 '5iyagq™; ¢ )

(3.4)
in terms of new integration variables (recall that z; = i, z; = ¢l hi g = elm)
8; = eiUi — Ziqmi — ei(hi—i-mumi)’ gl — 6107; — 2lqﬁlz — ei(iLi—Fﬂwﬁli)’ (35)
and the parameters y, = €™ (A, € R) and n, € R defined as
-1 1/k 1/k 1/k 1/k
vad % = (& M g g e {12,3,4)),  (36)
under the constraints
4 4
> ng=2, [Tva=1. (3.7)
a=1 a=1

Note that (y,, n,) are uniquely determined for given three complex parameters (£4,&p, &)
through the map (3.6) under the constraints (3.7). Accordingly in (3.4) we have replaced
the argument of the ABJM SCI as

IABJM(qagAagBafT) — IABJM((U?A?n) ) (38)

where (A, n) collectively represent (Ag,n,) under the constraints (3.7). To obtain the
expression (3.4) we have also assumed

g€Rsy & iweR. (3.9)

In appendix C.1, we provide some more details on the derivation of (3.4).



3.2 Cardy-like limit of the ABJM SCI
Taking the Cardy-like limit
lgf =17 < w—i0t, (3.10)

one can expand the oo-Pochhammer symbol using the asymptotic expansion (A.5) and
apply the Euler-Maclaurin formula to replace the sum over gauge magnetic fluxes with the
corresponding integrals in the matrix model (3.4), see [44, 45] and appendix C.1 for details.
The result reads

IABJM((,L), A, 1’1)
(3.11)

9

- 1 / <H dUidU; dU; dU> L ImWOUT;A]+2Re WD [U,T;A,n]+0(w)
(ND?2 Jean \ 25 —4m?iw —4n?iw

where the first two leading terms of the effective action in the Cardy-like limit are given by

N N T 2
WU, U; A = gz ( ) + Z Z Lio(s; 5y, ") Z Lis(s; '3i9a 1
i=1 i=1 La=1
2
+ [Z le 7155y, ) — Lia(s;8; ya))
i>j La=1
Z (Lia(s; ' 50a) - Lig(5j§i1y;1))] , (3.12a)
a=3
. (N T2 4
)/V(l)[U7 U; A =3 Z lz (1 —ng)Liy(s szya ) + Z(l —ng)Lii(s; slya)]
i=1 La=1 a=3
1 2
+3 2 LZl(l — ) (Lit(s; 5505 1) + Lir (5,5, '9a) )

4
+ 30 (1 = na) (Lir(s; ' 85) + Lin(s5; ' >)]

a=3
[log(l —8; j) + log(l — 52»_15]')}

[(N —2i)logs; + (N — 2i + 2) log ]

+
DN | =
'MZ

)

S

J

+
DN | =
.MZ

1

[22: 1 —ng)logya — 24:(1 - na)IOgyal : (3.12b)

a=3

(2

MZ

Note that in (3.11) we have used the complex conjugation relations
WOU,T; A] = WO-U, ~U; —A],
WO, T; An] = WU, ~U; —A,n]

which are derived using that (A, n) are real by construction, see (3.6).

(3.13)



To apply the saddle point approximation to the integral (3.11), first one should solve
the saddle point equations in the Cardy-like limit, namely

(0) : Oy, U
o= VOWUA] _ owOU, U A] (3.14)
an aUz‘

Let us denote the solution to the leading order saddle point equation (3.14) by {Uss, Ui}
with the apparent (N!)? degeneracy from permutations. The saddle point approximation
to the integral (3.11) can then be derived following appendix B and the result reads

log IABJM (wv Av Il)

= b Im W©® [U., U,: A]

W
_N2 - - 1z 3.15
N My 2 [J AR i#j (1 - S*ils*j) (1 - S*ils*j) (3.15)
0g = - -
det B[Uy, Ux; A %‘:1 ngl(s*i — YaSxj) e Hﬁ:?)(s*i — Yabxj) e
+0(w),

where the 2N x 2N square matrix B[U, U; A] is defined by its components as

_ WO, 0; 4]

{B[[L [7; A]} 1,J o 8U18UJ

(U]:{Ula'”aUNa[jla"'7(7N})- (316)
See appendix C.1 for additional details.

3.3 All order 1/N expansion for the ABJM SCI in the Cardy-like limit

To evaluate the Cardy-like expansion of the ABJM SCI (3.15) explicitly in the large NV limit,
we will use the known all order results for the S! x S? TTI of the ABJM theory [52, 53].
As a first step, we relabel the gauge holonomies and the leading order effective action
in (3.15) as

O G VL
Ui = =g
- (== (3.17)
U’L — _uz - 2]{; 9

WO, T;A] - —Vrrilu, @ AL
Then by using the inversion formula of the polylogarithm (A.2) and assuming

0< Re[ﬂi —uj + 7TA374] <2, 2 < Re[ﬂi —U; — 7TA172] <0 (Z < j) s (318)



one can rewrite Vpry[u, 4; A] as

N
R I

i=1
= i(d (= (3.19)
+ Z Z LiZ(el(Uj—ui+7TAa)) _ Z LiQ(el(“j_“i_WAa))
ij=1 | a=3,4 =T
N(N — 1)71'2 4 ) 2 )
_f Z(l_Aa) _Z(l_Aa) )
a=3 a=1

where we have introduced a set of integers (n;,7;) = (1 — 4,4 — n) in the last equation.
It is remarkable that (3.19) is exactly the same as the Bethe potential for the S! x S2
ABJM TTI [53] up to u, t-independent terms. This implies that the leading order saddle
point equations for the matrix model of the ABJM SCI in the Cardy-like limit, (3.14), are
equivalent to the Bethe Ansatz Equations (BAE) obtained by taking partial derivatives of
the Bethe potential with respect to (u;, @;),

_ OVrri(u, t; A B OVrri|u, @; Al

0 8uz 8&1

. (3.20)

Based on the equivalence between the saddle point equation (3.14) and the BAE (3.20)
under the map (3.17), one can rewrite the Cardy expansion of the ABJM SCI (3.15) as

logIABJM(w, A, I’L)

1 -
= —— Im Vpyr[ty, Gy A]
W

2

_NZ N ~ -1 ~—1 3.21
M ya 2" [Tisy 2l i#] (1 T Ty 5”*]‘) (1 T Ty 95*3’) (3:21)

t Brr [u*, (I A] Hz]'szl H?L:l('%*i - yaﬂf*j)l_“a Hi:g(x*i - yafz'*j)l_n“

+ log Io

+ O(w),

in terms of the solutions {z,; = e %,; = €%} to the BAE (3.20) and the 2N x 2N
matrix

(—1)1-0U=N) OVrrilu, U; Al
1,J 8UIaUJ

(UI = {Ul,"' JUN, U, - - - 7ﬁN}>7
(3.22)
which is equivalent to the Jacobian matrix in the Bethe Ansatz formulation for the ABJM
TTI [52, 53, 75]. In (3.22) we have used the Heaviside step function ©(z) on the real line
that takes the value ©(x) =1 for > 0 and vanishes for z < 0.
Note that the first subleading term of order O(w®) in (3.21) is precisely the same as
the logarithm of the S' x S2 ABJM TTI, which has recently been evaluated to all orders
in the perturbative 1/N expansion by using precision numerical analysis of the large N

[BTTI [u, fL; A]]

~10 -



solutions to the BAE [52, 53] and reads

_a N 7 —1 ~—1~
Maciva ® T 2 Nal sy (1 - 22tsn) (1 - 24'30)
EBrrrte, e AT TTazt (Fai = Yata) " [las (i — Yading) 1M

1
8 de

(3.23)

TV 2kA1 A3 A3 Ay - n, [~2 ca(A) o1
- > A [NIS,A - :

1 ~
- 3 k M} ~ 5108 Nka

a=1
+ fO(ku Aan) + fnp(Nakv A,ﬂ) )

where fnp stands for non-perturbative correction of order O (e_*/ﬁ) and we have defined

A Hb#a + Ab
Nia=N — (A = A, .24
kA 12k Z A, “alB) = TGN ARG, Z (3.24)

See [53] for a discussion on the N-independent constant fo which has no known closed form
expression but can be determined accurately with precision numerics. We also emphasize
that the all order expression (3.23) is given for the specific range of A that satisfies the
inequalities (3.18) and the constraints (3.7) as

4
> AL=2, (3.25)
a=1

which we assume from here on.

