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ABSTRACT: Understanding how the thermodynamic properties of a black hole are modi-
fied when probed by D-branes is an important problem in AdS/CFT. This work focuses
on a recently proposed black hole/D3-brane system in AdSsxS°, which is dual to four-
dimensional N' =4 SYM in the presence of a two-dimensional surface defect. The Laplace
transform that extracts the asymptotic growth of states in this defect CF'T naturally defines
a thermodynamic approach in the gravitational side of the duality for which charges and
entropy are real. Studying the superconformal defect index in a large-charge expansion for
all values of N, we compute the leading correction to the entropy of the combined system,
which matches precisely with its gravity counterpart.
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1 Introduction and summary

The AdS/CFT correspondence has allowed us to understand the Bekenstein-Hawking entropy
for a large class of supersymmetric black holes as a semiclassical limit of the Boltzmann entropy
of supersymmetric gauge theories [1-29]. Subleading corrections beyond the semiclassical
result, which could be perturbative or logarithmic in the semi-classical expansion, and which
could come from o' corrections, as well as from other quantum effects, have been also
computed and exactly matched across both sides of the duality, see for example [30—41].
Despite these remarkable quantitatively precise advances, not much is understood yet about
more drastic quantum gravity processes such as perturbing black holes with D-branes.

A pioneering attempt in this direction has been recently put forward in the context
of AdS5/CFTy in [42]. In this reference the authors studied the effect of perturbing a
supersymmetric black hole in AdSs [43-48] with a D3-brane! extending across the time,

'There are two non-trivial properties that need a closer analysis regarding how to preserve supersymmetry
when inserting the D3-brane: the first is to check that it is possible for the D3-brane to be supersymmetric
and the second is whether or not this supersymmetry is compatible with the one preserved by the black hole.
Only a necessary condition called k-projection condition, for this D3 brane configuration to be supersymmetric
has been verified in [42]. A rigorous derivation of the Killing spinors in the background in the presence of
the probe D3 brane is certainly needed but this lies beyond the scope of the present paper and thus we will
assume supersymmetry is preserved.



radial, one compact direction in AdSs and one compact direction in the internal space S°. In
the dual gauge theory, which is the four-dimensional SU(N) N' = 4 SYM, inserting this probe
D3-brane corresponds to inserting a surface operator [49], compatible with the supercharges
used to construct the 4d superconformal index.

In the probe approximation, the authors of [42] found that the free energy of the black
hole/D3-brane system reduces to the sum of the free energy of the unperturbed black hole
solution and the Dirac-Born-Infeld on-shell action of the D3-brane in the geometry of the
unperturbed black hole solution, respectively. It may seem natural to assume that in the
very same probe approximation the entropy of the total system reduces to the sum of the
entropies of the two unperturbed components. Indeed, if one commits to this intuition then
the charges of the D3-brane are fixed in terms of the charges of the embedding black hole
solution. Unfortunately, the charges and entropy of the D3-brane fixed by this procedure
turn out to be complex.? As also stated in [42], this result is intriguing, because the dual
microstates that one counts in the field theory do indeed have real charges, and certainly
their Boltzmann entropy is not complex.

This naive contradiction strongly suggests that another procedure must be used to define
the thermodynamic properties of the combined system. The goal of this paper is to find
such a procedure. Indeed, we propose that the entropy of the system black hole/D3-brane
is recovered by means of the natural holographic translation of the method used to count
states in the holographic dual 4d-2d field theory system: the Laplace transform of the defect
superconformal index.?

For the case of the superconformal index without the insertion of the surface defect, the
Laplace transform — in the leading order in the semiclassical large charge approximation —
picks up two leading complex conjugated saddle points whose contributions add up to give a
real entropy [18, 50, 51]. Similarly, as we show here, we find this also to be the case when
the defect is introduced in the system. In the gravitational picture, these leading saddle
points correspond to two complex geometries that serve as saddle points of the Euclidean
gravitational path integral. Borrowing the field-theory procedure to the holographic dual
setup implicitly defines how to compute the corrections to the entropy that the D3-brane
induces when probing the black hole.

Using a Cardy-like expansion, we depart from the leading Cardy-like limit studied in [42],
thus we confirm their results for the free energy of the 4d-2d field theory, and extend them,
both to finite N and beyond the probe approximation. We find that at leading order in the
Cardy-like expansion, inserting the defect does not change the shape of the saddle point
governing the growth of the unperturbed 4d superconformal index. Surprisingly, this tells
us that the naive probe approximation is sufficiently precise to exactly describe the 4d-2d
system at large charges. In the string-theory side of the duality, this result predicts a fully
backreacted answer for the entropy of the perturbed black hole at leading order in the
Cardy-like expansion. It would be very interesting to understand whether the % corrections

2In contradistinction to the unperturbed system, in the presence of the D3-brane there is no non-linear
constraint among real charges for which the extremal value of the corresponding entropy function becomes
real and thus identifiable with the asymptotic value of a Boltzmann entropy.

3This Laplace transforms only depends on the charges of the combined system and not on the charges of
its individual components.



induced by the presence of the D3-brane can be understood, geometrically, as a change in
the area of the horizon. In order to answer this question we would need to understand how
the D3-brane backreacts the geometry in the bulk. We leave that problem for future work.

The paper is organized as follows. Section 2 summarizes the supergravity theory, and
other useful background information. We motivate and present our prescription to study
the thermodynamics of the combined black hole/D3-brane system and perform the Laplace
transform to extract the microcanonical entropy. In section 3 we study the field theory dual
description and we revisit the 4d computation in the absence of defect and recall how to
evaluate the asymptotic growth of the index in that case. In section 4 we compute the defect
index. We analyze the 2d index of the surface defect at large charges by implementing a
systematic Cardy-like expansion. In section 5 we conclude with brief remarks and questions for
the future. Appendix A reviews the thermodynamic procedure used in [42] while appendix B
summarizes useful mathematical identities.

