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ABSTRACT: We calculate the logarithmic correction to the entropy of asymptotically flat
and AdS black holes (rotating, non-rotating, charged, and uncharged) embedded in Einstein-
Maxwell-dilaton (EMD) theories with U(1)-charged. The leading quantum gravitational
corrections are achieved in both extremal and non-extremal limits of black hole tempera-
ture by designing a common FEuclidean gravity setup that evaluates the “logarithmic term”
from one-loop effective actions via heat kernel method-based calculations. EMD theories
are universal building blocks of compactified string theory or supergravity models in 4D.
For a concrete example, we generalize the entire setup and calculate logarithmic correc-
tions for black holes in U(1)2-charged EMD models intersecting with A/ = 4 ungauged and
gauged bosonic supergravity. In contrast to flat backgrounds, all the AdSy results are found
to be non-topological, providing a wider “infrared window” into the microscopic degrees of

freedom of black holes in string theory.
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1 Introduction

Black holes are fascinating as well as peculiar gravitational objects for which the quan-
tum gravity effects are significant. A proper understanding of the microscopic viability of
quantum gravity candidates by interpreting black hole entropy has been one of the major
attractions of fundamental physics over the past several decades. Inside the framework
of Einstein’s general relativity, the entropy of a black hole is described by the seminal
Bekenstein-Hawking area law (BHAL) [1, 2], which is equal to one-quarter of the area of
the event horizon. String theory has already gained remarkable success by providing a
counting of microstates underlying the entropy of various classes of flat and AdS black
holes to establish the BHAL (e.g., see [3-15]). For a non-trivial consistency check, there
has been trendy progress on the macroscopic front (the low energy or IR limit), i.e., in the
description of Einstein gravity by incorporating possible quantum gravitational correction
to BHAL describing black hole entropy (semi-)classically and approximately at tree level.
This paper aims to explore the same direction.

It is well-known that the leading and fundamental quantum gravitational correction
to black hole entropies is a logarithmic term. However, the total quantum corrected black
hole entropy has the following generic form (with horizon area Agy and Planck length /p)

00 —n+1
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where the leading term j&% is BHAL, the second sub-leading term proportional to In Ay
is the logarithmic correction (e.g., see [17-47]) and the renaming terms are the other
power-law or quantum-loop! (perturbative) and exponential (non-perturbative) correc-
tions [48, 49]. In the large-charge limit?> of black holes, the logarithmic correction is
fully dominant over others. These logarithmic entropy corrections also turn out to be
universal since they are inescapable in the structure of every quantum gravity, even via
many different approaches like — Euclidean effective action method [25-43], quantum tun-
neling [21-23], conical singularity [17, 18], Cardy formula [20], conformal anomaly [24],
quantum geometry [19], non-local quantum gravity [44-47], etc. For a gravity model cou-
pled to the higher-curvature terms beyond two-derivative, the expansion (1.1) in principle
holds a similar form, except the BHAL gets modified into the Bekenstein-Hawking-Wald
formula [50] by capturing the classical higher-derivative corrections to black hole entropy.
Technically, the loop contributions of the higher-curvature terms give rise to a distinct
class of power-law corrections with the relevant constant prefactors depending on both the
coupling constants associated with the higher-curvature terms and the quantum fluctua-
tion data of the concerned theory. But the universality status of logarithmic corrections
is so robust or fundamental that they are insensitive to the higher-derivative or power-law
corrections [25] and entirely determined by the one-loop contribution of the two-derivative

!The n-loop quantum corrections are proportional to A;{"H, where In Ay term is also of one-loop.

In the large-charge limit, black hole parameters like its charge, angular momentum, mass, etc., are
scaled (keeping their dimensionless ratios fixed) so that the horizon area appears much larger than the
Planck area, i.e., Ay > ¢%. Throughout this paper, we will work on this limit.



sector of the theory. Note that the logarithmic prefactors (C, x,7) in the formula (1.1) con-
trol the relative strengths of corresponding quantum corrections, which generally depend
on the details of UV completion of the concerned low-energy gravity theory. Surprisingly,
the logarithmic corrections and their prefactor C are special since they are entirely com-
putable from the knowledge of only low-energy modes (IR data), i.e., massless fluctuations®
running in one-loop [25-43]. This fundamental feature makes them a strong infrared lab-
oratory for the most active litmus test, i.e., any enumeration of black hole microstates
inside the structure of string theory must agree with the logarithmic corrected entropy.
However, there are often huge technical challenges to overcome in evaluating them [7, 8].
In this paper, we will explain how to compute logarithmic corrections for all rotating (and
non-rotating) as well as charged (and uncharged) black holes in the low-energy model of
Einstein-Maxwell-dilaton theory by structuring a common and efficient setup.

Our central objective is to address the specific question: how to obtain the logarith-
mic correction to black hole entropy in the most ubiquitous building blocks of effective
gravity models that are an IR limit of compactified string theories in 4D spacetimes? One
such popular model is the Einstein-Maxwell-dilaton (abbreviated to EMD) theory that uni-
versally structures the 4D description of various higher-dimensional GR-inspired theories
and supergravity [51-63]. Especially the supergravities are well-known compactified string
vacuums (typically type-IT and type-I on a Calabi-Yau three-fold [64, 65]) that already
have well-established microscopic counterparts. EMD theories are toy models for studying
the string-loop effects from the macroscopic gravity side, which recently attracted some
serious attention and motivated the current paper. These are nothing but the Einstein
gravity model coupled to the Maxwell sector via the non-minimal coupling function of a
dilaton (as a fixed scalar field*), describing the central bosonic sector of true supergravity
theories for some specific choices of the Maxwell-dilaton coupling constant. Obviously, the
EMD models are the natural but non-trivial generalization of a simple Einstein-Maxwell
(EM) theory. However, the presence of non-minimal Maxwell-dilaton coupling precludes
the EM theory from being a consistent truncation of this EMD class. In other words,
any EM background (at least the charged black holes) does not solve the EMD theories.?
But quite surprisingly, there exists an exceptional case where general EM backgrounds
like Schwarzschild, Reissner-Nordstréom, and Kerr black holes can be uplifted or embedded
into the EMD models as scalar hair (or dilaton)-free black hole solutions (please refer to
section 3.1). Similarly, it is possible to embed the Schwarzschild-AdS, Reissner-Nordstrom-
AdS and Kerr-AdS black holes in a consistent EMD theory with a negative cosmological
constant (abbreviated to EMD-AdS theory) and their intersecting sectors in gauged super-
gravity [57, 60, 62, 63]. These embedding choices of black hole backgrounds effectively
intensify the prospect of microscopic consistency of calculated quantum correction results

3The account of massive fluctuations leads to the corrections to black hole entropy that are suppressed
by the inverse powers of m?Ay but cannot give In Ay terms. Also, see Footnote 10.

“The scalar field, dubbed as dilaton, controls how the extra dimension(s) dilates along the compactified
4D spacetimes via the low-energy EMD models [58, 65].

5An EM theory minimally coupled to a scalar field never gives rise to new black hole solutions beyond
the limit of the Kerr-Newman family.



inside string theory [3-8, 10-14]. To date, pioneered by Ashoke Sen and collaborators and
then followed by many other groups, the logarithmic corrections are mostly reported for
the full Kerr-Newman family of black holes in EM theory [28-30, 41] and all AV > 1 un-
gauged supergravity [25-27, 31, 33-35, 3740, 42]. Few results are also available for AdSy
black holes by Jeon et al. [36] and David et al. [43]. All this motivated us to the particular
objective of this paper, i.e., computation of the logarithmic correction for all flat and AdS
scalar-free black holes in the EMD and embedded supergravity theories.

We plan to employ the standard and most successful Euclidean quantum gravity ap-
proach [66, 67] to address the question of logarithmic corrections in this paper. In this
process, we explicitly test Sen’s quantum entropy function formalism [68-70] and the Eu-
clidean gravity treatment [30] for extremal and non-extremal black holes, respectively.
The underlying framework is computing the Euclidean path integral of any gravity theory
perturbatively via the saddle-point expansion, considering the black hole solutions as a clas-
sical saddle-point. The Bekenstein-Hawking formula (or Wald entropy if higher-derivative
terms are incorporated into gravity action) arises from the entropy evaluated on the on-shell
saddle-point, while the quantum corrections to black hole entropy are different order loop
contributions to the Euclidean path integral. For the logarithmic correction, one needs to
extract and evaluate the exclusive “logarithmic term” from the one-loop quantum effective
action part of massless fluctuations. To fulfill this purpose, the heat kernel method [71-74] is
a practical and effective tool that has successfully reproduced correct results in all available
cases [25—43]. Here the one-loop quantum effective actions are estimated by computing ex-
pansion coefficients of the heat kernel operator controlling all quadratic or one-loop fluctua-
tions around a concerned black hole background. To achieve the ambitious goal of exploring
all uncharged, non-rotating, charged and rotating quantum black holes from a single plat-
form, we will cast the Seeley-DeWitt expansion [75-80] of heat kernel,% followed by Gilkey’s
approach [81] of computing the relevant coefficients that are only invariants induced from
the background curvature. Most other acknowledged approaches, e.g., the eigenfunction
expansion method [25-27, 31] and its related avatars [33, 34], are strictly limited to non-
rotating extremal black hole backgrounds having a near-horizon geometry with rotational
symmetry (i.e., Bertotti-Robinson or AdSs x S? type). In contrast, Gilkey’s Seeley-DeWitt
approach [81] gained immense success by providing logarithmic corrections for the full
Kerr-Newman family (i.e., Schwarzschild, Reissner-Nordstrém, Kerr and Kerr-Newman) of
black holes in both the extremal [28, 29, 38—41] and non-extremal [30, 35, 37, 41, 42] limits,
irrespective of being non-supersymmetric or supersymmetric. So far, this success is chiefly
for asymptotically-flat backgrounds, but we have overcome the challenges of extending the
setup for asymptotically-AdS, black holes in this paper.

Let us highlight the prime technical findings and the remaining content of this paper.
In section 2, by fusing the mentioned heat kernel treatment [81] and Euclidean quantum
gravity setups [30, 68-70], we structure an efficient handbook that can compute logarithmic
corrections to the entropy of all flat and AdS black holes via a common platform in 4D. Here

STechnically, the Seeley-DeWitt coefficients capture only the local part of the heat kernel, while a global
contribution also exists due to zero modes of the heat kernel operator. Please refer to section 2.



Logarithmic U(1)-charged EMD and U(1)? EMD
Correction Results EMD-AdS Theories embedded NV =4

Supergravity

Schwarzschild (4.45), (4.48), (4.51) (5.21)

Schwarzschild-AdS (4.30), (4.35), (4.40) (5.16)
Kerr (4.46), (4.49), (4.52) (5.22), (5.24)
Kerr-AdS (4.32, 4.34), (4.37, 4.39), (4.42, 4.44) (5.18), (5.20)
Reissner-Nordstrom (4.47), (4.50), (4.53) (5.23), (5.25)
Reissner-Nordstrom-AdS | (4.31, 4.33), (4.36, 4.38), (4.41, 4.43) (5.17), (5.19)

Table 1. The list of logarithmic entropy correction results for extremal and non-extremal black
holes in U(1) EMD theories and U(1)? EMD embedded N = 4 bosonic supergravity.

we will see how a particular Seeley-DeWitt coefficient a4(x) (defined in eq. (2.16)), encoding
all the trace anomaly and central charge data, evaluates the logarithmic corrections to the
entropy of 4D black holes in both extremal and non-extremal limits of their temperature.
In section 3, we consider a typical U(1)-charged EMD-AdS theory with a single Einstein-
dilaton coupling of arbitrary strength. We then embed possible rotating and non-rotating
EM backgrounds by setting appropriate constraints on the Maxwell or U(1) charges that
vanish the background dilaton. We finally calculate the first three Seeley-DeWitt coefli-
cients (i.e., up to a4(z)) by fluctuating the entire content EMD-AdS theory around the
embedded backgrounds for the quadratic order. The specific heat kernel results, depicted
in eq. (3.37) for an arbitrary dilaton coupling, are obtained entirely on-shell and found to
be manageable in terms of the background invariants preserving the electromagnetic dual-
ity. At any point, by setting the flat-space limit of vanishing cosmological constant, we can
retrieve the same Seeley-DeWitt results for the U(1)-charged EMD theory. Next, section 4
utilizes the heat kernel data of section 3 and computes the logarithmic correction formulas
for the Schwarzschild-AdS, Reissner-Nordstrom-AdS and Kerr-AdS black holes embedded
in the EMD-AdS theory as well as for the Schwarzschild, Reissner-Nordstréom and Kerr
black holes embedded in the EMD theory. The non-extremal and extremal relations are
separately derived for the three choices of the dilaton coupling constant as per string theory
and recorded as in table 1. We analyzed the universal status of all the results and found
that the logarithmic corrections for AdS,4 black holes are non-topological. In contrast, the
corrections are topological (i.e., pure number and independent of black hole parameters)
for the case of flat black holes, except for the non-extremal charged Reissner-Nordstrém
background.

Section 5 is another novel and central part of this paper where we upgrade the whole
Euclidean quantum gravity and heat kernel setup for a more generalized U(1)2-charged
EMD theory with two Maxwell-dilaton couplings that can be explicitly embedded into
N = 4 supergravity (e.g., see [55, 59, 61] and citations therein). The embedding condition



is determined by a fixed choice of the two dilaton coupling constants that exactly describes
the bosonic sector of the SO(4) version of ' = 4 ungauged and gauged supergravity in 4D.
Similarly, we computed the necessary Seeley-DeWitt coefficient a4(x) (see eq. (5.14)) and
utilized it to explore logarithmic corrections for the flat and AdS black holes in the special
class of U(1)2-charged EMD embedded N' = 4 ungauged and gauged supergravity. As
recorded in table 1, the correction results depict a similar kind of universal or topological
profile as we witnessed for the black holes in U(1)-charged models. All these calculated
leading quantum corrections and their observed “topological vs. non-topological” status
provide a wider “infrared window” to probe into microscopic degrees of freedom underlying
black hole entropy in string theory.

Finally, in section 6, we conclude this paper with a summary, discussing the novelty of
the results and making some remarks on their future implications and outlook. Appendix A
encodes a handful of details about the complicated Seeley-DeWitt trace calculations in the
U(1)2-charged EMD model embedded into N' = 4 supergravity for interested readers.
Appendix B includes a brief note on the holographic renormalization process used in in-
tegrating the necessary Seeley-DeWitt invariants around the concerned AdSy black hole
backgrounds. In appendix C, we list the explicit forms of the similar curvature invariants
and their regulated integrations around the near-horizon geometry of extremal black holes
for proceeding via the QEF formalism. Appendix D includes the general logarithmic cor-
rection formulas for the black holes embedded in the class of U(1)-charged EMD-AdS and
EMD models having a common dilaton coupling constant parameter.

2 Effective action and heat kernel “recipe” for logarithmic correction

This section sets up the central working formula for computing the one-loop effective action
for finding the logarithmic correction to black hole entropy using the Euclidean quantum
gravity approach [66, 67], followed by the heat kernel method [30, 71-74, 81]. Here the
calculation treatments for the interested 4D black holes are explicitly highlighted.

2.1 The setup

Let us consider the generic rotating and charged black hole solution in a D-dimensional
gravity theory described by the following path integral”

2(8.6,) = [ Fg.¢lexp (=Sl bl

(2.1)
Sklg, vl = /de\/detgi”[gW,sOL

where Sglg, ¢] is the Euclideanized action and Z2][g, ¢] is a measure over all fields ¢ and
space-time metric g, with the asymptotic boundary conditions controlled by the fixed
inverse temperature /3, angular velocities &, and chemical potentials ji, which are thermo-
dynamically dual to black hole mass M, charges Q , and angular momenta j, respectively.

"Throughout, Boltzmann constant (kp), Planck-Dirac constant (%) and speed of light (c) are set as
unity.



Then the grand canonical partition function (2.1) can be related to the microcanonical
entropy of the black hole via the Legendre transformation [66],%

Sou(M, J,Q) =In Z(8,&, 1) + BM +& - J + i - Q. (2:2)

Considering the black hole as a classical saddle-point (g, ), we can fluctuate the entire
field content (including the metric) for small quantum fluctuations ¢,,, = {g, ¢},

9=9g+3g, ¢=0+o, (2.3)

and then compute the effective action perturbatively via the saddle point or loop expansion
up to the one-loop as

Llg, o] = —In Z(8,d, i) ~ Splg, ¢] + W. (2.4)

Here the leading contribution Sg[g, ¢| is the Euclideanized on-shell action which always
gives rise to the classical Bekenstein-Hawking entropy [66, 67] or the Bekenstein-Hawking-
Wald entropy [50] when the action incorporates higher curvature terms beyond the two-
derivative limit of Einstein’s gravity,
T A A M7 j: )
4G p
On the other hand, the sub-leading (next to the saddle-point) contribution W is the effective

action at one-loop, described by the functional determinant of the kinetic operator H =
%Sk

o controlling all the quadratic fluctuations as

W= —In / D[] exp (— / APz /det g ¢mH;?:¢") = Xndet, (2.6)

where x = 41 stands for bosons and fermions, respectively. Evidently, the effective ac-
tion (2.6) determines the one-loop correction part in the total quantum black hole en-
tropy (2.2) when one utilizes the expansion (2.4), i.e.,

Son(M, J,Q) = Spu(M,J,Q) — W+ BM +& - J +ji- Q, (2.7)

where all the potential parameters (3, &, ji) are set to be fixed on their classical or saddle-
point values [30]. Next, the task is to evaluate as well as regulate the UV divergences of
the one-loop effective action W by the heat kernel method, i.e., expressing the one-loop
functional determinant det H in terms of the diagonal elements of the operator e~ for a
proper time 7 [81]. Interestingly, our desired logarithmic correction to black hole entropy
emerged from the UV-independent part of W when only massless fluctuations are turned
on. However, the heat kernel method can only compute the local part of the logarithmic

8M, j, and Q of a black hole are determined by the potentials 3, &, and i and vice versa [30]:

OSeu . OSBu . OSBH olnZ olnZ = olnZ
= = > = = M= — = = - =
b= 9= 55 " G BY; a5 0 @ of

7‘72_



correction. In contrast, there exists a global contribution from two distinct sources: (i) the
zero-modes inside the eigenvalue spectrum of the kinetic operator #, and (ii) the explicit
correction due to upgrading the black hole from a grand canonical to a microcanonical en-
semble during the process (2.2). These global or zero-mode contributions are incompatible
with the heat kernel setup and must be treated separately (see section 2.3.2). Inside the
heat kernel treatment, one must interpret W as the explicit effective action of the black
hole by subtracting the thermal gas contribution of the theory with which the related black
hole is in equilibrium. The whole setup is depicted as follows.