We can now use the numerical results for the solution to the BAE from [52, 53] and
substitute them in (3.19) to deduce a closed form expression for the imaginary part of the
Bethe potential that governs the leading term of order O(w™!) in (3.21). The result is the
following compact expression

W\/QkA A2A3A4 A—

Im Vppy [ty Uy A] = 27 3

A+ G0(ky A) + Gup(N, k A)] (3.26)

where §,p, stands for non-perturbative correction of order O (e_‘/ﬁ). We refer the reader
to appendix C.2 for more details on the numerical analysis by which the closed form
expression (3.26) is deduced. It will be very interesting to derive a closed form expression
for the N-independent constant gy in (3.26), but we leave this problem for future work.

Substituting the subleading term (3.23) and the leading term (3.26) back into (3.21),
we obtain our final result for the all order 1/N expansion of the ABJM SCI in the Cardy-
like limit

IOgIABJM(N, k, w, A, ‘(1)

2 | mV2kA1 A2 A3Ay 2 .

m/2kA1A2A3A4 - o3 wl(A) o
+|- S (Wha -

1 1 ~ A
£a) = 5108 N + folk, )

+O(e*‘/ﬁ>+(’)(w). .
3.27
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An interesting rewriting of this analytic result for the SCI is possible after first defining
new complex parameters @, as

4
Pa=Da+wia (€™ =yug™) = D pa=2(1+w). (3.28)

a=1

Using this new variable the ABJM SCI (3.27) can be written more compactly as

=

4 _ 3 2
log Zapim(N, k,w, ) = —gC(k,w,cp) (N — B(k,w,p))2 — ;go(k:,Re ©)

(3.29)
1 o
— 5108 (N = B(k,w,¢)) + folk,9) + O (V) + O(w),
where we have also defined
2w?
Clhyw, ) = —— 3.30a
(s ) T2kp1p20304 ( )
ko (1+w)?Fi(e) + (1 —w)*Fa(e)
Blk,w,p) = — + , 3.30b
( ?) 24 48kp1p20304 ( )
Fi(p) = 24: 803 _ (1 + 92 — 3 — pa) (1 — 9024+ 03 — @4)(p1 — P2 — Y3 + Y4) ’
a=1 a=1Pa
(3.30¢)
4
Fo(p) = =2 ab- (3.30d)

a<b

At leading order in the large N limit, our result (3.29) is in agreement with the result
obtained recently in [47] for the O(w™!) and O(w®) terms in the Cardy-like limit of the
ABJM SCI. It would be interesting to understand how to extend the analysis of [47] to
include finite N corrections. We now proceed to discuss the significance of the rewriting
of the leading terms in the Cardy-like limit of the SCI in (3.29).

3.4 Relation to the Airy conjecture

Recently, the form of the large N ABJM partition function on various 3d Euclidean super-
symmetric backgrounds has been conjectured based on holography and a dual 4d gauged
supergravity analysis [69, 74]. The ABJM superconformal index, in particular, has been
conjecturally given in terms of an Airy function as

T = (4090w, 0) AL [Clk,w,0) 5 (V = Blhw,o)]) (10 (7)) |

(3.31)

where the functions B(k,w,¢) and C(k,w,¢) are precisely the ones defined in (3.30)

above. The N-independent prefactor e*(5«:%) and the non-perturbative correction of order
O (e*m> have not been conjectured in [69, 74].

The conjecture (3.31) can be expanded in the Cardy-like limit (3.10) using the asymp-

totic expansion of the Airy function

Ailz] = (1+0(:7%)), (3.32)
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and the result is indeed consistent with the all order result (3.29) we have obtained directly
from the matrix model calculation. Importantly, the all order result (3.29) can be used

to improve the conjecture by partially restricting the behavior of the unknown prefactor
eAlkw: @) in the Cardy-like limit to find

1. 1 1. 1
Ak, w, p) = _590(]“’ Rep) + 1108 C(k,w, )+ §fo(k, ©) + 5 logdm + Ow), (3.33)

where the constants fo, Jo are the ones appearing in (3.27) and can be obtained numerically
for various ¢ configurations in [53] and appendix C.2. Therefore in addition to a non-trivial
consistency check of the conjecture in [69, 74] for the SCI of the ABJM theory our results
can serve as a stepping stone towards the extension of this conjecture to include also N-
independent contributions.

4 ADHM superconformal index

In this section we investigate the SCI of the ADHM theory. In section 4.1 we briefly
introduce the ADHM theory [57, 58] and then provide the matrix model for its SCI based
on the general presentation in section 2. We then proceed in section 4.2 with the evaluation
of the matrix model for the ADHM SCI using the saddle point approximation in the
Cardy-like limit following [44, 45]. In section 4.3 we provide the all order perturbative 1/N
expansion for the first two leading terms in the Cardy-like expansion of the ADHM SCI
using the exact ADHM TTI on S x S? recently found in [54].

4.1 Matrix model for the ADHM SCI

The ADHM theory has a U(N) gauge group with a vanishing CS level and a corresponding
N = 4 vector multiplet, one adjoint A" = 4 hypermultiplet, and N; fundamental N = 4
hypermultiplets. In terms of AV = 2 multiplets, the N’ = 4 vector multiplet decomposes into
an N = 2 vector and an N = 2 adjoint chiral multiplet ®3 with superconformal R-charge
1, the adjoint N = 4 hypermultiplet decomposes into two adjoint N' = 2 chiral multiplets
® o with superconformal R-charge %, and the Ny fundamental N' = 4 hypermultiplets
decompose into Ny pairs of fundamental and anti-fundamental A' = 2 chiral multiplets
1, and 1Zq (¢ =1,---,Ny), respectively, with superconformal R-charge % We use @ to
collectively denote all N' = 2 chiral multiplets, i.e. ® = {®1, Do, P3, 1)y, iq}.

The global symmetries of the ADHM theory are SU(2),xSU(2)g, xSU(2)r, xU(1)1 X
U(Ny¢). Here SU(2), corresponds to the flavor symmetry that rotates ®;2, SU(2)r, X
SU(2)R, is the N’ = 4 R-symmetry, and U(1)7 is the topological symmetry associated with
the U(N) gauge group. The U(Ny) flavor symmetry acts only on the Ny fundamental
hypermultiplets and will play no role in the discussion below. Let us denote the Cartan
generators of the SU(2),xSU(2)g, xSU(2)r, xU(1)r global symmetries as (¢,r1,72,T) re-
spectively. Then, from the N' = 2 point of view, the superconformal R-charge corresponds
to R=r1+ryand (¢, F = r; —rqe,T) become flavor charges [44]. The charges of the N' = 2
chiral multiplets of the ADHM theory under these symmetries are summarized in table 2.
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® | R=ri4+r| £ | F=ri—1r9 | T
w| 4[] 4 o
w| 1 |4 5 o
D3 1 0 -1 0
¥y 2 2 0
¥ 2 0 2 0

Table 2. Charge assignments of the A/ = 2 chiral multiplets in the ADHM theory.
The ADHM SCI can be obtained from the trace formula (2.3) as

Zapam (g, &6, Er, é7) = Trpps [(—1)F 23 (¢) (&) P (1) |, (4.1)

where (&, &p,&r) are fugacities associated with the flavor charges (¢, F,T) respectively.
The corresponding matrix model for the ADHM SCI is then obtained from (2.4) using
table 2 and reads

Tapam (4,86, ET)

N Ao N
togm; —Lmy—my| (1 _ . -1 Imz my |
'ZJQ{< 2miz; )qu ](1 sz ])

mezZN i#]
1 P
N ; Zf_%f_i S|—m4myl. 2
1 2mi—m;| \ % Zise "SpTd 4
T P ==
X q2z; ZjSy F P Ipm—m,l. 2
i,5=1 (Zizj 5@ §Fq2 tohg )
oo

N 2 E & q2+‘ mitmylig )
1 1 ¢3 _5>2‘m1 il ( LoF o0
X 2z, T Z; 4.2
H (q i 280 Sk Z_Z—lg—égi Lm;—myl. ;2 (42)
ij=1 i%j S0 TSk )

-1 —m, B
< 1 (Zilsz)%‘mi_mj‘ (2 zj€pg tImitmilig?)
i Zj .- —
v (Zizj £F1q1+\m1 m]\;q2>oo

