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1 Introduction

An insightful analysis of the superconformal index of A/ = 4 maximally supersymmetric
Yang-Mills theory with gauge group SU(N) has recently provided a microscopic foundation
for the entropy of electrically charged, rotating, asymptotically AdSs black holes [1-3]. The
results are an important improvement on the understanding of the superconformal index
previously introduced in [4, 5] and provide an explicit realization of a conjecture put forward
in [6] regarding the entropy of AdSs black holes. These developments motivated various
studies into the superconformal index of large classes of 4d N' = 1 theories [7-14].



The problem of microscopic counting of the entropy has thus descended into a technical
plane. Two main technical approaches have emerged, one rooted in saddle point approxima-
tions [1, 2], and one in a Bethe-Ansatz (BA) formula of the index [3]; a systematic discussion
comparing both approaches including sub-leading contributions and extending the results
to include 4d A/ = 1 theories was presented in [15]. Other approaches to the evaluation of
the index, include, for example, those rooted in doubly-periodic extensions [16, 17], direct
numerical evaluation [18, 19]; a partial list of results includes [20-23].

In the context of the AdS/CFT correspondence the superconformal index (SCI) rep-
resents the full quantum entropy of the dual black holes. The drive to have an exact in
N expression for the index is motivated by nothing less than to have the exact quantum
entropy of the dual black holes. One expects such object will have powerful lessons to teach
us about the nature of quantum gravity. Indeed, studies of the superconformal index have
already yielded important insight into aspects of quantum gravity in asymptotically AdS
spacetimes. The analysis of [15] and more recently [23], have established the robustness of
the ultraviolet prediction for the logarithmic corrections to the entropy; a study reported
in [24] has provided some insight into the structure of certain non-perturbative terms in
the index. More ambitiously, one can expect that the BA structure of the index, whereby it
is rewritten as the contributions of solutions to the Bethe-Ansatz Equations (BAE), might
give us some clues about the path integral on the gravity side. Similarly, in the saddle
point approach to the index one might expect that the hierarchy of saddle point solutions
is related to the contributions to the gravitational path integral. With that motivation in
mind, we explore the extent to which the exact superconformal index can be reconstructed
from the BAE solutions.

In this manuscript we explore, within the BA approach to the SCI, the ingredients
necessary to reconstruct the full exact index. Most of the recent work devoted to the SCI
has been analytic in nature. There have been, however, two recent studies exploiting a
direct numerical approach to the index with the main goal of better understanding finite
N aspects [18, 19]. In part inspired by these developments we study the SCI at finite N
focusing on N = 2,3. We take advantage of the relative simplicity of these cases to shed
light on general aspects of the BA approach to recovering the full index.

The BA approach to the superconformal index has the advantage of providing, in
principle, an exact formula for the index. The devil, as we know, is in the details and the
details in this context are the set of BAE solutions that need to be included to compute
the index. Roughly speaking, following the classification of [14, 25], all the BAE solutions
include standard (corresponding to a freely acting orbifold 72 /Z,, x Z,) and non-standard
ones. One concrete result of this manuscript is to clarify the role that these two types of
solutions play in reconstructing the full SCI. The large N picture is by now fairly clear,
the dominant contribution coming from the so-called basic solutions and perhaps a small
set of other solutions depending on the fugacities [14, 15]. In this manuscript we focus on
the more subtle finite NV issues, in particular, we study how each type contributes to the
computation of the full SCI. In particular, we will demonstrate the important role played,
for N > 3, by non-standard solutions.



The rest of the manuscript is organized as follows. We start in section 2 by briefly
reviewing the BA approach to the superconformal index. We discuss the SU(2) case in
section 3 and SU(3) in section 4. We discuss our results in section 5 and relegate a number
of technical details to a series of appendices.

2 Review of the Bethe-Ansatz approach

The superconformal index (SCI) of 4d N’ = 4 SU(N) supersymmetric-Yang-Mills (SYM)
theory [4, 5] is given as (following the convention of [3]!):

_ T
Z(Yarpy q) = Tr(—1)F e ph1 g oy @1, 92005, (2.1)

The SCI (2.1) above receives contributions from the %G—BPS states of the radially quan-
tized theory on R x S3 that preserve a complex supercharge Q. These BPS states are
characterized by the charges Ji2 and Q123. Here J1 2 = Jr = Jr are angular momenta
associated with SU(2),xSO(2)r = SO(4) acting on S3 and Q12,3 are three R-charges for
U(1)3 € SO(6)g. The fugacities p, q,y1.2,3 are associated with the quantum numbers J; 2
and Q12,3 respectively, and constrained as pg = y1y2y3. The SCI (2.1) is well defined for
pl, gl < 1.

One can rewrite the expression (2.1) more explicitly in terms of elliptic hypergeometric
integrals as [26, 27]

. . N-1 3 N-1 4 N 3 L(Zyq:p,q)
bip q;9q _ dz a=1 “YasP,q
(gorpa) = & )OO(N, o) [T )™ 1%1_[ o 1l F(ﬁzﬂ T
: a=1 =1 TrZZ'L 7”]:1 (27&]) Zj ’p7 q
(2.2)

where the z-integration is over a unit circle with the SU(NV) constraint [, z; = 1. The
integral (2.2) can be evaluated using a saddle point approximation [1, 2] (see also [7, 8, 14]).
It has recently been computed beyond the saddle point approximation and shown to be
given, up to exponentially suppressed contributions, in terms of the exact S® partition
function of a Chern-Simons theory [15] (see also [23] for more general classical groups).

One can also compute the SCI (2.2) following the Bethe-Ansatz (BA) approach. The
BA approach has been introduced for a generic 4d N’ = 1 supersymmetric gauge theories
in [28] based on insightful observations made in [29, 30]. It was then applied to the N' = 4
SU(N) SYM theory with p = ¢ in [3] and, more recently, to the same theory with p = h®
and ¢ = h? where a,b € N and ged(a,b) = 1 [31]. Some discussion of the BA approach to
the SCI of a large class of 4d A/ = 1 supersymmetric quiver gauge theories was presented to
leading order in [12, 13] and a systematic sub-leading study was presented recently in [15].
In this manuscript we focus on the BA approach to the index of N' = 4 SU(N) SYM
with emphasis on aspects of the finite rank, N. Our starting point is the corresponding
presentation of the index following the BA formula for the SCI of the N =4 SU(N) SYM
theory as (see appendix A for the definitions of elliptic functions)

I(ya7p7 q) = H(yanpy q) Z Ztot({ui};AaaaT)H({ui};A7w)_l7 (23)
{wi}YeMpag

'We have used Qhere = %Rflhere (a=1,2,3).



where 2 = 627r1U¢7 Yo = e27rzAa7 p= he = eZma’ q= hb — €2m7—7 h = e27rzw, and

N-1
1 3
R(Yar ) = 5 ((p P)oo(¢3 @)oo l:[lf(ya,p, q)) : (2.4a)
Ziot({ui}; Ayo, 1) = Z Z Z({uw —mw}; Ao, 1) (2.4b)
mi1=1 my_1=1
N [/ 3
Z({ui}; Ao, 1) = H (F(uij; o,7)° ¢ H I(uij + Ag; 0,7’)) , (2.4c)
i#j a=1
1 (Q17 ceey QN) :l
H({ui}; A, w) = det . 2.4d
({u} w) ¢ |:27TZ8(U1,...,UN_1,/\) ( )
Here w;; = u; — u;j and {u;} is a shorthand notation for N holonomies {u;|i =1,--- ,N}.

The SU(N) constraint is given as >.¥ , u; € Z. In (2.4b), the N-th integer my is determined
through the constraint

N
> my =0. (2.5)
=1

The BA operator used in (2.4d) is defined as

) . _ 27ri()\+3z. Usj) 00 U]z +A w)
QZ({UJ}a Aw)=e = H H 90 ul] + Asw)

N (2.6)

= 2 ] H 1(uji + Asw) 7
N le 1(uij + Ajw)

where A take values in A € {Aj, Ay, —A; — Az} and A is a free parameter that will be

determined next. The Bethe-Ansatz Equations (BAE) used in the BA formula (2.3) is then

given as a system of transcendental equations as
Qi({uj}; A w) =1, (2.7)

which fixes the parameter 2™ to a N-th root of unity. Mpag in (2.3) denotes a set of
BAE solutions whose first N — 1 holonomies are within the fundamental domain, namely

) 7 7A7 =1 ':17'”)N
(u) € Mpap i ) QiU A (i ) L (28)
i) u; =x; +yw with 0<y; <1 (i=1,---,N—1)

For later purpose, here we summarize the key properties of the BA operator (2.6) and
the building blocks (2.4). Let us begin with the BA operator (2.6) which is doubly periodic
with respect to holonomies and invariant under a constant shift as follows

Qi({uj +mj + njwh A w) = Qi({u; };A,w)  (nj,my € Z), (2.9a)
Qi({uj +ch Aw) = Qi({u;}; A, w). (2.9b)



One of the building blocks Z({u;}; A, aw,bw) (2.4c) in the BA formula (2.3) is quasi-
periodic with respect to holonomies and invariant under a constant shift as

Z({uj — §jrabw}; A, 0,7) = (=1)N e Qr ({u;}; A, w) Z({us }; A, 0, 7), (2.10a)
Z{u; +c}; Ao, 7) = Z({uj}; Ao, 7). (2.10b)

The quasi-periodicity can be proved using (A.6a), (A.7), and (A.10). Another building
block H({u;}; A,w) (2.4d) in the BA formula (2.3) satisfies similar properties explicitly
given as:

H({uJ - jkw};A,O', 7-) = H({uj};AvavT)v (2118“)
H({uj +c};Ao,7) = H{u;}; Ao, 7), (2.11b)

which follows from its definition in (2.4d) and the properties (2.9). Note that, according

o (2.11a), the determinant H({u;}; A,w) is invariant under the w-shift of the k-th holon-
omy with an arbitrary & = 1,---, N. Hence it is periodic with respect to holonomies,
which is distinguished from the quasi-periodicity of a building block Z({u;}; A, aw, bw)
given in (2.10a). For SU(NV), the determinant (2.4d) reduces to that of an (N —1) x (N —1)
matrix H [15, 25]

1 9(@1,---,Qn-1)

271 O(ug, ..., un—_1)

H({u;}; A, w) = N det[H;;] = N det [ (2.12)
Evaluating 0Q;/0u; with the BA operator (2.6) at BAE solutions satisfying (2.7), we
obtain the elements of the matrix H explicitly as

Z g Ukq s W (UNH ))
oy (2.13)

H;j = g(uij;w) — glunj; w) (i # J),
where

g(u;w) Z A [log 01 (u + A;w) + log 61 (—u + A w)]. (2.14)

2m

3 The SU(2) index

In this section, we specialize to the case of SU(2) with the goal of achieving a clear picture
of how the full SCI arises from the BA formula (2.3) and the explicit role of the Bethe
vacua (2.8). We will further directly compare the results of the BA approach with other
approaches such as the series expansion by counting states [18, 19] and direct numerical
integration of (2.2).

For N = 2, the BAE (2.7) reduces to a single transcendental equation as

_ 0 A+u w) 0 A+u w)?
2T 1 21, W - 1 21, W
+1 H A ) s 1= H Ay (3.1)



where A take values in A € {A, Ay, —A; — Ay}. Note that the double-periodicity of the
BA operator (2.9a) implies that given a solution ua;, we can generate countably many BAE
solutions ug; +m + nw (m,n € Z). For the SU(2) case at hand, if we identify solutions in
different lattices as ug; ~ w21 + Z + Zw, there are only 6 distinct BAE solutions [14]. They

are given as

lwl4w

- =, — — . 2
1530 g o UAs UA} (3:2)

Let us now introduce a classification of the solutions. We will roughly group the solutoins

U1 € {0

to the BAE as standard and non-standard as follows (except the trivial one):

e Standard solutions: the BAE solutions that correspond to a freely acting orbifold
T2 /7 x Zp,. These solutions can be associated to an SL(2,Z) action and are generi-
cally A-indepent.

e Non-standard solutions: all the other solutions, they have the generic property of
being A-dependent.