2 The gravity theory

The probe D3-brane takes a certain embedding profile in the ten-dimensional supergravity
theory and requires us to include the DBI action to the theory. We describe this in detail in
this section. Moreover, we consider the five-dimensional black hole of [44] from the consistent
truncation on S° of the supergravity theory. The bosonic sector contains the graviton, three
gauge fields and two scalars. We consider the additional truncation to minimal gauged
supergravity where the electric charges are set to be equal, thus leading to a theory where
no scalars are present. We then discuss the thermodynamic properties of the system and
its supersymmetric limit. We carry on to study the effects of adding the probe D3-brane
and the thermodynamics of the combined system.

2.1 The black hole solution

We consider five-dimensional minimal gauged supergravity whose action takes the form

1 2 8
= R+12¢))x1— ——FAxF+—FAFAA 2.1
167TG5/ {( 1207 5l = 3G FASF + 575 : (2.1)

where ' = dA and g is the inverse length of AdS. The five-dimensional coordinates describing
the solution are {t,r,0,¢,¢} where 0 < ¢,¢ <27 and 0 < 6 < 7. The equations of motion
can be derived from (2.1)
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We review the known nonextremal nonsupersymmetric black hole solution with one electric
charge and two rotations as was studied in [44]. The solution of the metric and gauge



field are given by

Ag [(1 4 g%r?) p?dt +2qv] dt 2 Apdt 2 pPdrt p?do?
g5 o = _Dol(L+g7r7) prdt + 2] dt qvw+f<HeH w) LA p
g EaZpp? P pt \EuEp A, Ay
2, 2 2 | p2
! :—a sin? 0d¢? + r i_ cos? Odip?, (2.3)
Sa =b
3q [ Apdt
2p% \EqZp

where we have added a pure gauge term asdt with a5 being a constant. The remaining
functions in the metric and 1-form are

1 2+ 2ab
v =bsin? 0d¢+ acos? Odi), A, =g? (r2+a2) (r2+62) <1+ 5 2) +q +2a q —2m,
g’r r
d d
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= =
2 =r?4a%cos?0+b%sin?0, E.=1-d%¢?,
f=2mp*— ¢ +2abqg*p?, Ey=1-0%g".

For the general non-extremal solution with no supersymmetry, there are four independent
parameters that characterize the black hole

{a,b,m,q}. (2.5)

Moreover, we may sometimes find it convenient to swap one of the parameters, namely, ¢
with the outer horizon radius r,, i.e.,

q=—ab=x 7“+\/—a2 (b2g% + g?r2 +1) — b2 (¢>r2 +1) — g>rL +2m — 2. (2.6)

The electric charges and angular momentum can be computed via the Komar integrals
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where £, and &, are dual to Killing vector —0y and —d,, respectively such that
§p = —Guepda”, &y = —gupda. (2.10)

The charges are evaluated at the asymptotic boundary and for this reason, the Chern Simons
term in the integral for the electric charge does not contribute to the charge. In fact there
are different notions of charge and we refer the reader to [52] for more details. The energy
can be found from the AMD formalism

1 mm (28, + 25, — Z455) + 2mqabg? (4 + Zp)

Epn = —

=202
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(2.11)



The Hawking temperature is derived by requiring appropriate periodic identifications in
Euclidean time, which leads us to

i [(1+ g2 (2r3 + a® + b?)] — (ab+ q)?

Ten = fgy = 2.12
B = Opi 2rry [(r2 + a?) (r2 + b2) 4 abq] (212)
The angular velocities 21 and {2 are found to be
a(ri+t?) (1+g¢°r3) +bg b(r: +a?) (1+g¢°r%) +ag
Qi = 5 2 (12 2 ’ 2,BH = 75 2 (-2 2 : (2.13)
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We can now define the null Killing vector field
X‘uau =0+ Ql% + anw, (2.14)
and the electrostatic potential is
ngri
by = YHA — xHA = . 2.15
BH X N|r—>r+ X N’r—mo 9 ((T?F 4 a2) (7«3_ + b2> + abq) ( )
The entropy can be computed via the area of the horizon
2 2 2 2 b2 b
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Once we have computed these thermodynamic quantities, we may deduce the on-shell action
from the quantum statistical relation

Ign = BeuEH — SBH — BH1,BHJ1,B8H — BB Y2, BH 2,BH — BB PBHUBH

_ ﬂ 2/ 2 2 2, .2\ QQT?F (2.17)
- 4G5E.E <m g (a —i—r+) <b —i—r+) (a2 +72) (b2 +71%) +abg )’

2.2 The supersymmetric limit

We are interested in solutions that admit a Killing spinor, i.e., preserve N = 2 supersymmetry.
The BPS bound

3
Egn = gJ18u + gJ2.BH + §9QBH , (2.18)
is saturated for
m
S — 2.19
1= 15 a+b)yg (2.19)

This can be found by imposing (2.7), (2.8), (2.9) and (2.11) into (2.18). Keeping in mind (2.6),
we find that the parameter ¢ simplifies to the following

2 2 2 4 . 2
q=—ab+agri +bgri +ri +iry (abg+a+b—gr
+ + Tt ( +> (2.20)

= (a — noiry) (b — ngiry) (=1 + noigry).

From now on, we denote ng = %1 for the upper/lower sign in (2.20) respectively. This choice
of sign can be interpreted as a choice in one of two branches that dominate the path integral
and denote a growth of states. We shall come back to this point in great detail in section 2.4.



