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1 Introduction

We want to better understand the microscopic black hole physics in AdS/CFT [1-3]. For
quantitative studies, BPS black holes [4-7] are ideal objects. In 2005, [8, 9] defined the
indices of 4d SCFTs and explored their large IV behaviors. It took some time to understand
how to see the black holes from this index [10-12]. In 4d N = 4 Yang-Mills theory, we
study the black holes in AdSs x S°. For this problem, one should study an apparently
complicated large N matrix integral (see section 2 for more precise statements),

N 1 3
1 2 1721 D01 + uap, 0, 7)
Z (6 ~ — | | dug - I | = U, — 1.1

(0r,0,7) N! a:l/_é ta b} T (ugp, o, 7) > Uab =g = Up, (1.1)

where >"; 07 = 0 + 7 (mod Z). I'(z,0,7) is the elliptic gamma function. In this paper, we
construct its exact large N saddle points. Here we sketch their important features.

The integration contours of the N eigenvalues u, are real circles, u, ~ ug, + 1. One
has to set the chemical potentials d;, 0, 7 complex. (See [13, 14] to understand why.) The
saddle points for u,’s are also complex. At our saddle point, the eigenvalues are typically
distributed areally, in a 2 dimensional region on the complex u plane. We have not heard of
areal distributions in holomorphic matrix models: one finds linear eigenvalue distributions
called ‘cuts’ Our claim is true only after carefully setting up the saddle point problem as
we explain shortly.

We explain our basic saddle point which corresponds to the black hole solutions of [7].
The saddle point depends on two parameters o, 7 of the elliptic gamma function, related
to the chemical potentials for the spatial rotations. wu, are distributed uniformly inside
a parallelogram, whose two edge vectors are given by the complex numbers o, 7. See
figure la. This is typically a 2d distribution when o, 7 are not collinear. When o, 7 are
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(a) Uniform parallelogram distribution on the complex u plane (left); linear degeneration at £ — real # 1

(middle); linear degeneration at £ — 1 (right).
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(b) Eigenvalue density p(z) at ¢ = 3 (middle (c) Eigenvalue density p(x) at o = 7 (right case
case of figure 1a). of figure 1a).

Figure 1. Ilustrating the uniform parallelogram distribution, and how it degenerates to linear
cuts. In figures (b) and (c), ¢ € (—1,1) parametrizes the linear cut.

collinear, the parallelogram degenerates to a line. In this limit, the density function on the
line is given by a trapezoid: see figure 1b. When o = 7, corresponding to equal angular
momenta J; = Ja, the linear density function is triangular: see figure 1c. These linear
density functions were discovered recently in the small [14] and large [15] black hole limits,
using different approaches. Our parallelogram ansatz was inferred by guessing how to
naturally get the trapezoid limit.

For general non-collinear o and 7, this distribution solves the following saddle point
equation. We first note the integral identity (whose proof is reviewed in section 2)

/ dNu ( eQm’muab)(l _6—27rmuab / dNu H 27rmuab f(u) , (1'2)
a<b a<b
which holds for any constant x and any permutation-invariant function f(u). For k = 1,
the factor w [[ocp(1 — €¥™ab)(1 — e~2™ab) is the Haar measure of the unitary matrix
integral and this identity leads to the so-called Molien-Weyl formula [16]. In our problem,
we shall write (1.1) in a way that it looks like the left hand side of (1.2) at s = X or 2. One
can set up the saddle point problem using either the left or right hand sides: integrals are
the same, but the saddle point problems are slightly different. Our parallelogram solves the
saddle point problem defined using the right hand side. See section 2 for the precise setup



of this problem.! As for the saddle point equation of the left hand side, presumably more
complicated saddles exist with same physical properties, but we have nothing concrete to
say at generic non-collinear o, 7.

In the collinear limit, 2 — real, the parallelogram degenerates to linear distributions.
In this case, our ansatz solves both saddle point equations, defined using the left and right
hand sides of (1.2). We explain how the saddle point equation of the left hand side is
solved in section 3. Furthermore, at 0 = 7, we show that the saddle point equation of the
left hand side of (1.2) is related to the Bethe ansatz equation for this index [18, 19], once
employing our ansatz.

Our basic saddle points account for the physics of the 4-parameter BPS black hole
solutions in AdSs x S® [7], carrying three angular momenta in S® and two in AdSs.

We also find multi-cut solutions. For technical reasons, we only discuss the case with
collinear o,7. We find K-cut saddles given by K parallelograms degenerated as figure 1.
When o = 7, they are related to some Bethe roots of [20], labeled by two integers K,
r. Our K-cut solutions are related to the Bethe roots at r = 0, and sometimes admit
generalization with unequal filling fractions. The solutions at » # 0 may be generated
using the methods of appendix A. (At o # 7, the extra parameter r is further refined to
two integers r, s.)

This paper is organized as follows. In section 2, we derive the parallelogram saddle
point. In section 3, we discuss alternative derivation of the saddles at collinear o, 7. Sec-
tion 3.1 explains a relation to the Bethe ansatz at ¢ = 7. In section 4, we derive the K > 2
cut saddle points. Section 5 concludes with comments and future directions. Appendix A
discusses the (r, s)-refinements.

2 Basic setup and the areal saddle points

To highlight the key ideas, we first discuss general matrix models satisfying certain con-
ditions and derive the saddle points given by areal distribution. We shall later show that
the matrix model for the A/ = 4 index belongs to this class. Consider the U(N) unitary

2miuy
)

matrix U diagonalized to U = diag(e ,e2™uN) We consider the following ‘matrix

integral’

1 N % 2miugp
z=+ Hl/—l du, - l;lb (1 _ ) exp —%:b(vg(uab) V)|, @1)
a= 2 a .

where ugp = ug—up. The potential consists of two terms, V,(u) and V;(u), which we take to
be holomorphic and periodic in two different directions given by the complex numbers o, 7:

Vo(u+o)=Vo(u), Vi(u+7)=V(u). (2.2)

The functions V., V; are assumed to contain no singularities such as poles or branch points
in the region of u,’s to be specified below.

Tt is not uncommon to rewrite integrals using the symmetry of the integrand to find simplified saddle
point solutions. For instance, this idea was used in the S® partition functions of large N quiver SCFTs [17].



We would like to apply (1.2) at k = % to this integral. Before this, we review how to
prove this identity. First note that

1

N o TTa—ememm)amemen) = N G e —emm) =5 T2 (' =00,
a<b a<b a<b

(2.3)

where \, = €% = e?™%_ We then recall the following formula for the Vandermonde

matrix: N
[TO% = Aa) = detXo) = S (=) TT Apa))™ " (2.4)
a<b pESN a=1

and similar formula for [T,.,(A; ' — Az!). Sn is the permutation group, and €(p) is the
signature of its element p. Applying these formulae, (2.3) can be written as

1
ﬁ Z ( e(p ea) H a) a 1 /\;a)) a—1 (2.5)

) p,oESN

At fixed o, one can relabel p as p - o and write

N
N,ZZ DT Cototan)™ i)™ szlﬂ o(@) 1)1 [ o) = Ao@)
a=1

a<b

= Z [T ) - (2.6)

o a<b

Now consider the integral (1.2) with the Haar measure like factor rewritten as the second
line of (2.6). This is given by the sum of N! integrals labeled by ¢ € Sy, divided by N!.
Since f(u) and the integral domain —3 < Ug < % are all invariant under the permutations,
all N! integrals yield same values. Therefore one proves the identity (1.2).

So our matrix integral can be rewritten as

Z = H/ duyg -

The half-Haar measure like factor can also be exponentiated and contribute to the poten-

—V Zlog (1 - em:ab> . (2.8)

a<b

a<b

(1 _ez”;“ab> cexp [= S (Voluas) + Vaua)| - (27)
a#b

tiallas

One can regard it as modifying the T-periodic potential V.. We write Z as

N 1
2 sgnla—
z=1] / dug - exp =S (V@) () + Vi (ua)) | (2.9)
a=1""2 ab
where |
VI () = Va(u), Vi (u) = Va(u) — log (1 - ) (2.10)

If the extra term in V(=) does not contain branch points in the region of our interest, 145
will also be holomorphic.



We shall find a large N saddle point of (2.9), and deform the integral contour to reach
this saddle point. The integral domain u, € (—%, %) has a boundary. (In our Yang-Mills
matrix model, the original problem is not on an interval due to the u, ~ u, + 1 periods,
but the integrand after applying (1.2) is not periodic.) Knowledgeable readers may be
concerned that, when the integral contour has a boundary, the saddle point problem is
well-posed only if the integrand vanishes at the boundary. (More formally, this is the
condition for the Picard-Lefschetz theory of saddle point approximation to be applicable.)
We can rephrase the saddle point approximation of our integral in the standard fashion,
along a noncompact contour with the integrand vanishing at infinity, as follows. Relabeling

the integral variables as
1
Ua = 5 tanh z, , (2.11)

11
T 202
can then be phrased in terms of x,, in which case one finds the extra contribution

the domain ( ) for u, maps to the real axis (—oo, o) for z,. The saddle point problem

N
1
—V(z) + Z log <2sech2xa) (2.12)
a=1

added to the eigenvalue potential due to the Jacobian factor. Taking derivative of the net
potential with z,, the force from the original potential is at N! order, while that from the
added potential (2.12) is at the subleading N° order and is thus negligible. (The Jacobian
factor may well matter when computing subleading corrections in 1/N.) Therefore, even
if one considers a holomorphic integral along compact intervals, the saddle points of the
original potential ignoring (2.12) are relevant for the large N saddle point approximation.

Since the additional potential (2.12) induced by relabelling u, — x, does not affect the
leading large N saddle points, we keep working with u,. In the large N limit, consider the
uniform distribution of N eigenvalues on a parallelogram in the u space. In the continuum
description, the eigenvalues label a can be replaced by a tuple of continuous parameters
a — (z,y) where —% <zy< % Our uniform parallelogram ansatz is given by

wlz,y) =20 +yr, pla,y)=1. (2.13)

p(x,y) is the uniform areal density function satisfying [ dxdyp(z,y) = 1. Since the inte-
grand of (2.7) breaks Weyl invariance, we order u,’s as follows. Here we assume Im(Z) > 0,
and order the N eigenvalues in a way that x, > xp if @ < b. Then (2.8) has no branch

points in the region u, = x40 + Yo7, Ta, Ya € (—%, %) satisfying x, > xp if a < b, since

2miugy

[ T

2miow gy

[ T

<1 (2.14)

for a < b. This means that we can stay in the principal branch of log for the config-

uration (2.13) and its small deformations, implying that V, VT(i) is holomorphic in this

region.? We now show that (2.13) is a large N saddle point of the integral (2.9). We

20ne may think that the new V; defined piecewise by Vfi)(aza + y7) has a step function singularity at
x = 0. But in the fine-grained discrete picture, we can assume that no two eigenvalues have precisely same
1
values of x, with minimal differences at order N~ 2.



consider the following force acting on the eigenvalue u,:

5 [ Vo) + o VD) == 3 |

b(£a) b(#a)

1 1
9 Vi (ugp) +fivfsgn<a*b>(uab) .

o Oz T OYp

We used a%a ~ _Hiub and also the fact that u, = xpo + yp7 derivatives can be replaced
by either %8% or %8%. In the large N continuum limit, the sum over b is replaced by an
integral over zp, y, with the areal eigenvalue density p(x,y) = 1:

1 1 1
N [ dwady, [amva(ulz) 1 Lo, v ()| (2.15)
0 o T
Both terms in the integrand separately integrate to zero. For the first term, one finds

1
/0 dx203,Ve(u12) = Vo(uy — ty2 — o) — Vo(ug — 1y2) =0 (2.16)

because V, is periodic in o shift. As for the second term, one integrates over ys first and
similarly finds zero, from the periodicity of yen(@2=21) Thig statement is invalid if branch
points are inside the integral domain. They are absent partly by assumption on V., and
also because the integrand contains a half-Haar-like measure only. If one starts from the
saddle point problem with (2.1), one indeed finds a nonzero force from the terms with
branch points.