Ny

—1e—3 34 m, -3 3
IRILY (Z gt ‘“";qQ) L1y Aleml (ziﬁp"’qﬁ"“";q?)
xH (q2z71 ) o2 (quif 2) o

1o1im, F 1.t 1i_m,
(zifﬁqﬁ"“l';qQ) (z 'epgt! "‘“‘;q2)
oo o0

where we have turned on the mixed CS term between the gauge symmetry and the topolog-
ical symmetry only. The phases in the 2nd line of (2.4) disappear in the ADHM SCI (4.2)
since the phases from adjoint and pairs of fundamental & anti-fundamental chiral multiplets
cancel each other.
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As in the ABJM case, to investigate the ADHM SCI in the Cardy-like limit (3.10), it
is useful to rewrite it as [44, 45]

Zapam (w, A, n)

N Ngn
dsz 1; Am+ fa + #
Nl Z 7{ f=q™i <H 2mis; (8:5:) ( ) )

_ N
X (=1)7 2z x H(siEi)N_?H x [J(1—s; ])%(1 — §_1§])%
i=1 i#j (4.3)

N N

(y;tq* ,Q) (si! i P ) (577 sgy 1P ) e
II <11
. oo

o Gy e (57 sy1dM; 6o

I—I

1 12nq
)

ﬁ[s 75700 (57 yql“q,q)]N’
LG

0" 000 (57 930" ¢2) o

in terms of new integration variables (recall that z; = e, g = e

s; = elUZ' — Ziqmi — 61(h¢+7rwmi)7 (44)

17TUJ)

and the parameters y; = ™, y,, = ei”Am,yq = ei”AQ,yq = €™ (A, A, Ay, Ay € R)
and ny,t,ng, ng € R defined as
1 1 11 11
(e S e ule) = (40606666 ) (45)
under the constraints
3 3
Zﬂ[:n3+nq+ﬂq:2, HyI:yquyqzl. (4.6)
I=1 I=1

Note that (yr, ym,nr, t) are uniquely determined by the three complex parameters (&, &p, &7)
through the map (4.5) under the constraints (4.6). The ADHM SCI does not depend on
Ay, Aj and ng, ng independently, which have been introduced simply by manipulating the
integration variables to make the comparison with the ADHM TTI more straightforward
in section 4.3. Accordingly in (4.3) we have replaced the argument of the ADHM SCI as

Zapnm (¢, €0, €r,6r) = Zapam(w,A,n), (4.7)
where (A, n) collectively represent (Ar, Ay, ny,t) under the constraints (4.6). To obtain
the expression (4.3) we have also assumed g € R (iw € R) as in the ABJM case. More
details on the derivation of (4.3) are presented in appendix D.1.

4.2 Cardy-like limit of the ADHM SCI

Taking the Cardy-like limit (3.10), one can simplify the matrix model (4.3) further as in
the ABJM case, see [44, 45] and appendix D.1 for details. The result reads

IADHM (w7 A7 11)
(4.8)

H dU; dg] 1) o WO A} 2Re WD U A +O(w)
N' cN ; —4im3w
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where the first two leading terms of the effective action in the Cardy-like limit are given as

N 3 N
N 1
0)77- — 2f L= :
w [U,A] =T (Am + 9 A3> ;Uz + 5 ;Z:Zl |:L12 y[ ng(y]):l (498,)
3 N
+>. {Lu Ysjyr ') — Lia(s; ' sjur } "‘Nfz {le yg ) —Lia(s; 'wa) |,
I=11>j i=1
whU; A n]:i =N N 241 iU-+lilog(l—s._ls-)
) D) 2 3 : i 9 L i 7
i=1 i#£]
13N
. 1 .
#3320 i )+ )
13N
+§ZZ(1—n1) [Lll( S5Y7 )+L11( sjyf)}

~
Il
=
.
%

<

N
i % > [(1 —ng)Li1(s; 'yg) + (1 —ng)Lix(s; 1yq1>}

=1
NN
#2200 ) o — (1 o (4.9b)
Note that in (4.8) we have used the complex conjugation relations
WOU; Al = WO-T;-A],  WOU; A 0] = WD [T —A,n], (4.10)

which can be obtained using that (A, n) are real by construction, see (4.5).
To apply the saddle point approximation to the integral (4.8), first one should solve
the saddle point equations in the Cardy-like limit, namely
_owOLU; A
B oU; ‘
Let us denote the solution to the leading order saddle point equation (4.11) by {U,;} with

(4.11)

the apparent N! degeneracy from permutations. The saddle point approximation to the
integral (4.8) can then be obtained by following appendix B to find

log Zapum (w, A, 1)

1
= — ImWOU,; A] (4.12)
Tw
NNy(1—ng) NNy(1—ng) Ny
— N P
+log H[ 191 S Hz A i#j(l_s*ils*j) Yg Yqg ° [Tios0

det BU Al TT7_, Hi,j:l(s*i — 5 yr) ™ TIi (1 = 84iyg) N7 (1700 (5, — yg) Ve (1na)

N(N-1)

+log(—1)" =2 —%log(—l)N—kO(w),

where we have defined the N x N square matrix B[U; A] by its component as
WO U; Al
B[U; A ="
[ [U7 ]L,j 8U18U]

See appendix C.1 for more details on this derivation.

(4.13)
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4.3 All order 1/N expansion for the ADHM SCI in the Cardy-like limit

To evaluate the Cardy expansion of the ADHM SCI (4.12) explicitly in the large N limit,
we will use the known all order results for the S' x S2 ADHM TTI [52, 54]. As a first step,
we rename the gauge holonomies and the leading order effective action in (4.12) as

Ul' — Uy, W(O) [U; A] — —VTTI [u; A] . (4.14)
Then by using the inversion formula of the polylogarithm (A.2) and assuming
0 < Refu; —u;j + A7) <27, —2m <Relu; —uj; —7A7] <0 (1<), (4.15)

one can rewrite Vpry[u; A] as

N N
Vori[u; Al =7 <N— 204+ 1— A, — ;Ag) gul

N
n % Z Z [Liz(ei(uju¢+7rA1)) _ LiQ(ei(“j“iﬂ'AI))] (4.16)
I=11,5=1
N ‘ .
+Np> [LiQ(el(w”A@)) - Liz(el(“iﬂAq))} :
i=1

Similar to the ABJM case, we again find that the function (4.16) is exactly the same as the
Bethe potential for the S x $2 ADHM TTI [54]. This implies that the leading order saddle
point equations for the matrix model of the ADHM SCI in the Cardy-like limit, (4.11), are
equivalent to the Bethe Ansatz Equations (BAE) obtained by taking partial derivatives of
the Bethe potential with respect to wu;,

_ OVrri[w; A

0
8ui

. (4.17)

Based on the equivalence between the saddle point equation (4.11) and the BAE (4.17)
under the map (4.14), one can rewrite the Cardy expansion of the ADHM SCI (4.12) as

log Zapmam (w, A, n)

1
:_E Im VTTI[U*;A] (418)
) _ A2 N B NNj(l—ng) NNj(l—ng) N Ny
+log H?Zl yr ° R | xﬁ“ i;éj(lfl'*ilx*j) (T Yg ° [[ici 2. s
et Brnafess AT T3, Ty (s — )™ T3 (1= i) 1070 (g ) V100
i N(N — 2
LIV =T o),

2

in terms of the solutions {r,; = €**i} to the BAE (4.17) and the N x N matrix

Brnfu 4] = -2T0wA (4.19)

2,7 6u18u3
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which is equivalent to the Jacobian matrix in the Bethe Ansatz formulation for the ADHM
TTI [54, 76].

