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We demonstrate strong evidence of entropy matching that rotating dyonic black holes in Einstein-
Maxwell-Dilaton-Axion theory is holographically dual to a 2D conformal field theory (CFT). We first
investigate the duality on a dyonic Kerr-Sen black hole with nonvanishing dilaton and axion charges. The
near-horizon geometry of extremal dyonic Kerr-Sen spacetime possesses the SL(2,R) x U(1) isometry
where the asymptotic symmetry group method can be used to find the corresponding central charge.
We find two different branches of masses which correspond to CFT with two different central charges,
¢, = 12am, and c¢; = 12am_. The exact agreement between the Bekenstein-Hawking entropy and
entropy from CFT is then found also in two different branches of extremal entropy. Furthermore, we
demonstrate that this duality is robust insofar for nonzero anti—de Sitter (AdS) length. The duality holds for
both dyonic Kerr-Sen—AdS black hole and its ultraspinning counterpart. In both cases, we obtain the
expected entropy from CFT which matches exactly with the Bekenstein-Hawking entropy. Since dyonic
and axion charges are proportional to 1/m, we note that there are possibly more than two branches of the
central charge for nonzero AdS length in terms of mass. When we turn off dyonic charge, the axion charge
vanishes, giving the results of Kerr-Sen—AdS black hole. Moreover, when we assume the equal
electromagnetic charges, it recovers the results when the dilaton charge vanishes. Lastly, we compare
the results of a dyonic Kerr-Sen—AdS black hole and its ultraspinning counterpart to those of the dyonic
Kerr-Newman—AdS black hole and the ultraspinning counterpart. Depending on the dyonic charge
parameters, it is found that an extremal ultraspinning dyonic Kerr-Sen—AdS black hole is not always

superentropic.
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I. INTRODUCTION

It has been pointed out by Bekenstein and Hawking that
black holes must have an entropy to prevent the violation of
the second law of thermodynamics. It also corresponds to the
existence of radiation from the black holes with finite
temperature. These thermodynamic behaviors of black holes
indicate that there exists the underlying microstructure within
the black holes. One big question then arises from this theory
questioning the explanation of the origin of the black hole
microstates. It has been a main curiosity for decades to
explain the Bekenstein-Hawking entropy from this micro-
scopic point of view. Nonetheless, there is yet no complete
answer to this question. However, for a large class of extremal
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supersymmetric black holes, this question has been answered
in which the Bekenstein-Hawking entropy can be computed
also by counting the degeneracy of Bogomol nyi-Prasad-
Sommerfield soliton bound states [1,2].

Another answer to the previous question is the Kerr/CFT
duality. This duality states that there is a correspondence
between the associated physical quantities of the extremal
four-dimensional Kerr black hole and almost similar
physical quantities in a chiral conformal field theory
(CFT) [3]. This statement is parallel to the general one
given by Brown and Hanneaux for AdS; [4]. However, the
AdS; spacetime is replaced by a near-horizon extremal
black hole metric. In the near-horizon region of extremal
black holes, it is shown that there is a conformal invariance
implying the presence of an anti—de Sitter (AdS) structure
on the spacetime with SL(2,R) x U(1) isometry. The
generalization of this correspondence to the other extremal
rotating black holes, in four and higher dimensions, and
beyond FEinstein theory have been extensively studied
during the last decade [5-21]. The 2D chiral CFT has
been carried out by considering the asymptotic symmetry
group with some proposed boundary conditions, from
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which we can generate a class of diffeomorphisms of the
near-horizon Kerr geometry. After defining charges asso-
ciated with the diffeomorphisms and evaluating the Dirac
brackets of the charges, we can produce a Virasoro algebra
with nonvanishing (quantum) central charge which is the
extension of U(1) isometry of the near-horizon extremal
black hole geometry. The entropy is then calculated using
Cardy’s growth of states for a 2D CFT which is the function
of central charge and temperature. The temperature can
then be calculated by assuming Frolov-Thorne vacuum.
From this duality calculation, the exact matching between
entropy from CFT and Bekenstein-Hawking entropy of
extremal Kerr black hole is established.

Interestingly, the Kerr/CFT correspondence may apply
not only to the extremal black holes, but also to nonex-
tremal black ones. The hidden conformal symmetry of the
Kerr black hole has been revealed for the first time in
Ref. [22]. The conformal symmetry appears on the solution
space of the scalar probe in the black hole background.
Further studies show that not only scalar probe, yet higher-
spin particles can also be the probe to reveal the hidden
conformal symmetry [23]. Similar to the Kerr/CFT in
extremal black holes, this also can be extended to various
black hole solutions in four and five dimensions, and also in
different gravitational theories [24—47]. The revelation of
the hidden conformal symmetry shows that in the near-
horizon region and low-frequency limit, the phase space
possesses SL(2,R) x SL(2,R) isometry similar to AdS;
spacetime. In these papers, the central charges are com-
puted using numerical observation in order to match the
Bekenstein-Hawking entropy with the Cardy entropy.
Another observation for nonextremal Kerr black hole is
that we can identify two sets of Virasoro diffeomorphisms
acting on the horizon leading to nonvanising left- and right-
moving central charges [48]. This remarkable calculation
fills the gap left from the first revelation of hidden
conformal symmetry in the nonextremal black hole.
Another intriguing result is provided in Ref. [49] that
one can also extend the conventional CFT to the warped
CFT in order to calculate the entropy for nonextremal Kerr
black holes. Therein, the nontrivial diffeomorphisms lead
to a Virasoro-Kac-Moody algebra with nontrivial central
extensions.

Inspired by the Kert/CFT correspondence, it is natural to
extend the similar calculation to the family of black holes
in Einstein-Maxwell-Dilaton-Axion (EMDA) theory. We
want to study the thermodynamic properties of a dyonic
Kerr-Sen black hole, its gauged and ultraspinning counter-
parts. A nondyonic Kerr-Sen black hole has been inves-
tigated in Ref. [6] for an extremal case and in Ref. [41] for a
nonextremal case showing that the central charge of this
black hole is identical to a Kerr black hole which is the
solution to the Einstein vacuum-field equation, although
Kerr-Sen also possesses nonvanishing electric and dilaton
charges. The solution of the dyonic case is provided in

Ref. [50], which is the extension of Ref. [51] for the
nondyonic case, yet with nonzero cosmological constant
(AdS length). This black hole family emerges in the low-
energy heterotic string theory that includes dilaton and
axion. Since there exist scalar fields representing dilaton
and axion, this solution will differ from dyonic Kerr-
Newman (-AdS) black hole solution.