We found a class of matrix models which admits the uniform parallelogram solution:
(1) The eigenvalue potential decomposes to two functions V,,, V; which have their respective
periods; (2) The potentials do not have branch points in the parallelogram domain (2.13);
(3) The matrix integrand is changed to contain a half-Haar-like measure, using the iden-
tity (1.2).

Now we show that the matrix model for the index of the N/ = 4 Yang-Mills theory
belongs to this class, which will be proving that our parallelogram distribution is a saddle
point. The index is defined by the trace over the Hilbert space of the radially quantized
CFT [8, 9]:

Z(Aq,w) = Tr | (—1)F e~ Lrm Qrire= Yo, Juw (2.17)

where Qr, J; are U(1)? € SO(6) R-charges and U(1)? C SO(4) angular momenta. Qj,.J;
are half-integrally quantized for spinors. Z is defined on a 4-parameter space of chemical
potentials, Z?:l Ay — Z?:l w; = 0, apparently mod 4miZ at this moment from the defi-
nition (2.17). The chemical potentials should satisfy Re(A;) > 0 and Re(w;) > 0 for the
trace to be well-defined. The matrix integral for the index is given by (1.1), which we
repeat here:

Z(01,0,7) = 5 Hl/é dug - 1;[6 g 07) : [U(1) part} : (2.18)

The ‘U(l)N part’ is the contribution from N diagonal matrix components of fields, which
is independent of the integral variable u, and makes an O(N!) contribution to the free



energy. As we are interested in the leading (nonzero) free energy of order N2, we shall not
distinguish the two expressions (1.1) and (2.18) in this paper. The parameters ér, o, T are
defined by

Ar = 2mid;, w1 = —27Wioc, wy = —2miT . (2.19)
The elliptic gamma function is defined by
© 1 _ 672772'2e27m'((m+1)0'+(n+1)7')
F(Z’ g, T) = H 0 1 — e2miz2mi(mo+nT) ’ (220)
m,n—=

It satisfies I'(z,0,7) ='(2+1,0,7) =I'(2,0+1,7) = ['(2,0,7+1). (Other properties of I
will be presented below when necessary.) So the chemical potentials d7, o, 7 all have period
1 in the expression (2.18). They define an index on the following 4-parameter space:

3
Y dr=0+7 modZ. (2.21)
I=1

They should further satisfy Im(d;) > 0, Im(o) > 0, Im(7) > 0.

We first set a convenient parametrization of d;’s, for given o,7. We set é; = —ay +
br(o + 7) with real coefficients ay, b;. From (2.21), the coefficients should satisfy a; + as +
ag € Z and by + by + b3 = 1. We shall first fix the ranges of ay,b;. From Im(é;) > 0 and
01+ 02 + 03 = 0 + 7 mod Z, one finds 0 < Im(d;) < Im(o + 7). So all by’s are in the range
by € (0,1). The ranges of a;y are fixed partly by convention, using the periodicities of d;.
Making shifts 6; — d; + ny with integral n;’s, each a; can be put in a certain interval of
length 1. For instance, one can set a; € (0,1) for all I = 1,2,3. With this choice, one
finds that 0 < a1 + as + a3 < 3, so we should take either a; + as + a3 = 1 or 2.3 In the
former case, we have 6; + 62 + d3 — 0 — 7 = —1 with a; € (0,1). In the latter case, it is
more convenient to redefine aj’s by shifting all of them by —1, so that a; € (—1,0) and
a1 + ag + a3 = —1. In this convention, we take 01 + 62 +d3 — 0 — 7 = +1 with ay € (—1,0).
To summarize, possible d;’s belong to one of the following two cases:

0h+dh+d3=c+7F1, 61:—a1—|—b1(a+7), :|:CL]€(0,1), br € (0,1). (2.22)

In the unrefined index with all equal R-charges, we set by = % and a;y = :l:% for all I,
respectively. The two cases define mutually complex conjugate regions in the chemical
potential space, in which the real parts of all d;, o, 7 are sign-flipped. In other words,
if the complex numbers (dr, 0, 7) belong to the upper case, (—d7, —o*, —7*) belong to the
lower case.

Now consider the following two identities of I'(z, 0, 7) [21, 22]

F(Z,O', 7') = e_WiQ+(ZvaT)I‘ (Z, _l’ U) T (_Z — 1’_l’ _T>

T T T (o g ag
A 1 11
[(z,0,7) = e ™Q-(om)p (—Z, - —7) r (z i U) (2.23)
g g g T T T

3Here and below, we shall be loose about the boundary values, e.g. not sharply distinguishing ar € (0,1)
and ay € [0,1]. But of course the latter is correct and there are two more isolated choices a1 + a2 + a3z =0
or 3. These two cases are equivalent, corresponding to all ar being 0. But this point is again equivalent to
a special point of (2.22), e.g. the upper case with a1 = a2 =0, az = 1.



where

23 o+17F1, 0?2+ 12 4307 F30F3r+1

Q + + (o
= — z z
+ 30T 20T 6ot 12

+7F1) <1+1¢1>
o T
(2.24)
These are part of the SL(3,Z) transformation identities. One identity can be obtained
from another by complex-conjugating an identity and regarding (—z*, —7*, —c™) as the new
(z,0,7) parameters. We shall use these identities to rewrite the integrands of the matrix
model at Im(%) > 0, in which case all the modular parameters have positive imaginary
parts. For Im(Z) < 0, we can use the identities with the role of o, 7 flipped and proceed
similarly. The limit of collinear o and 7, i.e. Im(Z) — 0, is singular with each I' function.
However, the collinear limit can be smoothly taken after all the calculation is done. This
limit will be discussed in section 3.
It is convenient to use the first/second line of (2.23) for the two cases of (2.22) with
upper/lower signs, respectively. The integral for the upper case of (2.22) can be written as

Z = exp [—M] NI / H dug - exp [ Z (V Ugb) (uab))] (2.25)

oT pr
where
3
or+u+1 1 71 1 u+1 1 7
_VU = [ R _71 F - [ R
() z_: ( o o 0> 20 ( o o 0>+(u_> u)
~ 1 3 or+u 1 o 1 u 1o
Tl = 5 St (L 7)< Jhoer (L) kw220

and for the lower case of (2.22) can be written as
IN2616203 | 1 [ 1 -
7 = exp _ MY 0192% —/ H dug - exp | — Z (Vg(uab) + VT(uab)) (2.27)
oT N! = pr

where

- Lo, pf rtu 1 Ty 1 w 1 7

(o2 g

13 5 -1 1 1 -1 1
Vi (u) = 52 (M,—,0> - 1ogr<“7 —i) +(u— —u). (2.28)

T T T

Here we averaged over the contributions from positive/negative roots to have V -, f/gj to

be even functions of u. The prefactor exp {—%] is obtained by collecting all four

e~ ™Q= factors of the identity. Namely, one obtains

3 - -2
) 27101020 2miu~ A
— i lZQi(&JrU)—Qi(U) +(u— —u) = -2 e (2.29)
= oT oT
B Z,2A§”t +3A% (0 +7F 1) + Ay (02 +72+307 F 3(0 + 7)+1—6(5162 + 6263 + 9361))

30T ’



where Ay = S23_,6; — o — 7+ 1. Since AL = 0 in the two cases of (2.22), respectively,
N?-N _ N

2
2 2

this factor simplifies to a constant —% in both cases. Then we can take
such factors out of the integral to obtain the prefactor of (2.25).

Since the analysis is completely the same in the two cases of (2.22), here we only
discuss the case with upper signs. Apart from the prefactor, (2.25) takes the form of (2.1),
as we explain now. First of all, the T’ functions appearing in V, and V; are periodic in
shifting w by ¢ and 7, respectively. So if one does not cross the branch cuts for logI' as one

parallel shifts u by o and 7, one would find V,(u+0) = V,(u), Vr(u+7) = Vr(u). We will

show that V, has no branch points in the parallelogram region defined by u, = oz, + Ty,

with x4, y, € (—%, %), and that all log functions of the form log(1 — x) can be defined by

Taylor expansion — Y 2 % On the other hand, V;, will have branch points/cuts from

a Haar-measure-like factor which looks like the left hand side of (1.2) with x = 1. After

-
one proves these two assertions above, one can separate the dangerous Haar-measure-like

factor and define V;(u) by

a#b

and apply (1.2) to derive a matrix model of the form of (2.7). Then from our general
discussion earlier, the parallelogram saddle point is trivially derived.

Now we only need to prove the key assertion, about the absence of branch points for
V5 and also for V; defined by (2.30), in the region u, = x40 + Yo7, up = Tpo + yp7 with
Ta, Thy Ya, Yb € (—%, %) We shall prove this when certain conditions for 0;, 0, 7 are met.
Namely, we shall be deriving the ‘basic parallelogram saddle point’ in a certain region of
the parameter space. In appendix A, we derive more general saddle points, virtually for
any value of dr,0, 7.

We first show that V, contains branch points only from the Haar measure like factor

1T (1 — em”> . (2.31)

a#b

T T T T'T
u1, ug are both in the parallelogram, except for the zeros from (2.31). We first consider

It suffices to show that I (@, - 9) and I' (m - 9) has no zeros or poles when

the function

0+uz 1o <1 — e2m(7 T 7mf+1+(nt1)g)
I'| - - 7_;3; = H 9 (5+u12,m+m) ) (232)
m,n=0 1—c¢ 4 T T
where 6 = —a + b(o + 7) with a,b € (0,1) is either d;23. If the exponential factors

appearing in the denominator always have their absolute values smaller than 1 for any
m,n, the denominator will not have poles. This is true if the following imaginary part is
always positive:
d+us m no 1
Im|—=——+—|=Im(—=) [m+a+N(n+b+x12) (2.33)
T

T T T



is a positive number. One finds

Im(—7)
m+a+Nn+b+z2) >a—-N(1-0), (2.34)
where the inequality is saturated at m = n = 0 and z15 = —1. Therefore, this quantity
remains positive when A < 7%5. This is one of the conditions that we shall assume for

the chemical potentials. Now considering the numerator of (2.32), we similarly check if the
imaginary part of the exponent is always positive. The relevant imaginary part is

—0 —ui2 m+1+ (n+1)o
T T T

Im

1
] =1Im (—) [m+1—a+N(n+1—b—2x12)]> 1—a—bN,
T
(2.35)
where the inequality is saturated at m = n = 0 and z12 = 1. So we find that the imaginary
part is positive when N < 1_7“, which we also assume. So for

= 71111 (%> < min [

Tin ()

log’ (%, —% 9) is holomorphic in our u, domain. We can make a similar analysis for

ar 1—a1]

R 2.
o b (2.36)

T

r(“l?,_l,a)‘lz i loemEee)

(w12 m+4l | (nt+l)o :
mun=01 — 627”( T = )

(2.37)

T

This is actually repeating the studies of imaginary parts above, at § = 0. As for the
denominator, one similarly finds its log is holomorphic at no extra condition. Log of
the numerator at given m,n will be holomorphic if m + N (n + z12) is positive for all
—1 < z19 < 1. (We ignore the edges at x12 = +£1, in that no eigenvalues will sharply
assume the edge values in the fine-grained picture. Anyway, such edge factors will make
measure 0 contributions in the large N limit.) This condition is always met except when
m = n = 0.* In other words, the only factor in the numerator whose log fails to be
holomorphic is collected as (2.31). So, as asserted, the integrand containing V; of (2.26)
can be written as (2.30), where V; is holomorphic if the conditions (2.36) are met.