Suppose f{" are the orthonormal eigenfunctions of the one-loop kinetic operator H
with eigenvalues h;, then the related heat kernel is introduced as

K™ (z,2';7) Zeih T () fM (), (2.8)

where m and n are indices labeling the particular fluctuations along with their tensor indices
at two distinct spacetime points, x and y. Here the proper time 7 acts as the auxiliary
heat kernel parameter having a dimension of length-square. Then, we can express the heat
trace K (7) into the following form where its local and zero mode parts are separated

/dD:c\/det I K" (z, 2, 7) Z e ™M 4, (2.9)

(’%#0)

where I, is an effective metric or projection operator in the space of individual fluctu-
ations. The primed part in the heat trace form (2.9) depicts the removal of the total
number of zero-modes n,,, associated with the eigenfunctions f inducing zero eigenvalues

(i.e., Hf? = 0) so that,
nan =Y [ @V /detg £2() (). (2.10)

With the heat kernel setup mentioned above, the Schwinger-DeWitt proper time represen-
tation [82, 83| allows us to express the local or non-zero mode part of one-loop effective
action into the following renormalized form

T

W = —5/6 dr (K1) = ). (2.11)

where € is a UV cut-off that is of the order of Planck area 6%3 (or equivalently Gp in the
choice of units of this paper) and independent of the size of the concerned black hole. At
this point, it is necessary to emphasize that simply calculating the effective action (2.11)
is not sufficient to find the logarithmic correction to black hole entropy. This is mainly
because the saddle-point solution or black hole is always in equilibrium with a thermal
gas of all particles present in theory. But Ashoke Sen in [30] showed a treatment to
eliminate the thermal gas contribution and isolate the exact piece of effective action that
is exclusively related to the quantum black hole entropy or underlying microstates. In this
progress, one first needs to confine the original Euclidean black hole of radius R (such that
its horizon area scales as Ag ~ P~2) inside a thermal box of size (. The logarithmic



entropy correction we are interested in this paper is highly sensitive to the scaling regime
of black hole backgrounds and will be calculated under the scaling limits [30],

Guw = LG, M — LP=3M, @ — LP73Q, J — LP72J, (2.12)
which further leads to the following relations for a common and large length scale L

Sgu(M, J,Q) = LP~2Spu(M, T, Q),

o S (2.13)
R(M, J,Q) = LR(M, J, Q).

Next, we should consider a similar but rescaled black hole solution of radius $Rg and confine
it inside an identical thermal box of size (V) = (9/9)¢. This choice essentially allows
the new black hole system to satisfy the same fixed scaling choices (2.12) and (2.13) for
(0)

L = Ry/R. Consequently, the eigenvalues h; * and h; of the kinetic operator # inside the

new and original systems are related via
O = hi/L? = h; (%/9R)?, (2.14)

which immediately resets the heat kernel parameter in the new black hole system as
7 — 7/L? for satisfying the one-loop effective action form (2.11). At this stage, it has been
ascertained that the leading thermal gas contributions to the effective actions of the two
systems with the original and rescaled black holes are exactly identical [30]. This feature
is crucial and suggests that the subtraction of the effective action forms (2.11) for the
two systems will completely eliminate the equal thermal gas contributions and provide the
exact difference in the black hole quantum effective actions, i.e.,
e/L?
AW = (W + W) — (Why + Whas) = =5 / di(K(T) — ). (2.15)

2 Je T

We can see that the above effective action integral has a dominant contribution within the
IR integration range ¢/R? < 7/M? < €¢/MRo?. In this regime, we must set the large-charge
limit on the black holes, i.e., |} > /e and Mg > (/e (since ¢ ~ £p? ~ Gp), which will
enforce a small proper time variable 7 and allow us to cast the following short-time heat
trace expansion [75-80]

K(1) 720 /dDa:\/detg i T”_%agn(x), (2.16)

n=0
where ag,(z) are the well-known Seeley-DeWitt coefficients. Interestingly, it is found that

only the 7-independent term of the expansion (2.16), i.e., the term involving as,(x) co-

D
efficient with n = 5 extracts the desired “logarithmic term” within the effective action
form (2.15),




Notice that the parameter y controlling the spin-type signatures is absorbed inside the
terms involving Seeley-DeWitt coefficients, which is further readjusted appropriately in
the formula (2.29). Here the first two terms related to ag(z) and az(x) coefficients capture
the one-loop renormalization of cosmological and gravitational constants, respectively.’
Since the UV cutoff € is set as small, we can always neglect the higher-order divergent
terms of (2.17) in the limit ¢ — 0 and identify the explicit form of logarithmic correction
to the local part of one-loop effective action associated with the original black hole of radius
R as'?

W, = 1 [/dD:E\/detgaD(:c) —Xxn ] In <AH) . (2.18)

8 (D —-2) o Gp

We can see that the above relation sets a fixed integration range ¢ < 7 <« Apg for
any generic black hole of horizon area Ajp in the integral (2.11). Apart from the local
part (2.18), there is also zero-mode contribution W, to the one-loop effective action, i.e.,

Wy = —1n/.@[¢m]’ (2.19)

Hpm=0’
for which exp (— [dPz\/detg gbmHZ‘qb") = 1. These zero modes originated due to different
asymptotic symmetry transformations (e.g., gauge transformations, diffeomorphism invari-
ance, etc.) that do not disappear at infinity. A typical way to analyze the zero modes is
by changing the integration variables from fields to the parameters labeling the underlying
asymptotic symmetries in the volume integral (2.19) so that the related Jacobian assigns
a M4 factor to every zero mode of the original black hole [25-28], i.e.,

> XByny
e~ Wem ~ 9j{e}

, (2.20)
where n% is the number of zero modes related to each fluctuation such that the total zero-

modes Ny, = Y, ng satisfy the definition (2.10). The parameter [, is a constant number

{0}
that depends on the scaling dimensions of zero-mode integrals and can be computed by

normalizing the path integral for each fluctuation via

/ D[pm] exp [m% / dPz/det g© I<0>mn¢m¢n} =1, (2.21)

where the background metric is scaled as g, = 9%2@(3,) which further rescales the ef-
fective metric I™" of the fluctuations ¢,,. Here g,(f)) and I(©™" are R-independent. In
D-dimensional spacetimes, the treatment in (2.21) computes [y = %, pr = % and

9The one-loop renormalization of cosmological and gravitational constants via ao(x) and as(z) are am-
biguous and scheme-dependent. For an example, refer to appendix D of [43].

10 Note that the effective action (2.6) with massive m fluctuations turned on will read as W =
F1Indet(H +m?), setting the heat trace expansion ~ e’ > T"_%azn(a:) which never leads to In Ay in
the one-loop correction terms via the integration (2.15). Thus, as argued earlier, the logarithmic correction
to black hole entropy is always insensitive to massive modes.



Bsj2 = D — 1 respectively for the graviton, vector or gauge field and spin-3/2 Rarita-
Schwinger fluctuations [25-28, 31, 84]. Finally, we recombine the local (2.18) and zero-
mode (2.20) contributions and express the net logarithmic contribution in the one-loop
effective action for black hole quantum entropy as

In (“éi) . (2.22)

It is important to mention that the Seeley-DeWitt coefficients with odd index, i.e., agp+1(z)

___ 1 D g — 1)n}
‘Wiog B (D — 2) [/BH geometry d x\/mal)(aj) ! % X(6¢ 1)n¢

always vanish over the manifolds without boundary due to the lack of diffeomorphism
invariant scalar functions connected to the background metric [81]. This, in turn, explains
the absence of the local part involving ap(x) in the relation (2.22) for all quantum black
holes in all odd D-dimensional spacetimes. In those cases, only the zero-mode part will
contribute to the logarithmic correction.

2.2 Treatment for black holes in the extremal limit

The analysis of any extremal black hole via the Euclidean quantum gravity setup of sec-
tion 2.1 is a bit tricky. In this line, a naive way is to directly set the extremal or zero-
temperature limit 8 — oo (or Ty, = (%)_1 — 0) on the general non-extremal or finite-

temperature setup. But in this extremal limit, the relevant infinite thermal circle of radius
1
— will make the on-shell Euclideanized action and one-loop effective action in (2.4) diver-

gent. This divergence can be viewed as a correction to the respective actions, which is
actually an infinite shift in the ground state energy induced due to the extremal limit. We
will bypass this issue of analyzing the extremal black holes via the two different treatments
described below.

The most efficient and precise treatment to regulate the divergence due to extremality is
Sen’s quantum entropy function (QEF) formalism [68-70]. To date, this treatment is highly
successful in computing the logarithmic and other quantum corrections to the extremal
black hole entropy [25-29, 31, 32, 34, 36, 38-41]. Based on the AdS/CFT correspondence
and the fact that any extremal-near-horizon black hole background always accommodates
an AdSs part, the QEF formalism proved that only the “finite” piece of the near-horizon
partition function contributes to the quantum degeneracy of extremal black holes. This,
in turn, leads to a revised local part in the one-loop effective action form (2.22) as

finite

/ dD:c\/detgaD(x)‘ = </ de\/detgaD(:v)> . (2.23)
BH geometry B—ro0 near-horizon AdSs
Here () denotes the integration of ap(z) coefficient over only the finite extremal near-
horizon geometry (i.e., by dropping all regulated AdSs-boundary independent terms) struc-
tured as AdSs X Z? =2 where Y5 isa (D — 2) dimensional space of all the compact and
angular coordinates fibered over the AdSs part. For more technical details, readers are
referred to [26-29, 38-41].

Another alternative of the QEF formalism is recently used by David et al. in [43],
which has successfully resolved the problem of handling the divergent terms arising due to
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employing the extremal limit directly on the Euclidean gravity structure of non-extremal
black holes. This prescription involves managing the outer horizon geometry (e.g., see the
relation (4.18)) as an expansion of § in the limit 5 — oo (small-temperature expansion)
such that we can impose the extremal limit on various charges by fixing their values and
then express the local part of one-loop effective action (2.22) up to a finite constant as

/ Pz /detgap(a)|  =Co+ i+ OB, (2.24)
BH geometry B—o0

We can see that the second term, linear in § with a constant prefactor Ci, is divergent.
This divergence is nothing but an infinite shift of the ground state energy due to quadratic
fluctuations and hence can be removed via a proper renormalization procedure. The terms
with inverse order of must [ vanish in the extremal limit. Thus, after neglecting the
divergent term and setting 8 — o0, it is convenient to identify the S-independent constant
term Cy as a finite and unambiguous contribution to the one-loop quantum entropy for the
extremal black holes. This extremal treatment via the small-temperature expansion seems
almost equivalent to the principle of the QEF formalism. In the current paper, we cast
both the treatments (2.23) and (2.24) for calculating logarithmic correction to the entropy
of extremal flat and AdS black holes in 4D and check the consistencies of the obtained
results (e.g., please refer to section 4.3).

2.3 Computation for four-dimensional black holes

In the present Euclidean quantum gravity setup, the central working formula for calculating
logarithmic correction to the entropy of any four-dimensional black hole is

1 A
ASBH = §(C10ca1 + sz) In <C;[;) X (225&)

with the local (Cioeal) and global or zero-mode (C,p,) contributions given by the relations,

Clocal = / d4IE\/ det gay (iL‘), (225b)
BH geometry
Com = 3" (B — D, (2.250)
{¢}

2.3.1 Local contribution

We will follow the heat kernel manual [81] to compute the third-order Seeley-DeWitt coef-
ficient a4(z) only in terms of different curvature invariants of 4D black hole backgrounds.
In this progress, we first need to adjust the quadratic fluctuated action, i.e.,

32Slém] = [ da/detg 6o (2.26)

such that the relevant matrix structure of the kinetic operator H,"* becomes Laplace-type
of the following schematic

H" = —D,DPI" — (N,DP)™ — P™, (2.27)
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where D, is the space-time covariant derivative incorporating the spin and Christoffel
connections, P and N, are arbitrary matrices that combinedly determine the potential
part, and I is a unit matrix in the space of each fluctuation.'’ Next, we need to absorb
the linear derivative term of (2.27) into a more compact form,

H' = —D, DI — E, (2.28a)

where the covariant derivative D, is redefined by incorporating a new parameter w, con-
trolling the gauge connection between fluctuations,

Dy = Dy + (@00", (@) = 5 (o) W (2:250)

so that the matrix-valued effective potential E is expressed as
SmETS" = Pl $" — dun(Dp? )" — o (w0) ™ () pr " (2.28¢)
Similarly, we can express the commutator curvature Q,, = [D,, D,| associated with the

new covariant derivative D, as

¢m (on);n ¢n = Qbm [Dpa Da]¢m + ¢mD[pwa};n¢n + ¢m [Wp, WU]ZLQS”' (2'28d)
With the help of the above setup, the Seeley-DeWitt coefficient a4(x) can capture all the
matrix-structure data of the kinetic operator H in terms of all the background curvatures
Rvpo, Ruv, R, Qe and E via the following formula [81]

1 1 1 1
au(z) = 16?;2{6Tr(DpDPE) + 5 TH(D,DPR) + STH(E2) + S RTv(E) (2.29)

+ Lo, 0m) +

. (o B — By R 4+ SR YD) .

180

where “Tr” is the trace operation over the index m labeling all fluctuations including their
tensor indices ¢,,. To define these traces, the identity matrix I plays a crucial role by
acting as a projection operator or effective metric for individual fluctuations (e.g., see the
definitions (A.56)). Note that, we will always neglect the total derivative terms (e.g., the
first two terms in formula (2.29)) for the remaining analysis of this paper. When one
integrates a4(z) around the appropriate part of extremal and non-extremal asymptotic
black hole geometries via the integral (2.25b), all the total derivative terms will appear
as non-contributing boundary terms. Since our primary motive is to find the logarithmic
correction for 4D black holes, it is sufficient to calculate Seeley-DeWitt coefficients only up
to the a4(z) order. The relevant formulas for the coefficients a1 (z) and ag(x) are [81]

ap(z) = ﬁTr(I), (2.30)
as(z) = lﬁ?;Q{T\r(E) 4 éR Tr([)}. (2.31)

"Generally, Iy = 1, I, = g, I, = L4, and I3/, = I4g"” for the scalar, vector, spin-1/2 and spin-
3/2 Rarita-Schwinger fluctuations, respectively. 14 is the identity matrix of Clifford algebra describing 4D
spinors. In this paper, I for the spin-2 graviton will be structured as the DeWitt metric (3.16). The trace
of I will depict the effective off-shell degrees of freedom of any specific fluctuation in the concerned theory.
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Metric Scalar Vector Spin-1/2 Spin-3/2
Dlack hole backerounds  |(8:=2) (5=0) (Bs=1) (Bs=1) (5=3)
Non-extremal non-rotating -3 0 -1 0 0
Non-extremal rotating -1 0 -1 0 0
Extremal (non-BPS) non-rotating -6 0 -1 0 0
Extremal (non-BPS) rotating -4 0 -1 0 0
Extremal (BPS) non-rotating 2 0 -1 0 -4
Extremal (BPS) rotating 4 0 -1 0 -4

Table 2. List of zero-mode number ”25 for different fluctuations around the 4D black hole back-
grounds. The values of the scaling dimension parameter 34 are mentioned in the corresponding
columns. The negative values for the AdS, and extremal near-horizon backgrounds arise from the
renormalized finite part of the zero-mode integral (2.10) [16, 25-28, 84].

The above-mentioned heat kernel approach strictly demands the kinetic operator H in a
quadratic form. But the quadratic action for the case of fermionic fluctuations W is always
structured by a first-order operator I,

§2S[Upn, U] / d*z+/det g U, 1) O™ (2.32)

By following the technique used in [27], we can upgrade the fermionic operator I} into a
m
second-order operator H," = (Iﬂ) ]Dpn controlling the one-loop action (2.6) via

1
In det ) = In det ZZT =3 In det lDT]D, (2.33)

which essentially sets x = 1, —1 and —% respectively for the bosons, Dirac fermions and
Majorana fermions into the heat kernel setup via the formula (2.29). These signatures
will be the opposite for the ghost fields whenever the theory is gauge-fixed. For interested
readers, we want to refer to [86] for more details about the Seeley-DeWitt calculations
of elementary and minimal spin-1/2 and spin-3/2 fermionic fields around a general back-

ground.