One fascinating limit of a gauged dyonic black hole is
the ultraspinning limit, i.e., the spin of the black hole is
boosted to the value of AdS length. In the ultraspinning
limit, the Kerr-Newman-AdS black hole solution possesses
a noncompact horizon and becomes superentropic. The
noncompact horizon occurs due to the presence of conical
singularity, while superentropic means that for a given
volume V, the entropy will be maximized [52]. So far, the
study for Kerr-Newman-AdS black hole has been done in
Ref. [16] in the context of Kerr/CFT correspondence. In the
present paper, it will be demonstrated that the Kerr/CFT
correspondence is also valid for the dyonic black hole
family in EMDA theory and indeed robust. First, we
consider a dyonic Kerr-Sen black hole and show that there
are similar features between dyonic and nondyonic cases.
This work is then extended to the gauged counterpart, then
in the situation where the cosmological constant is nonzero,
and finally when the ultraspinning limit is reached. It is
intriguing also to compare the results with the dyonic Kerr-
Newman-AdS black hole family.

The paper is organized as follows. After the Introduction,
we briefly review the dyonic Kerr-Sen black hole and its
thermodynamic properties in Sec. II. In Sec. 1V, we
investigate the near-horizon extremal dyonic Kerr-Sen
black hole and derive its entropy using the Kerr/CFT
correspondence. In Secs. IV and V, we extend the work
from the previous section to the gauged dyonic Kerr-
Sen-AdS black hole and its ultraspinning counterpart,
respectively. In Sec. VI, we provide the comparison
between the dual CFT of dyonic Kerr-Sen-AdS and dyonic
Kerr-Newman-AdS black holes. Section VII concludes
our work.

II. DYONIC KERR-SEN BLACK HOLES

The dyonic NUT generalization of Kerr-Sen black hole
solution was first given in Ref. [53] in ungauged case.
However, in this paper, we set the Newman-Unti-
Tamburino (NUT) parameter to zero, and consider only
the dyonic Kerr-Sen black hole. The dyonic generalization
of the Kerr-Sen solution without the NUT parameter is
rewritten in Ref. [50] in a simpler form using certain
coordinate transformations. In Ref. [50], the gauged sol-
ution of EMDA theory is also provided in a simpler way
coming from the original derivation in Refs. [54,55]. In this
section, we will briefly review the spacetime metric of the
dyonic Kerr-Sen black holes which is given in Ref. [50].
The Lagrangian density of the EMDA theory that is
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considered to find a dyonic Kerr-Sen black hole is given by
[55,56]

1 1
L=./—g|R- 5(04))2 - 56245(6)5)2 — e ?F?

(2.1)

where e“"* is the Levi-Civita antisymmetric tensor density
in 4D. The dual of the gauge potential B is defined by
dB = —e ?xF — yF. The theory presented in Lagrangian
density (2.1) has an SL(2,R) global symmetry that can
transform the dyonic black hole to a purely electric or
magnetic black hole. The dyonic Kerr-Sen black hole
solution to that Lagrangian density is given in Eq. (4)
in Ref. [50].

However, as mentioned in Ref. [50], the dyonic Kerr-Sen
black hole spacetime metric can also be written in a
more symmetric way by shifting the radial coordinate as
r—r—+d. In this coordinate, the spacetime metric,
together with the electromagnetic potential, the dual-
electromagnetic potential, dilaton field, and axion field,
are given by

A, ? sin’6)
ds? = = 5% + 5 ai* + Pdo® + 7

2, (2.2)

F+d— p? A 0,
_a(P+ 2p/m)X_pczs 7.
0 0
B:p(f+d—p2/m))?+qc039?

o* *

A

(2.3)

s (P+d)? + (k+acosh)
e? = 5 :
0

ki — dacos @
(F+d)* + (k+ acos0)*’

=2 (2.4)

respectively, where

X = df — asin?0dé,

Y = adi — (P2 —d* — k2 + a?)d¢,

0> = — d*> — k* + a*cos?0,

=P -2mi—d® - K>+ a* + p* + ¢*.

>

(2.5)

We have to note that m, a, q, p, d, k are mass, spin, electric
charge, magnetic (dyonic) charge, dilaton charge, and
axion charge of the black hole, respectively. The dilaton
and axion charges clearly depend on the electric and
magnetic charges by the following relations:

(2.6)

One also can write

2 2\ 2
P4 = (M) : (2.7)

2m

This black hole possesses inner and outer horizons as
given by

ri:m:t\/mz—f—dz—f—kz—az—pz—qz. (2.8)
The dyonic Kerr-Sen black hole satisfies the following
thermodynamic relation:

dM = TydS + QudJ + ®ydQ + WydP.  (2.9)

The quantities on above equation are given by

M=m, J=ma, Q=gq, P=p,

ro—m

Ty= ,
B 2n(R —d2 =K +a?)

SBH:ﬂ'<ri—d2—k2+az)’

(2.10)

o a o, _ e +d=p*/m)
P2 -k +a T2 -k va
d— 2

ri—(fz—kz—i—aQ’

where those are mass, angular momentum, electric charge,
magnetic charge, Hawking temperature, Bekenstein-
Hawking entropy, angular velocity, electric potential, and
magnetic potential, respectively.

Now we consider the extremal limit of a dyonic Kerr-Sen
black hole. In this limit, m> + d*> + k* = a> + p> + qz,
and both horizons in Eq. (2.8) coincide as r, = m. Note
that one can also write d*> + k> in terms of ¢ + p? to
reduce the number of parameters,

(2.12)

2, 2
m2:a2+q2+p2_<61 +P>2_

2m

Based on this relation, there are two branches of an
extremal dyonic Kerr-Sen black hole where the mass is

given by
2 2 2
Ly /1= 2p —f;q 2
a+p-+q

(2.13)

m? =2 (a® + p* + )

N =

We identify each branch m_ _y with the plus (minus) sign
of the square root in (2.13), respectively. For this extremal
black hole, the Hawking temperature in Eq. (2.10) vanishes
while other thermodynamic quantities that contain mass
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term remain nonzero and possess two branches. These
branches will reduce into one only when the spin
approaches zero. In this case, the black hole solution will
reduce to an extremal dyonic GMGHS (Gibbons-Maeda-
Garfinkle-Horowitz-Strominger) black hole with zero
entropy [57]. This condition is distinctive from the extremal
(dyonic) Reissner-Nordstréom solution which has nonzero
entropy. Zero entropy is related to zero central charge in
CFT. Vanishing c; is trivial and exactly denotes that the
Virasoro algebra reduces to the classical Witt algebra. In the
next section, we will study the thermodynamic properties
of this extremal dyonic Kerr-Sen black hole using the
Kerr/CFT correspondence.

III. CFT DUAL OF DYONIC KERR-SEN
BLACK HOLE

The main upshot of this section is to provide the
derivation of Cardy entropy [3],

(S}

Scrr = % (c.Tp + crTr). (3.1)
for extremal black holes in EMDA theory given in this
paper. We will derive the corresponding central charges
(cp, cg) using the asymptotic symmetry group (ASG) and
the temperatures (7, Tg) in order to compute the Cardy
entropy of the black holes given in this paper. We apply the
Cardy entropy formula for the black hole solutions in this
paper for an extremal case. First, in order to apply the
asymptotic symmetry group calculation, we need to find
the near-horizon geometry satisfying the SL(2, R) x U(1)
isometry group. We will present explicitly the near-horizon
geometry of the extremal rotating dyonic Kerr-Sen black
hole. Then we will derive the nontrivial diffeomorphisms
which are associated with nonvanishing conserved surface
charges. It will be shown that the four-dimensional rotating
dyonic Kerr-Sen black hole belongs to phase space repre-
senting one copy of the Virasoro algebra with a particular
central charge. After finding the temperatures using the
generalized Frolov-Thorne vacuum, one can compute the
Cardy formula to match with the Bekenstein-Hawking
entropy for black holes.