Applied to the set of solutions in (3.2), the first solution is the trivial one and the next
three are standard solutions denoted by three integers as {2,1,0}, {1,2,0}, and {1,2,1}
respectively in the convention of [25]. The last two are called non-standard solutions that
depend on chemical potentials [14]. The explicit form of a non-standard solution is known
only for real Ajo in the asymptotic regions: for example, in the ‘low-temperature’ limit
|w| — oo with fixed argw, ua is given for real Aj o as [14]

up(|lw| = o0) = Llog [— (1 ~ 24 COS%A) + \/<1 —2a COSQWA)Q — 1] . (3.3)

2mi 2 2

—2miA

It is also convenient to characterize the solutions based on the value of e in equa-
tion (3.1). In this case we can split the 6 solutions (3.2) into two groups as
; l w l4w
—2miA
=-1 — = — 3.4
€ u21 € {27 2 ) 9 } ) ( a)
6_2m>\ =1 IoUu91 € {O,UA, —uA} . (3.4b)

It is noteworthy that, in the SU(2) case, the characterization by the value of e=2™ (3.4)
distinguishes standard solutions (3.4a) from a trivial one and non-standard ones (3.4b).
We will see that such grouping will play an important role in computing the SU(2) index
through the BA formula (2.3) below.

Observe that the low-temperature asymptotic form (3.3) is enough to evaluate the

value of e=2™* for a non-standard solution us; = +ua. This is because the value of e~ 27

cannot jump between +1 under continuous deformation of w: once the value of e~2™ ig

determined in the low-temperature limit |w| — oo, it has to be the same for arbitrary w.
Now we consider the contribution from a BAE solution wo; = w*, which is an arbitrary

element of the 6 solutions listed in (3.2), to the SCI through the BA formula (2.3). Using

the double-periodicity of the BA operator (2.9a), we set

u ="+ ytw with —1<y*<0 (3.5)



without loss of generality. From this BAE solution ue; = u*, we can generate a total of 4 in-
equivalent elements {u;, us} of Mpag (2.8) using the properties of the BA operator (2.9) as

MBAE 2 {—

w4+ siw u* r+82w}
)

2 2 92 2

(3.6)

where

r € {0,1}, {s1,s2} € {{0,0}, {1, —1}}. (3.7)
Substituting these 4 elements into the BA formula (2.3) and using (2.10b), we obtain the
contribution from a BAE solution us; = u* to the SCI

2ab Z({_u*+m1w, u*+5nlo.1}; A, aw, bw)

I g * s P, — 2/{ s s 2* *
{u21=u }(ya p:q) (Yas D, q) m§1 H({-Y +2m1w’ u +2m1w};A’w)

Using the properties of Z({u;}; A, aw,bw) (2.10) and H({w;}; A,w) (2.11), we can sim-
plify (3.8) further as

(3.8)

270;1;171 Z({im m};Ava“}?bw) =27\
4/i(yaapv Q) H( —77 2 }Aw) (6 - _1)
. (6727ri)\ — 1)

(3.9)

I{u21 :u*} (ya7p7 Q) =

Y

where the value of 2™ follows from (3.4) for a given ug; = u*.
Finally, the SU(2) index is given as the sum of (3.9) over all BAE solutions ug; = u*
listed in (3.2). The result can be written strictly in terms of the standard solutions as

Z(Ya,p,q) = 4 (1{2,1,0} +Z{1,2,0) +I{1,2,1}) ) (3.10)

where we have defined

o1 Z({ e RO YA aw, bw)

/43_1:[210 = s (3118,)
e H({—§. 1} 8.0)
. = 2%71:1 Z({_(m1—1/2)w (m1—1/2)w}; A,aw,bw) (3 11b)
{1,2,0} H({- 4,4}Aw) )
=z 1/2+(m1— 1/2)w 1/2+(m1 1/2)w A, b
K Ty = L= 2 . ! i w) (3.11c)

B2, B27:4,0)

We remark that the non-standard solutions in the SU(2) case evaluate to zero but this
is an accident of SU(2). The non-standard solutions will play a more prominent, albeit
puzzling, role in generic cases of SU(N).

3.1 Asymptotic behavior

The SU(2) index (3.10) is exact but each contribution from standard solutions listed
in (3.11) is a complicated combination of elliptic Gamma functions. Hence, in this subsec-
tion, we investigate the SU(2) index (3.10) in the asymptotic regions where the exact BA
formula (3.10) can be written in terms of elementary functions. This will allow us to un-
derstand the behavior of the SU(2) index more intuitively and also compare it with results
from other approaches including the series expansion by counting states [18, 19] and a nu-
merical integration of (2.2). The asymptotic regions we consider are the low-temperature
limit (Jw| = oo or |h| — 0) and the Cardy-like limit (Jw| — 0 or |h| — 1) with fixed argw.



3.1.1 The low-temperature limit

When |h| < 1, we can expand the SU(2) index (3.10) as a series in h, which gives a
reasonable approximation under |w| — oo or |h| — 0. Specializing to the case p = ¢ =
h = yi/ 2, corresponding to (a,b) = (1,1), and using the product representations of the
Pochhammer symbol and the elliptic Gamma function, the contributions from the three
standard solutions (3.11) can be expanded as

T(a10y = —% — 3z — %gﬁ 3143 — 8724 — 22505 — 20706 191547 — 266145
— 55982° — %ﬂxm e (m“) , (3.12a)
Loy =~ 16:13/2 - 16:?1/2 * g B %xm * ;x N Z11%903/2 * %xz B 11%3:65/2
%xs _ 12—5:757/2 + 17771"4 _ %xgn + %aﬁ _ %255611/2 + %‘351,6
_ %xmﬂ + @ZLJ _ %3315/2 + 53425338 _ 3019699x17/2 + @xg
— 1651&:1:19/2 + 11279$10 - 64227.%'21/2 +0 (wll) ; (3.12b)
Tpony = 16;3/2 + 1631/2 + % + Za:lﬂ + ga: + %x?’/z + %mQ + %x‘r’ﬂ
6
3?1:133 + 12—5957/2 %# + %xgm %:ﬁ + 2176755:1611/2 %
+ %xw/z + %j + %xls/z + 53425x8 + 30196999017/2 + @xs;
+ 1651&%19/2 + 11;793710 + 64227:1;21/2 +0 (:z;11> . (3.12¢)

Here we follow the notation of [18, 19], where z is defined by the relations p = ¢ = 23

and y, = 2. Combining these three standard solutions according to (3.10) then gives the
SU(2) index

T(ya=22p=1>q=1%) =1+62" —62° —72° + 182" 4+62° - 362° + 620+ O(z'), (3.13)

which agrees with the generalized series expansion of the SU(2) index (B.10) derived in
appendix B based on [18, 19]. Although these expressions are presented here only up to
O(x'%), the Pochhammer symbol and elliptic Gamma function can easily be expanded to
considerably higher order if desired.

We also investigated the more generic case p = h3, ¢ = h?, and y, = h°/3 corresponding
to (a,b) = (3,2). In this case, the three standard solutions, (3.11), admit the expansions

3 3 45 381 495 , 2457 4 , 19879 .
1{27170}:—471‘3—?—@—33—71'—7$ —TZL‘ —14342* — —=x
9TTAT , BTS6T . 58509 4 230523 , 443271 |, 834345 |
1 ° 1 7 7 7 1 7 1 7 1 7
1539861 36607515
—Tm” -~-—T$19+(’)(:U20), (3.14a)



T _ 1 3 3 9 3 13 45 39 133
(020} = 700972 7 8, 7/2 T 83 8x5/2 ' 242 42372 ' 8x  4gl/2 | 8

57 38 | 73215039

—?xl/Q—}- —7723% 4 e 2111782924232 + O(2%°), (3.14b)
; _1+3+i+9+i+13+45+39+133
(21 = 9072 " 8y 7/2 T 843 T 852 242 4x3/2 Az1/2 78

1
+%7x1/2+£a:+77x3/2+

where we have taken p = 2, ¢ = 2% and vy, = 2°. Adding these contributions then gives
the SU(2) index

T(yo = 2°,p =2 q= 2% =1+ 629 — 32!t — 321 — 7215 4+ 9216 — 3217 4 9219 1 O(2°).
(3.15)
This agrees with the generalized series expansion of the SU(2) index, (B.10), when rear-

w 1911782924272 4+ O(2™),  (3.14c)

ranged according to the scaling p = b3, ¢ = h2, and y, = h*/3.

The above observation confirms that the BA formula (2.3) is consistent with the series
expansion (B.10) based on [18, 19] in the low-temperature regime where |h| < 1. This
strongly supports that the N = 2 BA formula (3.10) gives the exact SU(2) index, in partic-
ular that the three contributions from standard solutions (3.11) are the only contributions
to the SCI and each one has a degeneracy of 4.

It is noteworthy that, both in (3.12) and (3.14), the series for Zy5 1 oy is a Taylor series
in integer powers of , but the other two series for Zy; 5 gy and Iy 5 1y include half-integer

powers of x. Moreover, they start at order z3/2

. Remarkably, the half-integer powers of
x cancel in the sum Ty 5 gy + Zy1 2,1}- From this observation in the SU(2) case, we expect
Z{mn,ry, namely the contribution from a BAE solution to the SCI denoted by three integers

{m,n,r} following [25], to be a series in powers of 2!/

and that fractional powers of x
are removed in the sum Zf;& Z{mn,y in general. Nevertheless, inverse integer powers of
2 can remain in this sum. If would be interesting to investigate whether this tantalizing
cancellations offer a bridge to the bootstrap ideas for the superconformal index based on

modularity advanced by Gadde [32].

3.1.2 The Cardy-like limit

Next we investigate the Cardy-like limit (Jw| — 0 or |h| — 1) of the SU(2) index
through (3.10). For simplicity, we identify p = ¢ with (a,b) = (1,1). Standard contri-
butions to the SU(2) index (3.11) are then written explicitly as

o100 =7 (¢:9)5 2:11:(Aa57) 2=1f(%+Aa;~7)F( % +Aq;T)
{ o } %ZA8A10g[91(%+A;T)91(—%—|—A;7-)] F(%,T)F(—% ) )
(3.16a)
Tiao) = e (ED Mot T(Aai7) TG+ AT (-5 +A0i7)
S Y A Oaloglfr (54HA; )0 (— 5+ A7) 0(Z;7)0(—3;7)
(3.16b)
They =5 (4:9)% o=y T(Aai ) IF(% ~) (=T + AT 7).
B T A 0 loglor (A )1 (- T+ A ) F(T D (— k)
(3.16c¢)



From here on, we use ¢ and 7 instead of h and w since they are the same under the
identification p = ¢ = h with (a,b) = (1,1). We will also use the “~” symbol for equations
valid up to exponentially suppressed terms of the form O(e~1/I71).