Note that the first subleading term of order O(w®) in (4.18) is precisely the same as the
real part of the logarithm of the S* x $2 ADHM TTI, which has recently been evaluated to
all orders in the perturbative 1/N expansion by using the numerical BAE solution [52, 54]
and reads

9 NNs(l-ng) NN¢(l—ng) N
17—, yI_NTnI Hi]ilxﬁﬂnz‘;éj(l — ;' 1) Yg Ean Yq E Hi]\iﬁjm
det Brrr [ A] T3 TT1—1 (s — @agyr) 0TI (1= 2aqyg) Vo (0709 (2,5 — yg) Vo (1)

log

W\/QNfAlAQAgA4 4 5

1 .3
3 fa | TNy

LI S S <ca(A)Nf+ D“(A)> vaf’ ] (4.20)

Aa Nf,A Nf A

a=1

_§IOgNNf7A+f0(Nf7A>n)+fnp(N7Nf7A7n)7

where fnp stands for non-perturbative corrections of order O (e*\/ﬁ> and we have defined

o Ny Nyf1 1 1 1 1
Ny, A 24+12 (A1+A2>+12Nf <A3+A4)7 (4212)
ca(A)= _L(A2+A3+A4)(A1+52) _L(A1+A3+A4)(A1+A2)
T A 8A1 A, TA, 8A1A, ’
_B3tAr AsztAa) (4.21b)
8A1Ay  8A1As
0u(A)= (AT A (Ag+ Az + Ay (A1 + A+ Ay)
A= SR ARy ’
B (A1 +A2) (Ao +Ag+Ag) (A +Az+Ay) (4.21¢)
8A1AA3Ay ’ '
1 (Az+A0) (A1 +A2) (Ao +A3) (A + A1) + (A1 As+ A Az + AsA1)Ay)
As 8A1AA3Ay ’
L (A3 AN (A1 +A) (g + Ay (As+ A1)+ (A1 A+ A Ay + Ay A ) Ag)
Ay 8A1AA3Ay ’
in terms of the ‘tilde’ parameters
N AB Am AS Am
A= <A17A272 ]Vf,2+jvf> y (422&)
Q= g tomg
n= <n1,ng, 5 +Nf’ > Nf> . (4.22D)

We do not know how to derive a closed form expression for the N-independent constant fo
but it can be obtained numerically with very good precision, see [54]. We also emphasize
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that the all order expression (4.20) is given for the specific range of A that satisfies the
inequalities (4.15) and the constraints (4.6) as

4 3
YA = Z = (4.23)

which we assume from here on.

Substituting exactly the same numerical BAE solutions used to derive the all order
ADHM TTI (4.20) in [54] into (4.16), we find a simple closed form expression for the
imaginary part of the Bethe potential that governs the leading term of order O(w™!)
n (4.18) to find

Im VTTI [U*; A] =27

Ni, o+ 90(Np A) + dup(N, Ny, A) |, (4.24)

where gnp stands for non-perturbative corrections of order O (e“/ﬁ) We present more
details on the numerical analysis that allowed us to deduce this expression in appendix D.2.
It will be very interesting to find a closed form expression for the N-independent constant
Jo in (4.24).

Substituting the subleading term (4.20) and the leading term (4.24) back into (4.18),
we obtain our final result for the all order 1/N expansion of the ADHM SCI in the Cardy-
like limit

lOgIADHM(N, Nf, w, A, n)

71/2N A1 A A3A, L8
__ = \/ FR1A243 4N2 A+go(Nf,A)
w 3
3 (4.25)
= A Nf Ny.A

ZN(N—
2

Following the discussion in the ABJM case, we can rewrite this result by introducing new

1. . R . 2
— 5 log Ny A+ fo(Np A7) + L0 (YY) + Ow).

complex parameters p, as

4
spa = Aa + Wﬁa (eiﬂ'@a = gaqﬁa) — Z Soa = 2(1 + W) . (426)

a=1

After this change of variables the ADHM SCI (4.25) can be written more compactly as

1Og-’z'-ADHI\/[(]Va vawa So)

[SI[9)

4 2, 1
= _gc(Nf,W,(P) (N B(Nf7w 50)) ;go(NfaRe (P) - ilog (N - B(Nf’wagp))

iN(N —2)r

+0 (e_\/ﬁ> + O(w),
(4.27)
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where we have also defined

22
C(N = 4.28
(Npw-0) 2Ny p1020304 (4.28)
B(N wgp):]\[f_]vf(1+1)_1<1_|_1>
1 24 12 \¢p1 @2/ 12Ny \p3 ¢4

N

Lo (Neestes  (prten)(ertesto)leatestea)) (4.28b)
12 19 12N 10290304

It will be interesting to use these SCI results, together with the TTI results in [52, 54],

to obtain a conjecture similar to the one proposed in [69, 74] for the large N partition

function of the ADHM theory on general 3d Euclidean supersymmetric backgrounds.

5 Holography and black holes

In this section we discuss the holographic implications of the ABJM and ADHM SCI results
derived above. First we focus on the so-called universal KN AdS,4 black hole solution which
arises in special limits of the parameters and can be obtained in 4d minimal N' = 2 gauged
supergravity. We then proceed to discuss the more general case of supersymmetric KN
AdS, black hole solutions in 4d N' = 2 gauged supergravity coupled to vector multiplets.

5.1 Holography in the universal limit

The universal limit of an Euclidean SCFT partition function, as discussed in [77-79],
amounts to turning on fugacities and background fields associated only with the energy
momentum tensor multiplet of the SCFT. When viewed as 3d N' = 2 SCFTs the ABJM
and ADHM theories admit such a treatment which amounts to the following special values
of the parameters used above

1 ~ 1
ABIM: A, =n, =5, ADHM: A, =f,= . (5.1)
In this universal limit the general expressions (3.27) and (4.25) reduce to
log Zapym (N, k, w)
3 1
T2k 1 k 2\2 3 k 2\?2
S 1) (NS 2 2 (N 2
Pl (vsem) (s |
2. 1 ko2 R UF
—;go(k) — §log (N— 244—%> +f0(k)+(9(e ) +0(w), (5.2a)

IOgZADHM(N, Nf,w)

3 1
V2N 1 TN 1 )2 N 5 TN 1 )2
:—Lgf (+1> <N+f+> —<f+> <N+f+>

2w 24 3Ny 2 2Ny 24 3Ny
2, 1 TNy 1 A VN
—wgo(Nf)—210g (N—i— 2 +3Nf> +f0(Nf)+(9(e )+(9(w), (5.2b)
respectively.
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The holographic dual of this universal limit of the SCI is given by the Euclidean super-
symmetric KN AdS, black hole solution of the N' = 2 gauged minimal supergravity [59, 60]
uplifted to 11d through the consistent truncation on S” [80, 81]. The difference in the su-
pergravity description between the ABJM and ADHM models originates in the different
orbifold action resulting in the distinct internal manifolds S7/Z;, and S7/Z Ny, see [67] for
more details. The large N QFT results in (5.2a) and (5.2b) can be viewed as field theory
predictions for the Euclidean path integral of M-theory on these two asymptotically AdSy
Euclidean backgrounds. The first two leading terms of order N 3 and N2 in the logarithm
of the Euclidean M-theory path integral can been obtained by evaluating (minus) the regu-
larized Euclidean on-shell action of the dual supersymmetric KN AdS, black hole solution.
The N3 term arises from the 2-derivative on-shell action whereas the N3 term can be
accounted for by using four-derivative corrections to the minimal 4d N = 2 gauged super-
gravity, see [65-67]. Using the results of [68] one can also calculate the log N contribution
to the SCI from the dual supergravity description. Combining these supergravity results
we find the following holographic expectation for the form of the SCI of the ABJM and
ADHM models in the large N limit*

IOg ZM-theory ’KN AdSax¢S7 )7,

™2k | (w+1)2/ 3 1 k\,1\ 3.1 1
- Ne 4 (2 EVNS) — N3] - Z1log N + ... .
3 % ( 2+<k 16) 2) P ogN - (5-32)

log ZM—theory ’KN AdS4><fS7/ZNf

2 N?
- TEG  (t (h o Pt ) - S L

N 2w
(5.3b)

It is now easy to check that the all order 1/N expansion for the ABJM and ADHM SCI (5.2)
in the Cardy-like limit is indeed identical to the logarithm of the dual Euclidean M-theory
path integral (5.3) up to and including the terms of order log N and w®. This amounts to
a highly non-trivial precision test of holography and improves on previous results in the
literature where this agreement was demonstrated in the leading N 3wt order [44].

Note that the field theory SCI result in (5.2) does not have precise information about
subleading corrections of order O(w) in the Cardy-like limit but still provides the all order
prediction in the 1/N expansion for the dual Euclidean M-theory path integral for the
w™! and w° terms. On the other hand, even though only the first three leading terms
of order N %, N %, and log N have been obtained from supergravity in (5.3), their exact
w-dependence is fully determined and can be used to restrict the subleading corrections
of order O(w) in the dual SCI (5.2). In particular, this leads to a supergravity prediction
about the N2 and N2 terms at order w (and their absence at higher orders in w) as well
as the absence of any log NV term at order w or higher in the small w limit. It will be most
interesting to confirm these supergravity results independently by field theory calculations.