A. Near-horizon extremal black hole metric

The near-horizon form of the spacetime metric can be
obtained using the specific coordinate transformation rep-
resenting near-horizon region approximation. First, we will
find the near-horizon geometry of the extremal dyonic Kerr-
Sen black hole. To find the near-horizon geometry of the
extremal dyonic Kerr-Sen black hole (2.2), we consider the
following coordinate transformations [5,58]:

~ 1o Qpry
:—t’

b=d+

t, (3.2)

P=r,+eryr, .

where ry is a scaling constant where we may define
r3 = r% —d* — k* + a*. In the near-horizon limit, we have
¢ — 0. We can obtain the near-horizon extremal metric of

Eq. (2.2), which is given by

2 22 dr? 2
ds? = T(0) [ —r2di* + =+ do
r

+y(0)(d¢ + erdt)?, (3.3)
where the metric functions are given by
résin®6
o) =e¢.  y(0)=-"5—.
o
_ 2am

0% =m? —d* — k* + a*cos?0), e="—.

2
o

One can see that the AdS, factor emerges in this near-
horizon metric denoting that the metric now has AdS, x $?
structure. This is the origin of how we infer that the
AdS/CFT correspondence for black holes, namely
Kerr/CFT, may apply.

Since there exist several nonvanishing scalar and vector
fields, it is also applicable to use the near-horizon coor-
dinate transformation to those fields. In the near-horizon
limit, we find that the gauge field and its dual are given by

[(m+d)>+k*>—a>-2p?]
e(m*>—d* —k*+ad?)

A, = £, (0)(dp+erdr) +2 dg,

(3.4)

pl(m+d)*+k*>—a®>—2p?]
e(m?>—d*— k> +a?)

B, =1, (0)(dg+erdt) + de,

(3.5)
where the functions f(0) for each field are given by

_ql2p*—(m+d)* — k> + a’ cos’ 0] +2apmeost ,

0
fll( ) 2amgi 0’
(3.6)
2192 _ 2124 42c0s20] —2
fb(ﬁ)zp[ p*—(m+d)* —k* + a*cos*0] aqmcosé’r%’

2amg?.
(3.7)

where we can gauge away the second term on the
electromagnetic potential (3.4) and its dual (3.5).
Moreover, after finding the gauge field in the near-horizon
limit, we can also find the dilaton and axion field in this
limit, which are given as
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(m+d)* + (k+ acos 9)2>
2 ’
o5
mk — da cos 6
(m+d)*+ (k+acos)*

-

X+ = (3.8)

It is worth noting that these near-horizon forms of the fields
are needed in the calculation of the central charge.
However, basically their contribution will not appear
directly to the central term.

In order to find the isometry group of the near-horizon
extremal metric (3.3), one can apply the Killing equation
and solve it. In the end, by solving the Killing equation, it is
found that the spacetime metric (3.3) possesses SL(2, R) x
U(1) isometry group which are represented by the follow-
ing Killing fields:

Co = 0y, (3.9)
which denote the rotational U(1) isometry and
1 7 e
Xlzdt, Xzzt()t—rar, X3: p—f-z 0,—tr6,—;0¢,
(3.10)

which generates SL(2, R). The Killing vectors (3.9) and
(3.10) fully denote an enhanced SL(2, R) x U(1) isometry
group. This isometry resembles the isometry of AdS,
spacetime, so the asymptotic symmetry group as used by
Brown and Henneaux [4] can be employed to compute the
central charge. Note that only U(1) can be extended to a
Virasoro algebra while the SL(2, R) is taken to be frozen at
extremality [58]. Enticingly, for a nonextremal black hole,
one can construct similar SL(2, R) x U(1) isometry where
SL(2, R) isometry can be extended to Kac-Moody algebra
[49]. In this case, one can extend the calculation to the
entropy in warped CFT. However, we will not consider this
case within this paper.

B. Charges

The approach of Brown and Henneaux [4] can be
employed to find the central charge of the holographic
dual-CFT description of an extremal rotating black hole in
EMDA theory. To compute the charges that associate with
ASG of a near-horizon extremal dyonic Kerr-Sen black
hole, we should consider all possible contributions from
all different fields in the action. Nonetheless, it has been
pointed out by Compére [58] and also shown in Ref. [6] for
Kerr-Sen black hole that the contributions from electro-
magnetic and scalar fields, except gravity, are zero. Their
contributions emerge only through the black hole’s param-
eters in the central term from gravity part. So, asymptotic
symmetry of the general black hole family in EMDA theory
includes diffeomorphisms & that satisfy

559/41/ = ‘Cég/w = €g<aag/u/) + g/w(avéa) +gm/<aﬂ§6>7 (3 1 1)

where the metric deviation is denoted by 6;9,, = h,,. The
associated conserved charge is

1
=— [ Klh;g.
O SFAZ g[ gl

The given integral is over the boundary of a spatial slice.
The contribution of the metric tensor on the central charge
is given explicitly by

(3.12)

1 h
%wm=—z%wkww—amwuibw'

— WD+ D R
Av

+ % (DHE, + Dﬂé_,‘”)}dx” A dx°. (3.13)

We should note that the last two terms in Eq. (3.13) vanish
for an exact Killing vector and an exact symmetry,
respectively. The charge Q. generates symmetry through
the Dirac brackets. The ASG possesses algebra which is
given by the Dirac bracket algebra of the following
charges [59]:

1
Q. Qelos = ¢ / k¢ [Lzg: 9]

1

0yt o / KL (.14)

In order to employ the ASG, we need to specify the
boundary conditions on the metric deviations #,,. The
boundary conditions are imposed in order to produce finite
and integrable charges. There is not necessarily a unique
set of consistent boundary conditions. Therefore, we adopt
the boundary conditions such in most Kerr/CFT corre-
spondence articles. In the basis (¢, r, 6, ¢), we impose the
following boundary conditions:

o) o) ol o

- o o) oW | 4
o) o)
o)

The most general diffeomorphism symmetry that preserves

such boundary conditions (3.15) is generated by the

following Killing vector field:

{={e,+O(r)}o, + {-re'(¢) + O(1)}o, + O(r")9y
+ {e(@) + O(r=2)}0;. (3.16)

where ¢, is an arbitrary constant and the prime (') denotes
the derivative respect to ¢. This ASG contains one
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copy of the conformal group of the circle, which is
generated by

Lo = e(¢)a, — ré'(9)a,. (3.17)
that will be the part of the near-horizon extremal metric. We
know that the azimuthal coordinate is periodic under the
rotation ¢ ~ ¢ + 2z. Hence we may define e, = —e™/¢

and ¢, = {.(¢,). By the Lie bracket, the symmetry gene-
rator (3.17) satisfies the Witt algebra:

i[gy’ (:z]LB = (y - Z)Cy+z‘ (318)