To begin with, substituting the asymptotic behaviors of 6;(u;7) (A.18) and
T(u;7) (A.19) into (3.16b) gives the Cardy-like limit of the contribution from the basic
{1,2,0} BAE solution as

3mi 1+m
logZgi 00y ~ ——5 H ({Aa}T - ) —log 2. (3.17)

Here the 7-modded value {-}; is defined in (A.12) and we have introduced nc € {1} as

3+ nc

Z{CA b, =201+ — X Y {CA} = > (3.18)

a=1 a=1
assuming A, ¢ Z. Refer to (A.14) and (A.15) for the definitions of the ‘tilde’ component
of chemical potentials A, and a real modded value {-} respectively.
For the other two BA contributions (3.16a) and (3.16¢), we keep track of the leading

exponentially suppressed terms since otherwise they diverge for the 1, = 19 case. Substi-
tuting the asymptotic behaviors (A.18) and (A.19) into (3.16a) and (3.16¢) then gives

1ng{z,l,o}
N——H <{2Aa}T Hm)ﬁ”ﬁ ({AQ}T—Hm)—logw
T2 fute? 2
w(w_l) w({Aa}T 1) ) . (3.19)
+ 2log — +log — +4log(1—e™ '~ :
2( PRk 1) (Db ) ()
N e (m =—m2)
7i(6—5 —@(1 {(3+a}7) o E{F+AYr 5
%—long (1 o 2 (1 { +A}r) 1627_7\’1'2{%+A}7_> (7]1:772)
10821{1,2,1}
.3 3
i 1+n2 m 1+m
N_? L <{2A }7’ > 72 1:[ ({A }7— ) —log16

{1/2+A br 1 {1/2+8a}r 3 Aa}r
o Dy WBEEE Y )

3
log T >
g( M +1) d)(l*{l/?fﬂa}f_'_%) o( {f alr 1 1) (3.20)

+4log(1+eT)

% (m =—mn92)

e A {5+A)7) ~Z {5 +a),

7rz(6 57]1) —e —
—logda ( “ZE((J1a)n) 1+62TT”'{§+A}T) (m =112)

_|_

Refer to appendix C.1 for details. Note that the BA contributions (3.19) and (3.20) have
the same T%—leading order terms. The sub-leading terms are different, however, and this
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difference will play an important role in estimating the Cardy-like asymptotics of the SU(2)
index in the region of chemical potentials dubbed as “W-wing” defined below in (3.21).
Now, substituting (3.17), (3.19), and (3.20) into (3.10) gives the Cardy-like limit of the
SU(2) index. Following the classification of [14], we investigate the resulting SU(2) index
in the “M-wing” and in the “W-wing,” respectively. The M-wing is the region of chemical
potentials where the contribution from the basic {1, N,0} BAE solution, namely (3.17) for
N = 2, is dominant. In the W-wing the contribution from the basic solution is exponentially
suppressed. These two regimes of chemical potentials are explicitly determined as

1
M-wing: Re[ = H ({A - +771> > 0,
(3.21)
. 7 1+771
- : —— Aty — ——— .
W-wing Re[ 72(11_[1({ } 5 ) <0

The Cardy-like limit in the M-wing. In the M-wing, we can simplify (3.10) with
p=gqas

T +Z
Z(Yar ¢:9) = 4Zp1 20y (1 + 2L T2 ) 421120} (3.22)
L1120}
The SU(2) index is then given from (3.17) as
T 3 147
I(yarq,q) ~ 2¢~ 7 oz (A1 =552) - (0 wing), (3.23)

This is consistent with (1.2) of [15], including the factor of 2.

The Cardy-like limit in the W-wing. In the W-wing, we can simplify (3.10) with
p=gqas

z
I(yaa q, Q) =1 (2{27170} —+ 1{17271}) < {1,2,0} >

Ty a2y (3.24)

~ 4 (I{2,1,0} + 7:{1,2,1}) :

Since Zy9 1,0y and Zy; 5 1y have the same exponential leading order in the Cardy-like limit,
we must keep track of both contributions to evaluate the SU(2) index. We compute their
sum in two different cases: 171 = —n2 and 71 = 2. Recall that no € {1} from (3.18) so
these are the only options.

First, when 7; = —ns, substituting (3.19) and (3.20) into (3.24) simply gives

o [T, (28a)—52)+ 5 [0, (fAa)-——51)

2v/2 (3.25)
(W-wing, n = —1n2).

Z(Yarq,q) ~ —

For n; = ng, substituting (3.19) and (3.20) into (3.24) gives

SU(2 . . i -~
XU o T, (200 = 552) 5 T, () — S50 )

3 {A bro_ (3.26)
1;[ ¢(E (Bals _:2) (W-wing, m = n2),

Z(Yarq) ~

- 11 -



where XSU() is a complicated function of chemical potentials defined in (C.5). Following
appendix C.1, we can approximate X5Y(2) ag

4ASV®) 2
+2m — ?Z (3.27)

XSU(2) ~

where we have introduced ASY(2) ag

Asu@) _ J11/2+ As)e (m =mn=-1) ’ (3.28)
1={12+ A1}y (m=m=1)
under the ordering (without loss of generality)
0<{A1} <{A)} <{A3} <1 (3.29)

Refer to (A.14) for the definition of A,. Substituting (3.27) back into (3.26) then gives

Z(Ya» 9 9)
SU 2 > . K . : — i

- (8 Ym R e e e O R R
T 2 2

(W-wing, m = n2).

As we have explained, for the configuration of chemical potentials satisfying n; = n2 within
the W-wing, the Jacobian of the 2-center BAE solutions vanishes in the leading Cardy-
like limit. This situation forces us to keep track of the first exponentially suppressed
term in the Cardy-like expansion. For the configuration of chemical potentials satisfying
m = —ny within the W-wing, however, the Jacobian of the 2-center BAE solutions does
not vanish in the leading Cardy-like limit and affords us the possibility of neglecting the
first exponentially suppressed terms.

3.2 Numerical investigation

Thus far we have discussed the treatment of the SU(2) SCI using the BA approach. In
this subsection we want to confront our analysis with the full index which can be obtained
by direct integration in the case of small rank N. The integral expression of the N' = 4
SU(N) SCI (2.2) reduces to a one-dimensional integral for the N = 2 case as

(7D)oo(40) o0 T % dz1 111 D(22a;p,0)T (21 2Ya; 0, q)
T (Yo, p, q) = LRI D)o0 TT Py 0y 1 1 . (3.31
(Yas P, ) 5 all[l (Ya3 P, Q) Sizn T Zp T pa) (3.31)

We can obtain the SU(2) index directly by evaluating the integral (3.31) numerically.
Taking the numerical answer as reference, we will confirm in several examples that the
numerical integral matches the analytic result for Z(y,,p,q) from the BA formula (3.10)
in both asymptotic regions discussed in the two previous subsections. The comparison
with the numerical evaluation of the index has the added bonus of showing us where each
approximation breaks down.

- 12 —



RelogZ

M-wing W-wing (m = 1n2)

0.05 0.10 o 050 1 0.05 0.10 0.50 1 0.05 0.10 0.50 1

Figure 1. Plots of Relog Z(y,, g, q) versus |7| for ¢ = 62”” where 7 has the phase 7 = |T|€ 3. From

the left to the right, we have chosen A, = %—F %T, Ay =3 24 237, and A, {5 + %T, % + 237, % + 2T}

respectively. The black dots are from numerical evaluation of the integral (3.31) and the dotted red
lines are from the low-temperature expansion (B.10) up to order 23°. The blue lines corresponds
to the Cardy-like expansions (3.23), (3.25), and (3.30) respectively. The above plots show that
the low-temperature (Cardy-like) expansions are consistent with the numerical integral where |7 is
large (small).

Our results are illustrated in figure 1, where the black dots represent the direct numeri-
cal evaluation of (3.31). We compare the numerical results with two asymptotic expansions:
(i) The low temperature (i.e. large |7]) expansion represented by a red dotted line and dis-
cussed in subsection 3.1.1; (ii) The Cardy-like (i.e. small |7|) expansion represented by
an solid blue line and discussed in subsection 3.1.2. Here we identify p = ¢ (= h) with
a = b = 1 and thereby 0 = 7(= w). Recall that the SCI is defined for [pl,|q| < 1 so
0 < argT < 7. Let us summarize our findings in three main points:

e The results displayed in figure 1 support the efficacy of the BA approach and ex-
plicitly validate that the BA formula (2.3) gives the exact SCI for the SU(2) case.
In particular, only the standard BAE solutions (3.4a) contribute to the SU(2) index.
Non-standard BAE solutions (3.4b) do not contribute to the SU(2) index.

o The low temperature expansion is expected to have the radius of convergence |g| = 1.
Hence (B.10) is supposed to match the numerical results for any 7 with Im7 > 0,
provided one keeps track of as many terms as necessary. Figure 1 shows that the

30

expansion up to order z°° is only valid for || 2 0.2. This result can be improved if

one adds more terms in the series expansion. See appendix B for some examples.

o The Cardy-like expansions (3.23), (3.25), and (3.30) are valid up to exponentially
suppressed terms of the form O(e~'/I7l). Hence they match the numerical results in
the small || region only.

4 The SU(3) index

In this section, we investigate the extent to which the BA formula (2.3) yields the full
SU(3) index following a path parallel to that followed in the SU(2) case. For N = 3, the
BAE (2.7) reduces to two transcendental equations as

o 2miA H91 A + ugy; )91(A—|—U31;w H —ug1;w) 01 (A + uze;w)
A —ugp;w) 01 (A — uzp;w) 61 ( A+u21, w) 61(A — uga;w) (4.1)

€ {1,w,w2},
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27

where w = €73 is a primitive cube root of unity and A take values in A € {Ay, Ag, —A; —
As}. Since each transcendental equation is a multi-variable function of ug; and us; and
the two transcendental equations are coupled, it is difficult to classify all possible BAE
solutions under the identification (ug1,us1) ~ (ug1 +Z+ Zw, uz1 + Z + Zw) as in the SU(2)
case. The known standard BAE solutions are given as

(u21,u31) E{(éé) 7 (;72;> 7 (17;“”2(1;‘”)) ’ (24?;(»’2(2;@)}

) (5. (2 25

where they are denoted by triples of integers {3,1,0}, {1,3,0}, {1,3,1}, and {1,3,2}
respectively in the conventions of [25].2 Note that above, the second line is a permutation

(4.2)

of the first one. A complex 1-dimensional continuous family of non-standard BAE solutions
was also found in [14]. Even though its full analytic expression is not yet known, a special
point within the family of solution is known explicitly as

) < {(32). (21)). >

For all the known N = 3 BAE solutions (4.2) and (4.3), the value of ) is given as e ~2™* = 1.
Hence, in the SU(3) case, the value of e~ is not a good criteria to distinguish standard
solutions and non-standard ones.