2.3.2 Zero-mode contribution

The parameters (3, ng), controlling the zero-mode or global contribution (2.25¢) of differ-
ent field fluctuations around the flat and AdS black hole backgrounds, are well-known and
reported in many works [16, 25-28, 30, 84, 85]. For 4D backgrounds, the results are listed
in table 2 which allows structuring the following compact formula for the global part of

logarithmic corrections
sz — _(3 + K) + 3(snon-ext + 2NBPS7 (234)

where only the metric and spin-3/2 gravitino fluctuations contribute. For an extremal black
bole (8 — o0), the related analysis fully relies on the near-horizon geometry and is con-
trolled by a dominant AdSy part which provides —3 zero-modes corresponding to unbroken
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translational symmetry (i.e., SL(2,R) symmetry of AdSs spaces). However, this contri-
bution will be eliminated for non-extremal black holes where one needs to shift from the
near-horizon to full geometry analysis by incorporating a 3dponext contribution to account
for the additional IR volume integration due to a finite § (inverse temperature). Thus,
Onon-ext 18 1 for non-extremal black holes, otherwise 0. Indeed the same fact also holds for
AdS,4 black holes, which generally admit a 2-form zero-mode that vanishes when embedded
in 4D theories [16, 84, 85]. In addition, there will be a contribution of —K zero-modes
associated with the rotational symmetries of both extremal and non-extremal black holes,
which are induced due to change in the ensemble from grand canonical to microcanonical
in step (2.2) by fixing black hole mass M, charge Q, and angular momentum J. Tt is found
that K is 3 for spherically symmetric non-rotating (J3 = J2 = 0) backgrounds, otherwise
1 for any rotating black hole. Apart from these zero modes of the metric fluctuation (or
graviton), the spin-3/2 gravitino fluctuation around a BPS black hole gives rise to a 2Nppg
contribution, where Ngpg = 4 corresponds to the number of preserved supersymmetry
(i.e., the number of generators of PSU(1, 1|2) near-horizon symmetry) of BPS solutions
in supergravity. However, around the backgrounds of any non-supersymmetric black hole,
there will be no spin-3/2 zero-modes, i.e., Ngpg = 0. In this paper, we will directly use
the formula (2.34) or the data recorded in table 3 to obtain the zero-mode contributions
of black holes embedded into four-dimensional EMD and EMD-AdS theories.

3 Heat kernel coefficients in EMD and EMD-AdS theories

This section aims to quantize the four-dimensional Einstein-Maxwell-dilaton (EMD) grav-
ity models by fluctuating all the content and then analyze the quadratic fluctuation spec-
trum to calculate the Seeley-DeWitt coefficients for finding the logarithmic correction to
the entropy of embedded black holes. Throughout, we will consider a generic U(1)-charged
EMD theory with a negative cosmological constant A, i.e., evolving in AdS, space of
boundary £ so that A = ——. In the end, the account of flat-space limit £ — oo will serve
the similar heat kernel results for the simple EMD theory with a vanishing cosmological
constant (i.e., A = 0).

The dynamics of a general four-dimensional U (1)-charged EMD model is given by the

action,'?

S, Ay, @] = /d4:m/detg (R —2A — 2D, ®DH® — f(®)F,, F"), f(®) = e >**  (3.1)

where R = ¢g""R?,,, is the Ricci curvature scalar related to the spacetime metric g,
F = D, Ay is the 2-form field strength of the U(1) Maxwell field A, and @ is a dilaton
field that is minimally coupled to Einstein’s gravity but non-minimally coupled to the
Maxwell sector. The “Maxwell-Dilaton” interaction is controlled by an exponential coupling
function f(®) = e~2*® with the dilaton coupling constant x. As already mentioned, the
EMD families of theories are of special interest in string theory and appear as a universal
toy model of the low-energy effective theories of superstring or supergravities. Generally,

1

12The strength gravitational interaction is set as 871Gy = 5-
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the dilaton coupling function f(®) is determined by the tree-level string interactions where

the string couplings are related via the vacuum expectation value of dilaton, g, = e(®.

The dilaton coupling constant « is fixed via the dimensional reduction or compactification
of consistent string theories in 4D. It is found that the specific values kK = %, k =1 and

x = /3 particularly embed the EMD models (3.1) into various supergravity and Kaluza-
Klein theories [51-63]. Note that the exponential nature of the dilaton coupling function
f(®) is so that its expansion can mimic the string loop expansion. In this paper, we will
also execute a similar expansion while fluctuating the EMD action (3.1) around classical
backgrounds to find the one-loop quantum correction.

3.1 Equations of motion and embedding of Einstein-Maxwell backgrounds

Evolution of the action (3.1) with respect to the metric, Maxwell field, and dilaton steams
out the EMD equations of motion for an arbitrary classical background (g,., flu, ®). The
gravitational field equations are obtained as

1 - — i n
Ryy = 5 G R + Mgy, = Tiditaton) UL, (3.2a)

with the following dilaton and U(1) or Maxwell parts of the total stress-energy tensor
. - -1 _
T(dilaton) — 9 (DN<I>DV<I> - 2§WDp<I>Dp<I>) : (3.2b)
_ _ L 1 L
T/.E,JIJ(I) — G_QH(I’T‘S{\,/MXWQH) — 26—2/4@ (FNPFIIP _ 4gm/Fpano) ’ (32C)
where FW = 8[u/_1,,] is the background Maxwell field strength. The Maxwell and dilaton
evolution equations take the forms,
Dy, (e FM) =0, DBy =0, (3.3)
-1 =
D, D'® + ime—MFWFW =0. (3.4)

The above equations of motion are invariant under both the electromagnetic duality rota-
tion and dilaton transformation,

1
f(@)

where ) and P are respectively the electric and magnetic charges related to the background

{Q =P, P—Q} and f(®) —

Maxwell field flu. Indeed, the EMD background solutions remain invariant for the change
(k,®) — (—r, —®), where any alteration of the signature of x must imply a flip in the
signature of ® and vice-versa.

The EMD theory (3.1) is a natural but nontrivial generalization of the standard
Einstein-Maxwell (EM) of gravity that is minimally coupled to the Maxwell sector,

Slguws Ayl = /d41:«/detg (R —2A— F,,F"), (3.5)
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where the background solutions are well-known Kerr-Newman, Kerr, Reissner-Nordstrém
and Schwarzschild black holes satisfying the following equations of motion

Ry~ G = 2B — LGB, R=4A, .
D, F* =0, Dy, Fp = 0.

Generally, the EM system can not be obtained as a consistent truncation of EMD theories
due to the presence of the Maxwell-dilaton coupling term e 2¢®F w M in the action (3.1).
But, it is possible to recover the EM backgrounds from the EMD equations of motion (3.2)—
(3.4) for two specific cases: (i) ® = constant and k = 0, (ii) ® = constant and F,, F*" =
0.3 The former case is nothing but a natural limit describing an EM theory minimally
coupled to the kinetic part of a constant scalar field (not necessarily a dilaton). In contrast,
the latter case can embed the EM backgrounds into the EMD theory and is of particular
interest to this paper. For s # 0, it is possible to interpret ® = 0 as a solution of EMD
equations if I, WF # = (. This is the particular EM embedding we will restrict ourselves,
which includes an equal-charged Reissner-Nordstrom (RN), but not in general an equal-
charged Kerr-Newman black hole. In other words, a non-rotating dyonic black hole with
equal electric and magnetic charges always satisfies the EM embedding condition,

Q=P J=0 s FEMD)FEMDI _ o §MD) _ (3.7)

The above condition is naturally satisfied by the uncharged Schwarzschild and Kerr back-
grounds and is also common for both the asymptotically flat and AdS limits of the embed-
ded black holes. The whole fact can be checked by setting @ = P and (@, P) = 0 in the
relation (4.9) for both J = 0 and J # 0. Here we want to emphasize an important remark
— a genuine RN solution of the EM theory (3.5) can contain any combination of charges
(Q, P) with an effective value, Q. = /Q? + PZ%, which is different from the RN black holes
embedded in the EMD theory (3.1) that must support = P. In summary, the con-
straint (3.7) on EMD background effectively decouples the non-minimal Maxwell-Dilaton
interaction from the dilaton equation (3.4) and thus guarantees that the scalar-free or bald
Reissner-Nordstrom, Kerr and Schwarzschild as solutions of the EMD theory satisfying
the EM background equations (3.6). This entire setup of EM embedding will essentially
boost the prospect of microscopic visibility of the black holes when we compute logarithmic
corrections to their entropy by fluctuating the EMD content. In this line, one should not
worry about the setting of vanishing dilaton background (i.e., ® = 0) since, while quan-
tizing the EMD theory, there will always be the Maxwell-dilaton interactions and related
contributions via the perturbative expansion of the coupling function f(®) for any small
dilaton fluctuation ® around ® = 0),

SE a5 (@) ®* d*f()
f@+ Qg > SO+ =357 + 5407 |,

T (3.8)

13Note that the constant dilaton explicitly can not recover an EM system from the EMD theory but
reduces it into the Brans-Dicke-Maxwell system with a Brans-Dicke coupling constant w = —1 [87].
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3.2 Quadratic fluctuations and computation of Seeley-DeWitt coefficients

To determine quantum entropy corrections for black holes in EMD theory, one needs to
analyze the spectrum of quadratic fluctuations of action (3.1). We aim to do this via
computing the Seeley-DeWitt coefficients up to the first three orders by fluctuating the
field content of EMD theory around the EM background, where dilaton is assumed to
vanish at the background. In particular, we consider the following fluctuations

G = Guv + ﬂhuw A= Au + %a#, @ :/Qi(+ ®, (3.9)
Fuy = Fu + %f;w’ fuw = Ojpay) = Dypay),
where h,,, and a, are the thermal fluctuations of metric (i.e., graviton) and Maxwell field
(i.e., graviphoton) with the field strength f,,. Inside the present setup, dilaton actually
behaves as its own fluctuation while sharing the common EM background (g, AM) with
graviton and graviphoton. This will, in turn, induce several non-minimal couplings be-
tween the dilaton, graviton and graviphoton via the background field strength F, uv- The
normalization factors of the graviton and graviphoton in (3.9) are set according to the
convention of [29], which will be essential in the following heat kernel treatment. With the
fluctuations (3.9) and (3.8), we obtain the quadratic-order variation of the action (3.1) up

to a total derivative and express the minimal blocks of “cosmological Einstein gravity” and
“Maxwell-dilaton” as

5 (Vdetg (R~ 21)) = \/det [hw,D DPRM — h#,D,DPhY, — 2h"? D, D, h*,
+ 20 D, DyR®  + 2R, (20 RY ) — h® 1Y)

— (R —2A) hy " + (g — A) (h“a)2], (3.10a)

— 62 (\/det (2D, ®D"® + f(P) WF””)) = \/det {4@1) DP® — ff,wf*“’
— 4F, Foght WP — 8F . F** 1P hag + AF,, F, " hP b
_ 1 _
+ B P (hagh”? - 5(hf’p)Q) — AK2F,, F B2
— 8V2kF,, F, " ®h*™ 4+ 2v/2KF,, F*" ®h*

+ARF @ M + AV2E WP £V — N2F b, f* . (3.10D)

Before proceeding further, we find it necessary to gauge-fix the theory. One can execute
the gauge-fixing exactly the same way as in the asymptotically-flat case (i.e., A = 0) [29]
since incorporating a cosmological term into the action never affects the gauge invariance
of a concerned theory. The most convenient choice is to set the harmonic gauge D, h#" —
%Dpho‘a = 0 and Lorentz gauge D,a* = 0 via adding the gauge-fixing term,

1 1 1
gauge - /d4£13 det [(D#hlﬁp — 2Dphaa> (Dyhyp - 2Dph'8/3> + 2(D#a“)2} N (311)
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followed by the compensating ghost term [25],
Sehost [bu, €y b, €] = /d4:m/det§[bquDpc“ +bD,D"c+b,R"c, — 2bF" D,c,], (3.12)

where the vector fields (b,,c,) are diffecomorphism ghosts related to the graviton and the
scalar fields (b, c) are ghosts induced due to the gauge invariance of graviphoton. These
ghost fields are all minimally-coupled and never interact with any of the graviton, gravipho-
ton, and dilaton fluctuations. So we have the freedom to evaluate their contribution sepa-
rately (see eq. (3.36)). Then, without accounting for the ghosts, the gauge fixed quadratic
fluctuated EMD action is obtained as

6%Shyw, ay, @) = % / d*z+/det g [hWDpD’Jh’“’ — %h“quDph”V +a,D,D’a"
+ 49D, DP® + 2R 10, gh h*P — 2R, W71,
— AF Foph b 4 2 (hyu b %(h“M)Q) —a,R"a,
— 4V26R o PI + 4V 2kADRH , + 8P FP D pay,
+ 2V/2hy,,, (2g"PFH — 2G°Y FHP — g’“’Fpa)(Dpaa)}, (3.13)

where the EM embedding condition (3.7) and background equations of motion (3.6) are
utilized to achieve the above intricate form. Now, we are in a position to carry out the
heat kernel method depicted in section 2.3.1. But before that, we must resolve a few issues
to extract the kinetic operator H out of the quadratic action (3.13) in the desired Laplace-
type form (2.27). The kinetic terms of each fluctuation in (3.13) must be adjusted into the
same state of normalization. But notice that the kinetic part of graviton consists of two
terms with a total of ten degrees of freedom. In particular, the appearance of an additional
kinetic term associated with the graviton trace, i.e., h*,D,D"h", is problematic. As a
resolution, there exists a convenient method of transforming the explicit graviton kinetic
part h,, D,DPh* into the appropriate irreducible representation of SL(2,C) [88-90]. In
this progress, we need to split the graviton hy, into its trace-free (as well as symmetric)
component fLW and trace component h,

“ 1
huw = hyw — =guh,
po = T = g (3.14)
h=h",=g"hu,
and then express the fluctuated action as
1 poop A 1
5 Sy, ay, @) = 3 / d*z+/det g{lh””haﬂ hu DD hag — ZhDpD’h
+ a,D,D?a" + ®D,D® + 2R**"Ph, hog — 2R* hoh, P
— o aa oA o A A 1
— AP F PRy hyg — 201 B By b+ 20 (B — Zh2)
—a,R"a, — 2\/§/£RW<I>?LW + 4%@Fp“DpaH

+ 4v/2h,,, (g FHe — _a”F“p)(Dpaa)}, (3.15)
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1
where the dilaton has been rescaled as ® — §<I>. Notice that the kinetic term of the trace-

free graviton is now modulated via a newly introduced operator I huvhas | This operator is
a projection operator onto the trace-free graviton, which should contain 10 — 1 = 9 inde-
pendent off-shell degrees of freedom and can be structured via the following combination
of background metrices,

A 1 1
Thrhas = = (g“ag”ﬁ +g"7g" — 25“”5”) : (3.16)

The covariant partner I hpheas also follows exactly a similar form. The projection operator
form (3.16) actually acts as an effective background metric (called DeWitt metric) to
contract the indices of arbitrary matrices M acting on the trace-free graviton fluctuations,

(ZﬁmMZl(an = }ALMVMfAwaAla,B }Ala[% (317)
and define their (as well as of its own) traces as
N e
Tr(M) =M™ b = II:LMVEQBM wolap
h R S S (3.18)
2\ v af3 _ huvhoo h(x h
Tr(M?) =M™ Ba/ﬁM b Iilaﬂilpajiluuﬁ»yéM nvpo \[Rapys

The quadratic action form (3.15) still suffers the “conformal factor problem” due to the
negative signature of graviton trace kinetic term, making the Euclidean one-loop path
integral (2.6) unbounded, divergent and ill-defined. However, this problem can be resolved
by performing the standard treatment [91, 92] of conformal rotation along the imaginary
axis, i.e., h — ih with a new real graviton trace h. In addition, we should rescale the
redefined & so that the normalization state of its kinetic term matches that of ﬁ,“,, a, and
®. Altogether, we set

h = 2ih, (3.19)

and express the quadratic action of EMD theory as
A a 1
528l s @) = / d'z /Aot § dmHT ", (3.20)

where the kinetic operator H operating on the effective fluctuations ¢,, = {iLW, fz, a,, ®}
is obtained in the following Laplace-type form

OmH O = ﬁMV{IBMVEaBDpDP + RrovB | pubra _ 9 (FuaFVb’ + Fuﬁﬁwa)

N —
~

gHOCRVﬁ + gVOéRllﬂ + gMﬁRVa + gVﬁRMQ) + A (glwéglfﬁ + g#ﬁgVa) }Baﬁ

+ h(D,D? +2A)h + a,(§" D,D? — R*)a, + ®D,D’® — ih,, R* I
— ihR* Ry — V2R, R ® — 26O R* by, + 250, FP D& — 2:®F*° D ay,

S

2 . _ _ _ _ ]
+ 2hu,,{ (DrFOY 4 DYF) 42 (gHPFY™ 4 g FHe — ghe F7e — gve e Dp}aa

S

+ 2%{ (DFE 4 DYFo) — 2 (g0 Fve 4 ge o — gropve — go pe) Dp}ﬁw,,

(3.21)
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where each component is made symmetric or anti-symmetric with respect to the corre-
sponding fluctuations and also associated with their Hermitian pair by adjusting up to a
total derivative.'* The above operator form may look complicated but is now structured
exactly as the schematic (2.27) from where one can explicitly read off the necessary matri-
ces I, P and N,. Components of the identity operator or effective metric I that controls
the kinetic part of fluctuations and their projections are expressed as

ST by = Ty M08 frs + B+ 0,5 ay, + DD, (3.23)

Taking a trace over the above components will count how many off-shell degrees of freedom
are effectively acting in the quadratic fluctuation loop of the theory. On the other hand, the
matrices P and N” that combinedly control all the minimal and non-minimal interactions
between fluctuations in the kinetic operator (3.21) have the following components

B (N, = VB (P 4 GOFI — G F O Ja,
_ \/§aa <§NPFV04 4 ngFua _ guapl/p _ gvaFup> iLW
+ a, (26 F) D + & — 26FH ) ay, (3.24)

¢umn¢n — }AZ/,LV (Rucwﬁ + R,uﬁuoz -9 (Fuaﬁwﬁ + F,u,BFz/a)

_ % <§ua RYB 4 graRed 4 gie pro 4 gV Rm)

TA (g““g”ﬁ + gﬂﬁg”a) )?zag + 2hAh — a,R" a,
— iy R B — iR R iy + Ty (= V2ZRR® )@ + & = V2ZERM )by
2. _ _ 2 _ N
+ {hHV (DMFOW 4 DyFozu) Ao + gaa (DMFOW + DVFOW> hHV‘ (3'25)