Then, by defining

Qé’ ELZ —Xaz,o (319)
on (3.14), where x is a free parameter which will not change
the central charge, we obtain the conserved charges algebra
in quantum form, such that

C
[Ly’LZ] = (y - Z)Ly+z + é(yz - 1)5y+z,0' (3'20)

From the algebra above, we can read off the value of the
left-moving central charge for the near-horizon extremal
dyonic Kerr-Sen black hole. It is obtained that

cp = 12am = 12J. (3.21)
This result is identical to the central charge of Kerr-Sen [6]
and Kerr [3] black holes. However, we need to note that the
relation between mass, spin, and electromagnetic charges is
different from those of Kerr-Sen and Kerr black holes. For
an extremal dyonic Kerr-Sen black hole, the mass is given
in Eq. (2.13). Each branch corresponds to CFT with the
central charge c¢; = 12am.., respectively. Recall that these
branches will reduce into one only when the spin
approaches zero denoting that ¢; also vanishes. This means
that the entropy from CFT will also vanish. Vanishing c; is
trivial and exactly denotes that the Virasoro algebra reduces
to the classical Witt algebra.

C. Temperatures

Before going to match the entropies, it is required to
calculate the corresponding temperatures. In order to do so,
we need to employ the analog of the Hartle-Hawking
vacuum, i.e., Frolov-Thorne vacuum that has been used
in the Kerr/CFT correspondence [3] because the angular
momentum and other thermodynamic quantities are
included within this vacuum. Now, we may apply the
first law of black hole thermodynamics for rotating dyonic
Kerr-Sen black holes (2.9) where the extremal condition
satisfies

dM = Qg d] + ®GdQ + YidP,  (3.22)

since 7% = 0. So, we can write

TydS=—[(Qy—Q5)dJ + (®—P)dQ + (¥ —¥**)dP].
(3.23)

For such constrained variations (3.23), we may construct

_d1 do  dp

=7t

ds (3.24)

q

For a Kerr black hole, it is considered a quantum scalar
field with eigenmodes of the asymptotic energy E and
angular momentum J which are given by the following
form:

d) = Z&E,J,se_[Ef_de)fs(f’ 9)

E.J,s

(3.25)

In order to transform this to near-horizon quantities and
take the extremal limit, we note that in the near-horizon
coordinates (3.2) we have

e—iEf+iJ43 — o i(E=Q5)ir/e+ildp eingttinid, (3.26)

where

ng = (E—Q%J)ry/e, ny =J. (3.27)
But, this is only suitable when there is no contribution of
other thermodynamical potentials. Using the fact that any
system possesses density of state p = e5, where S is the
entropy and the fact that there are thermodynamic poten-
tials coming from electromagnetic fields, we may extend
Eq. (3.27) to
ng=(E-Q5J—0*“Q—-Y*P)ry/e, np=J. (3.28)
The density matrix in the asymptotic energy, angular
momentum, electric charge, magnetic charge, and pressure
eigenbasis now has the Boltzmann weighting factor:

ng_np_ Q0 _p
—e TR TL Tq Tp,

E-QpJ-0¢* Q-¥eX P
P (3.29)
When the trace over the modes inside the horizon is
taken, the Boltzmann weighting factor will be a diagonal
matrix. We can compare Egs. (3.28) and (3.29) to obtain the

definition of the CFT temperatures, such that

TH’"O GTH/0r+
TR - ) L — — )
€ lex aSzH/arJr ex
_oTy/or, _oTy/or, (330
a ov/or, |, P o¥/or, |,, '
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However, we only need 7; and T in order to compute the
Cardy entropy. It is obviously seen that Tz =0 for
extremal black holes. We also have

m?—d? —k* + a?

T, =
L dram

(3.31)

We have obtained the left-moving temperatures for dyonic
Kerr-Sen. Moreover, as mentioned before that this extremal
black hole corresponds with two different branches of
central charge, 12am.., the left-moving temperature also
mi—dz—szraz
dram.
ature, we can also obtain the left-moving temperature of a
Kerr-Sen black hole by setting k = 0. When we turn off
both electromagnetic charges, the temperature for a Kerr
black hole is recovered [3].

behaves the same, T; = . From this temper-

D. Entropy matching

We have discussed the existence of an asymptotic
Virasoro algebra at the boundary in infinity of the near-
horizon extremal geometry. By following semiclassical
quantization rules, the operators that define quantum gravity
with the given boundary conditions form a Virasoro algebra.
We have also provided scalar quantum fields in the analog of
the Frolov-Thorne vacuum restricted to extremal excitations
having the nonvanishing left-moving temperature. Since we
identify the left sector with excitations along d, and the
SL(2,R) isometry as the right sector is frozen, the states
are described by a thermal density matrix with temperatures
Ty, T, and T,. As mentioned in [58], T,, T, are better
interpreted as the CFT chemical potentials as u} = T,/ T,
and yj =T, /T,.

Given all quantities that we need in the Cardy formula,
we can now compute it in (3.1). It is remarkable that,
surprisingly, using the left-moving central charge (3.21)
and temperature (3.31) reproduces the Bekenstein-
Hawking entropy (2.10) for an extremal dyonic Kerr-Sen
black hole:

Scpr = n(m? —d* — k* + a*) = Sgy. ~ (3.32)
Note that for given values of a, p, g, there exist two branches
of an extremal black hole’s entropy with mass m_. and central
charges 12am... Simultaneously, we have also reproduced
the Bekenstein-Hawking entropy for a Kerr-Sen black hole
by turning off p. Again, when we assume that g = p = 0, it
reduces to the entropy of an extremal Kerr black hole. For
a — 0 but keeping p, g # 0, this Cardy entropy will vanish,
showing the entropy of an dyonic GMGHS black hole. This
matching completes the conjecture of Kerr/CFT correspon-
dence for extremal dyonic Kerr-Sen black holes in EMDA
theory. This is clearly not a coincidence and shows that the
dyonic Kerr-Sen black hole is dual to 2D CFT represented by
nonvanishing left-moving sector.

IV. KERR/CFT FOR GAUGED DYONIC
KERR-SEN BLACK HOLE
A. Spacetime metric and thermodynamics

For the gauged case, the corresponding Lagrangian
density of the EMDA theory (2.1) is given by [50,55,56]

4+ e+ e (1+ 4?)