4n (5.3) the subscript “f” in the product symbol should remind the reader that the 11d solution involves
a non-trivial fibration between the external and the internal manifolds.
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Another important holographic application of the SCI (5.2) is that the Legendre trans-
form of the SCI determines the entropy function of the dual supersymmetric KN AdS4 black
hole in the large N limit [63-65, 79]. To see this explicitly for the minimal supergravity
of interest here, let us write down the Legendre transform of the SCI (5.2) in the large N
limit as®

27V 2k
3

2
%N% —2mi(wJ + oLQ + A2p — 1 —w)),
(5.4a)

SABJM(N') kawa ©, J7 Q7 )\) = -

2m\/2Ns p?
SADHM(N7 Nf,w,@, J7Q7)\) = _%%N% - 27T1(LUJ+ SOLQ + /\(2<p -1- w)) )
(5.4D)

where the parameters w and ¢ play the roles of chemical potentials associated with the black
hole angular momentum J and electric charge @, respectively, and we have also introduced
the Lagrange multiplier A to implement the constraint 2¢p = 14w. Extremizing the entropy
functions (5.4) with respect to w, p, A and demanding positive entropy at the extremum
then gives the Bekenstein-Hawking entropy of a dual supersymmetric KN AdS,4 black hole
as discussed in [63-65, 79]

2
SN ads, (J(Q), Q) = gi(g) _ ;réN

X (5.5)

162" _ ] |

Note that the 4d Newton constant Gy is related to the field theory parameters in the large
N limit as (see [67] for instance)

2 [¥ENE (for ABIM) 56
_ 5.6
2GN YN (for ADHM).

Note also that in (5.5), the constraint J = % {\/1 +4G3%Q? /L% — 1} between the angular
momentum J and the electric charge @ of the Lorentzian black hole does not arise from
the extremization procedure but follows from imposing a reality condition on the entropy.
We discuss this reality constraint further below.

It is worth emphasizing that the entropy function (5.4) cannot be obtained relying
solely on the all order 1/N expansion of the SCI (5.2). Since the latter is obtained in the
Cardy-like limit up to subleading corrections of order O(w), the all order SCI (5.2) does
not provide enough information to determine the leading term in the entropy function (5.4)
unambiguously to take the form ~ %2N 3 with the constraint 2¢p = 1+ w. Hence we have
implicitly used the known result for the holographic dual on-shell action (5.3) obtained
from supergravity, which is not exact in the 1/N expansion but exact for generic finite w,
to fully determine the NV 3 term in the entropy function in (5.4). It will be very interesting

®Compared to the convention of [79], we have (w, ¢)™*™ = 2mi(w, )" and restore the AdS, radius L
explicitly. In [79] the angular momentum J is dimensionless but the electric charge @ has inverse length
dimension so we put the extra factor of L in front of @ in (5.4).
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to employ a field theory calculation of the ABJM and ADHM SCI for generic finite w to
rigorously derive the large N entropy function in (5.4).

If the all order 1/N expansion of the ABJM and ADHM SCI in the Cardy-like
limit (5.2) can be found for finite w, one can use it to derive the entropy of the dual
supersymmetric KN AdS, black hole beyond the large N limit. To be precise, we ex-
pect that the latter can be obtained from the former by implementing the inverse Laplace
transform as

1 .
QJ,Q) = /d/\/o dwdp Tap g/ apmv(w, @)e M@ TPLRIAZ1=w)
(5.7)

Sk aas (J(Q), Q) = log (T, Q)’Fix J=J(Q) by demanding real log Q(J,Q)

Note that the entropy function (5.4) can be read off from the exponent of the integrand
in (5.7) by taking the large NV limit of the ABJM or ADHM SCI as in (5.2). The Bekenstein-
Hawking entropy (5.5) then arises from the large N saddle point approximation of the
integral in (5.7). To derive corrections to the Bekenstein-Hawking formula one needs to
evaluate the integral (5.7) beyond the large N limit. This is an interesting and important
open question for future research. Its answer necessitates an expression for the large N
expansion of the ABJM/ADHM SCI valid for generic finite w beyond the Cardy-like limit
we studied here.

It is worth discussing further the positive entropy condition, which has been used to
obtain the dual supersymmetric KN AdS, black hole entropy (5.5) by extremizing the
entropy function (5.4) read off from the SCI (5.2). We are not aware of a field theory argu-
ment for imposing such a positivity condition. More specifically, it is not a priori justified
to impose positivity on the logarithm of the microcanonical partition function obtained
from the SCI via the inverse Laplace transform in (5.7) especially since we have already
allowed for general complex chemical potentials. The positive entropy condition arises nat-
urally only if we interpret the logarithm of the microcanonical partition function as the
entropy of a holographically dual KN AdS,4 black hole. This implies that the microcanonical
partition function Q(J, Q) given in (5.7) requires an appropriate holographic dual inter-
pretation before imposing positivity on log Q(J, Q). It is important to understand whether
a purely field theoretic argument can be found that imposes such a positivity constraint
on the SCI of holographic SCFTs. This puzzle is alleviated in Euclidean signature where
one can interpret the generic complex log Q(J, Q) as the “entropy” associated with a dual
supersymmetric Euclidean supergravity solution satisfying the canonical thermodynamic
relation [65, 79]. In this sense, the positive entropy condition arises only if one analytically
continues these supergravity solutions to Lorentzian signature and wants to interpret them
as regular supersymmetric KN AdS,4 black hole. In view of this subtlety, we consider the
Euclidean M-theory path integral discussed around (5.3) as the more natural setting to
study precision holography for the SCI.

5.2 Holography for general charges

The holographic dual description of the ABJM and ADHM SCI given in (3.29) and (4.27) is
expected to be the supersymmetric KN AdS, black hole with generic values of the electric
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charges obtained as a solution in A/ = 2 gauged supergravity coupled to vector multiplets
with a certain prepotential. For both the ABJM and ADHM model, a dual KN AdS,4 black
hole solution with two different electric charges in the N = 2 gauged supergravity coupled
to a single vector multiplet (the X°X' model) was found in [61].° The dual description
of the ABJM SCI with generic fugacities, is in terms of the dyonic KN AdS,4 black hole
solutions in the N' = 2 gauged supergravity coupled to three vector multiplets (the STU
model) recently constructed in [63]. From here on for concreteness we focus our brief
discussion on the ABJM SCI (3.29) with generic configurations for ¢ as in (3.28).

As in the minimal supergravity case discussed in section 5.1, the ABJM SCI (3.29)
with generic ¢ is expected to describe the M-theory path integral around a Euclidean
supersymmetric KN AdSy black hole solution in the STU model uplifted to 11d through
the consistent truncation on S” derived in [82, 83]. The leading N 3 term in the SCT should
correspond to minus the regularized Euclidean on-shell action of the dual supersymmetric
KN AdS4 solution. To the best of our knowledge this has not been explicitly verified for
general values of the fugacities. For the special case with two different electric charges
in the STU model (which amounts to studying the X°X! model) this calculation of the
on-shell action has been performed in detail in [65] yielding the result”

2 V 2]43 PY1¥3 3 1
log ZM_theory|KNAdS4><fS7/Zk = — 3 TN2 + @) <N2) . (58)

Note that here we made use of the map between the gravitational and field theory param-
eters in (5.6). This results agrees with the logarithm of the ABJM SCI (3.29) at the N3
leading order upon the identification ¢1 = @9 and ¢35 = 4. Note again that the ABJM
SCI (3.29) is derived in the Cardy-like limit of small w whereas the supergravity result is
valid for general finite w. This is analogous to the minimal gauged supergravity discussion
in section 5.1. The N2 term in the large N expansion of the ABJM SCI (3.29) has not
yet been derived using supergravity methods. The expectation is that it can be accounted
for by studying the four-derivative generalization of the STU model of 4d N/ = 2 gauged
supergravity. A discussion of this model was recently presented in [67], however, it has not
yet been applied in the context of holography for rotating charged black holes. It will of
course be very interesting to pursue this problem further. The log N term in the ABJM
SCI (3.29) on the other hand can be computed using supergravity. This has been discussed
in some detail in [68] where it was shown that the coefficient of this term is independent of
the fugacities and always takes the form —% log N in the large N limit. This agrees with
the field theory result in (3.29) providing yet another test of holography and solidifying
further the analysis in [68].