We now consider the contribution from a standard BAE solution (usg1,us1) = (u*,v*),
representing an arbitrary element of the 8 solutions listed in (4.2), to the SCI through the
BA formula (2.3). Using the double-periodicity of the BA operator (2.9a), we set

(u*,v*) = (2% + y'w, w* + 2"w) with — 1<y 4+2"<0,0<2y"—2"<3, (4.4)

without loss of generality. From this BAE solution (ug21,us;) = (u*,v*), we can generate
total 9 inequivalent elements {uj,u2,usz} within Mpag (2.8) using the properties of the
BA operator (2.9) as

vt r+siw 2u—v*  r+sw —ut+207 r+ s;;w}
54 4.5
MBAE { 3 + 3 ’ 3 + 3 ) 3 + 3 ’ ( )
where
r € {0,1,2},

{{0,0,0},{1,1,-2},{2,2,—-4}} (0 <2y* —2* < 1)
{s1,52,83} € ¢ {{0,0,0},{1,1,-2},{2,—-1,-1}} (1<2y*—2*<2).
{{0,0,0},{1,-2,1},{2,-1,-1}} (2<2y* —2* < 3)

(4.6)

Substituting these 9 elements into the BA formula (2.3), we obtain the contribution from
a standard BAE solution (u21,us31) = (u*,v*) to the SCI. The resulting expression can be

2The solutions in the second line of (4.2) have the same three-integer notation as the ones in the first
line: switching ua1 <> us1 does not change the three-integer notation.
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simplified further by using the properties of the building blocks (2.10) and (2.11) as

I{ (’U.21 77L31):(7J,*,U*)} (yQ7p7 Q)

ab wr+v*+(mitmo)w 2u*—v*+(2mi—ma)w —u*+20* +(—mi1+2ma)w .
IE 2 IZ({_ 3 ) 3 3 3 },A aw bw)

H({— u*;v* ; 2u*§v* , 7u*§~2v* }; A,w)

=96(Ya> P, q)

(4.7)

Finally, the standard contribution to the SU(3) index Zstandard (Ya, P, q) is given as the

sum of (4.7) over all standard BAE solutions (uga1,us1) = (u*,v*) listed in (4.2). The result
can be written as

Z(Ya,p; q) = 18 (I{3 10y +Zpsor + Zasay s 2}) Thon-standard (Yas D, 4),  (4.8)

= Lstandard (ya 7P7Q)

where we have defined

Eml 1Em2 1 ({_1+(m1+m2)w’ (2m1—m2)w’ 1+(— m1+2m2 } A aw bw)

Hﬁlz{glo} *3 * * * 3 * * Y
) H({_u :3&-1) ,2u3—v ’—u :—5&-211 };A,w)
(4.9a)
/1711- Zml 1 ng 1 <{_ (m1+ﬁ;2+1)w’ (2m15m2)w7 (—m1+23m2+1)w }; Aa aw, bw)
{1,3,0t = H({_u*—?&)-v* 7 2u*3—v* 7 —u*:—))&—Qv* }; A, w) ’
(4.9b)
H—lz Zab1 ) Zm27 ({_ 1+(m14%m2+1)w’ (2m1gm2)w’ 1+(7m1+32m2+1)w}; A aw bw)
{1,3.1}y = H({_u*—é—v* , 2u*3—v* ’ —u*;—Qv* }; A, OJ) )
(4.9¢)
,{—II Zml . Zab _ Z({ 2+(m1—|—3m2+1)w’ (2my 3m2)w7 2+(— m1+2m2+1)w} A aw bw)
{1,3,2} = H({- u*—?i)-v*7 2u*3—v*7 —u*+2v*} A, w)
(4.94)

Note that we do not have an explicit expression for Zon standard (Ya, P» ¢). The issues with
this non-standard contribution will determine our ability to recover the full index using
the BA approach.

4.1 Asymptotic behaviors

As in the SU(2) case, the SU(3) index (4.8) with standard contribution (4.9) is written in
terms of elliptic functions in a complicated way. Hence, in this subsection, we investigate
the SU(3) index (4.8) in the asymptotic regions where we have more control of the expres-
sion (4.8). Going to these limiting regions and comparison with direct numerical evaluation
helps us identify quantitatively how close we are able to reconstruct the full index from the
given BAE solutions. In this subsection, therefore, we investigate the SU(3) index (4.8) in
two asymptotic regions. Namely, in the low-temperature limit (Jw| — oo or |h| — 0) and in
the Cardy-like limit (Jw| — 0 or |h| — 1) with fixed argw. For simplicity, here we identify
p = q = h with (a,b) = (1,1).
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4.1.1 The low-temperature limit

When |p| = |q| = |h| < 1, we can expand the SU(3) index (4.8) as a series in h. Specializing
to the case p = ¢ = 23 with y, = Y,2? following the convention of [18, 19], we find that (4.9)
are expanded as series in z as

1{37170} = é + % (;:1 + }12 + Y13> x + 0(1'2), (410&)
T (A=Y -Y5)(1 —Y3)
L3087 71623 — V1 — Yy — V3)2at
7 _ (1 —wY)(1 —wY3)(1 — wY;)
{131} = 162w (3 — wY; — wYs — wY3)2xt
T 1= w?Y71)(1 — w?Ys) (1 — w?Y3)
{1,3,2} = 162w?2(3 — w2Y] — w?Y; — w?Y3)2z4

+0O(z73), (4.10D)

+O(z73), (4.10c)

+0(z73), (4.10d)

2mi

where w = e 3 is a primitive cube root of unity. The above expressions might be quite
involved but it is easy to note that the sum of all standard contributions (4.10) still has a
non-vanishing x=* order. We can compare this result with the series expansion of the SU(3)
index obtained from explicitly performing the holonomy integrals in the representation (2.2)
whose result is

I(ya = You?,p = 2°,q = 2°) = 14+ (Y7 + Y3 + Y5 + V1Yo + YaY3 + Y3Y71)z*

. ) (4.11)
—2(Y1 + Y2 + Y3)2” + O(2”).

This expansion of the exact index does not have inverse powers of z. Substituting (4.10)
and (4.11) into (4.8) then implies

I(ya>p> Q) 7& Istandard (yaa D, Q)' (412)

We have found similar results for N = 4,5 cases. We conclude that the BA formula (2.3)
does not yield the complete SCI for N > 3 if we take only the standard BAE solutions
denoted by three integers {m,n,r} into account.

The above finding is one of the main results of this manuscript as it highlights the
crucial role of non-standard solutions. In particular, our result shows that the continuous
family of BAE solution in N > 3 cases found in [14], should be seriously considered in
attempts of reproducing the full exact superconformal index. When N = 3, in particular,
we mentioned that there is a complex 1-dimensional continuous family of BAE solutions
including a special point (4.3). At the moment it is not obvious how to modify the BA for-
mula (2.3) to incorporate this continuous family of BAE solutions.® The main obstruction
to applying the BA formula is a zero mode of the determinant H ({u;}; A,w). The above
analysis demonstrates the importance of this issue when computing the SCI through the
BA formula (2.3) in the regime where the SCI allows for a series expansion with respect to
fugacities.

3We are grateful to A. Cabo-Bizet for discussions on this and related topics addressed in [22] and, in
particular, for his suggestion of considering equivariant integration a la Atiyah-Bott-Berline-Vergne as a
guiding principle.
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4.1.2 The Cardy-like limit

Next we investigate the Cardy-like limit (Jw| — 0 or |h| — 1) of the SU(3) index
through (4.8). From here on, we use ¢ and 7 instead of h and w since they are the
same under the identification p = ¢ = h with (a,b) = (1,1). We will also use the
symbol for equations valid up to exponentially suppressed terms of the form O(e‘l/ ‘T|).

“ 7
~

Let us start by discussing the basic solution which has proven to be central in the
Cardy-like limit. Substituting the asymptotic behavior of 6; (u; 7) (A.18) and I'(u; 7) (A.19)
into (4.9b) gives the Cardy-like limit of the contribution from the basic {1,3,0} BAE
solution as

o T ~ 5 1T ({80} 5 s (4.13)
a=1
Refer to (A.12) and (3.18) for the definitions of the 7-modded value {-}; and nc € {£1}.

For the other three BA contributions (4.9a), (4.9¢c), and (4.9d), we keep track of the
leading exponentially suppressed terms for the same reason in the SU(2) case: the deter-
minant H ({u;}; A, 7) diverges for the 71 = 13 case without the leading exponentially sup-
pressed terms. Substituting the asymptotic behaviors (A.18) and (A.19) into (4.9a), (4.9¢),
and (4.9d) then gives

logZys 0}

N_fn ({3A - 1*”3> 7721%[ ({A - ”"1) ~log (8 x3!)

§3<31 (A ity (Rt 1) /wﬁ4ﬁf—1>>
og 3log

+ - +2log ——FA—~——
(R "8 BTy T )

—|—610g(1—e‘237)+610g(1—e_%>

) e (m =—13)
i e~ - {+A)r) A& SR )
M 2lOgZJ 1ZA( . 2;’i<1—Z§+A}r)_1_e—2T”?§+A}T> (m=mn3)
(4.14)
10gI{131}
1 1
N_iH <{3A - +’73> %]‘[ ({A - “71) ~log (3 x3!)
3 {1/3+Aa}r 2 {2/3+484}r _ 4
Y= —3) P —3)
+ 2log ———F +2log — 7=
Zﬁ( (bR gy (R 1)
+10g w({2/3-|7——Aa}7_%) +10g w({l/i&tAa}r_%) +210g w({A:}T_l) )
(e gy (R 4 8y T (Db 1)
+610g(1—e_2’”(317 g))+6log( 2’”(3%_%))
oy (m =)

_|_

- (- {4} - ) o~ E{f+ayr+40)

Ti(6—5m1) 5771 _
210g2] 1ZA< e —2mi(- 4 +A}T_£) 1_6_2;—ri({‘é+A}T+Jg‘r)) (771_773)
(4.15)

17 -



.3 . 3
i 1+n i 1+n
~=33 <{3Aa}f— 3) +- ({Aa}T— 5 1) ~log (3% x3!)

a=1 a=1
3 {2/3+Aa}‘r 2 {1/3+Aa}‘r 4
P(H—=E —3) Y —3)
+§ <2log — T +2log —
—= w(%—l—%) ¢(%+%)
{1/3+Aa}r 1 {2/3+8a}- 5 {Ba}r 4
+log ¢§,{1/3?+A} 33 +log ¢£{2/§+A} 32 +2lo wif{g} i )
Y=+ 3) Y=+ 3) (=)

—I—6log(1—e‘2m(%_%)) —|—6log(1—e‘2m($_%))
@ (m =—n3)
Y wi6—5m) 2 Salcn R i i) ~H g Al
—5 - —2log>>7-; ZA<1ie—2Tﬂ<1—{g+A}T+@> - —2’;’i<{§+a}r—";>) (1 =13)
(4.16)
Refer to appendix C.2 for details. As in the SU(2) case, the BA contributions (4.14), (4.15),
and (4.16) have the same %—leading order but their sub-leading terms are different. This

e

l1—e

difference will play an important role in estimating the Cardy-like asymptotics of the SU(3)
index in the W-wing (3.21).

Now, substituting (4.13), (4.14), (4.15), and (4.16) into (4.8), we obtain the Cardy-
like limit of the standard contribution Zstandard(Ya,q,q) to the SU(3) index. Note that
this contribution may not match the Cardy-like limit of the SU(3) index because the non-
standard contribution Z,on-standard (Yg, ¢, ¢) may affect the result: we have already seen that
this is truly the case in the low-temperature (|7| — oo) regime. For now, we focus on the
Cardy-like limit of the standard contribution Zgandard(Ya, ¢, ¢) in the M-wing and in the
W-wing classified as (3.21).

The Cardy-like limit in the M-wing. Inthe M-wing, we can simplify Zstandard (Ya, s q)
in (4.8) with p = q as
Zisa0y +Zpsay sy

(13,0

Istandard(ya7q7Q) = 181.{1,3,0} (1 + > ~ 181-{1,3,0}' (417)

The standard contribution is then given from (4.13) as

T 3 1+
Istandard (yaa q, Q) ~ 36_% Ha:l ({AG}T_ in ) (M_Wing)' (418)

This is consistent with (1.2) of [15], whose logarithm matches the entropy function of the
dual supersymmetric, rotating, electrically charged black hole upon the Legendre transfor-
mation with respect to chemical potentials [2, 3].

The Cardy-like limit in the W-wing. In the W-wing, we can simplify Zstandard (Ya, Ps q)
in (4.8) with p = q as

(13,0
Tuvandard (Yas 4, q) = 18(Zr3 1.0 + L1 31y +L 1+ i
sandard(or ) = 18T 10) + 21y +211.923) < IisaoptIpsay+tInsey)  (4.19)

~18(Zy3.1,0y T 241,31y T Z41,3,2))-
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Since Zy3 1,01, Zy1,3,1}> and Zy; 3.9y have the same exponential leading order in the Cardy-
like limit, we must keep track of all of them to evaluate the SU(3) index. We compute
their sum in two different cases: n; = —n3 and 11 = n3. Recall that no € {£1} from (3.18)
so these are the only options.