Once (2.18) is imposed, we find that if we want to preserve the reality of the parameters

r, = ,a—l—bg—i—abg) (2.21)

and this is the exact value where the discriminant of 72A, is zero, i.e., the inner and outer

a,b,q and m, we find that

horizons coincide and we land in the extremal regime of the solution. This analysis leads
us to conclude that supersymmetric Lorentzian solutions must be extremal if we preserve
the reality of roots of A, to avoid naked singularities.
In the supersymmetric limit, the temperature, angular velocities and electrostatic po-
tential in (2.12), (2.13) and (2.15) are complex
g (ri —r2) (2ri(ag+bg + 1) +ingg (r? — 3r1))
Ty = : , : , (2.22)
27 (a —ingry) (b —ingry) (gr? + inory)
g (ary —ingr?) (1 — inggry)
(a —inory) (r4 — inogry)
g (bry —ingr?) (1 — inggry)
(b —ingry) (ry —inggr?)
3gry (1 —inogry)

Ppy = 2.25
i 2rp — 2inggr2 (2:25)

Oy gy = (2.23)

Qo gy = (2.24)

and we can equivalently find a linear constraint among the angular velocities and electrostatic
potentials of the black hole

BBH (g + Ql,BH + QZ,BH — QCI)BH) = 2ming. (2.26)
Imposing both these conditions (2.19) and (2.21) leads to the following thermodynamic
relations
Qhip = 1 m(a + b)
BT G5 2g(1 - ag)(1 - by)’
N 1 w(a+b)(2a + b+ abg)
Jipn = - 91 5
Gs 4g(1 —ag)*(1 —bg)
1 w(a+b)(a+ 2b+ abg)
Jopn = — , 2.27
2P Gy dg(1— ag)(1 — bg)? 220
1 m(a +b)

Efy = Gs 19 —ag)®(1 = bg)2((1 —ag)(1 —bg) + (1 + ag)(1 + bg)(2 — ag — bg)),

1 7*(a+b)va+b+ abg
Gs 2g°%(1 — ag)(1 —bg) '

L
SBH -

which are now all real-valued expressions. We shall call the BPS limit the limit of the solution
where both extremal and supersymmetric conditions are imposed and we denote this by .
The family of solutions has now been reduced to two free parameters, a and b. Revisiting
the quantum statistical relation, we introduce the variables

Pou

BBH ( 3 PeH
2me )

5 Qo — WBpu); -¥BH= 5 (PBH — Phn),
i

Y pr— N pH), W2BH = 2 27
(2.28)

W1,BH =



with
N X . 39
QLBH =9 Q2,BH =9, BH — bR (2.29)

Note that the BPS values of the chemical potentials are independent of which saddle we
consider. Imposing these new variables into (2.26), we find the new linear constraint among
the chemical potentials takes the form

W1,BH + W2,BH — 3¥BH = No- (2.30)

With some manipulation, as the supersymmetric limit must be taken carefully, the quantum
statistical relation can now be rewritten as a statement independent of the temperature

2 3
Tl YbH (2.31)

bl
293Gs w1 BHW2, BH

Ign, susy = —SBH — w1,BHJ1,BH — w2,BHJ2,BH — ¥BHEBH =
and via the holorgraphic dictionary, we arrive at the following on-shell action

3
Isn, susy = miN?—PBH (2.32)
W1,BHW?2,BH

2.3 The combined system: black hole and probe D3-brane

Next we move on to introduce the methodology we follow to compute the O(N) corrections to
the entropy induced by the probe D3-brane. It is important to emphasize that even when o’
corrections are included, the entropy of the supersymmetric black hole receives corrections
of O(NY) [37-40] and so for the purposes of this paper, they can be ignored.

Assuming unequal black hole angular momentum and equal black hole electric charges, [42]
found that the supersymmetric on-shell action of the D3-brane is

=2
Ips, susy = —2miN - (2.33)
w1
This result comes from regularizing the Dirac-Born-Infeld and the Wess-Zumino contribu-
tions [42]. The wide tilde denotes the variables in the perturbed system and not just of
the unperturbed black hole, e.g., © # ppp.
To understand physically the dependence on the chemical potentials in the on-shell
action, let us review how the brane is extended into the bulk. On the AdSs coordinates,
the coordinates 6 and 1 are fixed

AdS5 : (t,r,@ == (90,¢,¢ == ¢0)a (234)

while on the S°, the D3-brane only wraps around one of the coordinates while the others

remain fixed

S50 (p1, 02 = o0, B3 = b3,0,0 = 0o, = ). (2.35)

As the angular momentum of the system comes from the symmetries associated to the Killing
vectors 0y and Oy, only one is set to be free which means that the on-shell action may
only depend on the chemical potential conjugate to the angular momentum associated to



ds. On the other hand, the electric charges come from the S°, in particular, from ¢; and
we expect that the on-shell action depends on the two potentials associated to the electric
charges from the fixed angles ¢2 and ¢s.

Although we have studied the black hole at equal electric charges and potentials, once
the D3-brane is introduced into the system, the potentials acquire a subleading correction
in the 1/N-expansion. Denoting the perturbed potentials as @1, P2 and @3 we expect the
on-shell actions for the fully refined system to be

I = Ign, susy + Ips, susy, (2.36)
where
2 P1P2P3 203
IsH, susy = niN2ELE2PS Ips, susy = —QTFZN(’D ° (2.37)
o)) w1

This expectation is reassured by microscopic computations of the fully refined 4d supercon-
formal index [3-5] and our calculation of the 2d index in section 4.1. To prove (2.37), one
would need to study the BPS limit of the fully refined AdSs black hole solution of [47].

Since we want to ensure from a thermodynamic perspective that supersymmetry is
preserved when the D3-brane is included, we conjecture that there should be a linear
constraint of a similar form as in (2.30) among @123 and @; 2. This also ensures the usual
prescription, where one takes the supersymmetric limit of the quantum statistical relation
to find the form of the on-shell action, i.e.,

2 3
I=-5—- Z(:)ka — Z@[Q[. (2.38)
k= =1

2.4 The extremization

The entropy of the total system can be found by extremizing the entropy function

S=—1-2mi Z QOIQ] — 2mi Z G Jr + 2miA (Z or — Z W + n()) (2.39)

I=1 k=1 I=1

As we show in appendix A, this is in direct contrast to the method in [42], where they consider
the Legendre transform of each subsystem separately.

We impose the linear constraint among the chemical potentials via the Lagrange mul-
tiplier A.*

The extremization of (2.39) leads to the following constraints

- 5255 + 53
0 = 2mi(A — Oy) — inN2ELE2E3 o, 013 T 0702 1=1,2,3,  (2.40)
w1201 w1
0= —2mi(A + J) + inN2 212253 _ gyl 902‘”2;, k=1,2. (2.41)
W1 Wa W, (@)

“We note that in the gauge theory side the two choices no = %1 correspond to two different saddle points
of a multi-dimensional Laplace transform used to exchange from canonical to microcanonical ensemble as well
as to impose the gauge-singlet constraint. We will further elaborate on this in section 4.