The above relations encode all information one needs to know about the quadratic fluctua-
tion of EMD theory, which can be utilized further to write the operator form (2.28) in terms
of the more generic matrices describing the gauge connection w,, effective matrix-valued
potential F and curvature commutator €,,. In this progress, one first needs to derive the
components of the contraction w’w,,

bm (wpwp)mn¢n — }Al;w <gua Frv Fﬂp + guﬁ Frv Focp + g¥® Fre F'Bp + gVB Fre Fap
g (Fre s g e ) >1}a5 + au< (2447 F“PF”p)aV

+ EW< — 2V2RFHPEY, ) o+ <I>< — N2 FHPFY ) Py (3.26)

MFor example, one can use the following schematic treatment for all commuting fluctuations ¢,

¢mK’ (Dpon) = %cbm (K”DP - %(DPKP))@L - %qsn (K”Dp + %(Dp]K’)))qu. (3.22)
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followed by components of the commutation between two connections w, and w, as

Pmlwp, Wo]"" P = ¢m(wp)mp(wa)pn¢n - (P A U)v
1A

- 2huy< (g;;F“@ + ggF“") (gg‘FﬁU + ggl?“ao)
— (B + gy ) (35 FFy + G5 F< )

+ (guepup I gueﬁwup> (ggpﬂe i ggpae)

— (9"F", + g F", ) (88 F", +9,F°,) )ﬁaﬂ

+ o (gpaF”“FW ~ Gpo P Fyg + g5 F", Fyp

— G3FY, By — 2, F 5 — 2F% Fpy + (2 — 1) F,© Uﬁ)aﬁ
+ (P B, 4 P, E b P Ey, PR, )0
e a5, 4 B B PR, g, i

+ <1>( - ;-@QFPQF%)q) —(p+ o). (3.27)

The above equalities rejected all the terms involving FWF“” for satisfying the embedding
condition (3.7). Also, during these derivations, one must remember to make use of the ap-
propriate projection operators (3.23) while raising or lowering indices for the contraction
operations. Note that the (lAzW(P) and (q)ﬁu,,) components originated since the trace-free
graviton and dilaton fluctuation create a virtual connection through the contraction of
connections (w,)mw% and (w,)%®. Next, we require the covariant derivative commuta-
tion [D,, D,] operating on each fluctuation. Recognizing that the covariant derivative D,
commutes while operating on scalars (e.g., the graviton trace h and dilaton ®) but not
when acting on any other vector, tensor, or spinor fields, we obtain

s P v P v —v —v 7
¢m[Dp,Dg]¢m _ ih;w (g“O‘R ﬁpa + g“ﬂR apa +g aRuﬁpU +7 ﬁRuapa) haﬁ + a/O(Raﬁpo'aﬁ‘
(3.28)

Finally, it is necessary to achieve components of (D,w”) and Dj,w, by operating the
covariant derivative on the field connections w,, yielding

3. _ _ 5 _ N,
Sm(Dyw?) ™ 5, = \ghw, (D“F”O‘ + D”F“a> o + \gaa (D“F‘“’ + D”Fa“) P (3.29)

¢mD[pwo]mn¢n = ¢m(DpWJ)mn¢n - (P AES U);
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V2
2

D) _ _ _ _ R
+ Y, (D, + 4D, F¥ — G D, — G Dy, )

Py (gé‘DpF”“ + 9y DpF = gDy FYy — gD, FY, ) a

+ aq (KLDPFO‘O)@ + (ID(ﬁDpFUa>aa —(p<>0), (3.30)

where the covariant derivatives are only acting on the background field strengths, not
over the related fluctuations. Technically, (a,®) and (®a,) components are also possible
in (3.29), but they eventually diapered due to the constraint of Maxwell equations. At
this stage, one needs to substitute all the matrix-valued background data of eqs. (3.26)
to (3.30) into the formulas (2.28¢) and (2.28d), and extract the most simplified forms of
all £ and (2, components. Due to our specific choice of background, one may initially
end up with a vanishing E%"# component. But in that case, we are always allowed to
adjust the Hermitian pair e until both the components of the commuting fluctuations
share a non-vanishing result. Finally, with the help of all I, E, Q,, matrix components,
we calculate the traces required in the Seeley-DeWitt formulas (2.29) to (2.31). These
traces are defined and executed via a similar treatment as mentioned in (3.18), where the
use of an appropriate projection or identity operator is found to be extremely crucial. We
have used all classical equations of motion eq. (3.6) with the embedding condition eq. (3.7)
so that the final trace results are simplified only in terms of background invariants. The
trace calculations are tedious but manageable via a systematic approach. Thus, without
providing any intermediate technical details,'® we shall quote only the final results,

Tr(I) =94 1+4+1=15,
Tr(E) = —8A,

4
Te(E2) = 3R,0p0 RMP + <Z - 7) Ry R*

— (K" = 82) A2 4 3Ry P FP7,
4
Tr () = —TRyupo RMP7 + <"‘2 — 1257 + 56) R, R

— (25" = 48K7 + 224) A2 — 18R P PP (3.31)

Similarly, we will now evaluate the contributions from ghost fields that were excluded so far,
including the trace data (3.31). Evidently, the operator describing the ghost action (3.12)
is not in the prescribed Laplace-type form since the kinetic terms are not diagonalized.
However, at any point, it is convenient to choose the following redefinitions
bué\f(cu—ibu), b—>\g§(c—ib),
(3.32)

2 2
CM_>7(CH+ibM)7 C%{(C—*‘Zl)),

15The readers are referred to appendix A for a more general but complex heat kernel trace calculations
in the U(1)?-charged EMD theory embedded into A = 4 supergravity.
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and express the kinetic operator acting on ghost fields ¢, = {b,, c,, b, c} as

O @™ = b, (g"O+ R*™) by, + ¢, (90O + R*™) ¢, + b0b + cOe
+ b, FP* (Db + iDye) + ¢ " (Dpe — iD,yb)
— bFPH (Dyby, — iDyey) — cFPH (Dyey + Dby (3.33)

where 0 = D,DP. It is now straightforward to extract the matrices defined in (2.27)
and (2.28),

¢m1mn¢n = buglwby + cug’“’cy + bb + cc,
dmP"" ¢, = by R ¢,y + ¢, R*'by,

1. - 1, = 1 _ 1, -
G (WP) by = §b“ (FPM)b — §b(Fp“)bM + ib" (iFP")e — §C(in“)bu (3.34)
L (F 1= 1 1, -
+ icM(Fp“)c — §C(FP.“)CM + 5CM(ZFP#)b _ ib(ZFp‘u)CM,
followed by,
¢mEmn¢n = buRuVCV + CNR“VbV’
mn v v 1 —
bm (ng) On = by <RM p”>by + Cu (Ru P‘7>CV N §bN(Dqua)b
1 - 1= 1,
5D Fa)b = (D" B+ oD Fuly (335
Lo ouf 1= 1 _
Ll B L e, e (07

1 _
=+ §C(DMFPU)CH,

where all other valid components are completely dissolved due to our specific background,
equations of motion and Maxwell-Bianchi identities (3.6). The calculated traces of I, E,
E? and Q,,Q°7 for ghost fields are

Tr(I) =4+4+1+1=10,
Tr(E) = 8A, Tr(E?) = 2R, R", (3.36)
Tr (Qpe Q) = —2R,0 R*77.

Finally, the Seeley-DeWitt coefficients for the U(1)-charged EMD-AdS theory can be
achieved by appropriately utilizing both the gauge-fixed (3.31) and ghost (3.36) trace data
into the formulae (2.29) to (2.31). The ghost fields in (3.12) are bosons, hence their contri-
bution must be associated with an overall minus signature, i.e., by setting x = —1 because
of their reverse spin-statistics. Up to the third order, the Seeley-DeWitt coefficient results
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are

U(1)- 38
(471')2& (1) EMD( ) 5 «.,
1 4
(47r)2a4“ (1)-EMD( ) 90R/.Ll/p0'Rl“/pU (56 /432 356> RMVRMV (337)

kY k% BB\ L,
‘<24‘4+72 A%

The same results for the U(1)-charged EMD theory in flat space are achieved by simply

setting A = 0 into the above formulas, or one can proceed without the cosmological constant

from the beginning. The asV(MEMD relation is going to be one of the central results of

this paper. Before proceeding further into its implication in logarithmic correction to black

hole entropy, we find it worth making a few remarks:

1. Even though the trace data (3.31) includes the RWMFWFW terms, a,Y1-EMD g

found to be free from any such term. They are exactly canceled out inside the final
formula due to our specific choice of embedding EM backgrounds into the EMD
system. This fact suggests that a4(z) for EMD fluctuations is always invariant under
the electro-magnetic duality transformation.

. The a,VMWEMD form in (3.37) is expressed only in terms of the background metric

invariants. However, it is never advisable to ignore the terms involving background
strength FW from the beginning or in any intermediate steps of trace calculations.
This is because some part of the coefficient associated with R, R* and A? (or R?)
contributions are induced from the F,,F,,? terms through the Einstein equation (3.6).
In this context, one should note that the R, ,,R*"F? contribution is fundamental
for a theory with fixed degrees of freedom. Thus, the coefficient of R, ,,RH*7
contribution is fully insensitive to the non-minimal couplings and gauge interactions
between fields.

It is not trivial to recover the results of an Einstein-Maxwell theory [29] from (3.37)
even after setting the dilaton coupling constant x = 0. This is because the k-
independent terms of Seeley-DeWitt data (3.37) are encoded with all off-shell degrees
of freedom of the EMD fluctuations including the dilaton.

The a,YM-EMD yalye exhibits an exact match with the result of [37] (see eq. (A.18))
for a pure Kaluza-Klein system with the special limiting case £ = v/3 and A = 0.
This essentially boosts our confidence regarding the consistency of the Seeley-DeWitt
coefficient results (as well as the relevant logarithmic corrections in sections 4 and 5)
reported in this paper for more generic EMD and EMD-AdS models with arbitrary
dilaton coupling k.
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4 Logarithmic correction for black holes in EMD and EMD-AdS theories

In this section, we shall calculate and demonstrate the relevant treatment for the logarith-
mic correction to the entropy of non-extremal and extremal black holes embedded in the
four-dimensional U(1)-charged EMD-AdS and EMD theories.

4.1 Trace anomalies and central charges

Logarithmic corrections are known to be directly connected to the divergent part of trace
anomalies for a gravity theory with quantum corrections.'® In their present analysis via
the heat kernel treatment, the four-dimensional anomaly data are encoded inside the
third-order Seeley-DeWitt coefficient a4(x). For the 4D EMD theories embedded with
the Einstein-Maxwell (EM) backgrounds in AdS space (or with a negative cosmological
constant A), we will always end up expressing,

1
as(@) = 155 (CAWupe W7 — an By +bAR?), (4.1)

where the coefficients (ca,ap) are the central charges of the theory related to the Type-A
trace anomalies — Weyl anomaly, i.e., the Weyl tensor squared term W, ,,WH"?? and
four-dimensional Euler density E4. In terms of the background metric, one can explicitly
define,
1
Wiwpo WHP? = Ryypo RMP7 — 2Ry, R + §R2’ (4.2)
Ey = Ryype R""” — AR, R" + R?,

where the classical Einstein equation implies R = 4A = —1—3, with ¢ being the radius of
EM-AdS background solutions. Interestingly, the Seeley-DeWitt expansion method used in
this paper can compute the ca, ap and by coefficients related to four-derivative invariants
by analyzing the quadratic fluctuation data of a two-derivative action. Here one should
note that in the flat case limit (i.e., A = 0 or £ — o0) of EM-AdS backgrounds, the
Ricci scalar R vanishes, and consequently, the anomaly relation (4.1) is entirely controlled
by the central charges ¢y and aa. For the four-dimensional EMD-AdS theory, the a4(x)
result (3.37) extracts the following trace anomaly data

CA = i (254 —12x% + 55) ,

2
ax = % (6/~:4 — 36K2 + 85) , (4.3)
bA:%(f#—(jsz—%).

In the flat limit of EMD-AdS theory, we will always find bpo = 0 while the central charge
data (ca,aa) are the same as above. Next, we aim to utilize the trace anomaly results (4.3)
in the formula (2.25b) or alternatively use the following relation

1

- /B A VAGTG (AWyupa WH = ap By 4+ baR2). (4.4)

Clocal =

!5Readers may be interested in a relevant discussion in section 7 of [33].
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and then structure the explicit formulas capturing Cioea1 contributions to calculate the
logarithmic corrections for Kerr-AdS, Reissner-Nordstrom-AdS, and Schwarzschild-AdS as
well as Kerr, Reissner-Nordstrom, and Schwarzschild black hole embedded in EMD-AdS
and EMD theories, respectively. However, this progress demands a pressing need for the
integrated W, ,c W#*P?, E4 and R? invariants over the appropriate part of horizon or near-
horizon geometries in non-extremal and extremal limits of the black hole backgrounds.

4.2 Non-extremal black hole backgrounds and Cjyca formulas

We will start with a generic background of rotating and charged asymptotically-AdS black
hole in four-dimensional spacetimes. The relevant metric is given in terms of appropriate
Boyer-Lindquist coordinates as

A, in20 2 2 2
ds? = g, datds” = = (dt _ oo d¢> + Z—drz n z—dﬁz
= r 0
Ay sin2 6 2 2 2
+9;12n<adt—r ta d¢> , (4.5)

where we have followed the convention of [93] and set Gp = 1. The parameters A,, Ay, p
and = are defined as

2
r
Ar:(r2+a2)<1+£2) —2mr + ¢* + p?,
2 ) (4.6)
A9:1—£—200829, 0’ =r>+ad%cos’l, E=1-——.

The physical mass M, angular momentum .J, electric charge () and magnetic charge P of
the black hole are characterized by the parameters m, a, ¢ and p via the relations,

ma q

Y

e
mrs

(1]

Here the rotational parameter a¢ must satisfy the a < £ for a > 0 limit so that the met-
ric (4.5) represents an AdS black hole. The background metric (4.5) also solves the Maxwell
part of the field equations (3.6) for the gauge field,

~ .92 2 2
A:—%<a—“T9w>—“f9G&—riam@, (48)
p = p =

followed by its strength F, v expressing,

_ 2
o 2 2\ (4 2.2 2 4 4
F,, FM = (r2+a2cos29)4[<q D ) (r 6a°r“ cos” 0 + a” cos 9)

+ 8gpar cos 6 <r2 — a®cos? 9) ] . (4.9)

In this paper, our specific choice backgrounds are those with ¢ = p, a =0 and ¢,p = 0 so
that FWF’“’ invariant vanishes, and we can embed them into EMD theories (as discussed
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in section 3.1). Now, if r = r4 is the position of the event horizon for solving A, = 0 as
the largest real root, such that

m= TG [7’+4 + (62 + a2> 24 (a2 + qg) 62}, (4.10)

then the Bekenstein-Hawking entropy and inverse Hawking temperature are given by

4 (r2 + a?)
SBH = 45 3 ,8 = e 'r‘i 242 9
e\t +3e ——=

+

4 (r2 + a?) (4.11)

where g, = v/q? + p2. With the above background setup, we express the curvature invari-
ants required in (4.1) as

144
2 _
R=3
oo 48 4( 2 2 2( 2, 2 2,3
Wowpe W = (% 1 a2 cos? 9)6 r (qe —2mr> —-m (r + a“ cos 0)

— 82 (qz - Smr) (qg - 2mr) (1“2 + a? cos® 9)

+ (q;1 — 10mrq§ + 18m2r2> (7”2 + a2 cos? «9)2 ],

Eq= %il - (r2 4+ aJ28cos2 9)6 {487“4 (qg - 2m7’>2 — 6m” <T2 + a® cos’ 9)3
— 4872 (qz - SmT) (qg — 2mr> (7‘2 + a? cos? 0)
+ (5(121 — 60mrq® + 108m2r2) (7‘2 + a” cos? 0)2} . (4.12)

Next, the above invariants need to be integrated over the AdS, black hole geometry (4.5).
But, upon integration, these a4(x) invariants will diverge due to the infinite volume of
AdS4. In this paper, we aim to tame these divergences by following the prescription of
holographic renormalization [94]. The underlying treatment is to set a large cut-off r = r,
at the boundary of the geometry (4.5) and followed by adding the holographic counterterm,

Cucr = /8/\/1 d3y/dety (c; + c2R), (4.13)

where R is the Ricci scalar related to the metric v describing the boundary geometry oM.
Then, we determine the appropriate values for ¢; and ¢y coefficients such that the combined
bulk-boundary contribution Cioca1+Crcr receives a finite value for (4.4) in the limit 7, — oo.
In this process, we obtain the following renormalized results for the integrated W, ,o W#"F?,
E4 and R? invariants,

1
o7 /d49:\/det§E4 =4,
1
W /d4CL’\/ dethz = Rl + BRQ, (414&)

1
1672

%%
/d‘%@ Wi pe WHP? = ?1 + Wa + W3,
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where the f-independent parts of background Ricci and Weyl squared integrations are
expressed as

24 12

Ri=—gg (4, Re= g (F+rd)rs
Wy = w (30" +2a%2 + 304 ) ary — 3 (rf = a*) (a? + r2 ) arctan (j+> ,
" = g:;> (30 (2 =) + a2t 3 (& 4 303) LY
3 (rd =) (& (8 = 12) = (@ 302) ) avctan (2]
Ws = rzart (ii +a?) 7l B 02 - @)2 ri—dal (3412008 ) rd

+2ad° (57“1 — 14527“?F + 64) ri — 4a® <€4 — QTi) 7“1 + 3a (62 + 37“3)2 7“3

Sa(rt ) (4 02) (@ (2 = 2) = (74 02) 2 rctan ()