E+H 12

[’gauged = (4 1)

The gauged version of the dyonic Kerr-Sen black
hole or the Kerr-Sen-AdS black is also presented in a
simple form in Ref. [50], which is also the solution
of the above Lagrangian density. In the shifted radial
coordinate, the spacetime metric including the electromag-
netic potential, its dual, dilaton field, and axion field, are
given by

A, 0., @ Agsin® 0 ,
ds2:—?x +Zdr2+A—9d92+72Y, (4.2)
A:q(erd;pz/m)X_pC(;S%,
4 0
F4d—p*/m) , 0
g PUtd=pi/m) g qcosty (4.3)
4 4
s (F+d)?+ (k+acosd)’
e’ = 5 ,
Q
ki —dacos 6
=2 , 4.4
d (F+d)?* + (k+ acos6)? (4.4)
respectively, where
o odp o dd
X =di-asin’0 ¢, Y=adi— ( —d*—k*+a? )?qb

A=(P—d*—K*+a?) ( )—Zm?—i—pz—i—qz,

a —
Ag—l—lz 29 2=1 12’

0> = —d?—k*> +a’cos?0. (4.5)
The dyonic Kerr-Sen-AdS black hole satisfies the
following thermodynamic relation:
dM = TydS + QudJ] + ©ydQ + YydP + VAP,  (4.6)
When cosmological constant or the gauge coupling con-
stant [ arises as the vacuum expectation value, we can
include this parameter in the first law of thermodynamics
for black holes [60]. As common rotating AdS black holes,

the cosmological constant can be considered as the source
of the pressure on the black holes. Hence, it gives rise to
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another thermodynamic quantity. The quantities on the
above equations are given by

m=2, g="2 o=% p=L
ro(2r2 = 2d* = 2k* + a* + I2) — mI?
Ty = +27 2 2 _ 12 2 2) ) (4.7)
r . 2n(ri—d* =k +a’)l us
_ N P _ =
SBH_E(rJr_d —k*+a )’ QH_ri—C{Z—kz—i-az,
q(r.+d—p*/m)
by, = s 4.8
" r—d>—k*+a? (48)
p(ri+d—p*/m) 4 3
Y, = , V==r,8, P=——. 4.9
Hop =+ 3’ s ()

where those are mass, angular momentum, electric charge,
magnetic charge, Hawking temperature, Bekenstein-
Hawking entropy, angular velocity, electric potential,
magnetic potential, volume, and pressure.

Since there exists the cosmological constant, this black
hole possesses more than two horizons as we can see from
A, which is a quartic function. This means that there also
exists cosmological horizons. From this dyonic Kerr-Sen-
AdS black hole solution, we can find several solutions by
taking certain limits. In order to find a Kerr-Sen-AdS black
hole, one can turn off p = 0 that will cause k = 0. This
implies ¥ = 0. When one consider equal charges ¢ = p,
this will result in d = 0 or no dilaton charge. On the other
hand, we can find that ®y = ¥y. Another fascinating
property of this solution is we can find the superentropic
solution of a dyonic Kerr-Sen-AdS black hole by taking
a — [. Nevertheless, whether it is superentropic or not is
defined by the value of /2> over (d? + k?).

Next, we consider the extremal limit for the gauged
counterparts of the dyonic Kerr-Sen black hole with
A" =0. We find

;
m= l—;(zri —2d* -2l +a> + 7). (4.10)
As a result, the horizon is given by
2d* + 2k —a®> - I 4 —16x7 + 2x3
2= + a + VX X5 + x3, (4.11)

6

where x‘f =a*+16d* + 16k* + I*, xé = a?d® + a*k* +
PP+ K> -2d°k*, and x§ =Ta’P> + 61°¢* + 61°p>.
All the horizons now coincide into one. Similar to the
ungauged case, the Hawking temperature vanishes while
other thermodynamic quantities remain nonzero. Hence,
there are possibly more than two branches of extremal
black holes corresponding to roots of (4.10) since
d,k ~1/m. The physical conditions for the existence of
extremal black holes are x{—16x3 +2x}>0,r2 >0
and m > 0.

B. Dual CFT of dyonic Kerr-Sen-AdS black hole

The near-horizon form of a dyonic Kerr-Sen-AdS black
hole can be obtained using similar transformation (3.2).
In order to study the near-horizon extremal region, we
need to approximate A in terms of event horizon r, . In the
near-horizon of extremal black holes, the function A takes
the form [18]

A= (F=r )+ O(F-ry)), (4.12)
where the function v is given by
A" 6r% —2d* - 2k* + a*
o= (2”):1+ s - T 413

We can obtain the near-horizon extremal metric of
Eq. (4.2). By additional scaling dt — dt/v, the near-
horizon extremal metric is then given by

2

ds>=T(0) (—rza't2 —I—ci—rQ—l—a(@)dGz) +7(0)(dgp + erdt)?,

(4.14)
where the metric functions are given by
2 A 2
0 v rAgsin-g
r(0) ==+, a(0) =——, }’(9)2027%’
Y Ag o=
2ar B
0% =ri —d? — k* + a’cos’0, e= a}2’+ (4.15)
o

In the near-horizon limit, we find that the gauge field and
its dual are given by

AL = fa(0)(dg + érdr)
n ql(ry +d)* + k* —a* = 2p*r, /m|
é(rk —d* —k* + a?)

dp,  (4.16)

B, = £,(0)(d¢ + érdt)
L pllry +d)? + K2 —a? = 2p%r, /m]
é(ri —d® -k + a?)

dg,

2ar, B

é:

’ 4.17
- (4.17)

where the functions f(0) for each field are given by

l][—zr:npz—(r++d)2—k2+a2c0829]+2apr+cos‘9 2
fal)= 57 &
2ar,Eo7;
(4.18)
2r, p? 2_ 12 20052
2l (r 1 d)?— K+ aPcos?d] —2 0
fb(ﬁ):l’[ - (re+d) a’cos™0] ~2aqr.cos 5

2ar, Bo%
(4.19)
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where we can gauge away the second term on the
electromagnetic potential (4.16) and its dual (4.17).
Moreover, after finding the gauge field in the near-horizon
limit, we can also find the dilaton and axion field in this
limit, which are given as

(ry +d)*+ (k+acos6)?
)
o3
kr, —dacos@
(r. +d)?*+ (k+acos)?*

e¢+

El

Xy = (4.20)

In order to compute the central charge of a dyonic Kerr-
Sen-AdS black hole, we can also employ the similar ASG
calculation to the near-horizon extremal metric (4.14) since
we obtain the identical metric form and isometry. From the
same lengthy calculation, we can obtain the left-moving
central charge for the near-horizon extremal dyonic Kerr-
Sen-AdS black holes from EMDA theory. It is obtained that

12ar,
cp, = —,
)

(4.21)

where the event horizon v and r, are given in (4.13) and
(4.11), respectively. We can also recover the central charge
of Kerr-Sen-AdS and Kerr-Sen-AdS black holes with
vanishing axion charge by setting p =0 and p =g,
respectively. It is also clear that by turning off p, g, we
can find the central charge of a Kerr-AdS black hole [7].

Similarly, before going to match the entropy, it is
required to calculate the corresponding temperatures. For
the gauged case, the presence of the cosmological constant
can be considered as the additional thermodynamic quan-
tity in the thermodynamic equation. Hence, we can write
the first law of black hole thermodynamics for this black
hole where the extremal condition satisfies

dM = Q5fd] + ®57dQ + Wi dP + V*dP,  (4.22)
since T¢ = 0. We are required to write that
TydS = —[(Qy — Q5)dJ + (P — ©)dQ
+ (¥ = ¥)dP + (V = V<)dP]. (4.23)

For such constrained variations (4.23), we may construct

dl dQ dP dP
dS—T—L+T—q+T—p+T—P.

