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Abstract In this work, we study the Kerr—Sen—de Sitter
black hole (BH) in the Nariai limit where the event and cos-
mological horizon coincide. We show that the near-horizon
Kerr—Sen—de Sitter black hole in Nariai limit is a fiber over
AdS; with an appropriate coordinate transformation, instead
of fiber over dS;. Hence, we can compute the associated
central charge and CFT temperature by using the Kerr/CFT
method. It is remarkably exhibited that through Cardy’s
growth of states, the Bekenstein—-Hawking entropy on cos-
mological horizon is reproduced. Moreover, we show that
the radial equation of the quantum scalar field in J- and
QO-pictures on this charged rotating background in Nariai
limit can be portrayed in quadratic Casimir operator form
with SL(2, R) x SL(2, R) isometry. We also compute the
corresponding thermodynamic quantities from CFT to find
the absorption cross-section and real-time correlator in J-
picture. In Q-picture, we do not find a well-defined CFT
description. We then extend the study of quantum scalar field
in Nariai limit for Kerr—-Newman—dS black hole solution and
show that the hidden conformal symmetry on this black hole’s
background in J- and Q-pictures is well-defined.

1 Introduction

Establishing the holographic correspondence between de Sit-
ter space (dS) and quantum theory is a significant challenge
in theoretical physics. The holographic duality, most notably
captured by the Anti-de Sitter/Conformal Field Theory
(AdS/CFT) correspondence, has provided profound insights
into the quantum theory of gravity. However, extending this
framework to dS space has proven to be more problematic.
One of the main difficulties in the holographic description
of dS space arises from the absence of a global timelike

 e-mail: fitrahalfian @gmail.com

b ¢-mail: piyabut@gmail.com (corresponding author)

Killing vector and spatial infinity. In the AdS/CFT corre-
spondence, the asymptotic behavior of AdS space allows for
a well-defined boundary at infinity, which plays a crucial role
in the holographic interpretation. This boundary serves as a
holographic screen, encoding the dynamics of the gravita-
tional theory in terms of a dual quantum field theory living
on the boundary. In contrast, dS space does not possess a
similar asymptotic structure or boundary at infinity. As a
result, the standard techniques used in the AdS/CFT corre-
spondence cannot be straightforwardly applied to dS space.
It is an intriguing and challenging problem that requires a
deeper understanding of the quantum nature of gravity, as
well as the dynamics of dS space itself.

Inspite of the challenges coming from the asymptotically
de Sitter spacetime, this solution may provide a correct inter-
pretation to explain our physical world in the context of cos-
mological model. The standard model of cosmology, whose
details are explained extensively e.g. in [1], is surprisingly
consistent with this de Sitter solution. The observed accel-
erated expansion of our universe, supported by astronomical
observations such as the cosmic microwave background radi-
ation and the distribution of galaxies, suggests that our uni-
verse could be described by a dS spacetime [2,3]. In partic-
ular, the connection between the cosmological constant and
the behavior of smaller objects, such as black holes, is also of
great interest. The presence of a non-zero cosmological con-
stant affects the configurations and properties of black holes.
In fact, the cosmological constant can influence the forma-
tion, growth, and evaporation of black holes. Moreover, one
can study the quantum gravity from black hole’s properties
through the gravitational waves observations [4—6]. Hence,
in the future, we expect that the gravitational wave observa-
tions may give us more precise information about quantum
structure of black holes including when the cosmological
constant is present.

Regarding the black hole solutions, one of the central chal-
lenges in quantum gravity is to understand the microscopic
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origin of black hole entropy, which is given by the famous
Bekenstein—Hawking formula stating that the entropy is one
quarter of the black hole’s event horizon area. Remarkably,
the AdS/CFT correspondence provides a potential frame-
work for addressing this problem. It is assumed that the parti-
tion function of conformal field theory to be identical to black
hole’s partition function. This relation was firstly proven by
computing the entropy of the extremal Kerr black hole [7].
That study is inspired from the success of the investigation of
the asymptotic symmetries of Banados—Teitelboim—Zanelli
(BTZ) black hole which contains two-dimensional (2D) local
conformal algebra. CFT techniques can then be used to cal-
culate the state degeneracy [8] leading to the agreement of
CFT entropy with the Bekenstein—Hawking entropy.