The branch cuts/points of V,, can be studied in a completely analogous way. After the
analysis of the poles/zeros of the functions T (—‘”’ﬂ%ﬂ, —1 —g) and I’ (—“12T+1, —1 —1),

o? o’ o

one finds that there are no branch cuts if we assume

1—
<min[ au ‘”] . (2.38)

This follows by repeating the analysis of the previous paragraph.
To summarize, the Yang-Mills matrix model in the sector

01+ +d03=0c+7—1, 6 =—ar+br(c+7) with ar,b; € (0,1) (2.39)

4One may think an extra condition A < 1 is required for (m,n) = (1,0), but this is always implied
by (2.36).
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at Im(Z) > 0 can be written as

miN 5152531 /H du, i H <1 _ eszab) - exp [— Z (Vo (ugp) + VT(uCLb))] )

aFb a#b
(2.40)
which is basically (2.1) multiplied by a prefactor. V,, V; satisfy all the required condi-

Z =exp |—

tions (periods, holomorphicity) supposing that the chemical potentials satisfy the condi-
tions (2.36) and (2.38), which we write more intrinsically as

Im<a_6l><0, Im<1+61)<0, Im<1_7—+5[><0, Im<6l>>0 (2.41)
T T g g

In the same sector (2.39) at Im(2) < 0 (i.e. Im (Z) > 0), one rewrites the matrix model

by using a modular identity which exchanges the role of o, 7, arriving at a matrix model
of the form (2.40) with o, 7 flipped. The corresponding V,,V, again satisfy periodicities
and holomorphy when the o H 7 flipped version of (2.41) is met. So applying the iden-
tity (1.2) with either k = l or = to set up the saddle point problem, one finds the uniform
parallelogram saddle pomt Wlth the two edges given by o, 7.

The complex conjugate sector

0h+d+ds=0c+7+1, 6y =—a;+br(c+7) with —ays, by €(0,1) (2.42)

can be studied similarly, by using the second modular transformation of (2.23). If Im (%) >
0, one obtains

7 expl miN 515253] /H dug - — ~i H (1 _ e%i:ab> - exp {— Z (Vo (ugp) + VT(uab))] ,

a#b a#b
(2.43)
where the potentials V,, V; are periodic and holomorphic if
Im (2 1-— Im (=% 1-—
A ) < min { ] , |a[|] 7111( =) < min { ] ) |a1q (2.44)
fm (—1) L—br " by L—b b

Im (—%)
or more intrinsically

Im<51_7—><0, Im(1_51)<0, Im(w_él><0, Im<51><0. (2.45)
g ag T T

Similar matrix model can be derived at Im(Z) < 0, with the roles of o, 7 flipped. So again

we find the saddle given by the uniform parallelogram distribution with edges o, 7.
We also consider the large N free energy at our parallelogram saddle point
TiN2810263

logZ = ——F"—"- N? dw1dy1d:c2dy2 Vo (om12 + Ty12) + Vr(ozi2 + 7y12)] (2.46)

M\»—‘

in all cases summarized above, where one of V,, V., includes the half-Haar-like measure,
which we called V) or Vi*) in (2.10). We first evaluate

1

drydy [Vo(u12) + Vi (ui2)] (2.47)

(SIS
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at fixed ug. As for the integral of V,;, we compute the integrals of the form

1
—/21 dxq log (1 - f(ug,yl)eﬂ’”“?) , (2.48)
3

where |f| < 1 in the whole integration domain. This can be computed by Taylor-expanding
the integrand, since the integral domain is within the radius of convergence:

o] n 1 .
pRRAC LIy LY (2.49)
-1 n 0

Similarly, the log terms contained in V, trivially integrates to zero for the same reason,
by Taylor-expanding and integrating over y; first. So the contribution from the second
term of (2.46) vanishes. The large N free energy of our parallelogram saddle point is thus
given by

TiN2516903 B N2A1A5A3

oT 2w1w9

log Z = — (2.50)

in both sectors with >-; 07 = o+7F1 (or >.; Ar = w1 +we+27i). This completely accounts
for the entropy function of the BPS black holes in AdS5 x S° discovered in [23]. The two
sectors of (2.22) with upper/lower signs provide saddles in the mutually complex conjugate
regions. This paired structure plays an important role in realizing the macroscopic index
with oscillating signs upon Legendre transformation to microcanonical ensemble [13].

The conditions (2.41) or (2.45) are nontrivial if o, 7 are not collinear. Let us first show
that these conditions are trivially met in the collinear limit, Z = real. For simplicity, here
we just discuss the first case (2.41). At Z = real, these conditions reduce to

1
Im<5[>>0, Im< +51><0, (2.51)
T T

which together with Im(7) > 0 demand 0 < a; < 1. This is the condition already met
in the upper sector of (2.22), basically set by the periodic shifts of d;’s. Therefore, the

condition (2.41) is always met in the collinear limit.

If o, 7 are non-collinear, (2.41) or (2.45) nontrivially constrain the parameters 0,0, 7
for our basic parallelogram to solve the saddle point equation. We shall analyze in ap-
pendix A what kind of constraints are imposed by these conditions. These conditions are
very reminiscent of the stability conditions of the Euclidean black hole solutions against
D3-brane instantons wrapping S% C S° and S' C S® C AdSs [24]. Their contributions
to the partition function are given by Z < €*P3 with Sps = :|:27rN%’ or :|:27rN57’ in the
two cases of (2.22). Our conditions imply their stability conditions Im(Sps) > 0, which
makes our results consistent with the gravity analysis. Our conditions are stronger than
their stability conditions, leading us to conjecture that there are more stability constraints
from other instantons not discussed in [24]. Since our conditions (2.41), (2.45) come from
the requirement that no branch points of the potential are included in the parallelogram,
it would be interesting to establish a direct connection between the forces generated by
the branch points and the gravitational instability. It would be interesting to study the
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parameter regime outside the conditions (2.41) or (2.45), especially the physics of the corre-
sponding black holes. For instance, the thermodynamic instability of small spinning black
holes have been already discussed in [14].

We can also construct generalized parallelogram saddles with the edge vectors given by
(0 +r,7+s), where r, s € Z. To discuss these generalized solutions, we set the convention
for 07’s so that one of the two conditions (2.22) is met with o, 7 replaced by o + 7,7 + s.
Then repeating the calculus of this section, one finds that the parallelogram ansatz with
edges given by o + 7,7 + s solves the saddle point equation if (2.41) or (2.45) is met after

replacing 0,7 by o+, 7+ s. In appendix A, we show that (2.41) or (2.45) is always met by

Im(o
ImET; 7&

rational. Following [24], we interpret our r,s as labelling multiple Euclidean solutions

many choices of r, s, at least for typical choice of o, 7 which satisfies 7 # real and

which map to the same Lorentzian solution once we decompactify the temporal circle.

3 Alternative derivation in the collinear limit

Our analysis so far demands that o, 7 are not collinear, at least at the intermediate steps.
Otherwise the modular parameters 2, —I in the identity (2.23) become real and make
individual I" functions ill defined. However, the full integrand is smooth at real Z. So even
if we are interested in the case with collinear o, 7, we may slightly deform them with small
Im(2) and remove this regulator after the calculations. This way, one obtains linear cut

distributions for collinear o, 7. As shown in figure 1, the eigenvalue distribution along the

linear cut is no longer uniform. We can parametrize the eigenvalues as u(x) = ”T”:U with
x € (—1,1) in the collinear limit. Defining real R = Z, the linear eigenvalue density p(z)
is given by
1 1 1-R 1 1-R
= (1l 2 a2 . 3.1
p(2) 1_(15{)2( 2’m+1—|—R 2’x 1+RD (3.1)
1+R

p(x) satisfies [', dzp(x) = 1, and the eigenvalue sum is replaced by Y, — N [, dzp(z).
As shown in figure 1b, p(x) has a trapezoid shape. We hope this shape is intuitively visible
from the degeneration shown in figure la. This p(x) has been already derived in the small
black hole limit at real Z [14], using the standard large N matrix model techniques. In the
sector given by the upper signs of (2.22), the small black hole limit is given by
1 2y 1 iy

0—>§—|—%, TS5 (3.2)
in the notation of [14]. (The imaginary part of o + 7 approaches zero because small black
hole limit is a kind of high temperature limit.) When o = 7, or R =1 (J1 = J2), (3.1)
becomes triangular. The triangular distribution was found in the small black hole limit [14],
and also from the subleading correction to the Cardy limit for large black holes [15].

Here we emphasize that the linear distributions at collinear o, 7 were found in special
cases without changing the saddle point problem using the identity (1.2) [14, 15]. In fact,
one can make an alternative derivation of our linear distributions at collinear o, 7, without
changing the integrand using (1.2) and also without using the modular identity (2.23).
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For simplicity, we only consider the upper case of (2.22) in this section. The 2-body
eigenvalue potential (including the Haar measure) is given by

3
—V(u) = % Z logT'(07 + u;0,7) — %log F(uo,7)+ (u— —u) . (3.3)
=1

As before, there is an issue of how we define log functions concerning the choice of branch
sheets on the u space. In the full discrete setup, they only affect 2miZ constants of log Z
and is thus irrelevant. In the continuum limit, the most natural and useful setup is to define
the log functions to be smooth on the eigenvalue cut of our ansatz, so that their derivatives
(force) are well defined everywhere. As we explain in a moment, with a careful definition
of our ansatz, this will be possible everywhere except when two eigenvalues approach each
other, where one finds the usual repulsive singularity. We know how to continue the log
functions across such repulsive singularities, by making a principal-valued definition of log
functions. Therefore, we shall be able to define the log functions based on continuity on
the eigenvalue cut.