(4.24)
The last term in the above equation is related to the
cosmological constant.

Similar to the dyonic Kerr-Sen black hole, there exist
temperatures conjugate to electric and magnetic charges
aside from the right- and left-moving temperatures. The
existence of cosmological constant is related to the pres-
ence of another temperature conjugate to the cosmological

pressure which is defined as Tp = — 22 /;,:* |ox» although

we only need the left-moving temperature in this case. The
explicit expression of the left-moving temperature is
o(rk = d* = k* + a?)

T =
L 4nmar B

. (4.25)

From this temperature, we can recover the left-moving
temperatures for Kerr-Sen-AdS and Kerr-Sen-AdS with
vanishing axion charge similarly with the central charge.
When we turn off both electromagnetic charges, the
temperatures for Kerr-AdS black hole are then recovered.
We have calculated the quantities that we need in Cardy
formula; we can now compute it in (3.1). It is remarkably
found that an extremal dyonic Kerr-Sen-AdS black hole
possesses the following CFT entropy:
(P — & — k2 + a?).

1S

This result matches with the Bekenstein-Hawking entropy
for a dyonic Kerr-Sen-AdS black hole. The entropy of a
Kerr-Sen-AdS black hole and a Kerr-Sen-AdS black hole
with vanishing axion charge can also be found from this.
When we assume that ¢ = p = 0, it reduces to the entropy
of an extremal Kerr-AdS black hole [7]. It is worth noting
that for Kerr-Newman-AdS black holes, there exists second
dual CFT [5] which can be studied when considering a — 0
and then proposing the electromagnetic field as the part of
the geometry. In this second dual CFT, the temperatures T,
and T, are useful to reveal the dual CFT of Reissner-
Nordstrom black hole family. Nonetheless, for black hole
solutions in EMDA theory, in this case the Kerr-Sen black
hole [41], the second dual CFT fails to be shown. Hence,
we will not further consider the second dual CFT for the
dyonic Kerr-Sen-AdS black hole family in this paper.

V. ULTRASPINNING DYONIC KERR-SEN-AdS
BLACK HOLE

A. Spacetime metric and thermodynamics

Another interesting spacetime we want to study is the
ultraspinning dyonic Kerr-Sen-AdS black hole. In this
circumstance, we consider ultraspinning limit a — [.
This metric has been given in Ref. [50], while herein we
consider the spacetime metric in shifted radial coordinate.
In order to find the ultraspinning version of the dyonic
Kerr-Sen-AdS black hole, we need to redefine the coor-

dinate g?b as g?b — (f)E to exclude the conical singularity after
taking the ultraspinning limit. Since the azimuthal coor-
dinate becomes noncompact, we need to compactify it as
(]3 - (/3+,u where u is not 2z and dimensionless. As
explained in Ref. [52], g is proposed as another
thermodynamic quantity or the chemical potential. The
resulting metric, electromagnetic potential, dual of the
electromagnetic potential, dilaton, and axion fields are
given by
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A, 0 0’ sin* @
ds? = —=X> +—di* + ——do* + ——712, (5.1
s p o AP a0+ p (5.1)

A:q(r—l—d;pz/m))z_pcozst‘)ﬁ

0 0
- 2 A A
p_PUrtd=p/m g qeos0y (5.2)

2 2
0 0
s _ (F+d)? + (k+ lcos’d)
e? = 5 ,
0
k — dl cos 6
¥ = r COS (53)

(F+d)? + (k+ lcos®0)’

respectively, where

X = dfi — Isin?0dé,
Y = ldi — (P —d* — k2 + I2)dé.
(fz —P -+ lz)z

12
0> = —d* — k* + [>cos?6.

—me—i—pz —|—q2,

For the ultraspinning black hole, the thermodynamic
quantities satisfy the following relation:

(5.4)
|

where K is the conjugate of 4 or the conjugate of chemical
potential. The thermodynamic quantities of this black hole
are given by

my mlu qu
Mzi, Jzi, =—,
2w 2w 0 2w
2 2 -k 12— ml?
pobt g, 2o d oKD mE g
2z 2n(ri —d*— k> +1%)]

[
QH_

_ Ko p 2 p _
SBH_2(r+ &=k + 1), ri—dz—k2+lz’

_q(ry +d—=p*/m)

Dy = .
" ri—cfl—kz—i-lz’ (5-6)

g, _ PUetd=p’/m)

S

2
V:?"r+(r2+—d2—k2+12),
12_ 2_d2_k2
K= (s ) (5.7)

"an(P -l -+ P

Again, the extremal limit can be found by using con-
ditions A =0 and A’ = 0,

2
:%(ra_dz_kuzz). (5.8)

The event horizon of this extremal ultraspinning version is
located at

&+ K =P+ A+ 4d* + Akt -

812d? — 8IPk? + 8d*k* + 31°q* + 31%p? (5.9)

2 _
r =

In this extremal ultraspinning limit, the Hawking temper-
ature also vanishes. There are possibly more than two
branches of extremal ultraspinning black holes correspond-
ing to roots of (5.8). The physical conditions for the
existence of extremal black holes are 4[*-+4d*+4k*—
8Pd*—81Pk> +8d°k* +31P¢* +31*p*>0,r2. >0 and m > 0.

For the ultraspinning version of the dyonic Kerr-Sen-
AdS black hole, the near-horizon coordinate transforma-
tions are identical. The near-horizon extremal geometry of
the ultraspinning dyonic Kerr-Sen-AdS black hole is given
by Eq. (4.14) with the following functions:

2 4oid
o5 v rgsin*0
re)=-—, 0)=——_, 0) = >
0)=1F al0)=grg 1O=""3
612 —2d> —2k*
0% =r2 —d*—k*+ Pcos?0, 1):2—}——“r 7 ,
21
e="3* (5.10)
5o

3

The functions f(6) for the gauge field and its dual, dilaton,
and axion fields in near-horizon region are given by

2r, p? 2 2 2 2
fu(e):q[T”—(r++d) —k“+ I~ cos 6]+2[pr+cos9r2

20r 0% o
(5.11)
7 (6)_P[zr;pz_(r++d)2—k2+l200829]—21qr+cos¢9r2
e 2Ir, 0% 0
(5.12)

5. _ (ri +d)*+ (k+lcos6)?

et = 5 ’

o
kr, —dlcos@

Xy = £ anbids (5.13)

(ry +d)*+ (k+lcos0)?

For this ultraspinning version, the near-horizon geometry
of the black hole with metric potential (5.10) also possesses
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SL(2,R) x U(1) isometry group with similar Killing
vector fields (3.9) and (3.10).