Solving for the charges and substituting back into (2.39) we find the extremal value of the
entropy function

S = 2mingA (2.42)

which has the same structure as the result obtained in the absence of the probe D3-brane,
although the value of A as a function of charges changes for the perturbed system.

In order to identify (2.42) with the entropy, which is a real-valued quantity, one may
constrain the charges of the system to the locus Im(g ) = 0. In the absence of the D3-brane,
this is the well-known non-linear constraint among charges that happens to be equivalent
to the vanishing of the Bekenstein-Hawking temperature. In the presence of the D3-brane
and for real charges, there is no solution to the locus Im(g) = 0. As explained in the
introduction, the field-theoretic analysis will provide the solution to this puzzle: at large
charges of order N? for large N the entropy of the system approaches, asymptotically, to

the real part of entropy functional S of the dominating saddle points,

Entropy ~ Re(S), (2.43)

without the need of imposing further constraints on the charge locus. This result comes
from the addition of contributions coming from two complex conjugated saddles, each of
them with its own on-shell entropy functional. This addition yields a real-valued asymptotic
entropy. Let us elaborate. With four of the extremization equations in (2.40) and (2.41),
we solve for @1, o, 3, and wWs

200 (AN + AR+ N - Qs) + Qa(Qs — 4))

& N2(Jy + A)(Q2 — A)(Q3 — A) ,
Gy — _@1(:71 +~1~X)

@2—A (2.44)
By — —algjl +~A)

Qs—A

~ G1(J1+ A)(IIN + AN + N — Q3) + Q2(Qs — A))
(J2 4+ A)(A = @Q2)(A — @3)
Note that the dependence on w; is trivial. Imposing these relations into the remaining
extremization equation in (2.40) and (2.41) leads to the following equation for A

0=2(A - Q1)(A—Q2)(A—Q3) = N*(A+ J1)(A+ Jo) + 2N(A + J1)(A - Q). (2.45)

From (2.45), we can see that the first two terms have the same form as the cubic equation
for A for the black hole in absence of the D3-brane, but now the charges correspond to the
combined system. The last term in (2.45) is of order O(N) and can be treated perturbatively.
To keep track of the leading terms in IV, we consider a rescaling of the form

A=N2A, Jpy=N*Jppuips, Qr= N2Qrpuips- (2.46)



To ease presentation we remove the subscript “BH+D3” in the remaining of this section.
Then, we find

0=2(A~ Qu)(A~ Q2)(A—Qs) ~ A+ J)(A+J2) + H(A+ A - Q). (247)

Moreover, the first two terms, with the probe D3-brane turned off, is the usual cubic equation
for A that appears when only considering the black hole [3-5]. We analyze the cubic equation
in a perturbative expansion in N by first considering the general form of the cubic polynomial

P(CL@,A) = a0+a1A+a2A2+a3A3 = (A—A+)(A—A0)(A—A_) =0, ap,1,2,3 € R, (2.48)

where AL and Ay are the three roots of the cubic equation.
With the combined system, each coefficient in the polynomial as well as the Lagrange
multiplier may also receive corrections

0, 1 «a 1
ar=al” + Nag ) A=AO ¢ NM(D’ ¢=0,1,2,3. (2.49)
The given values of ago) and agl) are
a(()o) = —2Q1Q2Q3 — J1J2, a(()l) = 2J1Q1, (2.50a)
2
o\ = 2(Q1Qs, +Q2Q3 + Q1Q3) — > Ik, at") =2(Q1 — ), (2.50b)
k=1
3
o) = 23" Qr -1, af = —2, (2.50¢)
=1
ol =2, al’) = 0. (2.50d)

We can expect that the roots of (2.48) are shifted by a subleading correction in N

3 l
o 1 @ o, 1 (1)) _
> (al + ol ) (A + oA 0. (2.51)

Expanding for large N, we find
3 (0) A (0) (0) 4 (0)
P A P A
Pag, A) = P(aéo),A(O))+ 1 S :L’)a(l) lMA(l) +O(N2). (2.52)

14
N& " a N I

Note that the expansion is only valid up to O(N~!) as higher corrections must also be
supplemented, for example, by higher derivative corrections from the black hole. Evaluating
at the roots A,(foz) +0 the zeroth order term vanishes, as expected, while the subleading terms
are in general nonzero

5 0P, Ay

Z B Tr— aé = agl) + agl)AECO) + agl)(Agﬁo))Q + aél)(A,(CO))?’, (2.53a)
=0
oP (0)7 A
@A) 04 2000 4 30 (1D
) o o (2.53b)
=LY 0 ADB - AD).

,10,



A for the Black Hole A for the Black Hole and D3—brane
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Figure 1. Here we show the complex A plane with several values of two different sets of roots
of (2.45) for N =20, Q1 = Q2 = Q3 = Q and J; = Jp = J satisfying the non-linear constraint that
ensures a real entropy in the pure black hole case. The first set of roots corresponds to the black hole
without D3-brane, whereas the second corresponds to the combined system. The nonlinear constraint
no longer remedies the two complex roots of A to be purely imaginary when a probe D3-brane is
introduced in the system.

Using (2.53a) and (2.53b), we arrive at an expression for the subleading correction to the
roots of the cubic equation

AL 20 + QA + 71)
k h— .
LS s (ALY — A (ALY — Ay

(2.54)

This solution is only valid when there are three distinct roots. In the case of degenerate roots,
the corrections are modified and the analysis must be done carefully. Since the coefficients of
the cubic equation for A are real, we expect two cases for the types of roots we may encounter:
A) one real root and two complex conjugated roots or B) all real roots.”