Now we discuss our ansatz for collinear o, 7 in more detail, in the original saddle point
problem without using the identity (1.2). First of all, it is still convenient to parametrize
the eigenvalues u,’s using two parameters, u(z,y) = zo + y7 with x,y € (—%, %) and
p(x,y) = 1. This is no longer a regular parallelogram, but we can label the eigenvalues this
way. A point on the physical eigenvalue cut in the u space is mapped to a segment in the
square region x,y € (—%, %) log Z is given by a double sum fob:l, which in the large N
continuum limit is replaced by the double integral

log Z = —Nz/d:vldyl/dwgdyQV(ul —ug) . (3.4)

One finds u = zo + y7 = 7 (Rx + y) with a real R. Regarding = and § = y + Rx as the
integral variables, one can first trivially integrate over x at fixed §. The allowed ranges of
x at given § determine the linear eigenvalue density p(7). For instance, if R < 1, they are
given by

O<ﬂ<R:0<x<%—>p(gj): (3.5)

R<yg<l:0<z<l — py =
_ y—1 _ y—1
1<yg<1l1+R:—<z<1l — =1—-=——
g<l+ 7 <% p(7) 7
which is (3.1) upon reparametrizing §. Here we emphasize that our collinear ansatz with
the original potential (without using (1.2)) will demand a small refinement to make it a

saddle point. Namely, we take the precise ansatz to be

. . 1 1
U(IE,y) = e_ze(l,o_ + yT) = Te_ZE(R‘T + y)a p(xvy) =1 (_2 <z,y < 2) (36)

with ‘infinitesimal” € > 0. During most of the calculus, we can simply turn off e = 0. Below
we shall keep small € > 0 only when necessary.
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Employing the ansatz ui o = ox12 + Ty12 + O(e), it will be useful to rewrite the u;
integral of logI'(z 4 u12) as

Jun

’ dzydy; log'(z £+ uy2,0,7) (3.7)

1 00
:/21 dz1dy Z {_ log(l— 627ri(:|:u1+m0+n7':1:uz+z))+10g(1_627ri(2|2u1+ma+n7'+a+7'—2:|:u2))}
T2

m,n=0

:/ dzdy [_ log(l - 627ri(u:|:u2+z)) + 10g(1 o eZwi(u—&—a-{—’r—z:ﬁ:ug))} _

N|=

On the last line, we defined u = cx+7y as u = +uy +mo+n7, with x € (—% +m, % + m),

Yy € (—% +n, % + n) , and patched the infinitely many integrals labeled by m, n into a single

_1
29

reasons. Firstly, if we further integrate once more with s, 49, it will give the contribution

integral over z,y € oo) (at € — 0). This integral is a useful object for a couple of
of each supermultiplet to the free energy log Z. Also, taking us derivative, one obtains a
force acting on the eigenvalue located at us. The natural and useful convention for the log
functions on the last line is to define them as a continuous function of x,y € (—%, oo),
except for the principal-valued singularity when z = 0 and «w F us = 0. We shall call this
the Haar measure singularity below. We now show that such continuous definitions of log
are possible.

At large z,y, we naturally stay on a branch of log function which yields log1l = 0 at
x,y — o0, and attempt to define the log function as a continuous function in the whole
x,y domain, if necessary by moving on to different branch sheets. Although we employ a 2
dimensional parametrization, the eigenvalues are on a linear cut (labeled by Rz +y) so that
there will be no ambiguities in 1 dimension to make such a continuous extension except at
the Haar measure singularity. We shall establish the details of this continuation below.

Firstly, when z = 07, u Fus + 07 and u+ o + 7 — d; & us have positive imaginary part
for large x,y, in which case the two log functions on the last line of (3.7) are defined on
the standard branch with log1 = 0. As long as their imaginary parts are positive, the log
We
study when this definition has to be modified by analytic continuation, by the imaginary

co z"

n=1"n

function can be defined by the standard Taylor expansion log(l — z) = — 3
parts changing sign. For the first log on the last line of (3.7), the sign changes at the
following line on the x,y space:
0=TIm(uFuz+07) =Im(r) [R(x + br Fx2) + (y+br Fy2)] - (3.8)
(When z = ¢;, the refined definition (3.6) plays no role.) On this line, its real part
Re(u Fua +67) = —ar + Re(7) [R(x + by Fx2) + (y + by Fy2)] = —ar (3.9)

is in the range —1 < —ay < 0. In particular, the branch point is never crossed when
analytic continuation is needed to define this log. So when z = d7, the first log function
of (3.7) in the region Im(u F ua + d7) < 0 is continuously extended using the formula

log(1 — €*™%) =log(1 — e 2™%) 4 2miz + 7 if Im(z) < 0 and Re(z) € (~=1,0) . (3.10)
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The log on the right hand side is defined by Taylor expansion. Similarly, as for the second
log of (3.7), we regard —d; as —d;—1 in the infinity branch, which is just a phase convention
for the fugacity. Then one finds Im(u+ o +7+tus — 6y —1) =0 at

0=Im(7)[R(x —brtaxa+ 1)+ (y—brty2+1)] . (3.11)
Then its real part is given by
a1—1+Re(T) [R(a:—blix2+1)+(y—bfiy2—|—1)] =a;—1 (3.12)

which is in the range —1 < af — 1 < 0. So we can again use (3.10) to define this log by
analytic continuation, after replacing —d; by —d; — 1.

When z = 0, only the first log of (3.7) can hit the branch point, while the second log
can always be defined by Taylor expansion. For the first log, the branch with log1l = 0
chosen at infinity extends smoothly to the region Im(u F ug) > 0, whose boundary is the
line Im(u F ug) = 0. Had we defined our ansatz as u(x,y) = ox + 7y rather than (3.6), the
real and imaginary parts of u F ug become zero at the same point,

Rx +y = +(Rxy +y2), (3.13)

meaning that the branch point is on the eigenvalue cut. Here our refined definition (3.6)
has a finite effect even at € — 07. Since u = Fu12 + mo + n7 with m,n > 0, one finds

uFup =7 [ie_“(R:cu + y12) + mR + N} : (3.14)

Namely, due to € > 0 in our ansatz, the real and imaginary parts of u F us do not si-
multaneously vanish unless Rxio + y12 = 0 and m = n = 0. The last point is the Haar
measure singularity. Our € deforms other branch point singularities slightly away from the
eigenvalue cut.

Let us explain this in detail. On the quadrant defined by x,y € <—%,oo), the line
after which analytic continuation is needed is

0 = Im(u F uz) = Im(7) [£ cos e(Rz12 + y12) + mR + n] T Re(7) sine(Rx12 + y12)
~ Im(7) [£(Rx12 + y12) + mR + n] F eRe(7)(R12 + y12) (3.15)

up to linear order in e. The leading O(e®) shape of these lines Rz1+y; = Rra+y2F(Rm+n),
or Rr +y = +£(Rxz2 + y2), are shown on the (x,y) space in figure 2. On this line, the real
part of u F us is given by

Re(u F ug) = Re(7) [£cose(Rx12 + y12) + mR 4 n] & Im(7) sin e(Rx12 + y12)

~ +e (11%;((:_))2 + Im(7‘)> (Rx12 + y12) (3.16)

again up to O(e!), where we inserted the condition Im(u F uz) = 0. Therefore, unless
Rxi2+1y12 = 0 (i.e. up = u2), a small real part of uFug is generated by € on the line (3.15),
represented by the red/blue/orange/magenta parts of the line in figure 2.
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Figure 2. Singular points of the potential for the naive ansatz at e = 0, from u = —uy (purple
line) and w = usy (red/green/blue/orange/magenta). Each square region bounded by dotted lines
is a fundamental region of (z1,y1), whose integrand is the log potential at certain (m,n). Each
colored line segment represents a point on the eigenvalue cut. Green/purple lines are the Haar
measure singularities, which remain after the ansatz deformation by e. Other singularities (red,
blue, orange, magenta) are lifted after the deformation. (R = 2 = .35, Rxa 4 yo = .47).

We explain the situation of figure 2 in more detail. For illustration, we chose R = 0.35
and Rxo+y2 = .47 > 0. The two lines with green/purple colors in the region —% <z,y < %
represent the Haar measure singularities, for which Re(u F ug) = 0 exactly. These are the
only branch points on the eigenvalue cut at nonzero e, for which we shall review in a
moment how the functions are extended across the singularity (in a standard manner).
The regions requiring continuations across these lines are also shown as shades with the
same colors. Other line segments in red/blue/orange/magenta colors for Im(u — ug) = 0,
are for the line Rxy + y1 ~ (Rza + y2) — (Rm + n) with (m,n) = (0,1), (1,0),(2,0), (3,0)
respectively at O(e”). For these, note that Rr1s + y12 = —(Rm +n) < 0. So from (3.16),
all parts of the line (3.15) except for the Haar measure singularities (green/purple) have
small negative Re(u — ug) ~ O(e!) < 0. Since —1 < Re(u — uz) < 0, one can apply the
analytic continuation (3.10) across these lines to the regions shaded with the same colors.

So except for the Haar measure contributions, which is the integral (3.7) in the domain
T,y € (—%, %) (the square region including green/purple segments in figure 2), the log
functions in (3.7) are defined either by the Taylor expansion or the continuation (3.10).
The Haar measure contribution

1

2 - .

; dzdy {log (1 _ 2ri(o(z—z2)+7(y yz))) + log (1 — 62m(a(m+xz)+f(y+yz))ﬂ (3.17)
has to be treated as the principal-valued integral. One way of doing this calculus is to
eliminate the ¢ neighborhood of the singularity, and send ¢ — 07 after the calculation.
Another equivalent way is to average over the +ic deformations of the integration contour.
This amounts to averaging over the integral done with the analytic continuation (3.10) and
another integral with alternative continuation

log(1 — €2™?) =log(1 — e 2™%) + 27iz — i if Im(z) < 0and Re(z) € (0,1) . (3.18)
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The two calculations differ by whether one uses £7i on the last terms of (3.10) and (3.18),
in the region shaded with green/purple colors in figure 2. So they are just different by
integrating constants over these regions. If one averages over the two, the integrations of
+mi cancels. Therefore, (3.17) computed using (3.10) and (3.18) prescriptions are related
to the principal-valued integration of (3.17) by having the following additional constants,
respectively:

+mi [area(green shaded region) + area(purple shaded region)] = +mi . (3.19)

At the last step we used the fact that the sum of the areas of the two regions is equal to
the area of the square —% <zy < %, which is 1. Therefore, even for the Haar measure
integral we may employ a unified prescription to analytically continue with (3.10), and add
a trivial constant —mi to get the principal-valued integral for the Haar measure potential.
In fact for most purposes, we can ignore this constant —mi. For the force calculation, this
constant factor does not matter. Also, for the free energy calculation, this constant will

m'(N;—N) -~

provide an extra imaginary constant — —%NQ to the free energy log Z. This

factor provides an overall sign factor (or phase factor) for Z «+ (—1)@, but otherwise
does not affect the large N thermodynamics. So we ignore this constant term from now
and proceed by universally employing the analytic continuation (3.10) for (3.7).

We have set all the rules of calculus in the collinear case. In a moment we will show
that the force vanishes, and then compute the free energy. Before the calculations, we
pause to interpret what small € > 0 may mean. Certainly € is part of our ansatz. In
our leading large N calculus, only the sign of € will matter. Our ansatz (3.6) is a saddle
point for € > 0, but not for ¢ < 0. Regarding it literally as an infinitesimal parameter
appears to be unrealistic, since it measures the distance of a potential singularity from the
eigenvalue configuration and it cannot happen in the discrete calculus that the saddle point
is infinitesimally away from a point where the force diverges. So we interpret infinitesimal e
as emerging from the large N continuum limit. For instance, if one can make a subleading

calculus in %, it may be related to N by € ~ ﬁ with a positive number a. (We expect

a < 1, for € to be larger than the minimal eigenvalue separation ~ %) Of course if one
can actually do a subleading calculus, the saddle will be more complicated than (3.6).
Our (3.6) merely prescribes how the branch point is avoided at large N. Here we note
that a similar € deformation was needed to get the saddle point of this index in the Cardy
limit [15]. We expect their e should be interpreted similarly, as a small number related to
the large charges.