B. Dual CFT of ultraspinning dyonic Kerr-Sen-AdS
black hole

By employing ASG calculation, for ultraspinning dyonic
Kerr-Sen-AdS, the central charge is given by

cp = M, (5.14)
7o

which interestingly depends on chemical potential y, where
v and r, are given in Eqgs. (5.10) and (5.9). Even in this
ultraspinning case, there are possibly more than two
branches of extremal black holes related to the mass which
also correspond to CFTs with different central charges. For
ultraspinning black holes, since the thermodynamic rela-
tion is distinct from the normally spinning black hole
because there is a chemical potential, it is required to
employ the relation (5.4). Using the fact 7% = 0 in (5.4)
for the extremal case, we can construct

TydS = —[(Qy — Q)dJ + (® — D)dQ + (¥ — P)dP
+ (V= V)dP + (K — K)dy), (5.15)
d] dQ dP 4P du
S ZEL LR 1
ds = 0T, T, T (5.16)

The further analysis is identical with those when we do not
consider the ultraspinning case. So, we can also define

another temperature conjugate to the chemical potential,

T — _ 0TH/3I‘+ |
H oK /or, lex*

perature to compute the Cardy formula is 7', as given by

Nevertheless, the most significant tem-

o(rl —d?> —k* + ?)
4rlr

T, = (5.17)
It is remarkable that one can also find the similar matching
for the ultraspinning version of a dyonic Kerr-Sen-AdS
black hole,

Scrr :g(& ~d* =K+ )= Sgu.  (5.18)
This matching so far completes the conjecture of Kert/CFT
correspondence for extremal dyonic black holes, especially
in EMDA theory. This is clearly not a coincidence and
shows that the dyonic Kerr-Sen black hole and its family
are dual to 2D CFT represented by nonvanishing left-
moving sector.

VI. DYONIC KERR-SEN-ADS AND KERR-
NEWMAN-AdS IN COMPARISON

Here, we will compare the properties from CFT of
the black holes in Einstein-Maxwell theory, i.e., dyonic

Kerr-Newman-AdS solution and black hole in EMDA
theory, i.e., dyonic Kerr-Sen-AdS black hole. The study
of superentropic black hole from rotating black holes with
nonvanishing cosmological constant has been proposed in
Ref. [52] using the Kerr-Newman-AdS black hole solution.
Furthermore, the same thermodynamical properties for
similar black hole solution from the Kerr/CFT duality
point of view have been proposed. Using the Kerr/CFT
method, authors in Ref. [16] calculated the entropy of
extremal ultraspinning Kerr-Newman-AdS black holes.
Both papers actually do not consider the existence of
dyonic solution or nonzero magnetic charge. However,
their results will not be so different from the dyonic
solution if we just change g*> — ¢*> + p?, where p is the
magnetic charge. In this section, we will compare the
thermodynamical properties of the dyonic Kerr-Newman-
AdS and dyonic Kerr-Sen-AdS black holes including their
ultraspinning versions. Later on, we also compare with the
result when we consider asymptotically dS spacetime.

A. Kerr-Newman-AdS black hole
and its ultraspinning version

The dyonic Kerr-Newman-AdS black hole spacetime is
given by

A Agsin®0 ,
i =-S8+ % “a+ Cag BosiOps  61)
o Ag
—qf 5 pcosH , —pit s, gcosO
1&2—2 - B Y, B:—2X+ 5 Y, (62)
e e e e

where A and B are the electromagnetic potential and its
dual, respectively. Here, we have

A

A . d . .
X:dt—asmzﬁf(ﬁ, Y =adi—(*+d?)

w| &,

A:(?2+a2)<1 r) 2mi+ p+¢2,

~

a’ a’
Ag=1- 20, E=1-—,
0 2 —5C0s 2

The dyonic Kerr-Newman-AdS black hole satisfies the
identical thermodynamic relation (5.4) as the dyonic Kerr-
Sen-AdS black hole. The thermodynamic quantities for
above metric are given by

0* = +a’cos’d. (6.3)

M=2. J= o=% pP=L
ro(2ri +a? +12) ml?

Ty = s 6.4

= 27(r + a?)? (64)
/4 a2

S — (42 2’ Q, =

BH E(r++a) H 2 ta
qrs pry

o =2 oy, =P 6.5

" ri+a? " r+a® (6.5)
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2n (A +a®)(2R 1+ a’lP - rha?) + d? P (¢ + p?)
- 3E r P2

14

’

(6.6)

where those are mass, angular momentum, electric charge,
magnetic charge, Hawking temperature, Bekenstein-
Hawking entropy, angular velocity, electric potential,
magnetic potential, volume, and pressure. The event
horizon of a dyonic Kerr-Newman black hole is located at

—a® =P+ \/a" + I* + 14a* > + 1212¢* + 1212 p?

2 P—
l"+ 6
(6.7)
The mass function can be written as
ar 2
m:r+<1+l—2+l—j>. (6.8)

Using the Kerr/CFT correspondence, they have found that
the central charge and CFT temperature are given by

r2
- . (A1 +E % 69)
_1_|_a722_|_%’ L drar 2 ’ '
2T

12ar,

cr

The central charge and temperature above reproduce
exactly the Bekenstein-Hawking entropy of an extremal
dyonic Kerr-Newman-AdS black hole with the help of the
Cardy formula.

The next case is the ultraspinning version of a dyonic
Kerr-Newman-AdS black hole where the ultraspinning
limit is still given by a — [ that yields the superentropic
black hole. The ultraspinning version possesses the follow-
ing thermodynamic volume and conjugate of the chemical
potential:

2
V=T ),

(2 =r)I2 + 2P+ P(g? + p?)]

K = 6.10
8ury (rX + I2) (6.10)
We can write the mass and event horizon as
2
m=2r, (% n 1),
—2 4 1\/41% 4+ 3¢g* + 3p?
N i 3+ TEP (611

Superentropic black holes violates the reverse isoperimetric
inequality (RII) [52], which asserts

R = <(Dw:2) V)ﬁ(wg‘z)ﬁ >1, (6.12)

where A is the horizon area, D is the dimension, and

(6.13)

For superentropic dyonic Kerr-Newman-AdS black holes,

we have
2\
R=[—"+].
<ri + 12)

Since R < 1, we know that this black hole is superentropic.
Using the Kerr/CFT method, for superentropic dyonic
Kerr-Newman-AdS black holes, it is found that

(6.14)

(P +P)(3r7 + 1)
27r, 1P

3ur, P

=, T g
7(3r% + ) L

cr . (6.15)

which reproduces the Bekenstein-Hawking entropy for an
extremal ultraspinnning dyonic Kerr-Newman-AdS black
hole by employing the Cardy formula.

B. Comparison

In the previous subsection, we have considered the dyonic
Kerr-Newman-AdS black hole solution and its thermody-
namic quantities. The results for the ultraspinning version
from Kerr/CFT correspondence are also obtained. We
provide the comparison of central charge, temperature,
and entropy from CFT of both black holes in EMDA and
Einstein-Maxwell theories in Table I. It is clear that the main
difference is the presence of dilaton and axion charges in
these quantities. It is important to recall that r, is also
different for both black holes. The existence of dilaton and
axion charge is important in the observation of the black
holes, for example to probe the existence of beyond Einstein-
Maxwell theory, in this case is EMDA theory. It is crucial
that for an extremal dyonic Kerr-Sen-AdS black hole,
m>0,r% > 0,x] — 16x3 +2x3 > 0. These conditions
lead to (672 +a*>+1)/2> (2r2 +a>+12)/2 > d*> + k2,
implying that c¢; is always positive. Aside from the central

TABLE I. Comparison of CFT quantities of extremal spinning
dyonic black holes.