. (4.14D)

where = = 1 — a?/¢?. Note that the above derivations considered the analytical continua-
tion t — —i7 of the metric (4.5), where the Euclideanized time 7 is identified as a periodic
coordinate of period . Also, the integrations are executed in the range r4 < r < r. (for
the bulk part), 0 < 6 < 7 and 0 < ¢ < 27. For more details about the holographic renor-
malization and boundary counterterm, we refer to appendix B. The choice of holographic
renormalization is natural since the logarithmic correction is an explicit correction term to
the on-shell or bulk effective action. Hence, the current prescription is very convenient and
always found to be providing a physically sensible, unambiguous and finite result for all the
AdS, black holes. In this line, a strong validation can be found in [43] where it has been
proved that the holographic counterterm (4.13) exactly matches the standard boundary
term of the Gauss-Bonnet-Chern theorem [95].17 Another solid verification emerges when
the holographic renormalization procedure computes the correct and exact Euler charac-
teristic value via integrating the Euler density E4 around 4D black hole geometries as

1
x = lim {/ d4x\/det§E4+/ d®y\/dety (c1 + c2R)| = 2. (4.15)
M oM

re—=oo | 3272

Finally, substitution of the relations (4.14) into (4.4) with appropriate limits provides the
Ciocal formulas of the non-extremal black holes embedded in EMD-AdS theory. For the
Schwarzschild-AdS (q,p,a = 0), Reissner-Nordstrom-AdS (¢ = p,a = 0) and Kerr-AdS

1"Please review appendix E of [43].
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(q,p = 0), we successively obtain

Sch-AdS 4

Cl(ocal ) — *4CLA + W |:(CA GbA) T‘i -+ (ZCA + 6bA) 627’3_ + CA€4:| :
RN-Ads) 4 4 8r2ep 042

Clpear ) = 5 (ca —5aa) — Bt (Tca +30by) 0213 — T+

- g((cA +30ba) 272 + (4ea + 30ba) rt + cA€4) ,
(4.16)
o(Ker-AdS) _ B [6b 402 _ 28
local ap + 02 (7’3 i CLQ) (EQ — a2) ry AQ CAQ

+ (ca — 6ba) T_Gi_ + ((2CA + 6ba) 2 — (ca + 12ba) CLQ)Ti

+ (CA€4 + (12ba — 2¢p) a’l? — 6bAa4)r_2|r

In the flat space limit £ — oo, the integrations (4.14) exactly reproduce the known relations
in [30, 35, 40]. The corresponding Cioca formulas for the asymptotically-flat and non-
extremal black holes embedded in EMD theory are

CO) = d(ea —an), Choat” = 4(ca — an),
RN 2¢a Bq’ (4.17)
Cl(ocal) = 4(CA - aA) + 57”4_5’_ ,

where 8 = 4nr / (r} — ¢7), r+ = m + /m? — ¢Z and ¢ = V2q = V/2p.
4.3 Extremal limit, near-horizon backgrounds and Cjocal formulas

The special treatments required to proceed with the extremal black holes are already
summarized in section 2.2. Here the most trivial approach is to take the extremal or zero-
temperature limit 5 — oo of the Cjpeal contribution (4.4) through the integrated invariant
relations (4.14). However, the direct use of extremal limit naively leads to divergences. But,
we employ a systematic approach (following the work [43]) to escape from the extremal
divergence and extract a finite piece of Ciocar contribution. By keeping the black hole
parameters a, ¢, q, p fixed, a low-temperature expansion of horizon radius r4 in the limit
8 — oo can be managed as

2
T+ =10+ 27;2 +0(87%), (4.18)

where the parameter ry characterizing the ‘finite part’ is the extremal horizon radius and
{5 is recognized as an AdSs radius. The appearance of an AdSsy part inside the structure
of extremal black holes is quite natural. For example, see the prescription of quantum
entropy function formalism [68-70]. The extremal parameters (1o, ¢2) are related via the
AdS4 radius and charges in the extremal limit as
2 = 2 (a? + 1)
2T (2t a2+ 6r3)

270 2 | 42 2
g (a® + €% 4 3r§)
a’+q; = 7 :

(4.19)
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where we must consider 73 > (3 — a?). Now, using the typical form (4.18) of full horizon
radius r4, we can systematically adjust the Cjycar contribution up to a finite constant as

Bli_)m Clocal = Co + C18+ O(B7H). (4.20)

The part linear in 8 is divergent and can be neglected since it is nothing but an infinite
shift in the ground state energy of one-loop effective action. Therefore, after setting the
extremal limit § — oo, all the terms inverse in 8 vanished and we can recognize the finite
piece Cy as an unambiguous and effective contribution to Cipca1. With this setup, the related
extremal version of the curvature invariant integrations (4.14) are obtained as

/ d*z\/det g E4 = 4,

24 (a4 + 4a%r? + 31”4)
lim —— [ d*z+\/detg R? = 0 0
e / rvee (2 —a2) (a +6r2 + 2)

1
/ d*x\/det g Wy pe WHP {

"~ Ra'r] o (02 —a?) (a® + 1) (a® + 613 + £2)
+ a’rg (9CL (27"052 - 7"0 — 54) + af Ty (707“ 2 — 135r61 + 64)

B—00 1671'

+ 2a'rg (1061362 — 777 + 2701) + 6a>rf (187362 — 130§ + 3¢*)

—3ry (2302 + 150G — 1) ) = 3rg! (303 + 52)2
—12a® (a2 + r%) 2(a2 (r% — 62) + e (37’3 + 62) )2 arctan (;;) ] (4.21)

We will utilize the above relations and express the Ciocar contribution (4.4) generally in
terms of the five independent parameters {rg, ¥, a,q,p}. For a Schwarzschild background
(q,p,a = 0), extremality is not a valid limit due to having a vanishing extremal horizon rg.
However, for the extremal Reissner-Nordstréom-AdS (¢ = p,a = 0) and Kerr-AdS (¢, p = 0)
embedded in EMD-AdS theory, we derive the following explicit Coca) formulas

: RN-AdS) 4 2
Jim C(RN-AdS) _ = 5 (ca = 3ax +3ba) — o g (ca +3ba) (63 +73)
2
li C(Kerr AdS) — 4p4
fh0o local W @) @@+ D) (@@ + org + ) | A

+3(ca — 6b) 8 + ((4ca — 42b4) o + (2ca + 6b) ()1
+ ( (8ca + 12ba) a’f? — (3ca + 30b4a) at — CAE4)7°€;

+ (40Aa2€4 + (6ba — 2¢p) att® — 6bAa6>r8} (4.22)

In flat space (¢ — o0), the extremal limit is acquired by setting the constraints,

b= \lri+a2 ro=\Ja+ 2, (4.23)
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where rg is identified as the mass parameter m of asymptotically-flat black holes (see,
e.g. [29, 40]). Thus, the related Cyea) formulas for extremal black holes in EMD theory are

(RN)
local

_ : (Kerr) _
= —4ap, ﬁh—>nolo Croe | = 4(ca — anp). (4.24)

lim C

— 00
Next, we will verify the consistency of the above formulas using the prescription of quantum
entropy function (QEF) formalism [68-70]. QEF is the most convenient and successful
approach for the quantum entropy of extremal black holes where the underlying setup
entirely relies on the near-horizon geometry analysis (see the discussion in section 2.2). In
order to achieve the extremal near-horizon (ENH) geometry of the black hole (4.5), we cast
the following coordinate transformations in terms of a new parameter X (see, e.g. [29, 43])

)

€2~ _ 62_ 2
r=ro+ A\, t=-2i, ¢:¢+7C;(2 GQ)
A 2% (a® +rf) (4.25)

7“8 2 2 2 2 2 2
ﬁ(3r0+a +02) =a?+ g2+ X2,

and then set the limit A — 0 by keeping 7 and ¢ fixed. Further considering the analytical
continuation £ — —it, the metric describing Euclideanized ENH geometry is expressed as

d82 = (gwjdx“dx”)ENH

£2 2+ 2 29 ~ d~2 [2 2+ 2 29
_ 2(7"02610205 ) P+ ) 4 (;”0 a”cos )
a* +rg 7 0?2 — a?cos? 0

d6?

2 (a2 +r2)? g€2 — a®cos?0) sin? @ (d - 203ar ( — cf) Z"I"dT) ? ‘ (4.26)
(02 — a?)” (r3 + a2 cos? 0) 02 (a® +rd)

The above geometry form evidently accommodates an AdSs piece with coordinates (7,7),

as required in the QEF prescription. Hence, before we proceed further and calculate Cocal

and the related integrated invariants, we must remove the divergence arising due to the

infinite volume of AdSs geometry. By a suitable regularization, one can set an infrared

cut-off at 7 = 7. and evaluate a regularized Cjoca in the range,

1<7F<f, 0<7<2m 0<60<m 0<¢<2n. (4.27)

One may naively think that the present treatment leads to ambiguous Cjgca results that
vary in different regularization schemes. But, we want to ensure that the QEF formalism
precisely identified that only the cut-off independent finite piece of ENH geometry induces
the quantum horizon degeneracy and related corrections to the extremal black hole en-
tropies [68-70]. Thus, in terms of the ENH background (4.26), the finite Cjoca) contribution
for extremal AdSy black holes is now defined as

Clocal =27 ANH de d&g(e)all(x)? (428)
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Black Hole Backgrounds Com
Schwarzschild /Schwarzschild-AdS -3
Kerr/Kerr-AdS -1
Reissner-Nordstrom /Reissner-Nordstrom-AdS -3
Extremal Kerr/Kerr-AdS —4
Extremal Reissner-Nordstrom/Reissner-Nordstrom-AdS | —6

Table 3. C,;, contributions for the 4D black holes embedded in EMD-AdS and EMD theories. The
results for extremal backgrounds are exclusively induced from their near-horizon analysis.

where —27 factor is arising from the 7. independent part of regularized AdS, volume'® and
G(0) is some function with the coordinates independent of the AdS, part,
= = 203 2 2 ,.2) .
G(0) = (v/det g)enn/G (7, 7) = @ (a? cos? 413 sin . (4.29)

Any regularization process never affects the cut-off independent part of the bulk contri-
bution. Hence, the formula (4.28) always equips an unambiguous and natural correction
result for extremal black hole entropy. Finally, we employ the a4(z) form (4.1) in the for-
mula (4.28) where we require to integrate the Wi pe WHYP? | E4 and R? invariants around
the ENH background (4.26) modulated by the function G(6) (see appendix C for details).
The final Cjoea) results are obtained in terms of the parameters {f2, ro, £} and found to
match exactly with the formulas (4.22) and (4.24) derived via taking  — oo in the non-
extremal full horizon geometry analysis.

4.4 Results

We now evaluate the logarithmic corrections to the entropy of 4D black holes embedded in
the EMD-AdS and EMD theories. For the local contributions, we used the trace anomaly or
central charge data (4.3) in the Cioca formulas derived in eqgs. (4.16), (4.17), (4.22) and (4.24)
for non-extremal and extremal black holes. On the other hand, the C,, contributions are
theory-independent or global. With the help of zero-mode data depicted in section 2.3.2,
we have explicitly prepared a list in table 3 for the black hole backgrounds of this paper.
Here one must note that there is no BPS solution among the embedded black holes, even in
the extremal limit.'? Finally, we computed the net logarithmic entropy corrections (2.25)
for the black holes in each case of dilaton couplings x = 1, K = /3 and x = 1/4/3 that
are associated with the supergravity or string-theory embeddings. For example, the k =1
case is a prototype sector that naturally arises in low-energy type I and type Il superstring

8The regularized AdSs volume is ~ f OFC f()% didr = 27 (7. — 1). In any arbitrary regularization scheme,
the cut-off dependent part 277, will be absorbed by either redefining the ground state energy in dual CFTy
or adding boundary counter-terms [68—70]. Hence, only the finite and cut-off independent term proportional
to —27 contributes to the quantum entropy of extremal black holes and Ciocal-

9The BPS bound for AdSs black holes is M = Q + J/¢ due to satisfying the constraints p = 0 and
ro = vVal [93]. So, only an extremal Kerr-Newman-AdS black hole satisfies the BPS condition.
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theories and the x = /3 case directly connected to compactified or dimensionally-reduced
Kaluza-Klein theory. For a more concrete example, readers are referred to section 5, where
we will calculate the same results in a more generalized class of U(1)?-charged EMD models
directly embedded into N' = 4 supergravity.

4.4.1 Logarithmic corrections in U(1)-charged EMD-AdS theory

The logarithmic correction to the entropy of Schwarzschild-AdS (¢q,p,a = 0), Reissner-
Nordstrém-AdS (¢ = p,a = 0) and Kerr-AdS (¢,p = 0) black holes in EMD-AdS theory
are as follows.

m Case k = 1: in the finite temperature or non-extremal limit, we obtain

Soaas _[_109 5y e
AS(BH - |: 36 + A (37.3 +£2) /2 (7T+ + 2/ Ty + 3¢ ) lnAH, (430)
(RN-Ads) _ [ 41 1 {487r2£4r§r 23
%6n B [ 8" 8mlir B 2wl
+ 8 (364 — 17633 — 8rt) } In Ag, (4.31)
! 73 53
A gKerr-AdS) _ [_ {76 CAgh? — 320t
BH 36 T 16702 (r1 +a?) (2 — a?)ry v “

n (%2 + 5a2) ri 4 (3(4 — 14a%0* + 4a4) ri}

In Ay, (4.32)

followed by the extremal limit results of Reissner-Nordstrom-AdS and Kerr-AdS black

holes as
. 37 5(fh+rd)
A g (ext-RN-AdS) 20 7o) | 4.33
BH 9 247’36% n A, ( )
. 127 )
glextKerr-AdS) { { 3a4 04
ASgy = 36 ' 812 (2 —a2) (a2 + r2) (a2 + 612 + £2) a

+ 217§ + (40a% + 262) rf + (1602 + 110" — 3¢*) 7}

+ (12a2£4 — 10a*0? + 4a6) r%H In Ay, (4.34)

m Case k = v/3: in the finite temperature or non-extremal limit, we calculate

e 85 1
AGSeh-AdS) [_ TR CEYEIE (105rj4F + 6072 + 3754)} InAp, (4.35)
_l’_
_ 157 1 592712042
A GRN-AdS) _ {_ 157 { * 16270023
BH 90 ' 1207007, g T

+ 8 (37¢* — 30323 — 192r1) }

In Ay, (4.36)

49 B
36 48ml2 (r1 4+ a?) (12 —a?)ry

ASGETAY) = { {1057& ~ 68a"¢% — 37a>(!

+ (602 +99a%) 7} + (37" — 210a%¢* + 68a") ri} In Ay, (4.37)
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followed by the extremal limit results obtained as

] 34 (B+rd)
AS(ext,RN AdS) — | 2= A2 T 70/ 1 4.38
¥ 5 20783 nAg, (4.38)
] 103 1
AS(ext,Kerr AdS) _ [ Ul {37 4[4
BH 36 T 2473 (2 — a?) (a? + 1) (a? + 61¢ + (2) “

+ 31505 + (6240 + 662) 1§ + (160a%¢* + 2290 — 37¢*) r

- (148a2£4 — 142a*7% + 68a6) rgH In Ag, (4.39)

m Case K = 1/4/3: in the finite temperature or non-eztremal limit, we find

] 383 1
A(SChAdS):[— 4574t 438022 4164]1
s AT oY (94574 + 438¢%r2 4 461¢') | In Ay,
(4.40)
g 727 1 7376ml 2
ASIN-AS) [— s { + _16140%3
BH 270 T 1080700, 3 =+
8 (46154 — 1959022 — 576ri) } In Ay, (4.41)

275 B
108 432702 (r3 +a?) (02 —a?)ry

AS](gIIEIerr_AdS) _ |: {9457“3_ . 484614[2 — 461a2£4

+ (4382 4 507a?) vl + (461" — 1890a°¢% + 484a") ri} In Ag,
(4.42)
followed by the corrections for extremal Reissner-Nordstrom-AdS and Kerr-AdS black
holes as
] 118 73 (64 +rd)
A (ext,RN-AdS) _ |z 2 0 1 4.4
S o7 T arez | A (4.43)
. 437 1
AS(ext,Kerr AdS) _ |: add {461 464
BH 108 " 21672 (02 — a2) (a2 + r3) (a2 + 612 + £2) ¢
+ 283575 + (523207 + 438¢%) 7§ + (2720a%* + 1037a" — 4614") r
+ (1844a2£4 — 140640 + 484a6) r%H In Ay, (4.44)
a 7'2
where the AdSs radius ¢o = ¢ (a2 475) and extremal radius rg = ¢ _la?+qd) The

(2+a2+6r3) (a2+£243r2)

above results are novel reports and one of the central interests of this paper. Evidently, all
the logarithmic corrections for AdS4 black holes are entirely non-topological, i.e., expressed
in terms of different black hole parameters via the dimensionless ratios {a, r4, ¢, 8} and the
extremal parameters {{3, r9}. For the present cases, the non-topological nature is induced
due to the typical non-vanishing forms of integrated R? and W pe WHYP? background
invariants in both the extremal and non-extremal limits. However, inside each logarithmic
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correction, there exists a topological piece that is free from any dependence of associated
black hole parameters and necessarily induced mostly from the two kinds of global source —
the Euler characteristic y = 2 (via the integrated F,4 invariant) and zero-mode contributions
(via C;m data in table 3) for the 4D black hole backgrounds. In the next subsection, we
further compare these non-topological AdS, logarithmic corrections with the quantum
entropy correction results of asymptotically-flat black holes.