More physically, the singularities which are e-distance away from our ansatz come from
the gaugino operators dressed by derivatives. In the notation of [25], the gaugino ‘letter’
(841)P(04-)9A4 in the a’th row and b'th column of the N x N matrix is weighted by the

following effective fugacity factor in the matrix integral:

e2mitlap e?ﬂ’io(%i%+p)62m'7(%$%+q) . (320)

This is a product of the ‘color fugacity’ factor e?™*“ab which is not a physical fugacity, and
the rest which is the physical fugacity. Since u, in our ansatz is on the straight line interval
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(=247, 247) in the € = 0 limit, ug, is on the interval (— (o +7), 0+ 7). Therefore, although

the physical fugacity has its absolute value smaller than 1, the factor e?™™a> may be larger
than 1 and make (3.20) close to 1 for certain ugq, up. If this happens, the potential V' (ugp)
will almost diverge. The integrand of the vector multiplet can be simplified as

o0
H C(ugy,0,7)" " = exp [— Z Z 627””““" <1 + Z emiPme 4 Ze%im”)] . (3.21)
n=1

aF#b aF#b p= 1P

2mipmao 2mipnT

The term 1 in the exponent comes from the Haar measure. The terms e and e
come from the letters (9, )™ tA; and (9,-)" 'A-, respectively. They are responsible
for the divergences which are e-distance away from the red/blue/orange/magenta lines of
figure 2, labeled by either (m, 0) or (0,n) with m,n # 0. So our saddle point configuration is
very close to the point where these charged operators become massless. The fact that these
fermionic operators are very light (with mass at order €) at our saddle point may provide
important clues on the microstates of the dual black holes or further generalizations to hairy
black holes. Interestingly, a Fermi surface model for these black holes has been proposed
n [26, 27|, precisely based on using the gaugino letters discussed above. Although the
simplest operators of [26] acquire nonzero anomalous dimensions above the BPS bound [27],
minor corrections to their ansatz may be relevant for better understanding the microstates
of the BPS black holes. We hope our findings provide helpful insights.

We now compute the force and free energy. To compute both quantities, we first study

_N? dmldi(uu) N2 Z dxdy log ( ezm'(uzFuz)) ~log (1_62m'(uiu2+a+r))
-3 2 T /-3

. : _ 2mi(uFus+9dr) | _ _ 2mi(utus+o+7—067—1)
I;loog(l e 2 1) log(l e 2 I ))]

(3.22)

where we inserted (3.3) and (3.7). Whenever the analytic continuation has to be made for
the log functions, one uses (3.10) with the exponents as specified in the formula (including
the —1 term on the last term). The continuation formula (3.10) is a special case of the

identities for the polylog functions Lig(e?™%¥). This function is defined by Taylor expansion
27rznz
Liy (e27%) = Z (3.23)
when Im(z) > 0, and by the analytic continuation
. ; . _omi 2m1)*®
Li, (627rzz) _ _(_1)8L18 (e 27mz) _ (S!)BS(Z + 1) , (3'24)

when Im(z) < 0 and —1 < Re(z) < 0. Bs(z) are the Bernoulli polynomials. Eq. (3 10) is a
special case of (3.24) at s = 1, with Li; (e2™%) = —log(1 — €?™*) and Bi(z) = z — 4. These
formulas are relevant for computing (3.22) since %Lis(e%iz) = 2m'Lis_1(e27”Z). After
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integrating twice with x and y, one obtains

1
2 N2 . o+T7 s o+T
—N? [ dwydy, V(urp) = Z[— Lig (e2mi(Fue=57)) 4 Lig (e27(557%02)) (3.25)

1 T Q2
—1 8mcoT T

3
o 2mi(6rFue—2ET)) s 2mi( T fug—67—1) .
3 s )y )

Any Lis functions are defined by the right hand side of (3.24) at s = 3 when they need
analytic continuations, since they are obtained by integrating (3.10). On the first line,
the second term is always defined by Taylor expansion while the first term needs to be
defined by the right hand side of (3.24). On the second line, it is always that one of the
two terms is defined by Taylor expansion while the other term is defined by the right hand
side of (3.24). In both cases, one universally obtains the following expression:

1
— ]\f2/21 dl’ldy1V(U12)
T2

.N2 3
L Z[ZB:S (517_%62—0;—7-#1)—33 (:FU2—U;T+1>]

6o T |1
i N2 o+T N 1 /047 1
- oy =) — - + oy Oy —
GUTZi: Z;(( g T 2) 4( g Y 2)

o+ T NS 1 /04T 1
_ 4oy — = - 4oy — =
( g W2 2) +4( g W 2)1

SN2 3
_ TN [515253 + A % (1 + 20109 + 20203 + 26301 — &7 — 05 — 53,) - Au%}

oT 12 3
iN261626
:_u7 (3.26)
oT
where A =>;0r —o — 7+ 1. We used
3 1 1\ 1 1

B =324z B 1) = -] —= - . 2

3(2) = 2 5% T 5z = 3(z+1) <z+2) 4(z+2) (3.27)

on the second line, and A = 0 on the fourth line for the upper case of (2.22).
Now one can immediately compute the force, by taking the uy derivative of (3.26).
Since the final expression contains no us dependence, one finds that

0
_87’112 /dxldylV(ul - U2) == 0, (328)

proving that our ansatz solves the saddle point equation. Eq. (3.26) fails to be wug-
independent if one uses the ansatz (3.6) with e < 0. We can also compute the saddle
point free energy, by integrating (3.26) once more in xg, ys:

_m’N2515253

1 1
log Z = —N? ’ dxadys ’ dx1dyV(up —ug) = -

(3.29)

1
2

This again agrees with the free energy of the BPS black holes in AdSs x S5 [23].

1
2
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3.1 A relation to the Bethe ansatz equation

We would like to provide an interpretation of the vanishing of the force that we have just
proven. We first consider

0
. logT'(z £+
9u; /dwldyl og'(z £ w12, 0,7)

— :!:3 /:j dydx% [Lil <€27ri(u:Fu2+z)> +Lig (627ri(u+cr+7'—z—1:tu2)>:|

where L11 is defined using analytic continuation if necessary, and we replaced au by IFU am

and :l: 5, for the first and the second term. Instead of double-integrating these to Lis
functlons7 similar to what we did so far in this section, we integrate with z only to obtain

a?@/dxldyl log'(z £+ uyg,0,7)

1
:i—/
g J—

This can be understood as

dy [Ll <627ri(yT:Fu2+Z—%)) Li (627r7i(y7+0+7'—z—1:|:u2—%))] .

N

:Fé /é dy1 i [— log (1 — e2m(iu12+z—%+m)) + log (1 - eQm(jFulﬁ%_Z_H("H)T))}
(3.30)

where u; = y;7. (This definition of u; will be assumed below when accompanied only by
single integration [ dy;.) The —1 shift in the exponent of the second log is again a helpful
convention if this log is defined by the analytic continuation (3.10). Formally, we can write

this as
1 % - 211 2+ 211 21 1-2+ 271 1
T dyy Z log [(1—e TI'Z(Zfa u12)€ minT) (1 _ o~ 7TZ(Z+ -3 u12)€ mi(n+1)T
L7 ) )
1 /3 o
cE’:FO—/ldylloge(z—2:|:U12,7') s (331)

where 0(z,7) is the ‘g-theta function’ with ¢ = e?™" defined by

9(277_) = H (1 _ 62m’z€27rim')(1 o 6—27ri(z+1)62m'(n+1)7)
n=0
00
~ H (1 o 627riz627rin7')(1 _ e—27rize27ri(n+1)7') ) (332)

(We shall often write it as 6(z) if no confusions are expected.) Let us explain the meaning
of this calculus. Had one been sloppy about taking log of functions, an apparently similar
result could have been obtained by a much neater calculation,

1 1
8(22 /dwldy1 logI'(z £ u12,0,7) = - $dy1d9018(9 logT'(z £ ui2,0,7) (3.33)

1

1 I'(zxuip+$,0,7) o
S dy; 1 2’ /‘dl 9<—i ,)
o)1 Y1 Ogl‘(ziu12¢%,ar =+ . y1logo | =z B U2, T
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if one can apply the identity
I(z+0,0,7)

foan =) (3.34)

inside the log. However, it is obscure what it means to apply an identity inside the log, in
particular if some log functions are defined by analytic continuations. The precise meaning
of the last expression of (3.33) is given by the first line of (3.31), with continuations (3.10)
understood. We have already specified the correct branch sheet of each log function. With
these understood, we study the force F' defined by

2N
F= 2N/dx1dy15u2V(u1 —ug) = T/da:ldylﬁm‘/(ul — ug)

2N
—7/dx1dy18le(u1 —UQ) . (3.35)

Applying (3.31), one obtains

N 2 0 (—u1z — 4, 0 (6 —a

F="[" dylog l (Cuiz = §,7) py 00 +un = 3 7)1 (3.36)

oJ-1 0 (w12 — §,7) 40 (0r —ui2 — §,7)

where u; = y;7, and all log # functions are understood in the sense of (3.31).
Let us study the following function
0(—u—%5,7) 70 (0r+u—%5,7)

u) = 3.37
f =2 oG —u—g7 (3:37)

in more detail, which appears inside the log in (3.36). We first study its properties in the
usual manner, without worrying about taking the log, to first get intuitions. We shall then
make all the calculations rigorously inside the log. Using

0(z+71,7) = —e 2"0(2,7), O(z—1,7)=—Fe (2, T), (3.38)
one finds
Fuar) = —emmiTem2mi(utg)g (—y — g 1) 10 —e 2 H=5)g (5, +u— G, 7)
—e2mi(u=5)g (u—%5,7) i —e—2mirmi(0r-u=5)g (6r —u—3,7)
_ tmi( S, bro) 90((uu_ - HZ g j Z 2 T; — f(u), (3.39)

upon using > .; 0y — o — 7 € Z. So the function f(u;2) appearing in the log in (3.36) is
double-periodic, uis + 1 ~ ujo + 7 ~ uy2. Of course after taking the log, log f is periodic
in both directions up to 2miZ which we shall clarify shortly.
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More specifically, we consider the case with ¢ = 7. Then the function f can be

written as
0(—u—7%,7) 0(0r+u—73%,7)
LU R 7 o ey (3.40)
B _627ri(%—u>6—27ri7—9 (—u—l—%ﬂ') H 9(5[+U—%,7’)
0(u—3%,7) o _2mi(F—utdr) —2mirg (6r—u+73,7)
_ 627Ti(2u—21 51+T) . ( 27rz ) 51 +u— %77—)
5] —u+ %, 7’)
o (61 +u T)
— _ 27rz(u77) I
¢ 2119&—u+wﬂ
where we used (3.38) on the second line, 0(—2,7) = —e 2™26(z,7) and >_; §; = 27 (mod
Z) on the third line, again without worrying about taking log. Note that u — & in the

last expression is given by u; — (uz + %), where u; = y17 is on the segment (— % ) and

uy = ug + % is on the segment (—%, %27) — (—%, 3{) at 0 = 7. If uy € (=%, %), then

NH

uy is in the same range as uy. If uy € (7, , we can use the 7 shift invariance of f(u) to

replace all uf arguments by uy, —7 € (=%, %). So let us define

/ f _T T
Bethe _ ) 2 or uz € (=5, 3) 3.41
U2 - / T 37 ( ’ )
uy — 71 for ug € (5,7)
satisfying uBth® € (—Z 7). Then one can write
272
Bethe
_ Bethe , 7\ _ 27i(uy —uBethe) 6] + Ul — Uy T)
Ul — uU9) = U — U +—- ) =—e 2 . 3.42
f( 1 2) f( 1 2 2> H 51 — +u§ethe,7.) ( )

Here we note that the last expression for f is same as the function Q(u) appearing in the
Bethe ansatz equation of [18, 19], defined by

9((51 — u)9(52 — u)0(53 —UuU— 27’) .