We shall focus on case A first and for simplicity, we choose a regime of charges, where all
angular momenta are equal denoted by J and likewise all electric charges are equal denoted
by Q. We now revisit the problem of the nonlinear constraint

(6Q+1) (3Q% = 7) = (2Q° + ), (2.55)

in the case of no probe brane. Then we find that the roots Ay are given by

AD ﬂ%},@a sa(seeyfiare), @< (2.56a)

1
AP = 5~ 3Q. (2.56b)

5The regime where the roots are all real are defined by a constraint on the discriminant of (2.48):
disc = —4a3a§ + a%a% + 18agasazai — ag (4(13 + 27aoa§) > 0.

— 11 —



where Af) are complex conjugated to each other and Aéo) is real. We plot the functions

of these roots on the left hand side of figure 1. With the probe brane extended in the
bulk, we impose yet again the nonlinear constraint (2.55) with the charges promoted to
the total charge of the combined system. We then see that the two purely imaginary roots
pick up a real part and therefore get shifted while the real root also takes a smaller value,
as shown in the right plot of figure 1.

The key observation here is that in contradistinction to the unperturbed black holes,
there is no generalization of the nonlinear constraint enforcing the reality of the entropy when
the D3-brane is introduced. Instead, the reality of the entropy comes from the addition of
the two leading gravitational saddles corresponding to the constraints ng = 1 and ng = —1.5

Therefore, in the case of not imposing (2.55), we find two of the roots take the general form

Ay = Ay +iA,, (2.57)

where A, and A, are real and can be found by taking the real and imaginary parts of (2.54).
The entropy of the system can be found by considering the sum of the two gravitational
saddles, where the first saddle corresponds to the constraint ng = 1 for the choice A_ and
the second saddle corresponds to ny = —1 for the choice Ay

€S ~ 6271'@'1\_ + 6727T’L'A+ ~ eZWi(AzfiAy) + 672TI'(AZ+’L'Ay) _ 2627rAy COS(27TA:C) ~ 6271'Ay7 (258)

where

7 (V€ (36%(y = 8) 4+ — 1) + 95%(3y — 1))
A, = (2.59)
6 (& (545% + 1862 + 1) + 6v/3 (275 + 2) 5%

and
PP =607 (V3O + 907 +3) +1, P =J+Q, €=2MJ+21Q+2  (2.60)

We stress that this result is not assuming a non-linear constraint amongst charges and we
have assumed equal charges for simplicity.

Finally, we make a brief comment about scenario B. In this case, there is no predicted
growth of states as the extremized value of the entropy function is purely imaginary. It
would be interesting to study what happens to the growth of BPS states in this regime of
charges realized in the field theory dual.

3 The 4d superconformal index: a brief review

In this section we focus on the undeformed 4d superconformal index and its integral repre-
sentation. We also review the Laplace transform procedure that extracts state-degeneracies
at large charges and finite values N.

5Although the existence of both saddles has been discussed, their combined contribution was not considered
in the analysis of the entropy in [42].
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The superconformal index counts (with sign) BPS states that can not combine to form
long representations of the superconformal algebra. For N' = 1 theories on S' x 3, the
superconformal index was defined in [53, 54] and takes the form

Tia(w; ) = Trpy(st %) {(_1)F B_B{Q,QT}emrigaQa627ricr(J1+§)e27riT(J2+§)} 7 (3.1)

where (), are the flavor charges with chemical potentials given by &, that will be later traded
by Ay =&, + %ra(a + 7), where r, is the R-charge. The combination .J; 2 + %, where Ji o are
the angular momenta on S and r is the R-charge, commute with the supercharge Q. The

r
29

In particular, the superconformal index Zy4(o, 7; A) counts 1—16—BPS states for N' = 4

chemical potentials o and 7 are associated to J; + % and Jo + L, respectively.

SYM theory and we shall focus on this theory from now on. The matter content is given
by the three chiral fields ®1 23 appearing in the superpotential

W = Tr (B [®s, B3)) (3.2)

with the associated chemical potentials being A2 3. For an SU(NV) gauge group, Zsq(o, 7; A)
can be written as a multidimensional contour integral over the gauge holonomies u;; = u; —u;
that imposes the gauge singlet constraint

Tya (o, m;A) = /SU(N) [DU|Z44(u, 0,75 A) (3.3)

9

N-1 3 ™ )
/{N/l H gy, 1= Hi;ﬁjl:(uij‘FAa’UvT)
0 - [Liz; T (wijso,7)

where

eQTria;e%rio N-1 627ri7;627ri7 N-1 3 ~ N—1
KN = ( )E}DV—(l)' )oc H (F(Aa;a, 7')) . (3.4)

a=1

We have used a modified version of the elliptic gamma function ’f‘(u7 T,0), as described
in appendix B. The evaluation of (3.3) has been the subject of several works [3-13, 15—
22, 25, 26, 28, 29, 34, 55, 56]. As long as the angular velocities 7 and o are of the form

o = 32_17 for some coprime integers s, s2, then (3.3) can be evaluated using the

w =8y
Bethe-Ansatz approach [19] or a Cardy-like expansion along the lines of [22, 34]. Since the
insertion of the defect will be studied using a Cardy-like expansion, we will hereafter align

to this method. The final outcome is of the following form

3

Tualo,7:8) = Nexp [—(N? -0 T (A - 5 "0)] - (35)

oT 2

We have ignored exponentially suppressed corrections in 1/|w|. The function {-},, is defined
in (B.5) and the value of ng = %1 indicates the domain of chemical potentials

Im (—1) > Im <A> > 0, no =1, (3.6a)

w w
1 A

Im (—) < Im (> <0, nop = —1. (3.6b)
w w
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Moreover, the chemical potentials satisfy the constraint

3 — no
T (3.7)

3
Z{Al}w =0+ T+
I=1

In case of real chemical potentials with |A;| < 1, for I = 1,2, 3, the leading contribution
obtained in the large N limit of (3.5) gives

i(N? —1
Tua(om: ) = Nexp |- T =D Ay (3.8)
where the linear constraint (3.7) simplifies to
3
ZA[—T—UZ—TL(). (3.9)
=1

As we see, the 4d index crucially depends on the domain of chemical potentials, i.e., the
value of ng.