First, when 71 = —ns3, substituting (4.14), (4.15), and (4.16) into (4.19) simply gives

2n1mi 4nq i

e +2e 3 _ mi 1+n3 3 _14m
Istandard(?/aa%‘]) ~ 3 e 372 ({3A Yr— )"" 2 1la=1 ({Aa}T 2 ) (4.20)

(W-wing, m = —ns).
For 1 = n3, substituting (4.14), (4.15), and (4.16) into (4.19) gives

SU(3 )
X ( )6_37:22 2:1({3Aa}7_

12"3)+:*2i ({AG}T_H-%)_F@

a=1

3 {Ada}~ 2
p(Hek 1) o
X (};[1 ¢(17{fQ}T " 1)> (W-wing, m = n3)

Istandard (ya7 q, Q) ~
(4.21)

where X5U0) is a complicated function of chemical potentials defined in (C.15). Following
appendix C.2, one can approximate X SUG) ag

U@ 27(ASU(3))2 N 27ASUB) (mm — 1) N 3(871’2 — 15mmi — 9)

272 2T 82 ’ (4.22)
where we have introduced ASUG) ag
{1/3+ As}r (m =mn3=—1, {Ag} >2/3)
v _ @AY == -1, (A} <2/3) w2s)
1-{2/3+ A1}, (m=m=1 {A1} <1/3)
1—{1/34+ Mg}, (m=mz=1, {A1} >1/3)
under the ordering (without loss of generality)
0<{A1} <{A} < {A3} <1 (4.24)

Refer to (A.14) for the definition of A,. Substituting (4.22) back into (4.21) then gives
3(ASUG))2 N 3ASUG) (g — 1) N 82 — 15mmi — 9

Istandard(ym q, Q) ~ (

272 2T 2472
) ) i (6—5 4.2
s -2 Tl (1980~ 550) 5 T, (a0}, - B 2. (425)

(W-wing, m = n3).
4.2 Numerical investigation

The integral expression of the N' = 4 SU(N) SCI (2.2) reduces to a two-dimensional integral
for the N = 3 case as
3 a=1 T (Za; 0, q)

(7 0)%(¢:9)% + dz;  dzy a1
I(yarp,q) = 572 [ Twwima) ¢ 55— ]I :
3! ot 2miz 2Tz =1 (i) I‘(j—j;p, q)

Y

(4.26)
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° D S

T T
0.05 0.06 0.07 0.08 0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20

Figure 2. Plots of Relog Z(ya, ¢, q) and Relog Zytandard (Ya, 4, q) versus |7| for ¢ = €2™7. From the

left to the right, we have chosen A, = % + %T, % + %T, % + %T}, A, :%{% + 2,77, % + 2,77, % +
2}, and A, = {5+ &, 12 + &, 13 + %} respectively with 7 = |7|e”3". Blue dots are from

the numerical integral (4.26) and orange lines are from the Cardy-like expansions (4.18), (4.20),
and (4.25) respectively. Red dashed line in the last plot, which matches the numerical integral
better, is obtained by using XSU() in (C.15) without approximation. The above plots show that
the Cardy-like expansion of the standard contribution Zstandard (Ya, ¢, ¢) matches the numerical index
Z(Yas q,q) where |7| is small.

where z3 = 1/(z122). We can obtain the SU(3) index directly by evaluating the inte-
gral (4.26) numerically. We confirmed in several examples that the numerical integral
matches the analytic result for Zgandard (Yg, P, ¢) from the BA formula (4.8) in the Cardy-
like limit. See figure 2. This means that the non-standard contribution Zyon-standard (Yg, Ps ¢)
in (4.8), which plays an important role in the low-temperature limit as we have ob-
served in (4.12), is suppressed in the Cardy-like limit compared to the standard one
Istandard(yq7p7 Q)' In ShOI‘t, we have

n—1

Z(ya’ q, Q) ~ ZLstandard (yaa q, Q) = Z Z I{N/n,n,r} (427)
n|N r=0

for the N = 3 case. This Cardy-like asymptotics (4.27) has already been anticipated for
N < 4 1in [14] by investigating a dominant holonomy configuration among various C-center
saddles and comparing its contribution to the Cardy-like asymptotics of the SCI with
numerical results: in the context of BA approach, C-center saddles correspond to standard
BAE solutions. However, it has been shown that the Cardy-like asymptotics (4.27) is not
valid for N = 5,6 in [14]. Hence for a general N, we expect non-standard BAE solutions
affect the Cardy-like asymptotics of the SCI beyond the exponentially suppressed level.
Refer to section 4.2.2 of [14] for some examples of such non-standard BAE solutions.

Let us conclude this section with a numerical exploration of one non-standard solution
to highlight some of its puzzling properties. We have already observed in (4.12) that
the standard contribution does not give the complete SU(3) index beyond the Cardy-like
limit. We also pointed to the culprit — a complex 1-dimensional continuous family of BAE
solutions including a special point (4.3). Such solution cannot be taken into account in the
conventional BA formula (2.3) because the formula implicitly assumes that all the BAE
solutions are isolated. We explore this issue with a numerical example more explicitly.
Recall that the BA formula of the index (2.3) is derived from integration over the first
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Im{z]
Im[2;]

Re([z;]

Figure 3. Numerical BAE solutions {z1, 22,23 = 1/z122} of the BAE (4.1) with A, = {% +
i+ %, -2+ 5} and 7 =1+ £. Recall z; = ™. Blue dots denote the exact BAE solution
(us1,us2) = (1,7) given in (4.3) under the SU(N) constraint Zle u; € Z and orange dots are
numerical BAE solutions with us; = % + Z%O (k = 1,2,---,30). Dashed lines represent the
integration contour. You may obtain different flat directions by choosing different values of us; and

solve (4.1) numerically for ug;.

N — 1 holonomies along the annulus [2§]

ui: {0 = 1}U{—7+1— —7} (4.28)
for ¢ = 1,--- N — 1. In figure 3, we plot the exponentiated numerical values of the
first N — 1 holonomies z; = e?™™i (i = 1,--- N — 1) corresponding to the continuous

family of BAE solutions in the N = 3 case. It is evident that the solution is not isolated
and, moreover, intersects the integration contour. These two properties clearly invalidate
the conventional BA formula (2.3) derived from the contour integral over the first N — 1
holonomies along the annulus, and require a modification that incorporates the effect of
such continuous family of BAE solutions.

5 Discussion

The BA approach to the SCI has the technical advantage of providing an exact answer
for the index expressed as a sum over the solutions of the corresponding BAE. In this
manuscript we have studied the details of such construction with the ultimate goal of
understanding the extent to which the full index can be reconstructed from different classes
of BAE solutions. Our first step was, naturally, to group the solutions following a particular
classification into standard (corresponding to a freely acting orbifold 72 /Z,, x Z,) and non-
standard. Since our goal is on finite N aspects we focused explicitly on N = 2 in section 3
and N = 3 in section 4; for these and other values of N one can alternatively compute the
index using direct numerical integration in the expression (2.2).

In section 3, for SU(2), we showed explicitly that the standard solutions (3.4a) were
sufficient to reproduce full SCI. The non-standard solutions, presented in (3.3), turn out,
accidentally, to not contribute to the SCI.
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In the SU(3) case, by going to a particular regime (low temperature regime in sec-
tion 4.1.1) in the SCI, we showed that the standard solutions are not enough to reproduce
the index. This is the general state of affairs for N > 3. In the Cardy-like limit, we
have shown that non-standard BAE solutions including dreaded family of continuous ones
contribute exponentially suppressed terms to the SU(3) index at most. This supports the
previous numerical investigation of [14], which implies that for N < 4 the standard so-
lutions determine the Cardy-like asymptotics of the SCI up to exponentially suppressed
terms. But for N > 5, the non-standard solutions may also contribute to the Cardy-like
asymptotics of the SCI beyond the exponentially suppressed level. Furthermore, we also
verified, in more details than the recent analysis of [15], that when restricted to the M-wing
region of fugacities, the basic solution is sufficient to reproduce the index in the Cardy-like
limit up to exponentially suppressed contributions of the form (’)(e_l/ |T|).

One important aspect that we leave for future investigation is how to incorporate the
continuous families of solutions into the expression for the BA approach to the SCI. One
natural challenge is that the BA formula, as currently formulated, assumes that the solu-
tions to the BAE are isolated; this is clearly not the case as shown in this manuscript. An-
other important generalization that needs to be considered is the fact that the holonomies
are not all contained within a particular annulus. Indeed, in section 4.1.1 we showed explic-
itly that the continuous family of solutions in that case intersects the integration contour,
bringing in extra difficulties. There is, nevertheless, some guidance on how to generalize
the BA approach to the SCI coming from equivariant integration a la Atiyah-Bott-Berline-
Vergne, as recently discussed in [22]. We hope to address this issue in the future.

One might question the need for an exact in N expression for the SCI when we have
demonstrated control over the leading order and, in this very manuscript, demonstrated
that the non-standard solutions are exponentially suppressed in the Cardy-like limit. Our
motivation is two-fold. First, we expect that such an exact in N expression will help in
understanding modular properties of the full index in more details. Second, the gravita-
tional dual of the SCI is the exact quantum entropy of the dual black holes. Namely, the
exact answer in all powers of Newton’s constant which will undoubtedly teach us much
about quantum gravity. There are the obvious lessons from corrections to the Bekenstein-
Hawking entropy recently discussed in [33-38] in the context of AdS, balck holes. More
ambitiously, is the hope that the structure of the index might guide into elucidating aspects
of the putative quantum gravity path integral. For example, it would be quite interest-
ing if there was a one-to-one correspondence between BAE solutions in field theory and
gravitational configurations contributing to the path integral.
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A Elliptic functions

Here we gather some definitions and a few useful identities for elliptic functions that are
used in the main body of the paper.
A.1 Definitions

The Pochhammer symbol is defined as

oo

(2:0)e0 = [[ (1~ 24). (A.1)

k=0

The elliptic theta functions have the following product forms:

Oo(u; T) = H (1— 627ri(u+k7))(1 _ 627ri(—u+(k:+1)'r))’ (A.Qa)
k=0
0, (u; 7_) _ —’L'eﬂf( Tiu —mu H 27rzk7' 627ri(k7+u))(1 o eQm(kT—u))
k=1
00
—ie T e Ty (u; T H ik (A.2Db)

The elliptic Gamma function and the ‘tilde’ elliptic Gamma function are defined as

00| pitlghtl -1

L(zpq) = [] : (A.3a)
i L
1 _ e27ri[(j+1)o'+(k+1)7'7u]
D(u;0,7) (A.3b)

1 — e2miljo+kr+u]

For p = ¢, we abbreviate I'(z; ¢, q) and f(u, 7,7) as I'(z,q) and f(u;T) respectively. We
also define a special function ¥ (u) as

. 1 .
— —2miu : —2miu
¥(u) = exp {u log(l —e ) — 2—m,L12(e )| (A.4)
The -function satisfies
— i — 2mnu —2minu
lu+1) = (1— e 2 yp(u). (A.5D)

A.2 Basic properties

The elliptic theta functions have quasi-double-periodicity, namely

Oo(u+m +nr;7) = (—1)"e” e mnm=NTg0 () 1), (A.6a)
Or(u+m+nr;7) = (—1)m+"e_2m”“e_m”2791 (u;7), (A.6Db)
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for m,n € Z. The inversion formula of 6y(u;7) can be written simply as
Oo(—u; 1) = —6727”'“90(71; 7). (A.7)

The elliptic Gamma function also has quasi-double-periodicity, namely

D(u;o,7) =T(u+1;0,7) = Og(u; 7) 'T(u+0;0,7) = g (u;0) ‘' T(u+7;0,7). (A.8)

It also satisfies the inversion formula

D(u;0,7)=T(04+7—uo,7)"". (A.9)
The following identity in [28] is also useful:

abm?2 m(a+b—1) abm3 ab(a+b)m2 (a2+b2+3ab71)m
T2 +f 76 + 4 -

12

T(u 4 mabw; aw, bw) = (—e*™™) (e2m)