, 0(0r — u)
6miu —2miu I
Q — = | | 4
() ¢ 0(01 + uw)0(d2 + uw)0(d3 +u — 27) 0(67 +u) (343)

where we used 0(z—27,7) = e*™2e=70 (2, 7). Namely, f(ul—UQBethe—i—%) = Q(uBethe —uy).
With these understood, now we review the Bethe ansatz equation. Suppose we have
N variables uq (a = 1,---,N) given by us = —5 + 5. In the continuum limit, they

7). They satisfy the following Bethe ansatz

are distributed uniformly on the interval (—%,
equation
1=Q({u}) = [] Qua—u) (3.44)
b(#a)

with Q(u) given by (3.43). This is the Bethe root of [20] at K = 1, r = 0. The continuum
version of this equation is

0= Z log Q(uq—up) — N/ dy log Q(uZethe — / dy log f < — uBethe 4 > )
b(;ﬁ(z) 2 5 2
(3.45)
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We renamed the continuum variables u, — u1 = 317 and ug — uB°h®, both in the range
(=%, %). This is precisely the vanishing condition of the force (3.36) of our interest. So
we have shown that the saddle point equation at ¢ = 7 is equivalent to the log of the
Bethe ansatz equation within our ansatz. In this viewpoint, the uniform Bethe root on
a segment is obtained by projecting (partially summing over) the uniform parallelogram
distribution along one direction. What is unclear at this stage is the 2m¢Z ambiguities when
applying identities inside the log, but it still establishes the relation solidly. The Bethe
ansatz equation is usually discussed without taking log, and all the subtleties of 27iZ in our
calculus are collected to the question of what log 1 is on the left hand side of (3.44). In the
remaining part of this section, we want to address what this constant is within our setup.

It suffices to reconsider all the theta function identities used to establish (3.42), (3.43),
rigorously stating their log versions with our conventions. We have used the +7 shift
identities (3.38) and the inversion identity 8(—z,7) = —e~2™*6(z, 7) during the derivation.
Consider the log of the function f(uj2) defined by (3.37), where u; = y17 and ug =
oxo + Ty2. Note that

= io: (10g (1 — 627”( u12—3%) 27”"7'> + log (1 — e*QWi(*uu*%Jrl)e?m’(n-ﬁ-l)r))
= log (1 — eQWi(_ulz_é)) — log (1 - e2m(“12+%_1)) (3.46)

o0 (log( €2m(—u12+§)62mnr> +log (1 _ 6—2m’(—u12+g+1)egm(nH)T))
n=0

= —2m (ulz + ;) + 7i + log 6 (—u12 + ;7) )

where one of the two logarithms in the second line is defined by the Taylor series and the
other is defined by an analytic continuation. In any of the two cases, we can use the contin-
uation formula which yields the same result given by the last line. In a similar way, we get

log9 ((5[ —Uul2 — 72—,7')
0o
_ Z <log (1 _ 627rz‘(51—u12—%)e27rim—> + log (1 i 6—27ri(61—u12—%+1)627ri(n+1)7—))
n=0
= ]Qg ( 27”(51 uU12— )) lOg ( 627TZ'(_6I+U12+%—1)) (347)
00
+ Z <10g (1 _ e27ri(6[—u12+%)627rim—) + log (1 . e—27rz'(51—u12+%+1)e27ri(n+1)7—>)
n=0
= 271 <5] — U2 — > +7T’L+10g0 <6I — U2 + 72—77'> .
Lastly, let us consider

log 6 (—ulz + ;,T) = —log (1 — eQWi(“12_§_1)> + log (1 — 6_2”1(”12_%)) (3.48)

+ Z 10g< 27rz (u12—5-1) 27rm7') (1 _ —27rz(u12——) 271—1(71_;,_1) ) .
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The first logarithm in the last line has to be defined by analytic continuation when

1 1
Im(ulg—;—l—i—nT) =ImT(n—2+y12—x2> <O<:>n<:r:2—y12+§. (3.49)

The number of such non-negative integers n is M = max{[2z2 — y12 + 11,0}. Similarly, the
second logarithm in the last line is defined by analytic continuation when

3 3
Im <—u12—|—;(n—|—1)7> =Imr~ (n—l— 3 —y12+x2> <0&n<y—x2— 2" (3.50)

There is no such non-negative integer n, since the y12 — 3 < % Note that

Z log(1 — 2™(m2=3=D2mnTy — _97miN 4 Z log(1 — e2™(m2=3)e2mnTy (3 51a)
n=0

n=0

oo oo
Z log(l - 6727ri(u1275)627m'(n+1)7) _ Z log(l - 6727ri(u127%+1)627ri(n+1)‘r)’ (351b)
n=0 n=0
by the analytic continuation formula. We can explicitly write the non-negative integer M as

(3.52)

M (22 — y12 + 3] if 2y -y > —3 ‘
0 if —3<m—y2<—3

Thus, we can write

logG (—U12 + 72-,7') = —2m (u12 — 72—) + i — 2miM + log9 (U12 — 72-,7') (3.53)

Combining (3.46), (3.47), (3.53), we obtain

log f(u12) = log 0 (—Ulz — T,T) —log 6 <u12 _ T,T)

2 2
3 T T
logf (& - = —logb |67 — - = .54
+Iz::1 0g <I+U12 277') og (I u12 277'> (3.54)
T 1 3 T T
= 271 -+ -——M 1 - = -1 — —
7T7,<U12 5 + 5 )4—[2::1 og((SI—i—ulg 2,T> 0g9((51 Ui + 2,7),

where we have used 3_, 87 = 27 — 1 in the second equality.
Now recall the definition of uf = ug + % € (—%, 377) and uBethe (3.41). Then one
obtains

fog f(u12) = 1og f (s — u+ 7

1 3
= 2mi <u1 — uethe 4 5~ M> + Z log 6 ((51 + up — ugethe, T) (3.55)
I=1
—log6 (61 —uy + ugethe, 7')
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when uh € (=%, %) and

3
log f(u1) — log f (m — uBethe | T)
1
2

2
= 27i (u1 — ulgethe + 7+

3
+ Z log 6 (51 + up — uPete 4 7 7') —log6 (51 — up + uBethe — 7 7') (3.56)
=1

1 3
= 2mi <U1 — upethe — 5 M) +) logb ((51 +up — ugethejr)
=1

—log 6 (51 — uy + uSethe, 7')

T 3T

when u}, € (f —). All the log functions are defined using our convention (3.30). This is

2072
the precise meaning of the log of (3.42), where uy, uB*® are defined to be on the segment

(=3:3)-

Finally, again applying (3.47), one finds

1
log f(u12) = — 6mi(u; — uBh®) 4+ 27 <2 - M) + log (8, +uy —usethe)

—log 0(61 —u1 +u5™) + log 0(5a+uy —u5™M) — log 0(y —uy +ubthe)
+ log 0(63+uq —U]Q?’Ethe —27) —log 0(63—uy -|-u]2-3’ethe —27)

when uy € (=%, %), and

1
log f(u12) = — 6mi(ug — uzBethe) — 27 <2 —+ M) + log 9(51+u1_u2Bethe)
—log 0(61 —u1 +u5™) + log 0(a+uy —u5®™M) — log 0(y —uy +ubth®)
+ log 0(03+uq —U]Q'D’Ethe —27) —log 0(d3—uy -|-u]23€the —27)

(g, 377) These are what we precisely mean by log Q(ub*™ — 1) in (3.45).

when u}, €

Note that the significance of the e deformation (3.6) became obscure in our final ex-
pression for the Bethe ansatz equation. For instance, had one chosen the wrong sign for
€ < 0, one would have got —mi on the last line of (3.46) instead of +i. This would have
affected the final expression for log f only by an extra constant of the form 27iZ, whose
exponentiation yields the same Bethe equation. So we find that the map of the saddle
point to the Bethe root is at best one-sided, e.g. the Bethe roots being unable to detect the
sign of €. Recall that this deformation was needed because otherwise there are eigenvalues
u1 and uo which differ by w10 = 7Z # 0 that makes some gaugino operators massless. This
was explained in the paragraph containing (3.20). To repeat the explanation at o = 7, the
eigenvalues lie on an interval (—7,7). So there exists a pair u; to any us which hits one
of the singularities u1o = +7 which demands regularized definition of the ansatz. On the

other hand, the Bethe root obtained (in our viewpoint) by projecting the parallelogram

T

along x direction is distributed on the reduced interval (-7, 5), causing no divergence
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problems. So it is natural that the Bethe ansatz equation does not detect the subtle details
of the true saddle point such as the sign of e.

Similarly, for a more general case of collinear ¢ and 7 with o/7 € Q, the relation
between our ansatz and the Bethe ansatz equation studied in [45] can be shown as follows.
Since o /7 € Q, one can define o = aw, T = bw where (a, b) are co-prime integers. The force
equation (3.36) can be rewritten as follows.

P bz:l/ld | 0 (ug + iw + wys — "T”,bw) ﬁ 0 (61 + iw + wyr — ug — LT, bw)
x 0 :
—Jo Y108 0 (iw + wyr — ug — 7T, bw) 725 0 (07 +ug +iw 4 wyr — T bw)
(3.57)
Therefore,
o /1 dys Lo 0 (ug — wyr +w — %, w) ﬁ 0 (07 +wyr —ug — 7T, w) (3.58)
0 0 (wyr —ug — 55,w) 5 00 +ug —wy +w -5 w) |
where we use [['2 0(z + iw, bw) = 6(x,w). We further define n1,ny and 2 as follows
U;T—w—ugz(nl—x)w, U;T—i-uQ:(ng—i—:c)w. (3.59)
Note that n; and ng are integers and x € [0, 1). Finally, let wy; — wx = )4, so that
3
P /1 dy log 0(uhy — niw,w) 1 001 + vy — now, w) (3.60)
0 0(uly — mow,w) = 0(d1 + uy — nw,w)

Using equation (3.38), one can show that
. /1 duy log [—6_67““,12 0(61 + ulg,w) (92 + ulg,w) (=81 — 02 + Uy, w)
0 0(01 — ufy, w) 0(02 — uly,w) O(—01 — d2 — U}y, w)
which is the continuum limit of the Bethe ansatz equation.
Note that the ‘off-shell’ integrand of our matrix model and that of the Bethe ansatz
approach are different. In this subsection, we found a relation between their on-shell

] —0, (3.61)

conditions, at least for particular saddle points. In this sense, our approach is also related
to the elliptic extension approach of [46, 47]. In [46], the on-shell physical quantities of
their saddle points were shown to agree with those of the corresponding Bethe roots. So
in a broader sense, all three approaches yield the same on-shell results. Also, the elliptic
extension approach is similar to our approach in that both use the periodic nature of the
integrand.