3.1 Extracting degeneracies: changing ensemble

Now we would like to extract the degeneracies of the %—BPS states counted by the super-
conformal index, see for example [18, 50, 51]. This means that we have to change (3.5) from
the grand canonical ensemble — with fixed chemical potentials — to the microcanonical
ensemble. To do so, we are instructed to perform the following Laplace transformation

d(J: Q) = /dAdeo_e—logZ4d—27ri S 1oy ArQr=2mi(o 7 a)+2mih (3, Ar—T—o+no) (3.10)

This integration can be approximately solved in the large N limit or in the Cardy-like limit
(I7],]o] < 1)7 using the saddle point approach. We then must find the extrema of the
exponent and sum over the saddle points that dominate. Let us consider a family of critical
points {Ay,, wn, }, as shown schematically in figure 2, such that the effective action has the
same real part when evaluated at these points. In other words, both saddles are equally
leading in the saddle point approximation which then gives us

d(J, Q) ~ Z (6_ logI4d—27riZ§:1 A[Q1—2m’(0J1+TJ2)+27riA(Z?Zl AI—T—U-HLO)) . (311)

no==x1

no

Note that here we identify the critical points using only A,, because the constraint (3.9)
already determines the critical values of wy,. The extremization leads us to the following

relations
0log Tyq )
TO0Md _ omi(A — I=1,- 12
8A] 7”( Q[)a ) 37 (3 a)
Olog T,
I8 _ 9ni(Jy + A), (3.12b)
Oo
log 7.
% = 2mi(Jo + A), (3.12¢)
-

"See [6-11, 57] for extensive work on the Cardy-like limit of the superconformal index.
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Figure 2. The figure shows the complex plane of chemical potentials for a generic A where the
region corresponding to ng = 1 (3.6a) is shown in gray and the region specified by ng = —1 (3.6b) is
shown in light blue. The thick blue arrows running over the interval Re(A) € (—1; 1) represent the
integration contour for Ajy. With dashed curves we schematically show a deformation of the initial
contour such that it passes through the critical values of chemical potentials AL.

under the constraint (3.9). This implies
3
2[[(Qr = A) = N*(J1 + A)(J2 + A). (3.13)
I=1

The relation (3.13) have precisely the same structure as (2.45), without the last term that
accounts for the D3-brane contributions and assuming the charges are the ones of the 4d
1—16—BPS states counted by the superconformal index. The degeneracy of states is then given by

AdJ; Q) ~ > Y erinoly, (3.14)

7’L0::|21 k:i,O

Generically, if we require a growth of states, then (3.13) must have two complex conjugated
solutions for A, which we have called A1 in (2.57), that upon application of (3.14) generate
a dominant saddle for each value of ng. These dominant saddles correspond to the roots
satisfying Re(2mingA4) > 0. If we appropriately label Ay such that the subindex corresponds
to the sign of its imaginary part, we have

If the imaginary part of A+ vanishes, then we see that the microcanonical expression for
the index is a pure oscillatory term that does not probe the growth of states compatible

with black hole entropy.

4 The defect superconformal index

The computation of the defect index requires the consistent embedding of the 2d N = (2,2)
superconformal algebra into the 4d A = 4 superconformal algebra. This has been done in
detail for N' = 2 [58] as well as for N' = 4 [42]. In these works, the fugacities used in the
2d description are related to those in 4d. For this reason, we write the full defect index
purely in terms of the 4d chemical potentials.
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The defect worldvolume Moy, extends along the S and wraps a circle inside the S3.
The surface operator with support on this Msyy will be such that it commutes with the
supercharge selected to construct the 4d superconformal index, and this is ensured in practice
by appropriately choosing the orientation of the surface operator during the embedding
procedure. The defect index is then given by

ZD = / [DU]Z4d(U,U,T;A)ZQd(U,O‘,T;A) . (41)
SU(N)

It has been proposed that (4.1) provides the microscopic definition of a dual gravity system
which includes black holes interacting with a probe D3-brane [42]. We revisit this matter
carefully in this section.

It is possible to work in the approximation where the saddles of (3.3) are not affected by
the insertion of Z94 in (4.1). This regime corresponds holographically to the probe limit of
the black hole/D3-brane system. In this probe limit we can write

In= Y, Zult,o0,78)Z(0 0,73 A) + -, (4.2)
fic4d—saddles
where the --- correspond to the subleading saddles. Instead of directly implementing the
probe limit (4.2), we first study the 2d index in the context of a systematic Cardy-like
expansion along the lines of [34, 59]. This enables us to have better control over the effect
of backreaction coming from the 2d defect on the 4d index. If we denote the fundamental
domains of chemical potentials A(™), ny = +1 then we will see in subsection 4.1 that for
no = 1, the integrand Z54 in (4.1) becomes independent of the holonomies up to corrections
exponentially suppressed in 1/|w|
I](Dl) = Zy4(o, T; A(l)) Z Z44(t,0,71; A(l)) ) (4.3)
u€edd—saddles
Moreover, for the other domain of chemical potentials labelled by ng = —1, the leading
order in the Cardy-like limit is given by
I](;l)’ = Zoq(o,T; A(fl)) Z Zyq(t,0,T; A(fl)) . (4.4)
w0 a€dd—saddles

We now turn to study the 2d index in the systematic Cardy-like expansion.