4.4.2 Logarithmic corrections in U(1)-charged EMD theory

The logarithmic correction to the entropy of asymptotically flat Schwarzschild (¢, p,a = 0),
Reissner-Nordstrom (¢ = p,a = 0) and Kerr (¢,p = 0) black holes in EMD theory for the
specific cases of dilaton couplings are calculated as follows.

m Case k = 1: in both the non-extremal and extremal limits, we obtain

ASE = i—g In Ag, (4.45)
err 1 ex err 2

ASEE™ = i’—8 A, ASE = Sin A, (4.46)
®N) (13 3Pq; (ext,RN) _ 163

ASBH = [18 + 87['7“3 In Ay, ASBH =736 In Ag, (447)

m Case k = v/3: in both the non-extremal and extremal limits, we calculate

a1
AS}%SHh) — % In Ay, (4.48)
err 31 ext,Kerr 2
ASES ):TglnAH, ASLxLK >:§1nAH, (4.49)
®N) _ |13 378g; (ext,RN) _ 139
A [18+ 120777 i, Abpy ™ = =g oA (4.50)

m Case k = 1/4/3: in both the non-extremal and extremal limits, we find

w13
ASEM — 15 A, (4.51)
err 31 ex err 2
ASK ):EInAH, ASLE ):§lnAH, (4.52)
13 46184 ext.RN 545
ASEN _ (22, 2Pe | ASEERN) 979 4.
Sbi 13 1080717 n A, Adpy 108 A (4.53)

where 8 = 4nrd / (r2 — ¢2), r1 = m+ /m? — ¢ and g. = V2q = v/2p. The above results
for asymptotically-flat black holes are significant contributions to the novel reports of this
paper. In contrast to the asymptotically-AdS cases, logarithmic corrections in the EMD
models are found to be simplified and less complicated. Moreover, their relevant topological
nature has been transformed drastically. All the Kerr and Schwarzschild correction results
are entirely topological. However, the non-extremal Reissner-Nordstréom black holes have
a non-topological logarithmic correction in terms of the parameters {3, 74, ¢.}, which

— 35 —



exhibits an entirely topological form in the extremal limit. This specific nature is mainly
due to the particular form of W, ,,WH"?? integrated around the flat backgrounds. In
particular, we have found that the integrated W, ,, W#"P? invariants are universal for all
flat black holes in any temperature limit except for the non-extremal charged backgrounds.
The whole fact is also reflected by Cioca; formulas derived in egs. (4.17) and (4.24) for
the flat-space limit ¢ — oco. Further discussion around the logarithmic correction results
computed for the black holes embedded in EMD-AdS and EMD theories is included in
section 6. Also, readers are referred to appendix D for more generic formulas in terms of
a general dilaton coupling constant parameter «.

5 The U(1)%-charged EMD and embedded N = 4 supergravity models

In this section, we aim to execute similar heat kernel and logarithmic entropy correction
calculations in more generalized EMD and EMD-AdS models that are directly embedded
into N' = 4 supergravity theories. N = 4 supergravity is the most natural model for a
dimensionally reduced or compactified superstring theory in four spacetimes [58, 64, 65]. In
particular, there exist some special class EMD models with two Maxwell-dilaton couplings
that describe the explicit bosonic solutions of the AN/ = 4 supergravity theories. These
models, dubbed as the U(1)2-charged EMD theory, are known as the most common low-
energy limit of bosonic superstring theories in 4D. For a detailed structure, the readers are
encouraged to review [55, 59, 61] and the citations therein.

We will begin with the action describing a generic four-dimensional U(1)2-charged
EMD-AAJS theory,

Slgus Ay Ay, @) = /d4x\/detg(R—QA—2D“<I>D“<I>—f1(<b)FWF’“’—f2(<I>)HWH“”),
(5.1)

where F),, = 0|, Ay, and Hy, = 0,4y, are the two different U(1) gauge or Maxwell
field strengths non-minimally coupled to the same dilaton ® but via two separate cou-
pling functions fi(®) = e 2% and fo(®) = e~ 22®. If the constant parameters s; and
ko controlling the ‘Maxwell-dilaton’ coupling strengths are constrained by a special choice
(k1,k2) = (1,—1), then that explicit U(1)2-charged model corresponds to the bosonic sec-
tor of the SO(4) version?® of N' = 4 supergravity describing the compactified superstring
theories in four spacetimes [55, 59]. Our particular aim is to explore logarithmic correction
to the entropy of black holes in the N' = 4 gauged and ungauged supergravity respectively
intersecting with the U(1)?-charged EMD-AdS and EMD models. Like the U(1)-charged
EMD cases (see section 3), here we also plan to embed the EM black hole backgrounds sat-
isfying the field equations (3.6). However, the related embedding process and background
constraints are found to be distinct and illustrated as follows.

20As an aside from the original SO(4) version, there exists another simpler form of the U(1)?-charged
EMD model that corresponds to the SU(4) version of N = 4 supergravity in 4D. However, the Maxwell
fields transform via the SO(4) = SU(2) ® SU(2) group in both the SO(4) and SU(4) versions. Please
review [55] for more technical and structural details.
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5.1 Embedding of Reissner-Nordstrom, Kerr and Schwarzschild backgrounds

The Einstein equation satisfied by the classical background (g, A1y, Az, ®) of the U(1)3-
charged EMD-AdS theory with (k1,k2) = (1, —1) is derived as

1 o -
Ry = 50w R + Ay = 2D, D, ® — §,, D, 8D P + TUW?, (5.2a)
where the U(1)? or Maxwell-dilaton part of the stress-energy tensor is
b (o= = 1 _ (o= = 1 -
TUW? = 720 (2FM)F,/’ - 257#”1?,)(,1?%)(’) +e2® <2HWHV” - 2§WHPUHP"> . (5.2b)
The explicit Maxwell and Maxwell-Bianchi equations are obtained as

D,F" —2F"D,® =0, Dy,F,,; =0,

D, H" +2H"D,® =0, D = (5:3)
pH A+ p® =0, Dy Hp =0,
followed by the dilaton evolution equation as
_ 1 S S
DuD"® + o (e > Fy P — ** H,, H') = 0. (5.4)

All the above field equations will satisfy the U(1)-charged EMD-AdS theory (3.1) with
x = 1 only when the background field strength H v is absent. However, we found that the
desired EM embedding condition for the present U(1)?-charged case is

Fo F* = H,, H"™, & = 0. (5.5)

If the two U(1)-charged Maxwell fields A;, have electric charges ); and magnetic charges
P;, then we can set any of the following background constraints in order to satisfy the EM
embedding condition

Qi=Q2, Pr=P or Q1 =P, Q2="P. (5.6)

In other words, the particular U(1)? EMD model admits a general class of two-charge
background solutions, which will reduce to Reissner-Nordstréom black holes when all the
charges are equal. The uncharged Kerr and Schwarzschild backgrounds always fulfill the
EM embedding condition (5.5) without any constraints. At any point, one can also assume
the Maxwell fields Ay, and Ay, are either electric or magnetic and can still continue with
the same embedding condition. But, without any loss of generality, we want to keep the
dyonic-mode of the U(1) charges to become consistent with the previous parts of this paper.
The combined effect of the embedding condition (5.5) and background constraints (5.6) will
transform T,SJ,,(W into a Maxwell stress-energy tensor (e.g., the Tlsl,yiaxwen) part in (3.2c))
with an effective Maxwell field having the electric charge Q1 + Q2 and magnetic charge
P+ Ps. As a consequence, the U(1)2-charged EMD backgrounds (G Am, [12,“ ®) trans-
formed into the Reissner-Nordstrom, Kerr and Schwarzschild (both flat and AdS) black
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hole solutions satisfying the equations of motion (3.6), which in turn justifies the EM em-
bedding. In particular, the field equations for the EM-embedded U(1)? EMD theory are
expressed as

Ruws — G = 2F 70— SguFo P, R=4A,
D, F" =0, D, H" =0, Dy,F,; =0, DjHp, =0,
(5.7)
where fupfyp = F‘HPFVP + HM,HVp and fpgf”" = 213'“1,1*:'“” = QI:IWFIW. Note that
the effective Maxwell field strength F,, satisfies the same background gauge filed (4.8)
and invariant form (4.9) for Q@ = Q1 + Q2 and P = P} + P, with a net effective charge

Qe = \/ (Q1+ Q2)2 + (P + P2)2. For the embedded Reissner-Nordstrom black hole, we
will always set Q = P to account for both the constraints (5.6), which will aid us in

obtaining more simplified Seeley-DeWitt coefficient and logarithmic correction results in
the subsequent sections.

5.2 Heat kernel treatment and Seeley-DeWitt coefficient

We now proceed with the similar heat kernel treatment of section 3 to calculate the Seeley-
DeWitt coefficient a4(z) for obtaining logarithmic corrections of embedded black holes in
the U(1)2-charged EMD-AdS theory. First, we fluctuate the entire content around the
common background (g, /_hu, Azu) with vanishing dilaton for small fluctuations,

_ - 1 - 1
Juv = Guv + \/éh;un Au = Alu + 5011,“ A2u = A2u + 5(12;“
5.8)
o 1. (
F/LV:FMV+§f/LV’ HﬂV:HuV+§fMV7

where f,, = Dj,ay,) and fW = Dj,ay,) are strengths associated with the Maxwell fluctu-
ations ay, and ag,, respectively. Around a vanishing background ® = 0, the dilaton acts
as its own fluctuation, allowing the coupling functions f1(®) = e72% and fo(®) = €2 to
fluctuate perturbatively via the expansion (3.8). We then gauge-fix the fluctuated theory
by incorporating the gauge-fixing term,

_ / d*z\/det g [(Duh“p - %Dphaa) (D”h,,p - %Dph%) + %((D“am)Q + (D”azu)g)] ,
(5.9)

and obtain the form of fluctuated action up to total derivatives and quadratic orders as

1

028y, a1, a2, @) = B /d4$\/@{h“l’ (Ah) +a1, (" D,D” —R") ay,
uv

a2, (5" DpDP — R*") a, +A® Dy DP® — 4 ( F F* 4 Hy, M ) B
~8V2 (B B, = Hy H, ) Oh42v/2 (P — Hy ' ) BB,
+4 (F,uz/f'uy_guuf:“y) (I)+4\/§h/w (Fuafya+ﬁuafua)

—V2h*, (FWf“”vLHWf“”)+52.$ghost}, (5.10a)
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where
~ 1 L
(Ah) o= DDl Egm,gaBDpr + 2R 0sh™ — 2R,,hP,
— (R =20 = By P — Hpp H7) hyy — 2R, 0%,

1 o o o o
+3 (R —2M = By F? — Hyp H™) Guh®, — 4 (FuaFyp + HyuaHys) h°°

o

— 8 (FapF*? + HopHP) hgy + 4 (FuaF, ™ + HyoH,) 17, (5.10b)
6% Lghost = b1, (§" DpDP + R*) ¢1,, + b1 D,DPey — 2b1 FP” D ey,
+ boy (" D,DP + R™) 9, + by D,DPcy — 2bo HPY D e, (5.10c)

with the vector ghosts (b, ciu) and scalar ghosts (b;, ¢;) associated with the same fluc-
tuated U(1) species a;, for i = 1,2. From this stage, we adjust the quadratic action of
the fluctuated U (1)2-charged EMD-AdS theory with similar convention and scalings as we
implemented for the U(1)-charged case in section 3.2. This also involves the appropriate
splitting of the graviton h,, into its trace h and traceless iLW parts, using the equations
of motion (5.7) and embedding conditions (5.5) at necessary places, and finally expressing
the desired kinetic operator H operating on the fluctuations ¢,, = {}ALW, fz, a1y, azy, P} into
the following Hermitian and Laplace-type form (excluding ghosts)

A 1
528[hﬂl/7 h7 A1y Q245 (b] = 5 /d4l’ V detg ¢mH7T¢n7
(5.11a)
On " = G (DD I™ + 2w, DP)™ + P ),

where the identity or projection operators I characterizing effective degrees of freedom of
each fluctuations are expressed as

¢mlmn¢n = ibm,fﬁ“l’;laﬂ ?La/g + iL}Al + alug’“’aly + agug‘“’agy + &P, (5.11b)

The components of matrices w, and P controlling all minimal and non-minimal interaction
data are obtained as

2. _ _ _ _
B (W) by = \Q[h/w (guppva 4 gUPEHe g fre gvaFup) U1
f

24 _ _ _ _
+ 5 Py (gup Yo 4 gP P — ghafve — gve Hup) 02,
V2

— 5 ala (guppva + gUPFre _ ghafup gvaﬁwp) iLW

_ \f@a (gupﬁva T gUPHIY — gl e guaf]up> ;}W

+a1ﬂF’“p<I>f(I>F“pam faguf_I“p(I)+<I>f_I“pa2u, (5.11¢)
b P by = Ty (R’“”B + Rubre _ %(gWR“ﬁ + GY*RMP 4 ghP RYe 4 gvB pre)

— (FHreFvP 4 pHAFYe) — 9(HHHYP + HMP HV®)

1, - o .
— 5 (Boo P + HygH? = 21) (35" + 375" ) has
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+ QiZAil - aluR’“’alV - CLQMRMVCLQV - Qiillw (Fuaﬁua + H“aﬁya) }Al
— 24y (FRF, 4 HP ) By — @ (B P 4 H,, 7) @
— 23l (FPFY, — H* 0, ) & - 220 (FFFY, — A" 0, ) b
2. _ _ 2 _ _\ s
+ \ghuv (D#Foa/ + DVFocu) Q1o + \gala (DuFow 4 DuFOcu) hMV
24 — _ 2 _ _ A
+ \ghw (D"H®™ + DYH") az + ‘2[% (D"H™ + DY H) by
(5.11d)

With the help of the above relations, we further determine the important matrices E, E?
and Q,;0°? needed in the heat kernel method of section 2.3.1. We then calculated the
necessary traces for computing the a4(x) coefficients using the formula (2.29). These trace
calculations are extremely tedious and complicated compared to the U(1)-charged EMD
case. We want to refer the readers to appendix A for some explicit calculation details
and relevant on-shell identities used to simplify the traces in U(1)?-charged EMD-AdS
theory. Here we quote the calculated trace results in the following simplified forms without
mentioning any other intermediate steps and details,

Tr(I) =94+14+4+4+1=19,
Tr(B) = ~12A + 7 (B P + Hy, H™ ),
27 37 /= =.N2 37 /= - N2
2\ _ uvpo <0 nz 2 i uv i nuv
Tr(E%) = 3R,,0R T Ru R+ 350% + (Bu ™) + 5 (H F™)
— 20AF,,, F" — 20AH )y H" + 3R po F" FP7 + 3R pe H" H
11 R N
Tr (o Q%) = —8 Ry po R*P7 + 77}2#,,3/” — 23402 — 111 (B F™) " — 111 (H,o H)
+ 64AF,, F*™ + 64N H,, H" — 18Ry pe F" FP — 18R, po H' H
(5.12)

The above data excluded the contributions of the ghost part (5.10c), where each set of
ghosts associated with the two Maxwell fluctuations are non-interacting but minimally
coupled to the graviton fluctuation. Thus, we can progress like the U(1)-charged EMD-
AdS case (see eq. (3.32) onward). As expected, the total ghost trace contributions are
found to be exactly twice the results (3.36), i.e.,

Tr(l) =2 x (4+4+1+1) =20,
Tr(E) = 16A, Tr(E?) = 4R, R", (5.13)
Tr (Qpe Q) = —4R, pe RMP7.
Finally, we end up calculating the net a4(x) coefficient by inserting both the trace data (5.12)

and (5.13) into the Seeley-DeWitt formula (2.29). The ghost traces are associated with
x = —1 to account for the bosonic and scalar ghost fields. This yields,

209 89 188
(47[')2a4U(1)2'EMD(:1:) _ R/wpaijpU _ 7RMVRNV _ ?

il 2
= 130 130 A~ (5.14)
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The same for the U(1)%-charged EMD theory in flat space is obtained by setting A = 0,
or one can proceed without the cosmological constant A from the starting point. It
is not trivial to simply generalize the U(1)-charged EMD result (3.37) and derive the

a4U(1)2-EMD(x)

coefficient because of the contrary nature of both dilaton coupling func-
tions and the difference in off-shell degrees of freedom after fluctuating the U(1)2-charged
EMD-AAS theory (5.1). Here one must notice an interesting fact: all the irreducible back-
ground invariant terms proportional to FW and H wv are completely rescinded inside the
formula (2.29), although they were present in the simplified trace data (5.12). This indi-
cates the a4U(1)2'EMD (x) coefficient preserves the electromagnetic duality, just like we have
seen for the U(1)-charged EMD case (see eq. (3.37)). This in turn assures that the EM
black hole backgrounds are appropriately embedded into the U(1)2-charged EMD theory

as well as checks the consistency of the calculated Seeley-DeWitt result (5.14).