4 Multi-cut saddle points

In this section, we construct multi-cut saddle points. For a technical reason, we only
consider the case with collinear o, 7.> Our K-cut ansatz is roughly given by

A
ug(z,y) = E—i—am—i—Ty (4.1)

5For non-collinear o, 7, they do not satisfy the saddle point equation. Also, we could not find a mod-

ification of the saddle point problem like section 2 which makes them saddle points. Unlike the single-
parallelogram ansatz, we find that after SL(3,Z) modular transformation there are extra poles included in
the parallelogram as well as the zeros from the Haar measure, causing more complications. We feel that
this is related to the gravitational stability issue of [24].
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_1 ;)
2°2 )
cuts. The ‘e deformations’ of this ansatz will be specified below, depending on the values of

with x,y € ( and A=0,1,--- , K —1 labels the K groups of eigenvalues forming K

chemical potentials. Although these are linear cuts, we again make a 2-parameter labelling

of eigenvalues with uniform 2d distributions. Each cut contains % eigenvalues, at equal

filling fraction, so the density function is given by p(z,y) = %
The large N free energy log Z of (4.1) in the continuum limit is given by

2 1 1

Ne %dd %ddK_IV AN N2 7 deedyaV,
2 2 = 2 2

(4.2)
where V is given by (3.3), and Vi (u) = S5 -1 V(u + %) The force on the eigenvalue at
ug in the A = 0 cut is given by

N 0
F=2— [ dxidy1 =—V] 4.3
e / Ty 5 - K (u12) (4.3)
after plugging in our ansatz. If this F is zero, the forces on eigenvalues in the other cuts

also vanish by cyclicity. F' = 0 can be shown by confirming that

/d.%’ldyvi(U12) (4.4)

is independent of uy. We start by noting that Vi (u) can be written in terms of

1 K-1
logl'(z,0,7)+ T (z+,a,7’) +---+logl <z+K) =logl'(Kz,Ko,KT) . (4.5)

K

So the calculation of (4.4) can be done in a manner similar to the case with K = 1, by
replacing parameters by K times them. Here we have to be careful about the ranges of
the imaginary parts of d7, 0,7, since multiplying them by K takes them away from our
convention (2.22). To be definite, we consider d;’s in the upper case of (2.22), satisfying
Z§:1 dr = 0+ 7 —1. Recall that such d;’s were parametrized as é; = —ay +br(o +7), with
0<ar<1,0<br <1satisfying > ;ar => ;br =1. Then Kd;’s and Ko, KT satisfy

Kéy=Ko+ Kt —K . (4.6)

Here we define {Ka;} = Kaj — | Kay|, which measures the fractional part of Kay € [0,1).
Then one finds 23_,{Ka;} € [0,3), which has to be an integer since Y;a; = 1. The
case with 3_ {Kas} = 0 is very exceptional, which can be met only if all three Kay are
integers (because we should have {Ka;} = 0 for all I’s). This is possible for fine-tuned
choices of ay’s, e.g. at a1 = ao = ag = % and K =3 ora; =ag = %, as = % and K = 4,
etc. We shall understand these special cases with small deformations, so that they satisfy
either Y°3_,{Kar} = 1 or 2. For instance, for a; = ay = a3z = 3 and K = 3, slightly
reducing a1, as and slightly increasing az will make {3a;} = {3a2} $1and 0 < {3a3} < 1,
making them satisfy > ;{3ar} = 2. (Slightly reducing a; and slightly increasing as,as
will yield > ;{3ar} = 1.) With these understood, we define new parameters as o’ = Ko,
7' = K7 and
, { —{Kar} +br(o’ +7') if Y3 _{Kar} =1 )
1—{Kar} +b(o" +7)if Y3 {Kaj} =2 '

b=
In the upper and lower cases, 7 and o', 7/ satisfy >; 07 — o’ — 7/ = F1, respectively.
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To compute (4.4), we should compute

1

dmldyl logT'(Kz + Kuyo, Ko, KT) (4.8)

M\H

at z = &7 or z = 0, which can again be done by integrating two log functions over x,y €
(—%, oo) after a manipulation similar to (3.7). In fact one can recycle the calculation at
K =1 as follows. At the infinity branch where log functions can be defined by Taylor
expansion, we regard Ko as 07 by trivial period shifts valid at infinity. So the parameters
87,0', 7" belong to one of the two cases of (2.22). Also, in the ansatz for the first cut
A =0, v = Ku given in terms of ¢/, 7’ takes precisely the same form as the single-cut
configuration. Therefore, the calculations for the single-cut can be literally repeated here.
As for the three terms at z = §;, the continuous extensions of log functions can be made
similarly, using (3.10). As for the terms at z = 0, we need to refine the ansatz with e
like (3.6), depending on which condition of (2.22) is met by ¢}. In the upper case of (2.22)
(or (4.7)), the ansatz deformation is precisely given in the same direction as (3.6), i.e

A .
ua(z,y) = 7 e “(ox+T1yY), €>0. (4.9)

This deformation yields ug-independent (4.4), implying F' = 0. In the lower case of (2.22)
r (4.7), this is the ‘conjugate sector’ so the ansatz deformation guaranteeing F' = 0 is

given by p
ua(z,y) = X + et (ox + TY) . (4.10)
In both cases, the integral (4.4) is given by
TiN25, 646"
—7/ldx1dy1VK ulg) # (4.11)
2

by repeating (3.26). This is independent of ug, which proves F' = 0. Integrating (4.11)
once more in xo, Yo, one obtains the following large N free energy

miN 25155(55
logZ = —— "7 (4.12)
Inserting the values of primed variables, one obtains
TiN? H37 §I+M
- Ilo(.r - ) for the upper case of (4.7)
log Z = (4.13)

AN [P (5,+L“M+A)
- = = ="/ for the lower case of (4.7)

Note again that d;’s are in the sector defined by the upper signs of (2.22). Also, the cases
with all Kaj’s being integral should be understood with care, by slightly moving them
away from the integral values as illustrated above (4.7).

The entropy can be obtained by Legendre transforming the entropy function at fixed
charges:

S(Qp, Ji; 61,0,7) =log Z(d1,0,7) — 2772'251621 —2micJy — 2miTJy . (4.14)
I
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After extremizing this function with éy, o, 7 subject to the constraint > ;6 —o —7 = —1,
one takes the real part Re(S) to get the entropy [11, 13, 28]. This computation can be
done easily using the universal form (4.12), by noting that primed variables ¢}, o', 7" are
K times 97, o, 7 apart from real constant shifts. Namely, the entropy function is given by

TiN28, 6584 Q1 1 s J2
S:—W—Q Z5I+ 7—21 ?—271'27'?, (415)
where - -- are real constants which only affect S by an imaginary constant. To compute

Re(S), we can ignore them. So without these terms, the Legendre transformation takes
completely same form as that at K = 1, with replacements N2, Qr, J; — ]}f( %’, i{ The
entropy at K = 1 is homogeneous degree 1 in scaling N? and all the other extensive
quantities with a same factor (which is a basic property of AdSs black holes). Therefore,
the entropy of the K-cut saddles is related to that of the basic saddle at K = 1 by
Sk(Qr,Ji) = %S k=1(Qr1,J;). So they would be subdominant saddle points, compared
to the basic saddle at K = 1, of the Euclidean quantum gravity. Ref. [24] suggested the
gravity duals of these saddles at general K as Zg quotients of the analytically continued
Euclidean saddle for the Lorentzian black hole at K = 1.

When o = 7, the final results for log Z are same as the K-cut Bethe roots of [20] at
r = 0, although the eigenvalue configurations are different. Our linear density function is
triangular on each cut, which is a segment (—7,7). On the other hand, each cut in the
Bethe root is a uniform distribution along a segment (—5, 5) Similar to our analysis of
section 3, we expect that integrating the force function F' over either z or y first will project
our saddle point equation to the Bethe ansatz equation. We shall not study the details here.

We comment that when the complex chemical potentials are in a particular regime,
we find a one parameter generalization of the K-cut solution when K = 2m is even.
To understand this, let us again start from the following e-deformed ansatz with a free
parameter v € [0, 1]

) pHe(on+Ty), pla) =% i A=even (4.16)
x,y) = ' . )
% +e “(ox+ 1Y), pla) = L};V) if A=odd
Namely, there are % eigenvalues in each cut at even A = 0,2,---,2m — 2, and %
eigenvalues at odd A =1,3,---,2m — 1. The force is given by the uy derivative of
> i 2 2 +1
dxid — 1-— —_—
. r1dy; lz;) |:1/V (ulz + K) + ( v)V (U12+ I )]
—/dmldylll—y AZ:V<UI2+K) 1—21/ ZV(U12+m>]
0 1=0
- /dmldyl [(1— ) Vi (ur2) + (1 — 20) Vi (ur2)] (4.17)

when ug is on the A = 0 cut. If this vanishes for arbitrary v € [0, 1], then the forces acting
on eigenvalues on different cuts also vanish. Now repeating the discussions below (4.8),
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one finds that the e-deformed ansatz (4.16) makes [ dx1dy; Vi (u12) to be ug-independent if
e>0and Y {Kar} =1,orif e <0and Y ;{Kas} = 2. Similarly, [ dz1dy; Vi, (u12) would
be ug-independent if € > 0 and >~ ;{mar} =1, or ¢ < 0 and > ;{mas} = 2. Therefore, if
Y i{Kar} and > {mar} = Z[{%GJ} have same value between 1 and 2, one can set the
sign of € so that both terms on the last line of (4.17) separately vanish. So in this case, we
have constructed a saddle point which admits a nontrivial filling fraction of eigenvalues.
The free energy is given by

logZ——Wi];ﬂ l1—21/ ﬁ( J>+41/ f[( J)] (4.18)

I=1 I=1

if > {Kar} =32 {mar} =1, and

log Z = —TF(Z;]:_]2 [(I—QV)Q ﬁ (5 + LmndJ m) +4v(1 H <6 + J + flf)
I=1 = (4.19)

if Y {Kar} =3 {mar} =2.

To be concrete, we consider the case with K = 2. aj’s would satisfy the condition
S i{2ar} =3 {ar} =1if ai,az € (0,3) and a3 € (3,1). The fundamental domain of this
solution is v € |0, 5] since it has a symmetry under v — 1 — v combined with an overall
shift of uq — u, + 3. It continuously interpolates the one-cut solution (K,r) = (1,0) at
v = 0 and the two-cut solution (K,r) = (2,0) at v = . The free energy is given by

log Z = _n
oT

I:(l — 2V)2(51(5253 + 41/(1 — V)(51(52 ((53 + ;>:|

_ _7TZ'N2(5152 (63 +2v(1 —v)) (4.20)
oT ' ‘

Its Legendre transformation at fixed charges @, J; can be easily done by noting that
log Z —2mi» 6;Qr — 2mioJy — 2mitJs
I

7TZN (51(5253

~ (1 —2v+207) [
oT

—2mi Y 0;Qr — 2miGJy — 2m’%JQ] (4.21)

where ~ holds up to an irrelevant imaginary constant, and or, &, 7 defined by

N 012 N 53—1—21/(1 —l/) o T
fjo=—— 2> ——— 3=~ 2 == = (422

=T, B E T e (T T S i 4
satisfy > 6;—&—# = —1. The extremization of the expression inside the square bracket is

completely the same as the free energy at K = 1. So taking the real part of the extremized
entropy function, the entropy of our new saddle point at filling fraction v is given by

ReSKZQW(Q[, Ji) = (1 —2v+ 21/2)R651(Q], Ji) . (4.23)

It will be interesting to seek for the gravity duals of these solutions, for instance in Euclidean
quantum gravity by generalizing [24].
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5 Conclusion

In this paper, we found exact large N saddle points of the N' = 4 index which are dual
to BPS black holes in AdSs x S°. We employed two different approaches. Firstly, when
the complex chemical potentials o, 7 for the two angular momenta .J;, Jo in AdS are non-
collinear, we showed that a novel areal distribution of eigenvalues illustrated in figure 1
solves the saddle point equation defined after applying the integral identity (1.2). SL(3,7Z)
modularity of the elliptic gamma function was used to prove this. Secondly, when o, T are
collinear, we showed that linear distributions obtained by collapsing the areal distribution
also solves the traditional saddle point equation. The saddle points we constructed precisely
account for the entropies of the dual black holes [7]. In the remaining part of this section,
we emphasize several subtle structures of our results, and also suggest possible future
directions.