4.1 The Cardy-like expansion of the 2d index
Following [42, 58], we start with the 2d index given as

N
Oo(—uij — Ag +0; 0) Oo(uij — Ay — Do+ 7403 0)
Zog = E E 1 I . 4,

2d = eXP L# 08 Oo(—uij + Ay — 73 0) + o8 0o (uij; o) (4.5)

Now using the elliptic theta functions in (B.2a) and (B.2b), the 2d index can be recast
in the form

N eZﬂi(fuiij2+a). e2mio e27ri(uij+A2). e2mio
Za=Y exp [ o ’ = ’ > (4.6)
= ex .
2d - P — & (eQﬂ'i(*’U«ij+A1*7')- eQﬂiU) (e2ﬂ'i(u¢j*A1+‘r+J). e?wia)
i=1 j#z ) I
oo oo
<e27ri(uij—A1—A2+T+J); eZWiU) (eQTFi(—uij+A1+A2+T); eZﬂ'ia)
+ log : oo : oo
; <e27r1(u.;j); e27ria) (627”(0'—“1‘]‘); e27ri<7)
00 oo
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We consider the following change of variables w;; = (xjj0 + y;;7) and 7 = 2—;0 such that
wij = o(zij + z—;yij) = 0z;;. Note that we are not taking the continuum limit nor specifying
how the holonomies are distributed, therefore this change of variables is simply an intermediate
step that aids the systematic Cardy-like expansion.® Later on, we shall recover the original
u;; variables. Upon using the asymptotic expansion (B.3), we find

Z9d = Z exp

oric ;;% 27“0 (B"'(ZU)LiQ—T (ez’”(—Az))

+B, (1 + 32+ Zw) Liy_, (e2wi(A1+A2))

—B, (1 +2 4 zw> Lio_, (e2wi(A1))
(5

—B, T Zw) Liy_, (eQﬂi(*A1)>

—BT (1 - Zij) LiQ_T (eQm(G)) - B,« (Z”LJ) Lig_,« (e%i(_e))) ] .

In the last line we have regulated the Polylogarithms via a small € > 0 regulator. We will
see that we can safely take ¢ — 0 at the end of the manipulations. Utilizing the property
of Bernoulli polynomials,

the 2d index is simplified to

Zoq = Z exp

e 325 E [ ) (-1 i (27029) + L (27469)
j#ir=0 !
8, (=) (17T (#7878 1y (e

~B, (——zw) L 2”1<A1)) (—1)"Lis_, (e%i(_Al))) (4.9)

o) (L (279) (1 ()]

The final simplification requires us to use the property of Polylogarithm functions

. ) 271\
Lin (€272) 4+ (—1)"Lip(e—27) = ”j) B.({z}), n=1,2,3-, (4.10a)
n.
Li_p, (™) 4 (=1)"Li_,(e"?™%) = 0, n=0,1,2,3,--, (4.10b)

8See [59] for a similar implementation to the 3d superconformal index.
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for 0 < Re(z) <1 and Im(z) >0 or 0 < Re(z) <1 and Im(z) < 0. Now (4.9) becomes

N ! 7wi)2" (27io)"
e Zexp L7Tlia Z Z ((22 —)T)' S rl ! (=Br(2i5) (Ba—r ({A2}) = Ba—r)
=1 j#ir=0 ’ ’
(DB ) (Bar (-1 - o)) = Bay (A1) +) | (411
ol i(V— 3 Ujj o
:ZGXP{W\;U T ({2} = 1) + 601 (ZN_JI —2) } :
i=1 a=2 j#i

where we have recovered the original holonomy variables, namely w;; = @ and for compactness
we have defined n = 15 The function {z} defined in (B.6) is such that it forces the Bernoulli
polynomials to have the same periodicity properties as the Polylogarithm functions. Note
that (4.10a) ensures that the terms with the e regulator produce a finite result as the right
hand side is a finite quantity at z = 0. Focusing on the ny = —1 saddle, we would like to find
the saddle point configuration for u;;. A generalization of a lemma derived in [10] shows that
for any periodic potential in u;;, the uniform distribution along the period are the saddle
point configurations where not all the holonomies collapse to a single point. In fact the
potential in (4.11) is o-periodic, hence the saddle point configurations are of the form

i—J

N (4.12)

uij =
then we have:

N 3 (1=
S =52 f 1m0+ (55-3) )

i=1

2ri(N 3
:Nexp[ (H {A}—n)

(4.13)

We note that, for s; =1, (4.12) coincides with the basic Bethe-Ansatz solutions dominating
the large N of the 4d superconformal index. There are two main observations to make
regarding the transition from (4.11) to (4.13):

o For the fundamental domain of chemical potentials labelled by ng = 1, the holonomies
drop from the expression (4.11), rendering our result (4.13) valid at finite N up to
exponentially supressed corrections in 1/|w|. This domain of chemical potentials
corresponds to (4.3) and clearly in this case there is no need to work in the probe limit.

o For ng = —1 there is a linear dependence of the holonomies in (4.11) that accounts
for backreaction of the D3-brane when considering the combined 4d-2d system and
the dominant distribution is given by (4.12). This allow us to factor out the 2d index
contribution to the 4d defect superconformal index, as anticipated in (4.4).

The next step is to explicitly evaluate (4.1) and extract the microcanonical degeneracies
implementing the Laplace transformation.
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Figure 3. The figure shows the complex plane of chemical potentials for a generic A where the
region corresponding to ng = 1 (3.6a) is shown in gray and the region specified by ng = —1 (3.6b) is
shown in light blue. The thick blue arrows running over the interval Re(A) € (—1; 1) represent the
integration contour for A;. Now we represent the deformed contour in the presence of the D3-brane in
black dashed lines passing through the new saddles labeled as &i. We have kept the contour (dashed
orange curve) for the case of the black hole in the absence of D3-brane just for reference.

4.2 The combined 4d-2d system: extracting degeneracies

We now consider the combined 4d-2d system up to non-perturbative corrections in the
Cardy-like expansion. From (3.5), (4.3), (4.4) and (4.13), the total defect index is given by
ir(N=1){ (N+1){ 3
. - [[dAa, —n)+2]] (A —n) |- (4.14)
a=2

I=1

Ip = Nexp

Note that for purely imaginary o, 7 as well as for purely real arguments, the functions {-},,
and {-} coincide, which allows the expressions for Z54 and Z44 to be written in terms of the
same combinations of chemical potentials. The expression (4.14) considerably simplifies in
the regimes of real chemical potentials A; such that |A7| < 1

(N —1 N+1
Ip = Nexp |:Z7T( . ) (—( + )A1A2A3 + 2A2A3>:| s (415)

T

NA3=0c+7—A1 — Ay —nyg. (416)

From now on we proceed to extract the microcanonical degeneracies from the grandcanonical
expression for the defect index given in (4.15). Implementing the Laplace transform using
the saddle point method requires the following extremization process

dlogIp o B

TAI—QW’L(A Q[), 1—173, (417)

0log T .