5.3 Logarithmic entropy corrections in bosonic N/ = 4 ungauged and gauged
supergravity

We will now examine the implications of asV*EMD(z) data (5.14) in calculating the
logarithmic correction to the entropy of flat and AdS black holes embedded in the U(1)2-
charged EMD models (5.1) intersect with the SO(4) version of N' = 4 supergravity in
4D [55, 59, 61]. In particular, the Schwarzschild-AdS, Reissner-Nordstrom-AdS and Kerr-
AdS black holes, embedded into the U(1)2-charged EMD-AdS theory, represent the back-
ground solutions in the bosonic sector of N’ = 4 gauged supergravity. On the other hand,
the asymptotically-flat Schwarzschild, Reissner-Nordstréom and Kerr black holes, embedded
into the U(1)2-charged EMD theory, are the exact bosonic solutions of N' = 4 ungauged
supergravity. The specific choice of embeddings (see section 5.1) suggests that the back-
ground setup and thermodynamic behavior of the embedded black are identical to the
U(1)-charged EMD-AdS and EMD cases we have demonstrated in section 4. Thus for the
present case, we are allowed to proceed with the same treatment, Cioeq formulas derived
in eqgs. (4.16), (4.17), (4.22) and (4.24), and the global C,, contributions listed in table 3.
In addition, it is essential to extract the following central charges and trace anomaly data
(as defined in egs. (4.1) and (4.2))

83 329 13

&2 I T 5.15
10 T30 AT 12 (5.15)

CA =

Then we calculate the logarithmic corrections to the entropy of non-extremal Schwarzschild-
AdS (q,p,a = 0), Reissner-Nordstrom-AdS (¢ = p,a = 0) and Kerr-AdS (¢,p = 0) black
holes. The results are

Sch-AdS 599 1
ASEh-AIS) _ {_ % DEI AP (34308 — 94¢*r2 4 83¢%) ] In Ay,  (5.16)
_ 562 1 132872042
A (RNAdS):{_ { T 14387023
SpH 225 T 200700, B8 1438ty

+8 (8354 — 12170%7% — 9687«1) } In Ag, (5.17)
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— (9402 — 4370%) . + (830" — 686a°¢% + 260a") ri} InAy.  (5.18)

The same for Reissner-Nordstrom-AdS and Kerr-AdS black holes in extremal limit are
obtained as

In Ay, (5.19)

BH -

As(eXtﬂRN‘AdS) — 101 w
18 1207’(2)53

689 1
180 + 40r¢ (02 — a?) (a? +r2) (a? + 673 + (2)
(215207 — 94¢%) rf + (1440* + 1051a* — 83¢*) 7

AS](Segt,Kerr-AdS) _ [ {83&464 + 10297“8
+

+ (3320%¢" — 4260"¢* 4 260a°) rﬁH In Ay, (5.20)
2_;’_ 2 2 2 . . . : :
where lo =/ % and rg = ¢ %. Similarly, in the flat space limit (¢ —

00), the logarithmic correction formulas for Schwarzschild (g, p, a = 0), Reissner-Nordstrom
(¢ = p,a = 0) and Kerr (q¢,p = 0) black holes are computed in both non-extremal and
extremal limits of their temperature. The results are expressed in the following simplified

forms
Schy 37
ASSN) — 5 A, (5.21)
err 2
ASEe™) — %lnAH, (5.22)
37  83B¢*
ASEN — 2L e |1 2
et = | 35 T 200m | A (5.23)
(ext,Kerr) 29
ASSx = 5o A (5.24)
ext,RN 869
AGLEEERN) ~1ag A (5.25)

where 8 = 43/ (r2 — ¢?), r+ = m + y/m? — ¢2 and ¢. = v2¢ = V/2p. The nature of
the above quantum corrections is identical to what we found for the black holes for the
U(1)-charged models in section 4.4. The relevant coefficients of all the AdS corrections are
non-topological. In contrast, the logarithmic corrections for asymptotically-flat black holes
are entirely topological and free from any dependence on black hole parameters, except for
the non-extremal charged Reissner-Nordstrém black hole. All the calculated flat and AdS
correction results for the bosonic N = 4 ungauged and gauged SO(4) supergravity are the
main focus of this paper and novel reports. The extremal Reissner-Nordstréom logarithmic
correction relation (5.25) must be in alliance with the appropriate dilaton part in the
bosonic contribution of the work [26], where the relevant computation approach relies on
the eigenfunction expansion method that is exclusive for the AdSy x S? backgrounds.
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6 Discussion and outlook

In summary, we have explored logarithmic correction to the entropy flat and AdS black
holes embedded in U(1) and U(1)?-charged EMD theories as the most ubiquitous build-
ing blocks of compactified or dimensionally-reduced superstring models, supergravity and
Kaluza-Klein theories in 4D [51-63]. In particular, we first investigated the three specific
cases K = 1, k = /3 and Kk = % of the U(1) EMD models that are relevant in string the-
ory. Next, as a concrete example, we have calculated the leading quantum corrections for
a special case (K1, ko) = (1, —1) of the U(1)2 EMD models that directly intersect with the
bosonic sector of a SO(4) version of N = 4 supergravity [55, 59, 61]. For the non-extremal
black holes, we cast the standard Euclidean quantum gravity approach developed in [30],
which has been so successful for asymptotically-flat black holes (e.g., see [35, 37, 40-42])
and also extended for the case of asymptotically-AdS black holes in this paper. On the
other hand, quantum entropy function (QEF) formalism is a powerful Euclidean gravity
avatar, which has been well-investigated for the extremal black holes in the flat spacetimes
and provided consistent results matching with the available microscopic counting data.
This motivated us to employ the same QEF prescription for analyzing all extremal AdSy
black holes in this paper.

However, there are reports of a few instances [11, 36] where the AdS, logarithmic cor-
rections obtained from the extremal near-horizon analysis suffer a mismatch with the results
of field theory computations. Contrarily in [16], a full geometry treatment over extremal
AdS, black holes exhibited an exact agreement. Later, David et al. in [43] resolved this
puzzle and pointed out that the Cjyca contributions remain the same for all the treatments
with full geometry or near-horizon of extremal black holes (even for AdS backgrounds).
It is the C,y, contributions that explicitly differ the total logarithmic correction results
when one proceeds via the different treatments over the two parts of extremal black hole
geometry. The whole fact has been verified in section 4.3, where we found identical Ciycal
formulas via successively proceeding with the QEF prescription (i.e., extremal near-horizon
analysis) and setting  — oo limit over the full geometry relations of finite-temperature.
Although we believe QEF formalism is fundamental due to its high conquest, which allows
presenting the final relations in sections 4.4 and 5.3 by incorporating zero-mode data from
the near-horizon. But, as per the requirement at any point, one can always utilize the full
geometry zero-mode data, as discussed in section 2.3.2. In the future, it would be inter-
esting to counter the question of whether the degrees of freedom underlying the zero-mode
part of quantum entropy for extremal AdS black holes live in near-horizon, full geometry,
or somewhere else. This progress may involve finding the correct choice of ensemble and
scalings for the extremal AdS black hole backgrounds.

We revisited the feature that only the third-order Seeley-DeWitt coefficient a4(z) en-
coding all trace anomaly and central charge data is required for computing the logarithmic
corrections in 4D. We computed them by fluctuating the EMD content around Reissner-
Nordstréom, Kerr and Schwarzschild black holes as the embedded EM backgrounds. The
final a4(z) forms (3.37) and (5.14) are managed only in background invariants where all
the Maxwell or U(1) gauge field strength terms are canceled out. This proves the heat
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kernel results are invariant under electromagnetic duality rotation, which justifies the EM
embedding and checks the consistency of underlying trace calculations. In fact, the generic
asV D EMD formula (3.37) is found to be perfectly in alliance with the result available in [37]
for a pure 4D Kaluza-Klein system having x = v/3 and A = 0. To ensure more accuracy
of the delicate Seeley-DeWitt trace computations, we have progressed independently by
hand calculation and developing Mathematica algorithms using xAct [96] and xPert [97].
All these activities combinedly boosted our confidence in the consistency of the novel ay(x)
and logarithmic correction results reported in this paper. Finally, we want to emphasize
that the EM embedding into EMD theories is encountered by constraining the Maxwell
background with equal charges (i.e., Q = P) for casting a vanishing dilaton background.
In the future, we hope to overcome the challenges of looking beyond the EM-embedding
or (Q = P limit and explore the quantum black hole entropy in all EMD models with a
non-vanishing dilaton background.

All the logarithmic corrections in sections 4.4 and 5.3 are obtained by integrating the
relevant a4(z) invariants, including the Euler and Weyl trace anomalies, around the back-
ground of concerned EM black hole backgrounds. In this process, we used the prescription
of holographic renormalization [94] to regulate the divergences of AdS, backgrounds. This
regularization choice is natural and consistent with the standard Gauss-Bonnet-Chern the-
orem [95] (see [43] for more details). As a result, the leading entropy corrections reported
in this paper for AdS, black holes are physically sensible and unambiguous. We have
also verified that the integrated AdS, invariants perfectly matched the known relations
in [29, 30, 35, 40, 41] for asymptotically-flat black holes in the limit £ — oo. Additionally,
the holographic renormalization procedure is always found to provide the correct Euler
characteristic value x = 2 via integrating the Euler density F, around the AdS, black hole
geometries. Similarly, while proceeding via the QEF formalism for extremal black holes,
the logarithmic corrections received contributions only from the cut-off independent or fi-
nite piece in the AdSy part of near-horizon. All this guarantees the extremal logarithmic
correction results reported in this paper are genuine and robust.

Finally, we want to comment on the “universality” status of the explicit logarithmic
corrections and their novel implications in future progress. The coefficient of logarithmic
corrections generally depends on both the field content or central charges of theory and
geometric parameters of the related black holes. Sometimes they avoid the dependence on
black hole parameters, then the logarithmic corrections are recognized as topological or
fully universal. Such a universal form of logarithmic corrections is expected since all the
available microstate counting and supergravity localization computing examples [3-14, 16]
are indeed pure numbers, i.e., topological. In this paper, we found that all the logarith-
mic correction results for asymptotically-AdS4 black holes are non-topological, while the
same is entirely universal or topological for the flat backgrounds except the non-extremal
charged Reissner-Nordstrém black hole. Here notice that the extremal limit is fully en-
suring a confirmed topological nature for the logarithmic corrections to the entropy of
asymptotically-flat black holes, in contrast to the extremal asymptotically-AdS black holes.
One can also realize this via analyzing the AdS/Kaluza-Klein (KK) scale separation con-
jecture, as stressed in [98-100]. For the AdS vacua, there is no scale separation between

— 44 —



the scales characterizing the AdS background and the internal manifold containing all the
KK tower of modes. Thus the AdS backgrounds are not well controllable since there is no
low-energy limit in which all KK modes can be decoupled or neglected. Consequently, the
nature of related logarithmic corrections for the asymptotically-AdS black holes becomes
so robust that even the extremal limit cannot ensure them a topological character. On
the other hand, the Minkowski or flat backgrounds are automatically scale separated and
well controllable, where KK modes can be safely neglected by setting the compactification
radius to be very small. This activity is perfectly consistent with setting the extremal
limit on the asymptotically-flat black holes and achieving a guaranteed topological nature
of the related logarithmic correction results. We can therefore surmise that the ubiquitous
non-topological piece in AdSy logarithmic correction is arising due to the appearance of an
additional boundary that is also sensitive to microscopic details. Thus, we conclude that
the AdS4 logarithmic corrections in the low-energy U(1) and U(1)? EMD models encode
a lot more information than their flat-space counterparts, serving a much wider “infrared
window into the microstates”.

The non-topological logarithmic corrections are very generic and natural in all even-
dimensional spacetimes. In odd dimensions, the local contribution trivially vanishes, guar-
anteeing a topological or universal character of the logarithmic correction. For example, in
the one-loop setup of the present paper, the local contribution of logarithmic corrections is
determined by the Seeley-DeWitt coefficient ap(z) for D-dimensional spacetimes. In odd
D-dimensional theories, all the background curvature invariants evaluating ap(x) vanish
due to the lack of diffeomorphism invariant scalar functions connected to the background
metric. As a result, the Ciocal piece in (2.25) becomes zero, providing ASpy that is entirely
controlled by the topological zero-mode contributions C,y,. Contrarily, the ap(z) coeffi-
cients (as well as Cjoeq) contributions) in even D-dimensions are in principle non-vanishing,
hence providing the generic non-topological character to the logarithmic correction in terms
of a rather non-trivial function of black hole parameters. This evidently justifies the non-
topological nature of logarithmic corrections reported for AdS, black holes in this paper,
where the parent theories are four-dimensional EMD models. Similar nature is also con-
firmed by the logarithmic corrections calculated for AdS4 black holes embedded in four-
dimensional minimal AN/ = 2 gauged supergravity [43] using the same one-loop and heat
kernel setup as in this paper.

It would be fruitful to test whether the above-mentioned expectation of topological
vs. non-topological character of logarithmic correction is fulfilled by the results available
via various other computation approaches in different dimensions. We note that the mi-
croscopic computations executed in eleven-dimensional supergravity [12-14, 16] have con-
firmed the topological nature of logarithmic entropy corrections. However, the microscopic
analysis for the AdS, black hole embedded in ten-dimensional theories, such as massive
ITA supergravity, exhibits a contrasting character. In this progress, a consistent match-
ing of the Bekenstein-Hawking formula was achieved at the leading order [101-103], while
the subleading logarithmic correction term appears to be topological [15]. However, the
outcome of these supergravity computations should be in agreement with the non-trivial
character of Cjoca1 since the parent theory is even-dimensional. To resolve this tension, we
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believe that the matter multiplets arising from the full KK tower of modes need to be
included while embedding the black holes in such higher-dimensional theories, which might
remedy the logarithmic correction to be non-topological in ten-dimensional supergravities.

Supergravity localization is another powerful treatment for finding the full quantum
black hole entropy. It would be illuminating to compare some recent investigations [104—
106] in this line with the one-loop computation results achieved in this paper as well as
in [43] for AdS black holes embedded in four-dimensional (super-)gravity theories. For
example in [106], the logarithmic correction to the entropy of BPS black holes in four-
dimensional AN/ = 2 gauged supergravity is studied via the localization of QEF. Here the
logarithmic correction is interpreted as the Atiyah-Singer index of an appropriate super-
charge, where it has been shown that a topological or universal piece is emerging from the
Euler term. This clearly contradicts [43] and our results since we expect a non-topological
logarithmic correction for AdS black holes embedded in any 4D theory. However, David
et al. in [43] already hinted at a possible resolution of this mismatch where one needs to
include the contribution from the so-called n-invariant, not considered in [106], which is a
non-topological correction due to the presence of a boundary [107]. In addition, we believe
the contributions of auxiliary fields in off-shell supergravity and the full KK tower of modes
could also prove handy in rescuing the appropriate character of logarithmic corrections for
such supergravity computations.

Arguably, we should not consider the topological or universal nature of logarithmic
corrections as an explicit criterion for an effective theory (macroscopic or gravity side)
to appear as the low-energy limit of UV-complete counterparts (microscopic or UV side).
In principle, the universal or topological criteria would strongly constrain any low-energy
effective model and its black hole backgrounds. For the specific 4D EMD cases of this paper,
we either require the integrated W, ,, W#"*? and R? as topological or need to set cq =
ba = 0. The ungauged supergravities always guarantee a universal logarithmic correction
by providing ¢4 = 0 via anomaly cancellations between the bosonic and fermionic degrees
of freedom in 4D [35, 40].2! Similar universal or topological nature is also ensured by the
extremal non-rotating and non-extremal uncharged black holes in asymptotically-flat space
due to integrating out a vanishing and numerical W, WH"P? contribution, respectively
(e.g., see [41] or use appropriate flat-space limits in the formulas of appendix B). Therefore,
when we look beyond the topological or universal limit, for example the AdS4 results
in this paper, the non-topological logarithmic corrections appear as a generic probe of
whether a low-energy effective theory can admit the UV complete microscopic counterpart.
In the future, all these reported logarithmic correction results in the EMD theories and
their universality (topological vs. non-topological) status will serve as a strong and wider
macroscopic window into the microstates of gravity models and black holes in string theory.
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A Heat kernel trace calculations and on-shell identities

The useful on-shell equations of motion for the EM backgrounds embedded into U(1)%-
charged EMD-AdS theory or bosonic N' = 4 supergravity (5.1) are listed as

FupB + HupH,? = SRy — S0 R+ (9 (Fpo PP + Hpo ) (A1)
H, H" = F,, F", R =4A, (A.2)

D, F" =, D, H" =0, (A.3)

Dy, F,, =0, Dy, H,, =0, (A.4)

(B F™)" = (B ") = By PP Hypo P = Fy P Fyp F7. (A.5)

With the help of the above evolution equations and the gravitational Bianchi R}, = 0,
we derive the following induced on-shell identities

1
RHPVURMWM = iR,uupolepaa (A'G)
o o 1 1 - _ o
Ry, FUF", = Ry HY Y, = SRR = A%+ A (B ™ + Hy HM™) , (AT)
o o 1 o 1 _
Riupuo F" F?” = Ryupo HY H? = 2 Rypa PP FP = - Ryupo HP HP”, (A.8)

(DoFyw) (DPF™) = 2(DuE,") (D, ™)
= Rupo FUFP — SRy B 4 20— A (Fu P 4 B ™) (A9)
(DpHw) (D?E™) = 2(D,H,") (D, H™)

_ 1 o o
= Rywpe H'H" — SR RY +20% — A (B ™ + Hy H™ )

(A.10)
FMF" FuoF,° = H"H", H,o H,°
= FMHY H,.F,°
1 1 1 /- = 2 1 ,- - 2
= R R = N+ (B F™)" + 5 (Hy )", (A.11)

where the derivative identities are structured up to total derivatives using all the Maxwell
and Maxwell-Bianchi equations as

(DpFyw) (DPF™) = 2F*, D,D,F** = 2F*, [D,,, D, F*", (A.12)
also utilizing the covariant derivative commutation acting on a rank-2 tensor,

[Dy, Dol Fy = R, jo Fow + R,y Fua.- (A.13)
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Note that the same steps (A.12) and relation (A.13) also hold for the other background
U(1) field strength H uwv- Next, we need to derive the matrices £ and €, by utilizing the P
and w, data from egs. (5.11b) to (5.11d) into the formulas (2.28c) and (2.28d), respectively.
All the valid components of the E are obtained and simplified as

Ehtwhaﬁ th,haﬁ (wp)ibw,alg (wp) ;La/g . (wp)fzm,agg (wp) haﬂ Ruauﬂ + R,uﬁua

alo a2
(A.14)
EMh = phh — op, (A.15)

Ealaalﬁ _ Palaalﬁ N (wp)amiz,w (wp)fl aig (wp)alaq) (wp)q)alﬁ

puv

—RP 4 3F°FP | 4+ g*PF,, ", (A.16)

20028 — pa2aazs _ (wp)amfz;w (wp)ilw@ﬁ _ (wp)azaq’ (Wp)cpaﬂ
= —RP 4+ 3H*PHP + 5’ H,,, H", (A.17)
E®® — pP® _ (,p)Pea (wp)a1a© — (wP)®aza (wp)am‘l’ =0, (A.18)
Bt = — (W)l (wp), 7 — (@) (wp)g" = FHE, 4+ G0 F HY, - (A19)
E2e018 = — (wp)@aﬁw (%))/EW%B - (wp>a2a<1> (‘*%)@alﬁ - Happﬁp + gaﬁﬁprw? (A.20)
Eil;u/il — Piluuil — (F’MOCF_‘VO[ + HNOCHVOC> , (A21)
Eililul/ — Pilil;w — _9; (F’MOCF‘Va + HHa v ) , (A.22)
Eil;.wala — Piluuala — (D wﬂ) MValOé — f (DMF_'VOC -+ DVF_"ua) R (A23)
Ealai}/“y — Palail;u/ _ (D wp)alahl—w — _Q DUFVO‘ + DVF'U'O‘ , (A24)