The analysis in [44] of the ABJM SCI in the large N limit taken after the Cardy-like
limit leads to the following proposal for the entropy function for the supersymmetric KN

6The reason for this result is that this supergravity model is simply the 4d ' = 4 SO(4) gauged
supergravity which should be the common universal holographic sector shared by the ABJM and ADHM
models according to the proposal in [78].

"Compared to the convention of [65], we have (w,@,)"e™®

here there __ here
) 4Qa -

= 27i(w, ¢q) o7¢, and we

restore the AdS, radius L and the 4d Newton constant G explicitly.
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AdS, black hole in the STU gauged supergravity model
2V 2k
SaBim(N, k,w, 0, J,Q, ) = — ﬂ‘?)ﬁ @N%

L4 | (5.9
2mi <wJ+ 1 L;S%Qa—l-)\ (2;@1 1 w)) .

This proposal for the entropy function has been tested by matching it with the Bekenstein-
Hawking entropy of the known black hole solutions in [61] upon extremization with respect
to w, ¢, A and after imposing a reality condition on the entropy [64, 65]. A further gener-
alization of this to an entropy function for the dyonic black holes in the STU model was
presented in [63]. Note that the entropy function (5.9) reduces to the minimal one (5.4) for
identical electric charges @), and associated chemical potentials ¢,. However, as discussed
in section 5.1, the derivation of the entropy function (5.9) from the ABJM SCI is still
incomplete since the logarithm of the ABJM SCI is obtained only up to O(w) in (3.27)
and therefore its N3 leading order does not completely fix the dependence of the entropy
function in (5.9) on the fugacities. This once again underscores the importance of extend-
ing our result for the ABJM SCI (3.27) beyond the Cardy-like limit and finding the index
for general finite values of the fugacities.

6 Discussion

The central result in this work is the explicit evaluation of the leading w™' and the first
subleading w® order in the Cardy-like limit of small w for the SCI of the ABJM and ADHM
3d holographic SCFTs. Our calculations are based on the observation that these two terms
in the SCI are closely related to the Bethe potential and the TTI of the SCFT.® These two
quantities can in turn be computed to all orders in the perturbative 1/N expansion using
high-precision numerical calculations based on the recent results in [52-54]. This analysis
amounts to the closed form expressions in (3.27) and (4.25) for the two leading terms in the
Cardy-like limit of the SCI. In the large IV limit these results can be successfully compared
to holographically dual calculations performed using 2- and 4-derivative supergravity as well
as 1-loop corrections to supergravity. We also discussed the implications of these results to
the microscopic entropy counting of the dual supersymmetric charged and rotating AdSy
black hole solutions. Our analysis points to several interesting questions for future studies
which we now briefly discuss.

A natural generalization of our results would be to study the SCI of more general 3d
N = 2 holographic SCFTs in the Cardy-like limit. In particular, it is important to establish
whether for such models the first two leading terms in the small w limit of the SCI can in
general be identified with the Bethe potential and the TTT of the corresponding SCFT. If
this is indeed the case then one can use the recent TTI results [54] valid to all order in
the 1/N expansion of such holographic SCFTs to compute the corresponding SCI for these
models. We hope to investigate this question in the near future.

8This relation between the SCI and TTI at order w™! can be explained by using the decomposition of
these two partition functions into the Cardy blocks discussed in [45]. We believe that there is a similar
explanation for the relation between the SCI and TTT at order w® which we plan to explore in future work.
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Another interesting extension of our work is to study the SCI in the presence of back-
ground magnetic fluxes for continuous flavor symmetries. Since the flavor magnetic fluxes
can be turned on simply by shifting the gauge magnetic fluxes appropriately [43], deriving
the formal expression for the Cardy-like expansion of this generalized SCI in terms of the
saddle point approximation would be analogous to what we did in section 3 and section 4
above. The non-trivial question is to understand whether the map between the SCI and
the Bethe potential and TTI continues to hold in some form in the presence of these flavor
magnetic fluxes. If indeed such a map exists then it can be leveraged to derive the all order
1/N expansion of the generalized SCI in the Cardy-like limit which in turn can be used
to explore the physics of the dual dyonic KN AdS, black holes. This question is especially
relevant for holographic applications to the ABJM theory where such dyonic black hole
solutions in the STU model of 4d gauged supergravity were recently studied in [63].

As we emphasized throughout this paper the all order 1/N expansion of the SCI we
have obtained for the ABJM and ADHM SCI is restricted to the first two leading terms
of order w™! and w® in the Cardy-like limit. We were not able to study the subleading
corrections of order O(w) in the SCI relying on the saddle point approximation. New
calculational methods may be needed to find such corrections. It will be most interesting
to understand how to calculate the large N SCI for holographic SCFTs without appealing
to the small w limit. As discussed in section 5, this is particularly important in the context
of holography since the fugacities and charges of the dual supergravity solutions are in
general finite. For the ABJM theory, in particular, finding the SCI in the large N limit
at finite w can also be used to test the Airy conjecture of [69, 74] beyond the leading two
orders in the small w expansion which we confirmed in this work.

Our focus here was on the M-theory limit of the SCI for the ABJM and ADHM models.
This corresponds to taking N large and keeping k and Ny fixed. The recent results in [53]
strongly suggest that the all order 1/N expansion results for the SCI in (3.27) and (4.25)
can be reorganized to yield the type ITA expansion characterized by large N and k (or
Ny) with fixed k/N (or N¢/N). It will be interesting to analyze this in more detail and in
particular to understand whether one can use string theory techniques to access the 1/N
corrections to the SCI from the holographically dual type ITA description.

Given the results presented above for the SCI, as well as analogous explicit results for
the all order 1/N expansion of the S% and TTI partition functions of holographic SCFTs,
see [52-54, 84], it is natural to wonder whether similar exact results can be derived for the
large N expansion of the partition functions of these holographic models on more general
compact Euclidean manifolds of the type discussed in [73]. It will be most interesting
to pursue this question and understand the general lessons that can be drawn from it in
order to further increase our understanding of precision holography, black hole physics, and
quantum gravity.
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A Special functions

The polylogarithm is defined within the unit disk as

Li,(2) = Z — (lz] < 1), (A.1)

?T'

and then extended to |z| > 1 by analytic continuation with the branch cut. The polyloga-
rithm has the following inversion formula

Lin(e™) + (-1 ) = =28, (1) for {0 < Reu] < 27 & Tm[u] > 0

n! 2 0 < Refu] <27 & Imfu] <0,
(A.2)
in terms of the Bernoulli polynomials B, (x).
The oco-Pochhammer symbol is defined within the unit disk as
(0.9}
(@) = [[(1—ag”)  (lal <1), (A.3)
n=0

and can be extended to |g| > 1, see appendix A of [45] for more details. The co-Pochhammer
symbol satisfies the identity

o 1+m7 w (z 17m; 2 o
(—z)2 (i_?q1+m?q) 2)o = (—x)" 2 (i—?ql—m?ql)m (meZ). (A4)

The oco-Pochhammer symbol also has the following asymptotic expansion

lim (ag™;¢%)ee = €xp {—;Lig(aqm_l)] (1+0Ww)) (a€C, adll,0), ¢=e™)

lg| =1~ Tw
i —1
_ exp[—Q;wLig(a) m Lil(a)] (1+0w))
(A.5)
in terms of the polylogarithm functions, see appendix A of [44, 45] for more details.
B Saddle point approximation
Here we consider the saddle point approximation for the following type of integral,
dui o (0) i FOV 2
/H o (FOR + 2imeF O] + 0] (B.1)
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in the w — i0™ limit. To begin with, we find a saddle point perturbatively
o0
Uy = Z ul) Wk , (B.2)
k=0

where the first two coefficients in the small w-expansion are determined by solving the
saddle point equations perturbatively as

0

— (0)
0 (9ui]: [u] e’ (B.3a)
0= (]—“(0) + Qimu}"(l)) [u] +0(w?). (B.3b)
aui u:u&o) +wui1)

Let us denote the degeneracy of the saddle point (B.2) with d,. The saddle point approx-
imation for the integral (B.1) then reads

Z(w)

= dy exp {_Q;w (.7:(0) [uio) + wu&l)] + 2i71'w.7:(1)[u£0)] + O(wQ))]

1 0)
1 N EEACIT (i) 3 37O )
i (—IWW)idAUl _2<2! Ou;Ouj AuiAujJ'_ 31 Ou;OujOuy, AuiAujAuk+O(w)

RFOO])

D3

= d,, exp [—21]-"(0) 1 + wulM] + FO [uio)]] (—iw)

W

(B.4)

where we have introduced the integration variable Au; as (—iww)%Aui = (u— W0 — wu&l))i

and also used the property

n N
/H dx; exp l— ZAza:f] zjrgr; =0  (for Vi, k,le {1,--- ,N}), (B.5)
i=1

i=1
which follows from the fact that the integrand is an odd function. Taking the logarithm
of (B.4) and using the leading order saddle point equation (B.3a), we obtain

92 F O [u)]
8Ui8u]' (B.6)

i

log Z(w) = ———F [uio)] + f(l)[uﬁo)] + glog(—iw) — %log det

2mw
+logd, + O(w) .