In the following, we consider a class of charged rotat-
ing black hole solution in Einstein-Maxwell-Dilaton—Axion
(EMDA) supergravity theory and Einstein—-Maxwell the-
ory, namely dyonic Kerr—Sen—dS (KSdS) and dyonic Kerr—
Newman—dS (KNdS) black holes, respectively. Both black
holes possess more than two horizons because of the exis-
tence of the positive cosmological constant. The largest hori-
zon is the cosmological horizon for which the first thermo-
dynamics law on this horizon resembles the first thermody-
namic law on black hole’s horizon. In the cosmological hori-
zon, one can also study the thermal spectrum with non-zero
entropy that is also proportional to the horizon area, like-
wise in the event horizon. The existence of three horizons
leads to different limits. When the Cauchy and event hori-
zons coincide, one can obtain an extremal black hole. When
the cosmological and event horizon coincide, the resulting
metric will be Nariai solution. Furthermore, when all three
horizons coincide, the ultracold solution will be produced.

The first holographic description of the cosmological
entropy of the Nariai solution obtained from Kerr—dS and
KNdS solutions has been investigated in Ref. [9]. The Nar-
iai solution possesses SL(2, R) x U (1) isometry where the
spacetime metric is a fiber over dS;. We want to show that
in Nariai limit, we can write the solution with similar isome-
try, although with the spacetime metric as a fiber over AdS,
by choosing different sign on the radial near-horizon coor-
dinate. This metric form on Nariai limit denotes the sim-
ilar form with near-horizon extremal metric [10-13]. Fur-
thermore, we want to study the scalar wave equation on the
geometry when we take the Nariai limit. As has been studied
for generic Kerr solution [14], we exhibit that in Nariai limit,
the scalar wave equation possesses SL(2, R) x SL(2, R)
isometry. This isometry happens to appear in scalar wave
equation of some black hole solutions [15-18] and also for
higher-spin field [19-21]. Remarkably, one can also compute
the absorption cross-section and real-time correlator from 2D
CFT of the solution on Nariai limit. We want to prove that
for both KNdS and KSdS black holes in Nariai limit, the
conformal symmetry can be shown on the spacetime met-
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ric directly and on the scalar wave equation. Moreover, CFT
dual will be constructed through the matching between the
entropy, absorption cross-section, and the real-time correla-
tor. We will consider two different pictures, J- and Q pic-
tures. J - picture denotes the CFT description when the scalar
probe is neutral while Q-picture denotes the CFT description
when the scalar probe is electrically charged.

We organize the paper as follows. In Sect. 2, we carry out
the KSdS solution and its thermodynamic quantities on the
event and cosmological horizons. In Sect. 3, we show the
“fin” diagrams which portray the horizons and the extremal
limits. In the next section, we study the Nariai limit on KSdS
solution and find the entropy using the Kerr/CFT correspon-
dence. In Sect.5, we study the conformal symmetry on the
scalar wave equation in J- and Q-pictures in the background
of KSdS solution in Nariai limit. In Sect. 6, we further extend
the study of the scalar field on KNdS black hole in Nariai
limit. In Sect. 7, we summarize our findings for the whole

paper.