% = —2mi(J; + A), (4.18)
log 7,

a%% = —21i(Jy + A), (4.19)

under the constraint (3.9). It is worth pointing out that in this case the charges Q123 and
J12 are the total charge of 4d and 2d states.
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From this point on, the mathematical problem is essentially equivalent to (2.40). In
the field theoretical language we have to repeat the calculation of section 3.1 just replacing
Z4q by Ip in (3.10). If we focus on the large N regime, following the logic of section 2.4,
we find a new set of saddle points through solving a modified cubic equation completely
equivalent to (2.45). In figure 3, we show a schematic picture of how the new saddles in the
complex domain of chemical potentials can be changed by the 1/N corrections introduced by
considering the contribution of the 2d defect states to the degeneracy.

5 Final comments and open questions

We have presented the thermodynamic analysis for the combined black hole/D3-brane system
in a way that ensures the reality of the charges and the entropy. To do so, we took into
account both leading saddles of the gravitational path integral and likewise, on the gauge
dual, the two leading saddles of the integral over the holonomies that represent the defect
superconformal index. Following this procedure we obtain real charges and entropy without
the need of imposing a nonlinear constraint among the charges.

There are various interesting extensions of this work. The first is to compute the
backreaction of the D3-brane in the geometry. One first step in this direction may be solving
the Killing spinor equations for the combined system of a black hole/D3-brane. Presumably,
while doing so, we would be forced into computing relevant backreaction effects. This may
allow us to answer questions like whether the exact change in entropy predicted by the field
theory side of the duality can be interpreted as a change in the area of the black hole horizon.
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A Revisiting a previous approach

In this appendix we briefly review the procedure in [42]. We illustrate that following that
procedure, a real entropy can not be obtained even if the two dominant saddles of the
Legendre transform are combined. The difference with our approach is that we consider
the Legendre transform of the total action which is different from the sum of the Legendre

— 20 —



transforms of the subsystems. Recalling that at the level of the on-shell action

I = Ign + Ips (A1)
and requiring that

S = Sgu + Spa, (A.2)

then the first law of thermodynamic of the total system would unequivocally constrain the
thermodynamic charges of the D3-brane to be

1 (9[]33 1 8ID3 1 81D3

J1.03 500, J2.03 500 (b3 500 (A.3)

provided the chemical potentials do not receive subleading corrections in 1/N, or equivalently,
that they are the very same chemical potentials of the unperturbed black hole. To evaluate
the right hand sides of the equations in (A.3), we must invert the Jacobian matrix

8(917 QQ, (I)a B)

a(aa ba q, T+) (A4)

In this way we find the expressions for the electric charges and angular momentum of the
D3-brane reported in [42].
A.1 Legendre transform with just the D3-brane

The entropy of the D3-brane is defined from the Legendre transform

3 2 3 2

Spz = —Ip3 —2mi Z ©1,BHQ1,D3 — 270 Z wi,BHJE,D3 + 2miA (Z ©IBH — Z Wk,BH + no) ;
=1 k=1 =1 k=1

(A'5)

where A is a Lagrange multiplier implementing the corresponding linear constraint, and we
have reinstated the subindex BH to recall that these are the very same potential as the black
hole solution. The extremization leads to the following equations

ol

0=——2D% _oni(Qrps—A)=2mi | NERBUESBH (514 51y 1 ps+A |, I=1,2,3,
a<P1,BH ©I1,BHW1,BH
ol

0=——2D% ori(Jyps+A)=—2mi | NERELESBH sk 7 s+ A ), k=1,2. (A.6)
0wy, BH Wk, BHW1 BH

Imposing (A.6), we find that the entropy is given by
SD3 = 271’2"]7,0[\. (A?)
Solving for ¢o gy and @3 gy in the equation for I = 2 and I = 3, we find

_ A —Qsp3 - A —Q2p3 AS
Y2BH = “WILBH— 7 P3BH = ~WIBH (A.8)

— 21 —



and imposing this into the equation for k£ = 1, we have

0=(A—-Q2p3) (A —Q3p3) +N(Jipz+A)
= A? + A(=Q2,p3 — Q3,03 + N) + (Q2,03Q3 3 + N.J1.p3).

As this is a quadratic polynomial with real coefficients, the solutions can either be two real

(A.9)

roots or two complex roots, conjugate to each other. Therefore, we have

Ay = % <Q2,D3 +Qsp3 — N £ \/(—QQ,Dg —Q3p3+N)2—4(NJips+ QQ,D3Q3,D3)> :
(A.10)
In general, using the expression for the charges found in [42], A+ are complex valued roots,
but not necessarily complex conjugate to each other. Moreover, we have the extremization
equations

A=CQip3, A=-Jops3. (A.11)

In the regime that (A.10) and (A.11) are satisfied, we find a complex-valued entropy.

B Elliptic functions and their asymptotic behavior

Here we gather definitions and useful identities of elliptic functions.
The Pochhammer symbol is defined as

[e.e]

(21 Q)00 = [ (1 — 2¢"). (B.1)

k=0

The elliptic theta functions have the following product forms

Bo(u; 7) — H (1- 627ri(u+k:r))(1 _ 627ri(—u+(k+1)7')) (B.2a)
k=0
_ (627Tiu; 62771'7) (62771'(7'711); 627m'7'> ) (B.2b)

Consider an asymptotic expansion in 7 with fixed 0 < argT < 7 as given in [60]:

(ze”iT;e%iT)ooZexp< Sy, (1-3) S )TLiz—r(2)> . (B3

r=0

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

o0 | pitlghtl,—1

I'(zipq)= [] —, (B.4a)
jk=o 1 Pavz

" 1 _ g2mi[(j+1)o+(k+1)T—u]

I(u;0,7) = H 1 _ e2miljothr+u] (B.4b)

7,k=0

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

{u}; = u — |Reu — cot(arg 7)Imu| (u € C), (B.5)
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and define {z} such that

{z} =z — |Rez|, (B.6)

where {z}; = {z} for purely imaginary .
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