This is the saddle point approximation used to obtain the ABJM SCI (3.15) and the ADHM
SCI (4.12) in the Cardy-like limit (3.10).

C ABJM superconformal index

In this appendix we provide the key intermediate steps that we have skipped in the main
text to derive the all order perturbative 1/N expansion for the ABJM SCI in the Cardy-like
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limit (3.27). In section C.1 we present some of the details on the rewriting of the matrix
model (3.2) into the form suitable for the Cardy expansion (3.15) following [44, 45]. In
section C.2 we discuss the numerical analysis used to evaluate the leading term of order
O(w™!) in the Cardy expansion (3.21), which is equivalent to (3.15), to all orders in the
perturbative 1/N expansion.

C.1 Cardy-like expansion of the ABJM SCI

The first step is to rewrite the matrix model for the ABJM SCI (3.2) as (3.4). We start by
shifting the integration variables of the matrix model (3.2) as (z;, Z;) — (zigil/k, Z; %ék),

upon which the ABJM SCI (3.2) reads

Zapim(w, A, n)

_ 1 Z IJ_V[ dzi  dZi km, .~k Xﬂ(_l)%‘mi_m]’|+%|rﬁi_ﬁj
(N2 iz 2miz;
m,meZN i=1 ! ' i#j
N —1, |mj—my|. 2 s—1y  |@i—f;|. 2
% [[(~ziz; ') dmml (2 ziq™ JLQ)§>(_~7*1)—5ﬁrﬁﬂ (7' 2¢™ ™ ) oo
Zizj 4 —T 2 +|mi—m;|. 2 Zizj 4 > 51 ot|m,—my|. 2
oy (zizy @2 HImimmils g2) (Ziz; ™™l g2) o
i#] J J
2 N 1 - -1z, -1,2— i—ml. 2
1-ng .—12 , —1 §‘miimj| (Zi ija q na+|m1 m]|7q )OO
X H H —q 2 ZjYq ~_1 ot 1] 2
a=1ij=1 (Zizj Yaq i156%) 0o
4 N - 5—1, -1 2-—ng+|m;—m;|. ,2
X H H ( gtz 5—1y71)%\m¢—mjl (Zizj Yo Lg? et Imim il g2)
- 1 5 a 1~ ma.
a=3ij=1 (27 'ZjyaqratImi=mil; g2)

(C.1)
in terms of the parameters introduced in (3.6). Then we remove the absolute signs for
gauge magnetic fluxes in (C.1) as [44, 45]

s — 1| —m; +m; (1> )
1 J ~ . .
m;—m; (1<),

g1y {—(mi —my) (i > ) ©2)
m; —m; (i <j),

—(m;—my) (1>
|ﬁlz_tﬁj’—> ~( 74~ J) ( -7)
m; —m; (i <J),
using the identity (A.4) and reorganize the integrand in terms of the new integration
variables introduced in (3.5). The result of this procedure is given in (3.4).
Next, one can expand the expression (3.4) in the Cardy-like limit (3.10) using the

asymptotic formula of the co-Pochhammer symbol (A.5) as

Zapym(w, A, n)

2mis; 2mis; ’

N ~

1 (II dsi__ds; ) erz WO U.T:Al+2Re WD [U.T:A,0]+0(w)
— 5D R

(N) maez Y Isil=am =" \ 2

(C.3)
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where the effective actions are defined in (3.12). To obtain the expression (3.11) from (C.3),
one should replace the discrete sums over gauge magnetic fluxes with the continuous inte-
grals using the Euler-Maclaurin formula, see for example [44, 45, 85]

N ds; dél AU dU; dU,;dU;
> 4 . AMII () (14 0W) .

ey Jlsil=am 5= 27r151 277131 —4im?w —4irw
(C.4)
To show explicitly how (C.4) works, here we focus on the 1-dimensional integral:
2 d9 17rwm+19
Z fs —eimwm 271'18 N ]\/}gnoo Z / )
mez m=—
00 27 460 . .
:/ dm/ 7f(617rwm+19)
oo 0o 2w
L£] 2%k—1 5=0 (C.5)
f(0) + f(o0) | &~ Bk 2% — 1<d> - °m df
Bl 1 -
* 2 T2 TR G A IR LNy A=
=0(wY)
dUdU
= Cmf(s)(1+o(w)) )
where in the second equation we have used the Euler-Maclaurin formula
n n F(n) + 2] By,
S F(i) = / ai F(i) + LT F) | > G ( FOD () — P (m)) + Ry,
i=m m i=1
2¢(p) " (p)
Rl < Gy | da|FP@)]
(C.6)
and in the third equation we used the Jacobian determinant (iU = imrwm + if)
_ ] 1
avdt = |29 gy = [ ™ 1| dmdd = —2imwdmdd . (C.7)
d(m,0) —mw 1

Recall that the Cardy-like limit (3.10) is taken as w — i0" where —iw > 0. The crucial
assumption in (C.5) is that the integrand f(s) and its logarithmic derivatives behave nicely
in the s — 0, 00 limit as

d

2k—1
ds> f(s) <oo (keZ) as s — 0,00 (C.8)

f(s) & <s
and therefore can be estimated to be of order O(w"). In this paper we assume that the
integrand of the ABJM SCI (C.3) satisfies the analogous boundary conditions for the multi-
dimensional version of the 1d integral in (C.5) and thereby the replacement of the discrete
sum over gauge magnetic fluxes with the continuous integrals, (C.4), is valid. It will be
interesting to carefully study the validity of this assumption.
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The last step to obtain the Cardy expansion of the ABJM SCI (3.15) is to apply the
saddle point approximation introduced in appendix B to the integral (3.11). This can be
done by mapping the parameters in appendix B to the those for the ABJM SCI in (3.11) as

Ui, Us, Ui, 51 (n=4N),

u;
dn — (N'>2 ’
~ (C.9)
F(0) [u] — 2iIm w0 U,U; Al
f(l)[u] — 2Re W(l)[U7 UvA’n] ’

and then simply applying the approximation (B.6).

C.2 Numerical analysis for the ABJM SCI in the Cardy-like limit

To evaluate the leading term of order O(w™!) in the Cardy expansion of the ABJM
SCI (3.21), which is given in terms of the Bethe potential (3.19) evaluated at the solu-
tions to the BAE (3.20), first we construct numerical solutions to the BAE (3.20) for
N =101 ~ 301 in step of 10 with

ke {1,234},
AE{(1111)(3114)(1572)(1232 9)} (C.10)
2727272)°\7'2°2°7)’\3712712°3) '\n' n’ 27’ 27 ’
using Mathematica, see [53] for more details on the numerical procedure. Then we use
LinearModelFit to determine the exact values of the Bethe potential (3.19) evaluated
at the numerical BAE solutions with two fitting functions in terms of the ‘shifted’ N
parameter, Nk,A in (3.24), as
L Ver = 00 (k, A)RE 4 500 (R, A C.11
%mTTI—gg/Q(u ) k,A—i‘go (7 ), (~ )

where the superscript “(lmf)” means that the coefficients are determined numerically for

a given configuration of (k, A) via LinearModelFit. We then confirm that the leading

(

3l/rgf)(k, A) matches the analytic expression

coeflicient §

™ 2/€A1A2A3A4
3 )

93/2(k, A) = (C.12)
read off from (3.26) with great precision for all configurations listed in (C.10). For a precise
comparison, below we provide tables for the error ratio

~(Imf)

93/2 (k7 A) - g3/2(ka A)