2
EE;LUGQa — P}Alﬂua&a _ (D wp)hy.VCLZQ — \éﬁ (D#HVQ + DVH,[LOA) s (A25)
. ) D) _ _
EGQQhMV — Pa2ozh,uu _ (D wﬂ)a2a Y — _f (DMHVOC -+ DVHMOC> s (A26)
P P Puvais P huvaze ¢

Ehuv® — phu® _ (yp\huvats )aw — (wP)lwa (wp)a% 0, (A.27)
B8 = PP — ()20 (), P = (00) 7 (), o =0, (A.29
Fae® _ _ (Dpwp)a1a<1> =0, (A.29)
E¥ie — (Do) o) (50
Fa2a® _ _ (Dpwp>a2a‘1> =0, (A.31)
e — (D) — g, (132

On the other hand, from the curvature commutation operation ¢, [D,, Ds] ¢™ over the
fluctuations ¢y, = {hw, fL, a1y, azy, P}, we derive the following components of Q4

—_

(S)PCT)hW/hOtﬁ =3 (gMOCRVﬁpU + guﬁRyapa + gVOlR,UﬁpU + gV/BR,UO‘pO_>

\V)

- ((0p)" M9 (@), + (w0p) %2 (), = (p &5 0)), (A33)

aig
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(Qpg) 0 4? = Raﬂpa + <(Wp)alahw (Wo)ﬁ "t (Wp)ala(p (wo)p " = (p U)) , (A34)

puv

(@272 = Rt ()0 (i) () )y = (03 9)).

i (A.35)

(Q00) ™" = (@) * " (o) gy, T+ (Wp) 2 (W), * = (042 9), (A.36)

Q)17 = (D)2 — (p 3 o), (A.37)
()92 = (D)2 — (p 3 o), (A.38)
(o) = ()71 (1), ()2 (00)3,* = 9 4 ), (A.39)
(Qpo) ™ = (Dyog) M — (p 5 o), (A.40)
(o)1 = () (o), 4 () (wo)™ = (p 2 ). (A.41)
() = (Do) ™® — (p 4+ 0), (A.42)
(Qpo) 22" = (D g2 — (p 3 o), (A.43)
()21 = (wp) 2 (), 7 (1) (w)y™ = (p > ), (A.44)
()2 = (D)™ — (p ¢+ 0), (A.45)
(00) ™% = (@) P17 (), "+ ()27 (w0) gy, "™ — (p 43 0 (A.46)
(290)* = (Do) — (p 43 0), (A.47)
(Q0) = (Do) — (p ¢+ 0), (A.48)

where one needs to use the covariant derivative commutation relations,

dm|Dp, Dol¢™ = hyu[D,, Dol + h[D,y, Dylh + a1a[D,, Dylay
+ a2a[D,, Dy)az® + ®[D,,, D,]®

1A B _ _ _ ~
= §h,ul/ (gMaRVBpJ + gM/BRVapJ + gyaRuﬁpU + gVBRMapU> haﬁ

+ alaRo‘ﬁpgaw + azaRaﬁpgagﬁ, (A49)

followed by the appropriate form of the gauge-coupling w,,

D) _ _ _ _
(wp)hwam _ (wp)lllah;w _ \2[ (guvaoz + gUPFHY _ gHaFVP gVOéFNP) , (A.50)
(wp)huVQQa _ (wp)azahuu — \gi (gupﬁva + gl/p[f[ua _ g#aﬁ'/ﬂ _ gl’afjﬂp) , (A.51)
(wP)1e® = — (wP) P4 = Fre (wP)2e® = — (wP) P42 = 1P, (A.52)
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Next, with the help of all non-vanishing £ and €2,, components, we successively define
Tr(E), Tr(E?) and Tr (2,,Q°7) as follows

I

Tr(E) =Tr {E e

+ B + E4e, 4 B2 (A.53)

azp )

b b b gh o
Tr (B?) = Tr [E o B 4 BN BN 4 BT, EM,,

0¢ hag
a2 a2~ al a2~ az
+ B0y, B, + e, E™,,, + E%,

a1~
1~y E azp

ilu iL il }AZV ilu aig
BB, AR BT AR BT

afB

al Eu ill/ a6 az ill/
+EMe, Bl Bl B0 4 e Bl

A.54
I3 ap hu ( 5)

azg |’

h
Opro 0o 0 - Ala
(@), + (o)

(@)
PO\ a2
(@)

ng)a‘l’Y

o
+ () (07"
(o), ()

o\a Al o il« v
(@), 4 (), (@)

aw

a25

a1 al azp

aig aig

 (p0) ", ()5 (Do) ()

apf hp,u

loa il v
+ (on)(b;}w(gp ) 8 @
)2, (7)1,

029( asp

il v g
+ Q)" 5 (7)),
+ (Do) 0 (27)"

af
+ (o

aip Ala

+ (R00) 2 () + ()T, ()25 . (A.55)

a2p3 a2«

To execute the above traces, we pursued the following explicit treatments and steps

Am = A

tr(A) = A™ = A™PL

x 2) m P (A.56)
tr(A%) = A", A", = (A" Ly,) (A" ym)
t1(AB) = A™ B" = (A™P[,)(B" 1) = tr(BA),

where Afmén and Bémén are any two arbitrary matrix components associated with the
U(1)? EMD fluctuations ¢, = {iLW, iL, a1y, a2, ®}. In this process, we require to utilize
the following projection operators

Thh = 1% — 1, (A.57)

T — [O2u020 — Ghv (A.58)
P 1 1

Ihurhes = (g’”g”ﬁ +g"7g" - 2@“”@“5) : (A.59)
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With all that mentioned above, we computed the following trace results

Tr (B) = 7 (B F" + Hy, H") — 3R, (A.60)
1 _
Tr (%) = 2Ry R*P7 + 2R, R + 402 4 [~ 2RE, P
_ _ — — _ _ - - 2
— 2RHy, H" — 6Ryy FYPFY, — 6Ry HHY, + 12 (F F)
_ _ 2 _ _ _ _ _ _ _ _
+12 (Hyy H" )+ 4, P Hpp HP 4 12F,, H Fpo HP
+ FUOEY By F,% + A0 I, 0 1,7 — 14F" Y H,,F,°
+2(DyFy) (DPF*™) +2(D,H,, ) (DPH™)
+2(DuF,") (D, F*") +2(DuH,") (D, H™), (A.61)
Tr (20 2°7) = —8Rpupo R*P7 + AR, ppo ' FP7 + AR, o H' H” + ARF,, F"
_ _ _ _ _ _ - 2
+ ARH, H" + 8 Ry, FYPFY, + 8 R, HI HY, — 70 ((F F*)
_ _ 2 _ _ _ _ _ _ _ _
=70 (Hyu H™ )" = 116F F* Hpo HP” — 104F,, H" Fpo H*
+ 82FMFY FloF, 7 + 82H" HY H,, H,” + 388F' H" H,, F,°
—24(D,F) (DPF*) — 24 (D, H,,) (DPH)
+8(DuE,") (D, F*) +8 (D, H,") (D,H™). (A.62)
Finally, one needs to simplify the above traces using the on-shell identities of eqs. (A.1)
to (A.11) , leading to the explicit irreducible results written in eq. (5.12).

B Holographic renormalization for AdS, black holes

In this section, we want to provide some essential details of the holographic boundary coun-
terterm (4.13) and the related regularization process in obtaining the curvature invariant
integration results (4.14).

With the Euclidean continuation (¢t — —i7), the boundary geometry of AdSy back-
ground (4.5) at r = r. is given by

= 2 =

2 2
Ar : 29 62 Ay si 29 C2 2
ds? =, dydy” = — =~ (idr+a8m d¢>> +2—d92+ﬂ (mdwr ra d(j)) ,
P 0

c — Pec =
(B.1)
where the boundary parameters A,,, Ag, pc, and = are defined as
2 2 re’ 2 2
A, =(r+a )(1+€2> —2mre+q° +p°,
(B.2)
A_l—ﬁ 26 2 _ 2+2 20 :_1_12
9= 208 0, p”=rc +atcos™d, E= 2k
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Integrated AdS, Invariants c1 co
8 2

1 4 = vpo
62 J d*z/det g Ry, po R*P B 7
1 4 _ v 12 3
1672 fd x\/dethuyR —ﬁ Z
48 12

1 4 = D2

1672 fd T/ deth —673 ?
oy [ dha/det g W po WHPe 0 0
- 8 2
ﬁfdz{f\/dethzl —ﬁ Z

Table 4. Holographic renormalization data (¢, cz) for different integrated background invariants
around the AdS, black holes for finite Cioea1 contributions.

Then, we can write the following forms for the determinant of metric v,, describing the
boundary geometry and related Ricci scalar R

2
dety = = [(rc* + a?) (7";2 + 1) —2mre +¢* + p?| (r + a? cos® 0) sin® o,
2 4 2 2 2 2 2
R:(r2+a200529)3 e +<TC —2mretq —i—p)a cos™ (B3)
C

+ (zj<r02 (1 — 5cos? 9) — 3a® cos? 9) (7‘62 + a2 cos? 9) ] .

With the above boundary setup, we can now express and expand the holographic boundary
counterterm as

Cucr = / d*y\/dety (c1 + 2R) (B.4)
A(AdSy)
B 2 T
:/ dT/ dqb/ df+/det vy (c1 + c2R) (B.5)
0 0 0
_ Anp

1
3 2 2\ 42 2 2 2 -1
_Eg{clrc +@<cl (4a + 3¢ )f + 4eo (3€ —2a ))rc—clmf ] —I—O(rc )
(B.6)
Throughout this paper, we have added the above form of boundary term to the local

part of logarithmic correction (i.e., the bulk contribution) and then extracted a finite and
renormalized Cjoca contribution to AdSy black hole entropy in the limit 7. — oo,

o0

1 B Te s 27
Clocal = lim —/ dT/ dr/ d0/ d¢ v/det gay(x) + Cacr]| - (B.7)
re—=oo | 1672 Jo e 0 0

During this holographic renormalization process, the boundary counterterm (B.6) is found
to be canceling the only and explicit bulk divergent terms involving r.? and 7, for the appro-
priate choice of ¢; and ¢y coefficients in the limit r. — oco. For our specific aim of EMD-AdS
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theory, we have always used the typical a4(x) form (4.1) or the Cipeq) formula (4.4). Hence,
it is also convenient to find the regulated results of integrated W, ,, W#"*?, E, and R?
invariants via the same renormalization process (B.7). The relevant relations are presented
in (4.14) for a generic charged and rotating background, where the associated ¢; and co
values are listed in table 4. These data are common for the integrations over all Kerr-
AdS (¢,p = 0), Reissner-Nordstrom-AdS (a = 0), and Schwarzschild-AdS (¢,p,a = 0)
backgrounds. Note that there is no such divergence due to infinite AdS boundary while
integrating the curvature invariants around asymptotically-flat black holes (¢ — oo), and
thus, we do not need any renormalization for them.

Finally, we want to mention the explicit forms of the integrated curvature invariants
that are regulated via the mentioned holographic renormalization process and directly
associated with the Cjoeq) formulas derived in eqgs. (4.16) and (4.22). The contributions of
Weyl tensor square W2 (= W0 WH*?) and Ricci scalar square R? are listed as

1617T2 schflifs\/m R’ = W’ (B.8)
2
1617r2 /schdjgsm we = m (B.9)
1617r2 /;mfaﬁmm 2A1£2T+ 40 gjj 2 b (B.10)
a2 R,y
/31530 1672 /P{N(fdxéMR2 T 2% - 2%%’ (B.12)
ﬁh—%o 16% /}{Nfdaé\/m we = _W7 (B.13)
o o iy = UL w11
2
Uy EL ST

2 2\ (.2 2 2
lim 1/ dizy/dotg B2 = 207+ 70) (0 + 316 = ) (B.16)
K

B—00 1672 JKerr-AdS (a% — 02) (a? + 613 + £2) ’

lim d*zy/det g W = 2(rg + ) (a* (= 3r3) + 4013 (15 + ) = 10 + 37'0)
61)1720 1672 x/Kerr—AiIi:S 9 N 7«(2]62 (a2 + TO) (a2 + 67’ + 52)
(B.17)

However, the contribution of integrated Euler density Fj is the same for all the cases,

1
7/ d*z+/det g B4 = 4. (B.18)
S

1672 ch/RN/Kerr-AdS

This is justified because the integration of E4 over all the extremal and non-extremal black
hole backgrounds defines the 4D Euler characteristics (4.15), which is a fixed number,
ie., x =2.
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C Curvature invariants of AdS,; extremal-near-horizon background

In this section, we list out the explicit forms of the curvature invariants for extremal near-
horizon (ENH) backgrounds. These are crucial when turn to our analysis via the quantum
entropy function formalism for computing Cjoca1 contributions to extremal black hole en-
tropy (see section 4.3). The four-derivative invariants R?, Ey and W2 = W, 0 WHP?
associated with the ENH background (4.26) are expressed as

144

2 _
R _ET’

(C.1)
_ 8
04 (a®cos? O+

+5{a" (10732 +7rf+ ") +20% (5r304 -+ 16082 +9r§ ) 1§ (70" + 1832+ 1875 ) }

Ey 2 5 {a‘l cos’ 0 (3@4 <a4 cos? 0+6a%rE cos? 0+ 151“3) cost

0

—6a?r3{a*+2a” (27"(2) +£2) +4726% —6r5+£*} cos? 0) —2a%r2 <a4 (227“362 +4rg+ 19£4>
+2a%r3 (11644732 = 3r) + 20 (204 =332~ 9r( ) ) cos?6

—rg(a* (rg—20302 —50") +-a?rf (8r302+6rf —20") +rg? (63 +2) )} : (C.2)

4 2 2
wW?= o cos§9+r2)6 [ré (rf]l —agﬁz) +aB* cos? 0—0,27’8{0,4 (a2 —1—27“3—1—62) cos*
0

—a? (167“3‘ (a2+€2> +8a%0? (a2+€2> +2r3 (3a4+ 13a2£2+3€4) —1—97’8) cos?0
+6at0 —4r8 (a2+€2> +8a2r(2]€2 (a2+f2) —l—ré (a4+6a2€2+€4) —61"8} cos? 9} . (C3)

As mentioned in section 4.3, integration of the above near-horizon extreme invariants are
found to be exactly in the same form as the full geometry extreme results (4.21) but differ
by a factor of —27 due to the removal of divergence in the AdSy part of ENH geometry,

lim d*z+/det g R? = —2x / df do G(0) R?,
B—00 Jfull geometry ENH
lim dia/det g By = —21 / d6d3G(6) Es, (C.4)
B—+00 Jfull geometry ENH
lim d*z/det gW? = —27 / dfdo G(6) W2,
B—+00 Jfull geometry ENH

292
where the ENH function G(0) = % (a? cos? +r3) sin @ must be operated in the range
0 <60 <mand0< ¢ < 2r. Here note that, we have obtained exactly similar relations also
in the flat-space limit £ — oo.

D Logarithmic correction formulas for arbitrary dilaton coupling

This section presents the general logarithmic correction formulas for each black hole em-
bedded in the U(1)-charged EMD-AdS and EMD models with an arbitrary dilaton cou-
pling constant k. For that, one can utilize the trace anomaly or central charge data (4.3)
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in the Ciocal formulas derived in egs. (4.16), (4.17), (4.22) and (4.24). In addition, the
C,m data recorded in table 3 is found to be useful. In terms of a general x parameter,
the logarithmic correction formulas for the extremal and non-extremal Schwarzschild-AdS,
Reissner-Nordstrom-AdS, and Kerr-AdS black holes are obtained as

_ 139 K 1 35 k4
A (Sch-AdS) _ . { 4 N 2,2
4
K 2 55 4}
o s 1 D.1
+ < G kS + 12) 4 n Ay, ( )

A S](SFI{_IN-AdS) _

12 2 '24) B
+(34_92_5)4+ 14_,12_'_@ €4>} In A (D.2)
TN ) 12T 2 T " '
] 103 Kt B
AS(Kerr AdS): bt 2 _ {
fon 36 + K +27r€2 (r2 +a2) (12 —a?)ry

(D.3)
AS](Begt,RN-AdS) _ l_ﬁ—i_’f_g_ <;j;_'f 152> (E%T(;)zgé) In Ag, (D.4)
ASg ) = l_1:’>567+'€2 64 RE—® (a2+11~8) (a2+6r8+€2){
(5o (3
+<T—gm2+;>£2>r8+(( K 5m2+86>a2f2
_@# 4 2-22)&-(’1‘;—“; gi>£4> 4
+( /?:—2,‘624—565)&244—(/;;—,{22 230> 2
_ @ S fg) a6>7~g}] e (D.5)
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In the flat-space limit (¢ — o0), the same formulas for the extremal and non-extremal
Schwarzschild, Reissner-Nordstrom and Kerr black holes can be written as

oy 13
AN — 1g A (D.6)

err 31
ASEe) — A, (D.7)

13 kK211 Bt

AgEN) _ (13 R kT 11 B | D.8
i = gt \60 10 T 24) me | A (D-8)

X T 2
AgLextKern) 5 In A, (D.9)

ex 4193

ASERN) _ [ﬁa s 36] In A, (D.10)

where the symbols and notations carry the same notion as depicted in sections 4.2 and 4.3.
The above formulas appear to be crucial in understanding the quantum black holes in a
wide range of EMD models characterizing the 4D description of different higher-dimensional
gravity theories. In the case of EMD-AdS and EMD theories embedded into the low-energy
string theory or supergravity models, one can set the appropriate dilaton coupling constant
values, ie., k =1, Kk = /3, and kK = % into the relations to obtain the results mentioned

in section 4.4.
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