In the collinear case, we found that an ‘ie type’ deformation is needed to precisely
define our large N saddle point ansatz. We interpreted that e is related to small %
Without such a refined definition, the continuum eigenvalue distribution hits the singularity
of the potential. Unlike the principal-valued integral which excludes the unphysical self-
interaction from the Haar measure potential, this singularity comes from interactions of
distinct eigenvalues so should be avoided in any sensible large N ansatz. In our leading
large N calculus, only the sign of € mattered.

More physically, these singularities very close to our saddle point configurations are
where the matrix elements of the gaugino operators become massless. For some eigenvalue
pairs, these operators have ‘effective fugacities’ greater than 1 which means these operators
may condense. More generally, whenever we made analytic continuations of log functions in
section 3, using (3.10), the corresponding operators could have condensed. Understanding
their structures may shed more light on more general types of black holes, for instance
related to the hairy AdS black holes where certain operators assume nonzero expectation
values in the dual CFT. For instance, hairy black holes in AdSs and AdSs x S° were
constructed [29-32]. Also, it will be interesting to see a more direct connection between
our light gaugino operators and the light near-horizon modes on the BPS black holes.

Perhaps as a related matter, we also discuss the integration contour and poles/residues.
The subtleties summarized in the previous two paragraphs appear because the matrix
integral contour is analytically continued. Since our final saddle point has many pairs
of eigenvalues whose log potentials require analytic continuations beyond their radii of
convergence, it is quite likely that the full contour deformation would cross the poles
(bosonic branch points) of the integrand. When the contour crosses a pole, various terms
can appear. The first term is the full N dimensional contour integral, where the contour
passed through the pole. This is the term that we studied in this paper. On the other
hand, when a contour crosses a pole, one also finds an extra term from its residue. One
may replace n (< N) of the N integral variables by their pole values, obtaining a term of
the form

(residue of n dimensional integral) x (N — n dimensional contour integral) . (5.1)
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We are tempted to interpret the first factor as the n dual giant gravitons [33, 34] formed
outside the event horizon of a core black hole made of N — n eigenvalues. This inter-
pretation sounds heuristic to us for the following reasons. There are two types of giant
gravitons [33, 34], which are D3-branes wrapping contractible S cycles in either AdSs or
S5. The dual giant gravitons are pointlike in S°, while occupying a spatial S® in AdSs at
a fixed AdS radius. They are domain walls in AdSs, reducing the RR 5-form flux inside
it by 1 unit. So inside n dual giant gravitons, the core black hole will feel only N —n
units of RR-flux. Since the second factor of (5.1) takes the form of rank N — n integral, it
would yield a black hole like saddle point in certain U(N — n) gauge theory, qualitatively
agreeing well with the bulk picture. Also note that the first factor has definite values of
n eigenvalues, which are often viewed as the radial locations of dual giant gravitons in
AdS [8, 35]. Finally, there are studies on the color superconductivity using these branes in
the gravity dual [36], which in the BPS sector should necessarily include the hairs carrying
other global charges.

Even if this picture is correct, such configurations look somewhat different from the
hairy black holes of [29-32] constructed with the condensation of the Kaluza-Klein gravitons
within the gravity approximation. In the vacuum AdSjs, shrinking the dual giant graviton
by reducing its energy makes the S% small, converging to the point-like graviton picture
when the energy is small. The giant graviton expanded in S° can also shrink to the same
point-like graviton, and the two brane descriptions provide complementary descriptions
of the %—BPS sector [35, 37]. Once there is a core black hole at the center of AdS, giant
gravitons are still contractible in S°. But a dual giant graviton in this black hole background
can ‘shrink’ only until its radial position reaches the event horizon. In fact we have made a
provisional study of both types of giant graviton probes in the background of [4]. The
behaviors of giant gravitons in S° are well connected to the point-like gravitons, and
appear to exhibit features somewhat similar to the BPS hairy black holes reported in [32]
constructed using the KK graviton modes. The dual giant graviton probes are somewhat
trickier for us to interpret. In any case, we think there are many interesting questions in
this direction.

In section 4, we constructed multi-cut solutions, whose physics is the same as the
multi-cut Bethe roots of [20]. We also provided further generalizations of these multi-cut
solutions with nontrivial filling fractions on the cuts. Within our ansatz, such generalized
filling fractions were allowed only when the chemical potentials d; are in a particular regime.
It will be interesting to find their gravity duals.

We also note that some of the large N techniques explored in this paper might find
applications to study black holes in AdS;/CFT3, AdS¢/CFT5 or AdS7/CFTg. These prob-
lems have been studied in [38-42] and [11, 43, 44], but we think we can do more interesting
large N studies.

We finally remark that the treatment of our section 2, applying the identity (1.2) to
slightly change the saddle point problem, might find useful applications in other matrix
models. Although this technique is familiar in some branches of our community (e.g.
enumerating BPS operators more efficiently via contour integral), we are not aware of this
idea applied to construct large N saddle points. The solutions we got after this procedure
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also look quite novel, in that we found areal distributions rather than traditional linear cut
distributions. This approach might be helpful in other matrix model problems.
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A Saddles from (o + r, T 4+ s) parallelograms

In this appendix, we shall find more parallelogram saddle points, extending the ideas of
section 2. We shall find saddles which take the form of (o, 75) = (o0+7, 7+s)-parallelograms
for given 07,0, 7 where r, s € Z. For simplicity, we only consider the case with upper sign
in (2.22), with > ;0 — 0 — 7 = —1. At given o,,7s, one can always find unique nY’S) e

so that 5§T’S) =47+ nY’s) belong to one of the following two cases:

87 = 5p + 0" =~ fbr(o, + 1), +al" €(0,1), by € (0,1),
3 3
50 460 460 — g — = =3 al" = F1, Shr=1. (A1)
I=1 I=1
Results in the two cases are related to each other by the transformation

67,00, 73) = (=67, =07, =) (4.2)

Our ansatz for the large N distribution u(z,y) = xo, + y7s with uniform density for
0 < x,y < 1 will satisfy the saddle point equation when

(r,s) (r,s) _
0 < Im (m) <Im (51 ) < —Im <1> & 0<Im <5[> <Im <TS 1) (A.3)
T Ts Ts or oy
or

(rs) () _
0<Im <T) < Im (‘51 ) < —Im (1> & 0<Im (‘51 ) <Im(”” 1) . (A4)
oy or oy Ts Ts

for the case with upper sign in (A.1). For the case with lower sign, the saddle point equation

is solved when the condition obtained by applying the transformation (A.2) to (A.3), (A.4)
is met. When one of the above inequalities is satisfied, (o, 7s)-saddle contributes to the
large N free energy as following:

wiN25\" 555

OrTs

log Z(07,0,7) = — (A.5)
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One may take Im (;—j) — 0 limit from either condition of the above. Then, since
0 < ay < 1, both conditions are trivially satisfied. Also, as all final quantities are regular
in this limit, we can safely conclude that at Im (%) =0, i.e. 73 = ko, (k € R), the large
N saddle point equation is always satisfied.

The condition ‘(A.3) or (A.4)’ can be merged into the following set of inequalities:

(r,s) . (r,s) (r,s) o (r,s)
_min [Im(o), Tm(7)] < —min ay Im(a)7 (1—ay )Im(a)7 ay Im(T)7 (1 —a;")Im(r)
1— by br br 1—bs

< Im(o)Re(1s) — Im(7)Re(oy)

o VIm(r) (1—af")m(r) af" Im(o) (1-af"*”)Im(o)
1— b[ ) bI ) bI ’ 1-— b[

< min [Im(7), Im(o)] . (A.6)

<minl

These are the conditions to be met in the case with upper sign in (A.1). For the case with
lower sign, the condition to be met is obtained by acting (A.2) on (A.6). Remarkably, the
last condition takes the form of (A.6) with a(f’s) replaced by a IT’S) = aY’S) + 1. agr’s) satisfy
S a\ =1, while @\ satisfy ¥, al" = 2.

We want to find integers (r, s) which meet the above inequalities at I = 1,2,3, when
07, o, T are given. We have employed an algebraic procedure to solve (A.6) systematically.
From (A.6) we can get geometric reasonings of our statements below. We shall only present

the results.
i. g € R: collinear case.

1) o0 = 7. In this case, (A.6) is satisfied iff » = s. These correspond to the (K,r) = (1,r)
Bethe roots when o = 7. According to [24], the stable Euclidean black hole solution exists
iff r = s as we found.

2) T = %a’ (p, q are coprime integers). In this case, (A.6) is satisfied iff s = %7“.
These correspond to the (K, r) = (1,7) Bethe roots when 7 = o [45]. These saddles are
labelled by an integer [ as (r, s) = (pl, ql).

3) 7 = ko (kK € R\Q). In this case, there are ‘infinitely many’ choices of (r,s)
satisfying (A.6), but we cannot explicitly write down possible (r,s). They depend on
0r,Im(o),Im(7). (See the comments at the end of this appendix for the true meaning of
‘infinitely many.)

ii. > ¢ R: non-collinear case.

1) Im(7) = %Im(a) (p, g are coprime integers). In this case, depending on (o, 7)
the solutions may or may not exist. If there exist solutions, there are infinitely many.
Given one solution (rg, sg) satisfying (A.6), all other solutions (r, s) are related to (rg, so)
by (r,s) = (ro + pl, sg + gl) for some integer [. (However, not all values of [ are allowed
in general.) The case i-2 is the special case when g = sop = 0 and (A.6) is satisfied for all
integers (.
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2) Im(7) = kIm(o) (kK € R\Q). In this case, there exist ‘infinitely many’ choices of
(r,s) satisfying (A.6) just as the case i-3. We cannot explicitly write down possible (7, s).
They depend on 67, Im(o), Im(7).

In summary, when %38 € Q, there can be either ‘infinitely many’ saddle points or no

saddle points. When ﬁﬂg

When we have multiple saddle points labelled by (r,s), we should sum over their

¢ Q, ‘infinitely many’ saddle points exist.

contributions to the index. One can easily show that their leading large N entropies after
the Legendre transformation are all the same. Namely, the real part of the following entropy
function does not depend on the integer shifts r, s, nY’S)

)

miN25 6l

OrTs

S =

—2mis\"Qp — 2mionJy — 2mirey + 2mi(n\" Q4 1y + s.T3)

(A.7)
since the dependence on ny’s), 7, s is collected to a pure imaginary constant (the last term).
It is known that there are finite numbers of Bethe roots at K = 1 [20], labeled by
finitely many independent r’s due to the symmetry r ~ r + N. This happens because N
eigenvalues are exactly equal-spaced. It would be interesting to ask if our 7, s enjoy similar
symmetries. However, such a property is impossible to study in our large N continuum
formalism. Therefore, when we say that we have found ‘infinitely many’ solutions for (r, s),
this might imply finitely many solutions whose number scales with large V.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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