Bajalk 8) = Gs/2(k, A) 7

(C.13)

and the numerical estimate for the constant term g(()lmf)(k, A) together with the associated

standard error oyg.
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A (Imf
Rs/2 gém) g0
E=1| —2.198x10"*2 | —0.18384102333840097854 | 1.656x1039
=92 | —1.272x10730 | —0.15224228529196635390 | 1.300x10~27
k=3 | —4.479%x10"26 | —0.16038269262168390318 | 5.370x10~23
=4 | —6.404x10723 | —0.18269074235035962450 | 8.518x10~20
_ (3 1 1 4
A= (?v 202 7)
~(lmf’
R3/o g™ o)
k=1 —5.100x10738 | —0.18487381932915327786 | 3.757x 10735
=2 | —1.134x10727 | —0.15225543589256328299 | 1.116x10~24
k= —3.618%x1072% | —0.15976369368639724921 | 4.153x 102!
=4 | —2.252x10721 | —0.18141737511951941056 | 2.851x 1018
_ (1 5 7T 2
A= (5’ 12712 5)
~(lmf
R3/o 9(() ) o)
=11] —1.179%x10"2% | —0.19164058508102652614 | 7.700x10~27
=2 | —2.312x1072! | —0.15267798840052025763 | 1.929x 1018
k= 1.751x10720 | —0.15546742123991081702 | 1.652x 1017
=4 | 3.084x1071® | —0.17182133959082622268 | 3.149x10~1°
_ 1 2 3 9
A= (;’;’ﬂ@ - ﬁ)
A~ (Imf
R3/o Qém) a0
E=1| —-5526x10"31 | —0.19164115564794187181 | 3.703x 1028
=2 | —1.584x10722 | —0.15308092766631389200 | 1.370x10~19
E=3| —1.971x1071 | —0.15795628160679798011 | 1.940x 1016
=4 | —2.338x10717 | —0.17749207056697949250 | 2.500x 1014

D ADHM superconformal index

In this appendix we provide the key intermediate steps that we have skipped in the main
text to derive the all order perturbative 1/N expansion for the ADHM SCI in the Cardy-
like limit (4.25). In section D.1 we provide some details on how to go from the matrix
model in (4.2) to the Cardy expansion (4.12) following [44, 45]. In section D.2 we discuss
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the numerical analysis used to evaluate the leading term of order O(w™!) in the Cardy
expansion (4.18), which is equivalent to (4.12), to all orders in the perturbative 1/N ex-
pansion.

D.1 Cardy-like expansion of the ADHM SCI

The first step is to rewrite the matrix model for the ADHM SCI (4.2) as (4.3). We start

by shifting the integration variables as z; — zzf;l/ quq"qfl/ 2 upon which the ADHM

SCI (4.2) reads

Zapum(w, A, n)

N N
=1 3 f (Mo ot < Il

mezZN i=1

=1, _|m;—m;|. 2
—1_\—2|m;—my]| (Zz %54 g

X Il(—z-z- q) 2T - p—
” (ziz; tgHImimmil g2) o

)oo

i)
3 N B - - -
< [1 11 ( ¢y )amfmﬂ (27 ey Lol g2) (D.1)
I=14,5=1 (Zizj_lquﬂlﬂmi—mjl; q2)oo
X ﬁ (_ql—ﬂquly_l)%hm\ ( y 2 “q+|mi\;q2)oo
=1 C (zzyqq“ﬁlmi\;qQ)oo

Ny

X( S y_1>%‘mi| (ziyg g matmil ) oo
_ - g & 7
! (2 'ygghatimil; g2) g

in terms of the parameters introduced in (4.5). Then we remove the absolute signs for
gauge magnetic fluxes in (D.1) by using [44, 45]

i — mi| = —m; +my; (1> j)
7 J . .
m;—my (i <j), (D.2)

]mz| — —m;.

We then use the identity (A.4) and reorganize the integrand in terms of the new integration
variables introduced in (4.4). The result of this procedure is given in (4.3)

The next step is to expand the expression (4.3) in the Cardy-like limit using the
asymptotic formula of the oo-Pochhammer symbol (A.5) and then replace the discrete
sums over gauge magnetic fluxes with the continuous integrals by using [44, 45, 85]

N dsi_ dUdU
> ]lf =0 [CNl:[ D (1+0w) . (D.3)

27715 —4ir? w
mezZN

We then use this to finally obtain (4.8). This procedure is exactly parallel to the ABJM
case reviewed in appendix C.1 so we skip the details here.
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The last step to obtain the Cardy expansion of the ADHM SCI (4.12) is to apply the
saddle point approximation introduced in appendix B to the integral (4.8). This can be
done by mapping the parameters in appendix B to the those for the ADHM SCI in (4.8) as

U; — Ul‘,UZ’ (TLZQN),
d, — N!,
O] — 2mWO[U;A],

| (D.4)
D] = 2ReWOU; A, n],

]:
f
and then simply applying the approximation (B.6).

D.2 Numerical analysis for the ADHM SCI in the Cardy-like limit

To evaluate the leading term of order O(w™!) in the Cardy expansion of the ADHM
SCI (4.18), which is given in terms of the Bethe potential (4.16) evaluated at the solu-
tions to the BAE (4.17), first we construct numerical solutions to the BAE (4.17) for
N =101 ~ 301 in step of 10 with

1) Nye{l,2,3.4}, Ar= (;;10> , (Ag, Ay) (;;) ,

29)  Nye{l23), A= <§‘7110> , (Mg, Ay) = (;;) ,

) menan. a-(22id) van— (1),

4) Nye{l2.3), A= (i,i,z—S,Nf (1—73;)) . (ApA) = (2?;;;) ,
si) Neah, A= (122-28(1-2)), Ges)= (g o)

(D.5)
using Mathematica, see [54] for more details on the numerical procedure. Recall that A
denotes A = (Ay, A,,) for the ADHM case. Then we use LinearModelFit to determine
the exact values of the Bethe potential (3.19) evaluated at the numerical BAE solutions
with two fitting functions in terms of the ‘shifted’ N parameter, N Ny A in (4.21), as

L tm v = ™0 (v, A)RE 4+ 580N, A) (D.6)
o TTI—93/2 fo NpA 90 fo ) .

where the superscript “(Imf)” means that the coefficients are determined numerically for
a given configuration of (N, A) via LinearModelFit. We then confirm that the leading

coefficient f]él/rgf)(]\f +,A) matches the analytic expression

) /2N A1 A Az A,

read off from (4.24) with great precision for all configurations listed in (D.5). For a precise

comparison, below we provide tables for the error ratio

A (Imf ~
9;&/2 )(Nf7 A) - gS/Q(Nf7 A)

(D.8)
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and the numerical estimate for the constant term g

standard error oyg.

(Imf)

(N¢, A) together with the associated

A= (%,%,1,0):
A (Imf
R3/o Qélm) a0
Np=1| —2198x107%? | —0.18384102333840097854 | 1.656x 10739
Np=2| 2180x1073" | —0.33723358961840868631 | 2.233x 10728
Ny =3 | —4.117x10728 | —0.62879449364922746645 | 4.979x10~%
Np=4| —2443x107% | —1.0432995069016606835 | 3.268x 10720
A= (%, 41, 0)
A (Imf
R3/o gém) a0
Np=1| —5.100x10738 | —0.18487381932915327786 | 3.757x10~%
Np=2| 2985x107% | —0.34306944663243885903 | 2.943x10~%
Np=3| —2948x107% | —0.64251698663465353444 | 3.398x10~*2
N.
A= (350%)
A (Imf
R3/o g(()m) o0
Np=1|-9517x1073" | —0.18922588511715377025 | 6.421x10~2®
Np=2| 3.923x1072% | —0.35418384892357442559 | 3.414x10~2°
Ny=3| —1.193x1071 | —0.666855367656914298975 | 1.181x10~1¢
1 2 3 3
A:(;,;,z—;,Nf(l—;)>:
A (Imf
R3/o gém) o)
Np=1| —5.526x1073" | —0.19164115564794187181 | 3.703x 10~
Np=2| 3.275x107%% | —0.39085989312606644267 | 2.840x 10720
Ny=3| —4.067x1072 | —0.75585703584795923151 | 4.020x 1017
Np=4| —9.539x1071® | —1.2726405536526142820 | 1.026x10~ 4
For A= (1,222 Ny (1-2)) with N; =3 firmed explicitly that the choice of
=5 = Ny =) wit f = 3, we confirmed explicitly that the choice o

different (A4, Ag) configurations in (D.5) does not affect the result.
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