X 0o (u;w)" T (u; aw, bw). (A.10)

A.3 Asymptotic behaviors

For small |7| with fixed 0 < arg7T < 7, the Pochhammer symbol can be approximated as

7‘("L 1 1 . _ 27sin(arg T)
10g(Q; Q)oo = _E <7' + 7_) - 5 10g(—27) + 0O <6 Il ) . (A.ll)

To study asymptotic behaviors of elliptic functions, first we introduce a 7-modded
value of a complex number u, namely {u}., as

{u} =u— |Reu —cot(arg7)Imu| (u € C). (A.12)

By definition, the 7-modded value satisfies

{u}, = {u}, + ur, {—u}; = { (A.13)

—{u}, (uez),
where we have defined 4,7 € R as
u = U+ ur. (A.14)

Note that, for a real number x, a T-modded value {x}, reduces to a normal modded value
{z} defined as

{z} =z —|z|] (z€eR). (A.15)

Bernoulli functions By, (-) satisfy the following useful identity written in terms of the 7-

modded value:
Cc-1

zm({er))-om

Ba({Cu},). (A.16)
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Now, the asymptotic behavior of elliptic functions for a small |7| with fixed 0 < arg T <
7 are given as follows:

tog (1 7) = " {u}e (1~ {u}) b mifu}r — o (1437 +77)

+10g(1—e‘@(1‘{“}f)) (1_6—@{u}7)+0 <e_2wsin7<iargr)> | (A.17)

. . .
log 0 (u;7) = ﬂ{u}T(1—{u}T)—ZJ(1—T)+m [Reu—cot(arg7) Imu - log T
T T

+log<1—e*@(1*{u}r)> (1_67¥{H}T)+0 <€_W> | (A.18)

log i) =2miQ({u} i) —log (127 -1) —togy (11 1) o (=95,

T

Bg(u) BQ(U) 5 T

Q(u;T)E—W—i—?—EBl(uH—E. (A.19)

B Series expansion of the SU(2) index

For finite N, the elliptic hypergeometric integral representation, (2.2), leads to a direct
evaluation of the index by explicit integration. While the elliptic Gamma function is not
elementary, its product representation, (A.3a), allows for a series expansion of the finite- N
index. This was explicitly realized in [18, 19], where the series expansion of the N' = 4 U(N)
index was investigated for finite N with the simplest possible configuration of fugacities,
namely p=¢q = yg/Q.

For even moderately large values of N 2 10, the (N — 1)-dimensional integral soon
becomes computationally expensive. However, the N = 2 case can readily be pushed to

fairly high order in the series expansion. Here we have explicitly

yP)oo\q; oo T’ as D, 1 _
(PiP)oold Q)Q w pQ)/O duW (z;p; ) TIT (2y4; 0, ) IT (2 a3 p, ),

(P39)oo (@5 @)oo IT (Ya; 2, q

789 (y,,p,q) =

Y (yo,p,q) =

2 n
) /0duW(Z;p;Q)Hf(zya;p,Q)Hf(z_lya;p,q),

2
(B.1)
where z = €™ and we have defined
W(zp;q) = ! ——— = (21P)oc (27 P; D)oo (23 @)oo (27 43 @) sos
D(z:p,¢)T(27 15 pg)
3
0T (ya; p,9) = [ T(%as 0, ) (B.2)
a=1
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Using the product form of the elliptic Gamma function, (A.3a), we can obtain the product
representation

0 1— C_1ij+1qk+1 4 C_2Yp2j+1q2k+1 _ <—3p3j+2q3k+2

T (Cya; pq) = H kL 2 2i 1251 _ (83,3541 3k+1 ’ (B.3)
k=0 1 = (Y piqh + (2Wp2tigatl — (piitliq
where we have defined
3 3
Y=y, W=Dy (B.4)
a=1 a=1

Note that we have used the constraint y1y2y3 = pq in deriving this expression.

We now consider the evaluation of the integral for the index, (B.1). One approach is
to evaluate the integral over the holonomy as a contour integral

1 dz
d B.
/o v ]{ 2miz’ (B.5)

where the contour is the unit circle surrounding z = 0 taken in the conventional direction.

This picks up the residues inside the unit circle, which can be identified from the product
representation of the integrand, with the poles coming from the denominator of (B.3) as
worked out in [21]. Alternatively, by truncating the infinite product at some finite order,
the index becomes the integral of a rational function of the form

1 .
I Wop) ~ [ duf(z =), (B.6)
0
which just picks out the zero-mode fy in the series expansion of

1) =Y fur" (B.7)

(where negative powers of z are allowed).

There is still some subtlety in truncating the product representation (B.3), and that is
that the series expansion in ¢ (which corresponds to either z or z~!) will still have an infinite
number of contributions at each order. To avoid this issue, we must simultaneously expand
in powers of p and ¢. This can be made explicit by introducing an expansion parameter x
along with a particular set of scalings of the fugacities. The most straightforward scaling
is to take

p—prd, g qrd, Y. — Yt (B.8)

to keep track of the orders of the series expansion with respect to x. Note that this scaling
is consistent with the constraint yy2y3 = pq.

After expanding as a series in x, we then pick out the zero-mode of the integrand and
multiply by the appropriate U(2) or SU(2) prefactor in (B.1). The result for the U(2)
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index is

7Y (Ya?, Wa™2, pa®, qz?)
=1+Ya2” - (p+q)a® + (=3pgW +2Y?)z* — (p+ ¢) Yz’
+ (=p? +4pq — ¢* — 5pgWY +2Y )b + (p + ¢) (2pgW — V)"
+ P2 PW?2 4+ (—p? + 8pg — A)Y — 11pgWY? + 3Y*4)28 (B.9)
+ (p + q)(—2pq + 4pgWY — Y3)z?
+ ((20°q — 119°¢® + 2p®)W + 13p°*W?Y
+ (=2p? + 10pg — 2¢°)Y? — 1dpgWY? 4 3Y°) 210 + O(z11),

while the result for the SU(2) index is

75V (Y2, Wz 2, pa?, qz3)
=14 (—pgW +Y?)z* — (p+ )Y 2® 4+ pg(2 — WY)2® + (p+ q)Y 22"
+ (PPPW? + (=p* + pg — ¢°)Y = 3pgWY? + Y *)a® (B.10)
+(p+ QY (pgW —Y?)a”
+ (=W + 202 W?Y + (p+ )°Y? — pgWY?)2'" + O(a").

Here we recall the definitions

1 1 L viy2 + yoys + Yshn

Y=y+y2tys, W=—+—+— (B.11)
vy Y2y pq
The U(2) index reduces to the result of [18, 19] in the equal fugacity case
Y =343, W=3¢?%3  p=q. (B.12)

(Alternatively, we can just set Y = W = 3 and p = ¢ = 1 and retain z as the expansion
parameter used in [18, 19].) The first 30 terms in the expansion of the SU(2) index are
presented in table 1. While the expansion gets unwieldy at high order for general y,
fugacities, it simplifies considerably in special cases such as the equal fugacity case.

When p and ¢ are related according to p = h® and ¢ = h, expansion of the BA
result (3.10) is the most computationally efficient method for obtaining the series repre-
sentation. However, the advantage of the series expansion of the elliptic hypergeometric
integral is that it applies in general even when p and ¢ are unrelated. In particular, while
we assumed the scaling (B.8), the expansion can also be rearranged as a double series in p
and g with some corresponding scaling of the y, fugacities.

The series expansion can be viewed as an explicit realization of the Hamiltonian formu-
lation of the index, (2.1), with integer coefficients corresponding to the degeneracies at each
order in powers of the fugacities. As such, the series is expected to converge with fugacities
inside the unit circle, namely |p| < 1, |¢| < 1 and |y,| < 1. However, this convergence can
be extremely slow, so the series expansion is not particularly useful as one approaches the
Cardy-like regime. As a demonstration, we compare the numerically evaluated index with
the series expansion obtained from (3.10) truncated to different orders in figure 4.
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Figure 4. The series evaluation of RelogZ(ya,q, ¢) compared with its numerical evaluation. The

parameters A, = % + %T and 7 = |T‘€% correspond to the left panel of figure 1. The series is
truncated at order 2" where ¢ = 23 with n = 30, 100 and 500 as indicated.

n | d2(n)

0

1

2

3

4 Y2 —pgW

5 | Y(-p—9q)

6 2pq—pqWyY

7 | Y:(ptq)

8 | P°PWHY (—p*+pg—q*) —3pgWY?+Y*

9 | pgWY (p+q)+Y?(—p—0q)

10 | 2p°¢° WY —p*¢°W —pgWY?+Y? (p+¢)°

11| Y (=p*=¢*) —p*@W? (p+q) —paW Y (p+q)+Y* (p+q)

12 | —p*PWe46p** WY +pgWY (2p* —Tpg+2¢*) +Y* (—2p +3pg—2¢°) +p*¢°
—5pgWY*4+Y"

13 | —pgW (p°+¢%)+2Y° (p°+¢°) +2pgWY > (p+q) + Y (—p—q)

14 | 2p°@PW2H4p* P W2Y 3 —2pgWY? (p2 +3pq+q2) +v* (2p2 +3pq+2q2)
+Y (—p* =3p°* W —p’q+2p° ¢ —pg® —¢* ) —pgWY®

15 | 2pgWY (p*+¢°)+p° WY (p+q)+Y* (=3p° —p’q—pg° —3¢") —3pgW Y (p+q)
+Y°%(p+q)

16 | p*¢*WiH15p° P W2Y* —p2 > W?Y (p2 - 16pq+q2) +2pgWY?3 (2p2 — 11pq+2q2)
+p° W (p* —5pg+q°) +Y° (—2p* +5pg—2¢°) + Y (2p* = 10p°* W* +9p*¢° +2¢*)
—TpgW Y +Y?

17 | =3p*@W?Y? (p+q)—p* W (0°+20°q+2p0° +4°) +paWY? (=20 + 7% ¢+ Tpg* —2¢°)
+Y* (3p° —p*q—pg® +3¢%) +Y (—p° —3p° > —3p° > —¢°) +4pgW Y (p+q)+Y " (—p—q)

18 | 14p° WY +p¢* +6p* WY —pgW Y™ (5p° +13pg+5¢°) +Y° (2p* +3pg+247)
+Y (4p* " W* +pgW (p+q)* (20> —5pg+24°) ) +p°¢*W? (p° —3pg+q°)

Table 1. Continued on next page.
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dQ (n)