Quantity Dyonic Kerr-Sen-AdS  Dyonic Kerr-Newman-AdS

12ar., 12ar,
‘L Tl E o2+
= 1+
62 —2d2-2k2+a2 612 +a?
T, () (R~ - +a?) (145 (3 +a?)
4rar E 4rar 2
St E(R—d =R +d) 22 +a)
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charge, parameters d, k also define the value of the left-
moving temperature and entropy as we can see in Table 1.
With the same conditions as ¢;, it can be shown that these
quantities are always positive as well, similar to the dyonic
Kerr-Newman-AdS solution. Nonetheless, since d, k ~ 1/m
in a dyonic Kerr-Sen-AdS black hole, it becomes the main
difference from the dyonic Kerr-Newman-AdS solution
because this leads to possibly more than two branches of
mass with its own dual CFT.

As explained in [52], an ultraspinning black hole might
produce a superentropic black hole. It means that black
holes have maximum upper entropy in superentropic
circumstance. We have shown that an ultraspinning dyonic
Kerr-Newman-AdS black hole always violates RII, like-
wise the Kerr-Newman-AdS black hole. However, it is
different from the ultraspinning dyonic Kerr-Sen-AdS
black hole where the violation depends on the value of
electromagnetic charges (or dilaton and axion charges),
mass, and AdS length. The RII is given by

. 2 )
“\Z-e—eye)

Explicitly, if 0 < g*>+ p> <2ml or 0 < d* + k> < I?,
RII will be violated; then, the black hole is superentropic.
Otherwise, if ¢> + p> > 2ml or d* + k* > I?, RII will not
be violated, and the black hole is subentropic. Notably, the
extremal and nonextremal ultraspinning Kerr-Sen-AdS
black holes [50] are not always superentropic depending
on the value of d, k. This is different from an extremal
ultraspinning dyonic Kerr-Newman-AdS black hole and its
nondyonic counterpart, which are always superentropic.

However, the similarity between the ultraspinning
dyonic black holes happens to be on the positivity of the
CFT quantities. Similar to the Kerr-Sen-AdS black hole
with general spin, we can observe from Table II that the
central charge for ultraspinning dyonic Kerr-Sen-AdS is
always positive. Since from the positivity of the mass we
have r3 + I*> > d*> 4+ k?, then the denominator of ¢; will
always be positive because 3r2 + > > r2 + > > d* + k°.
From Table 11, since 3% + I > r3 + I > d° + k?, we can
conclude that the central charge, temperature, and entropy
of the extremal ultraspinning dyonic Kerr-Sen-AdS sol-
ution are always positive, similar to the extremal ultra-
spinning dyonic Kerr-Newman-AdS solution.

(6.16)

TABLE II. Comparison of CFT quantities of extremal ultra-
spinning dyonic black holes.

Quantity Dyonic Kerr-Sen-AdS  Dyonic Kerr-Newman-AdS

c 3ur, P 3ur, P
L TR —P—+E) B +P)
T, (R =K+ P)(R ~d—K+12) (P +P) (3R +P)
27r, P 2ar PP
2 2 2 2 2 2
Scer E(ry —d> =k + ) E(ry+ 1)

There is an interesting fact that central charge exactly can
be negative. However, it is not for this asymptotically AdS
black hole family. Yet, when we change the solution to have
positive cosmological constant (or asymptotically dS) by
I> - —I?, ¢; can be negative. For this “dS” type, note that
we have the following relations:

— 3R -2 -2t @ - P),
s 2d2 42K — a4+ P4 \/x - 16x3 + 2x%
ri = ,

6

m =

(6.17)

where x{ = a*+16d* + 16k* + I*, x§ = a®d* + a®k*> —
&P — kPP - 2d*K*, x3=-T1a*I*-61°q*—61°p*, m > 0,
and r% >0. Negative c¢; can be obtained when
(6r2 +a?> —12)/2 > d* + k>. This is always valid as long
as a black hole exists, i.., the quantity x]—16x3+2x3>0
(when the square-root quantity is zero, exceptionally
c;, — o). It is known that negative central charge exists
in nonunitary CFT which may appear in a ghost system
from string theory [61]. Moreover, there are possibly more
than two branches of mass for this black hole resulting in
more than two branches of CFT with different central
charges, just like in the AdS type. Notably, when we
consider RII for > — —? in (6.16) it is obvious that
R > 1, implying that a superentropic black hole cannot
be obtained.

VII. CONCLUSION

We have demonstrated that the Kerr/CFT correspon-
dence is explicitly well defined for a dyonic black hole
family in EMDA theory, i.e., dyonic Kerr-Sen black hole,
its gauged and ultraspinning counterparts. Our work
enlarges the family of metrics respecting Kerr/CFT corre-
spondence for dyonic black holes in EMDA theory. For a
dyonic Kerr-Sen black hole, we have obtained that the
central charge is identical to Kerr-Sen and Kerr black holes,
yet with different constraint on the mass parameter due to
the presence of dilaton and axion charges. Interestingly, due
to the presence of these charges, we have found that the
mass possesses two different branches leading also to the
central charge of the CFTs with two different branches.
The main upshot to prove that the entropy from CFT
matches with Bekenstein-Hawking entropy has succeeded
for this dyonic black hole family in EMDA theory.

We then extend the duality calculation to the gauged and
ultraspinning counterparts. Since there exist more than two
horizons, we have had to approximate the single event
horizon for its extremal case. Since for nongauged dyonic
Kerr-Sen black hole the central charge could have two
branches, we have argued that possibly there should be
more than two branches of the mass for the gauged case that
leads to more than two branches of the central charge and
entropy. We have found that finite central charges for both
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gauged and ultraspinning black hole solutions reproduce
Bekenstein-Hawking entropy. It has been proven also that
the central charge, temperature, and entropy for these black
holes are always positive. This extremal ultraspinning
dyonic black hole and its nonextremal counterpart cannot
always be superentropic in the ultraspinning limit depend-
ing on the value of d, k. We have also considered the
asymptotically dS solution with > — —[> substitution.
Interestingly in this case, the central charge can be negative
unlike the AdS type. It is well known that negative central
charge might appear in nonunitary CFT, for example in
string theory. It will be interesting for future investigation.

In conclusion, our calculations have supported the Kerr/
CFT correspondence conjecture. This result suggests that

the extremal rotating dyonic black holes in EMDA theory
are holographically dual to 2D CFT represented by non-
vanishing left-moving central charge. For the future inves-
tigation, it would b e intriguing to explore the hidden
conformal symmetry from the nonextremal dyonic black
hole family in EMDA theory using the scalar field and
higher spin fields.
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