19

20

21

22

23

24

25

26

+Y? (—dp* —10p°*W? —p® g+ 2p*¢* —pg® —4¢*) —pgW Y
6p° WY (p+q) —paW (p+4) (v° —pa+¢®)* +0° WY (—20° +p°q+pa® —24%)
+pgWY*? (8p° —5p°q—5pg”+8¢°) +Y° (—4p°+p°q+pg” —4q°)
+Y7 (3p° —p'q—p* W (p+9)+5p° > +5p°¢° —pq* +3¢°) —5pgW Y (p+q)+ V> (p+q)
—p° "W +28p° WY +p* PW?3Y? (—4p® +Tlpg—A4q>) +pgWY? (Tp* —43pq+T7q*)
+Y7 (72p2+7pq72q2) +Y? (15p4q4W4 +pgW (75p4+6p3q742p2q2+6pq375q4))
e (5p4—35p3q3W3 PP q+20p%¢ —pq3+5q4)
+Y (=24p* " W® — (p—q)* (p* +2p° g +4p° ¢ +2p¢° +4*) )
P2 PW? (p4 g+ 10p3 ¢ qu3+q4) —OpgWY Y10
—10p*@W2Y 2 (p+q)+p°¢*W? (p° +p*a+pa* +¢°) +20° WY (p* =70 q—Tpg* +¢°)
—2pgWY* (5p° —6p>q—6pg°+5¢°) +Y° (4p> —2p°¢—2p¢> +4¢°) +2p°¢” (p* +4*)
+V? (=5p°+2p q+4p° " W* (p+q) —9p° > — 9p°¢* + 2pg* —5¢°)
+pgWY (2p°—Tp*q+6p°¢* +6p°¢* — Tpq* +2¢°) +6pgW Y (p+q)+ Y (—p—q)
5p° W8P P WY T+ p* WY (9p° +47pg+94¢7 ) —3pgWY® (3p° +Tpg+34*)
+Y® (2p°+3pg+2¢°) + Y (20p" ¢ W+ pgW (10p* —5p°q—24p°q* —5pg® +10q"))
Ly (—6p4—21p3q3W3+p3q+5p2q2+pq3—6q4)
+Y2((p+q)? (3p* — Tp°q+12p°¢* — Tpg® +3¢") —p** W* (p*+37pa+4?))
+p° W (p*+2p°¢—3p*¢° +2pg® +4q")
+Y (=5p°°W® —p*®W? (p* —3p°q—18p*q° —3pg® +4¢*) ) —pgW Y
—4p°*W? (p°+¢*) +15p° WY O (p+q) +p° P W?Y? (—10p° +21p° g +21pg° — 104% )
+pgWY?® (14p° —17p°q—17pq° +14¢*) + Y7 (—4p® +3p*q+3pq” —4¢°)
+Y? (p* ¢ W (p+4q) —pgW (6p°—15p* q+14p¢° +14p°¢* — 15pg* +64°) )
+Y* (7p° —5p"q—10p°* W3 (p+q)+11p°¢° + 11p°¢> —5pg* +7¢°)
+Y (=p" =3p° ¢ +2p ¢ +2p°¢* +20°*W? (p* +¢°) —3p°¢° —¢7) = TpgW Y * (p+q)
+Y"%(p+q)
PP WO +45p2 P W2Y 8 —2p2 > W?2YS (8p2—91pq+8q2) +pgWY” (llp2 —Tlpg+ 11q2)
+Y? (—=2p"+9pq—2¢") —pq (p°+1°¢* +4°)
+Y*(70p "W+ pgW (—12p* +22pq—125p*q° +22pg°® — 12¢*))
+Y° (6p* —84p°¢° W —4p’q+33p° > —4pg® + 64" ) +p* *W? (p* +2p°q— 14p°¢° +-2p¢° + ¢*)
1y? (—21p5q5W5—p2q2W2 (p4+24p3q—111p2q2+24pq3+q4))
+Y (36p5q5W4 +qu(4p6f2p5q+7p4q2723p3q3+7p2q472pq5+4q6))
+Y? (=7p°+p°q—10p* > +16p°¢> —10p° ¢* +p°¢*W? (5p° — 164pg+54> ) +pg° —7¢°)
—11pgW Y04 vy12
—21p%PW2Y " (p+q) +p? W3y (15p3—44p2q—44pq2+15q3)
+p* g W?Y (8p —11p*q—11pg® +8¢°) +pgW Y ® (—17p® +25p° g+ 25pq” —17¢%)
—p'q"W* (p*+p*q+pa° +¢°)
+Y? (pgW (13p° —18p*q+39p°¢* +39p°¢* — 18pq* +13¢°) —5p™ ¢* W (p+q))
+Y° (—9p°+5p q+20p°* W (p+q) — 18p° ¢* — 18p*¢* +5pq* — 9¢° )
1y?2 (4p7—|—8p5q2—3p4q3—3p3q4—|—8p2q5—|—p3q3W3 (p3—|—18p2q—|—18pq2+q3) —|—4q7)
—pgW (p" +p°q+3p° > —2p" ¢* —2p°¢* +3p°¢° +pa° +¢7) +8pgWY?° (p+q) +Y ' (—=p—q)
+4Y3(p—q)*(p+4q)
—6pS WP +10p2 WY +p2 > W2Y'® (25p2+98pq+25q2) —pgWY® (13p2+29pq+13q2)

Table 1. Continued on next page.
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27

28

29

30

+Y10 (2p° +3pg+2¢7) + Y (56p* ¢ W +pgW (23p* —25p°q—71p° > — 25pg° +23¢") )
+Y7 (77p4 —36p° W3 +5p°q+11p*¢° +5pg® — 7q4)
+Y3 (p**W? (—15p* +25p°q+111p°¢* +25pg® — 15" ) —35p° " W?)
+Y2 (p*q"W* (p*+71pg+q°) —pgW (9p° —16p°q+11p* ¢* +43p° > + 11p°¢* — 16pg° +9¢°) )
+y* (10p6 —Tp%q+13p*¢® +29p°¢® +13p* ¢t —2p° W3 (7p2 —|—69pq+7q2) —Tpg° —|—10q6)
+p* W2 (p° —2p°q+p ¢ +3p°¢* +p*¢* —2pg° +¢°)
+Y(—p8 +6p6q6W6 _3p6q2 _4p5q3+7p4q4 _4p3q5 _3p2q6
+p°*W? (2p" +p°q—36p° > +pg® +2¢") —¢*) —pgW Y !
—p°¢* (0°+¢*) +28p° WY (p+q) —p*¢"W? (p* +¢°)
+p° P W?Y® (—29p% +70p° ¢+ 70pq” —29¢°) +pgWY 7 (21p® —34p° g —34pq® +214%)
+Y? (—4p® +5p*q+5pg° —4q°)
+Y* (15p* "W (p+q) —pgW (21p° —41p* q+45p°¢° +45p°¢* —41pg* +214°) )
+Y° (10p° —9p* q—35p°¢* W? (p+q)+19p°¢* +19p°¢* — 9pg* +10¢° )
+Y2(2p° W2 (2p° —17p* q+8p° * +8p°¢* — 17pq* +2¢°) —p° " W (p+4q))
+Y3 (=8p" +5p°q—17p° > +2p" >+ 2p° ¢* — 17p° ¢° +3p° *W? (3p® — 13p*q— 13pg° +3¢°)
+5pq® —8q") +pgWY (3p” —Tp°q+15p° > —6p*g® —6p°¢* +15p*¢° —Tpg°+34")
—9pgW Y™ (p+q)+Y " (p+q)
—p7q7W7—|—19p6q6W4+66p2q2W2Y10 —|—p2q2W2Y7 (—36p2+373pq—36q2)
+pgWY? (15p° —107pg+15¢%) + Y (—2p° +11pg—2¢°)
+Y°(210p* ¢* W*+pgW (—28p* +41p°¢—287p°¢* +41pg® —28¢"))
4y8 (7 (p4 —p3q—|—7p2q2 —pq3—|—q4) _ 165p3q3W3)
+Y* (pP*W? (23p* —67p°q+506p°q” — 6Tpg® +23¢*) —126p°¢° W)
W (2p8q2 _2p6q4 —5p5q5 _ 2p4q6 +2p2q8)
+Y3 (p4q4W4 (76p2 +323pq76q2)
+pgW (18p° —29p°q+44p*¢* —173p° ¢ +44p*q* —29pq° +184°) )
+Y°5 (—13p6 +9p°q—25ptg® +53p3¢> —25p2 ¢t + 15p3 W3 (2]02 —37pq+2q2) +9pg° — 13q6)
+Y (—49]96(16W5 —p2*W? (p6 —12p°q+10p*¢® —102p3 ¢ +10p%¢* —12p¢° +q6) )
4y? (4p8 _3p7q+28p6q6W6+8p6q2+2p5q3+13p4q4+2p3q5 +8p2q6
+p*q*W? (25p° —272pg+25¢°) —3pq” +4¢°) —13pgW Y > + Y
—36p**W?2Y? (p+q) +2p° > W?Y" (23p3 —55p2q—55pg> +23q3)
—5pgWY*® (5p° —9p°q—9pg® +5¢*) + Y (4p> —6p>q—6pg® +4¢°)
+Y° (pgW (33p° —51p*q+95p°¢> +95p°¢* —51pq* +33¢° ) —35p* ¢"W* (p+q))
+YT(—11p° +11p* g +56p°¢* W (p+q) —25p¢* —25p° >+ 11pg* — 11¢°)
—4p’*W? (p° —p*q+20° I +2p° > —pg* +¢°)
+Y?(6p° WP (p+q) —p°¢*W? (17p° —50p* q+97p°¢* +97p°¢* — 50pg* +17¢°) )
+y? (2p4q4W4 (ps —8p2q—8pq? +q3)
+2pgW (—5p” +10p°q—17p°¢* +17p* ¢* +17pq* = 17p*¢° +10pg® —5¢") )
+Y*(13p" —10p°q+27p°¢* — 10p*¢* —10p*q* +-27p°¢°
+p°¢*W? (—25p° +92p° g+ 92pq® —25¢*) — 10pg° +13¢")
+Y(_p9_2p7q2 +p6q3_2p5q4_2p4q5+p3q6_2p2q7
+p' "W (=2p° +21p°q+21pg° —2¢%) —¢° ) + 10pgWY ! (p+q) +Y 3 (—p—q)
—pqWY "+ (2p* +3qp+2¢°) Y2+ 12p° > W2Y — pq (17p° +3Tqp+17¢°) WY ™°

Table 1. Continued on next page.
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n da(n

)
+ (—7;1)4 —55q3W3p3+9qp3+17q2p2+9q3p—7q4) YO 4p2g? (49p2—|—169qp+49q2) w?2ys®
+ (120p*¢"W* +pq (35p* —57qp® —141¢°p* —57¢°p+35¢* ) W) Y7
+(15p° —16gp° +28¢°p" +51¢°p* —5¢° (11p° + Tlgp+11¢”) W3p® +28¢"p* —16¢°p+15¢°) Y°
+(p*q* (—46p* +106gp® +367¢°p* +106¢°p— 464" ) W2 — 126p°* W® ) Y°
+(20p*q* (p*+17qp+q*) W*
—pq (30p°® —65gp° +59¢°p" +159¢°p” +59¢ " p*> — 65¢°p+30¢°) W) Y*
+(_10p8+8qp7+56qﬁw6p6_23q2p6_6q3p5+29q4p4_6q5p3
+¢° (16;[)4 —47qp® —325¢°p* — 47> p+ 16q4) W3p3 —23¢°p* +8¢ p— 10q8) y3
+(2p2q2 (3p€’f24qpsJr11q2;z74+57q3p3Jr11q4p2724q5p+?,q6)1/V2
—°¢ (p2—|—121qp+q2) W5)Y2
+(—7p7q7W7—p4q4(3p4+4qp3—74q2p2+4q3p+3q4)W4
+pq(4p8—11qp7+15q2p6+4q3p5—37q4p4+4q5p3+15q6p2—11q7p+4q8)W)Y
+3p2q8+7p7q7W6+5p5q5+p3q3(p6+4qp5f2q2p4f11q3p3f2q4p2+4q5p+q6)W3+3p8q2

Table 1. The coefficients d(n) in the expansion of the SU(2) index ZSV?) (Y22 Wa =2 pa?, qz®) =
>, d2(n)z™ up to O(z%°) where Y and W are defined in (B.12).

C Cardy-like expansions of the standard contributions

In this appendix, we investigate the Cardy-like limit of the standard contributions to the
N =4 SU(N) SCI through the BA formula (2.3) for N = 2 and N = 3 cases respectively.
In particular, since the contribution from the basic {1, N,0} BAE solution have already
been computed in the literature and given explicitly as (3.17) and (4.13) for N = 2 and
N = 3 respectively, we focus on the other standard BAE solutions. As mentioned in the
main text, we identify p = ¢ for simplicity.

C.1 SU(2) case

For the SU(2) case, there are two remaining standard BAE solutions: {2,1,0} and {1,2,1}.
Their contributions to the SCI are given in (3.16a) and (3.16¢) respectively.

First, the building blocks of (3.16a), or equivalently those of (3.11a) with a = b =1,
can be computed using the asymptotic expansions (A.18) and (A.19) as

oL L+m\ i L+m
lognZpa0) =~ 1] ({2800 = 52 ) + ST ({8a) - 52 )
a=1 a=1
(6 4 51 — 10
mi(6 + 51 12) —log T — log 2!

12

3 {1/2+Au}~+ {Aa}~
U -1 ¥ -1 >
+ 2log T + log -
az::l ( (I Bakr ) P(Bedr 1)

+ 410g(1 — e—%i) +0 (e_%SiTiTrgT))

(C.1)
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and

2

- Z(1-{3+A}) e~ ZHz A}
—logH{Zl,O}:—logéL—log 2 771+Z<16 >>

R _6—T<1—{5+A}T>_1_ —ZE{+A)

27w sin(arg )
+O< L > (C.2)

Here we have also used the identity (A.16). The determinant contribution (C.2) now
explains why we should keep track of the leading exponentially suppressed terms. If ; = 12,
we get a divergent logarithmic contribution “log0” without those terms. The Cardy-like
limit of the contribution (3.16a) is then given as the sum of (C.1) and (C.2), which results
n (3.19).

Similarly the building blocks of (3.16¢), or equivalently those of (3.11c) with a = b =1,
are given as

logrkZg1 01y =— H ({2A - 1+772) 7T21i[ ({A - 1+771>

7['Z(6—|—8’I71 — 13772)

75 —logT—log?2!
3 12480} 1 12480} 3 Bakr
+Z<1Og ¢57{1/27+Aa}7 22 +log wif{l/zlm}f 2:)), +log wgf{ga}f ! >
i UEZ DENEY R I 2 EN R RS E R Y
i _ 27sin(argT)
+4log<1+ef)+(’)(e I ) (C.3)
and
2mi 1 2mig 1
772_7]1 2 _677(17{§+A}7’) — 77{7+A}7’
—logH =—log4—1 — : —
og {1,2,1} og Og( - +T ; (1_’_62:1(1{5+A}7—) 1+ 27”{2+A}-r
_ 27sin(argT)
+0 (e B > (C4)

The Cardy-like limit of the contribution (3.16¢) is then given as the sum of (C.3) and (C.4),
which leads to (3.20).

Sum of the two contributions (3.19) and (3.20) also involves complicated calculations.
The resulting sum (3.26) is therefore written in terms of X5V which is defined as

(1 _ _%)4 3 ({1/2+Aa}7_1)2
e a= ]_w(l {1/2+Aa}7-+1)

SU(2
X ( ) = 27i 27rz
e~ T (1—{ +A}r) e~ { +A}r
2 1—e— ZE—{{+a}n) 1_,@{%%}7
i p(l2taa)r 1y ¢({1/2+Aa}7_§) (C.5)
<1+€_7) 31 1 12TA 2 1—{1/2+A 2
N a= W( _{/7-+ a}r+)¢( {/"r a}7+)

27i 1 27rz
Z _E_T‘(l_{j"'A}T) _ —e~ { +A}T
AN\ e Ea—3+81) o A
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To simplify this expression in the Cardy-like limit, first note that
max { e~ F A GAR| =2 (30K || = | BEATE)
A
|e 27r7,{ +A3}T| (771 — ,'72 — _1) (CG)
e T g = =1)
under the ordering (without loss of generality)
0<{A1} <{A)} < {A3} <1 (C.7)

This explains the origin of the definition of ASU®) given in (3.28). For this ASU®) | one
can prove the following asymptotic expansions

w(AsITJ(z) _ 1)2 w(ASU@) . %)w(ASU@) . %) 4ASU2) ) 2

T T
T I ASUO)) T W
_1 _MASU(Q)) _1+6_@ASU(2))
- C.8)
SU(2) SU(2) SU(2) _ . (
e I Gl ) B el B - SUAUNPE
. szASU(2)) - QﬂzASU(2)> ~ - +2— P
| ZASUD),) 41+67@ASU(2))

using the expansion of the i-function (A.5a). Applying the above results (C.8) to the
definition of XSY() (C.5) along with (C.6) and (3.28), we obtain the asymptotic expansion
of X5V (3.27).

C.2 SU(3) case

For the SU(3) case, there are three remaining standard BAE solutions: {3,1,0} and
{1,3,1}, and {1, 3,2}. Their contributions to the SCI are given in (4.9a), (4.9¢), and (4.9d)
with p = ¢ (a = b = 1) respectively.

First, the building blocks of (4.9a) with a = b =1 can be computed using the asymp-
totic expansions (A.18) and (A.19) as

lOg /{Z{371,0}

mi(12 + 5np — 15m3)

15 — 2log T — log 3!
3 {1/3+Aa}T -1 {2/3+Aa}7' -1 {Aa}r -1
Z 3log i ) + 3log w(_ T ) + 2log w(_T )
= (1 {1/3+A }7— + 1) ¢(1 {2/3+Aa}7— + 1) w(l {Aa}T + 1)
- i _ 2msin(arg T)
+610g(1—e_2?7) +610g(1—e_4?7> —i—(’)(e o ) (C.9)
and
—log Hyz 1,0}
12 o~ (1-{4+A}0) o~ ZHg+AY.
= —3log3 — 21 - .
8 0g< -+ T Jz::l%: (1 _ e Z(-{5+A)- ) 1— e ZHgtak
(C.10)
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Here we have also used the identity (A.16). The determinant contribution (C.10) now
explains why we should keep track of the leading exponentially suppressed terms. If ; = 73,
we get a logarithmically divergent contribution “log(0” without those terms. The Cardy-
like limit of the contribution (4.9a) with @ = b = 1 is then given as the sum of (C.9)
and (C.10), which gives (4.14).

Similarly the building blocks of (4.9¢) with a = b =1 are given as

log HZ{]_ 3 1}

= 3MQH<{3A@}T—1+"3> ZH({A }T_H”l)

wi(12 4+ 9n; — 1973)

B — 2log T — log 3!
3 {1/34+Aa}r 2 {2/3+A}: 4
Y - 5) Y= - 3)
+ 2log ——7+ + 2log ——57+
;( w(l {1/37+Aa}r _1_%) w(1 {2/3T+Aa}f +%)
w({2/3+Aa}7 _ %) ¢<{1/3+Aa}7 _ g) ( A} )
+ log — + log T + 2log o
/I,Z)(l {2/2—"1‘Aa}‘r _{_%) Q)Z)(l {1/3+A }-r 3) ’l/] ]. f 1)
27Tsm(ar )
+6log(1— e 2= + Glog(1 — 727 3)) ( ) ) (C.11)
and
_IOgH{LB,l}

12 2 {1 AY, - IT) o~ Z{g+AY )
=—3log3—21 — - :
o8 Og( +7JZ:1§A:< |- A48}~ ) | o~ E({L+A+5)

(C.12)

The Cardy-like limit of the contribution (4.9c) with @ = b = 1 is then given as the sum
of (C.11) and (C.12), which gives (4.15).
Finally the building blocks of (4.9d) with a = b =1 are given as

log /‘GZ{l 3,2}
- 1+n3\ 7+ 1+m
= 32H({3Aa}7— )+TQHI({AQ}T— )

wi(12 4+ 9n; — 1973)

1o — 2log T — log 3!
3 {2/3+Aa}7 2 {1/3+Aa}7 4
P - 5) P —3)
+ 2log — e + 2log ——
P ( e e )
(e — ) (B ) v 1)
+log — + log T + 2log T
pUHEeke ) (R 1 ) (s f +1)
A . 27Tsm(ar )
+ 610g(1 — 6_27”(%_%)) + 6log(1 — 6_27”(%_5)) ( ) ) (C.13)
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and
*IOgH{1,3,2}

. 2 ,m(l,{1+A}T+£) ,m({iJrA}T,ﬁ)
ns—m 1

=—3log3—21 fE E — .
og 0g< o +TJ:1 < (1_6 27m(1 { +A}+ JT) 1 2#1({ +A}T_ ))

(C.14)

The Cardy-like limit of the contribution (4.9d) with @ = b = 1 is then given as the sum
of (C.13) and (C.14), which gives (4.16).
Sum of the three contributions (4.14), (4.15), and (4.16) also involves complicated

calculations. The resulting sum (4.21) is therefore written in terms of XSY(®)  which is
defined as

XSU(3)

T i {1/3+Aa}f 3 {2/3+Aa}7' 3
(1_6_2377) (1 6_%)61_[ wﬁ {1/3+A } =) ¢§ {2/5+A ¥ b
70,7_,'_1) ¢(7W+1)

00 I A i B s U Sl 2
JELAN T ST (J/548)r) |- EL{J/3+A)r

. (17672m'(3%—§))6(176727@(3%—%))6

22 ( o= ZEL(1—{J/3+A}r—J7/3) o= ZL({J/34+AYr+IT/3) ) 2
J=1 Lo ZELQ—{J/3+A}r—J7/3)  |_o— ZEL({J/3+A}r+J7/3)

0 T G bt R G bt MR G ettt I A G st
oo (I8 Badr | 2y2 ) (A{2/34 80} | dya g (A=(2/34 A 4 1y 4y IZ(1/3+B0)r | 5y

N (1 6727”(377%)) (1 672m(3i7%))6

9 o= ZELQ—{J/3+A}r+J7/3) o= ZL{I/3+AYr—J7/3) 2
EJ=1( 1—e— ZEL(—{J/3+A}r+J7/3) B 1_e— ZEL({J/3+A}r—JT/3) )

oy PR gz (W Aeke gy g (UBTRk gy g (BEER )
b R Y E ) P N €V W) N R e LV £ 9% SR DI B T 3 B

(C.15)
To simplify this expression in the Cardy-like limit, first note that

_2mip_s1 27 2,,” 27”
mgx{|e (1 {3+A}T)’7‘e (1-{2 +A}T)‘ e~ {i +A}T’ e~ 2 +A}T’}

A
PR ERIE] (
e A—{5+A)n)

(

o~ - (3 +aa})|

ns =—1, {Ag} >2/3)
m=ns=—1, {As} <2/3) (C.16)
ns =1, {A1} <1/3)

m=mn=1, {A1} >1/3)

=
=
I

_2mi ASU(3)

le
= |e T | = :
|

under the ordering (without loss of generality)

0<{A1} <{Ay} < {A3} < 1. (C.17)
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This explains the origin of the definition of ASU() given in (4.23). For this ASU®), one
can prove the following asymptotic expansions

ASU(3) 3 ASU(3) 212 ASU(3) 5 ASU(3) 4\2 ASU(3) 1
P(E—-1) P(EF— ) W(ET——3) | v(EF— - 3)W(ET——3)
( B e_@éSU(ii)) )2 ( B wZG_@A.SU(s)) )2 ( B we_@éSU(ii)) )2
1_67@ASU(3)> 1_w287@ASU(3)) l_wei@ASU(J))

27(ASUGH2 27 ASUG) (—xr —4)  3(872 + 15mi — 9)
— + - s :
27 2T 8w

~

SU(3) . SU(3) . SU(3) o SU(3) . SU(3) .
A=+ 1) P(A )T + )T (A ) (A + )

T T 3 T 3 T 3 T

(4

2mi ASU(3
ef%A ( ))

using the expansion of the i-function (A.5a). Here w = e

,@ASU(Z”) 2 + wei@ASU(lD) 2 wzei@ASU(g)) 2
7@ASU(3)) 7@ASU(3))

1—we 1—w2e

27(ASUGH2 27 ASUG) (1 —4)  3(872 — 15mi — 9)
~ — + + 5 ,
27 2T 8w

(C.18)

2mi/3 g g primitive cube root of

unity. Applying the above results (C.18) to the definition of XSU®) (C.15) along with (C.16)
and (4.23), we obtain the asymptotic expansion of X5V(3) (4.22).
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