2 Dyonic Kerr-Sen—de Sitter solution and its
thermodynamics

The dyonic KSdS black hole is the exact solution to EMDA
supergravity theory with positive cosmological constant. The
line element of KSdS spacetime reads as [22]

A 0? 0? Agsin? 6 .
ds> = —=X?>+ =di? + =—do>+ —=—"y2, (1)
0? A Ag 0?
where
~ n dA n R dA
X :dl—asinzé?qb, Y:adt—(fz—d2—k2+a2)?¢,

~2 2 2
—d*—k
A:(fz—dz—kz—kaz)(l—r )

12
—2m# + p* +q7,
a2 2
2 = "
Ag:l—}—l—zcos 0, E=14—=, 0" =r"—

—k% 4+ a%cos? . 2)

Note that m,a,d, k, p,q,! are the parameters of mass,
spin, dilaton charge, axion charge, magnetic charge, elec-
tric charge, and dS length, respectively. The KSdS solution
above is obtained from the gauged dyonic Kerr—Sen black
hole solution [22,23] via analytic continuation [24]. There
is an important relation between charges of KSdS solution
given by

2 2

P_q’ k:ﬂ.

2m m

3

Therefore, when the magnetic charge vanishes, the axion
charge also vanishes while when p = ¢, the dilaton charge
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will vanish. One also can write

2 21\ 2
a2k = (u) . )

2m

KSdS black hole possesses three positive horizons. The
three positive horizons are inner (r_), outer/event (r1) and
cosmological (r.) horizons where r. > ry > r_ > 0. Wecan
study the thermodynamics on its horizons. Within this paper,
we emphasize the study on thermodynamics on the event
horizon and cosmological horizon. On the event horizon, the
KSdS black hole satisfies the thermodynamic relation

dM = TydSpy + QudJ + ®ydQ + VYydP + VAP,

(%)
with the following quantities
m=2. y="2 0=1 pP=2% ©)
. (P =20 +2d% 42k —a®) —ml? @
= 202 —d? — k2 + ad)l2 ’
LA I N ) _ ag
Spn =gl T4 e, Qn = e
(3)
_q(ry +d —p*/m) _ plry+d—p*/m)
Pn = 2 2420 HT 2 2 _ 124 20 ©)
ry —d*—k=+a ry —d=—k=+a
4 3
V=-rySpu, =——. 10
3reSen P=—gh (10)

where those are physical mass, angular momentum, electric
charge, magnetic charge, Hawking temperature, Bekenstein—
Hawking entropy, angular velocity, electric potential, mag-
netic potential, volume and pressure. We can also consider
the thermodynamic quantities on the cosmological horizon
rc. Those thermodynamic quantities on 7. are given as fol-
lows

m ma
MC:—;, Jo=— = Qc=—% Pc:_g’ (11
re(@r2 —2d% — 2k? + 4 — 12) + mI?
Te= 2 2 k21 a2 ’ (12)
2 (rg —ds — k% + a®)l
_ T2 2.2 ___ s
Se =g (8 —d> =k +a?), Qc_rg_d2—k2+a2’
(13)
CD‘:M :w (14)
¢ rg—dz—kz—l—az’ rg—dz—kz—i—az’
4 3
Ve ==reSe, Pe=—->. 15
c 3 cc C 87'[12 ( )

These thermodynamic quantities are obtained by considering
the black hole’s event horizon as the boundary [25]. This
is in contrast with the previous thermodynamic quantities
on the black hole’s event horizon where the cosmological
horizon is considered as the boundary. For this black hole,
we consider the cosmological constant as dynamical variable

as a consequence of considering mass of the black hole as
enthalpy of the spacetime [24,26].

3 Structure of dyonic Kerr-Sen—de Sitter spacetime

In order to gain insight into the structure of dyonic KSdS
spacetime, we explore the horizon solutions by plotting the
“fin” diagram by slicing through the parameter space with 4
planes; (a) p =0,(b)g =0,c) p=1,(d)g = 1,fora =
0.5,1 = 10 as shown in Fig. 1. The zeroes of metric function
A /o? give four roots for the horizons, 7 = r;, (i = 1 — 4).
We observe the continuity of the real part of horizon Re[r;]
connecting solutions of merging horizons. In addit%on, tl2lere
isaring singularity atg = Qor7 = /d? + k? = P 2_”;16]

Is.

For zero-charge spinning KSdS spacetime at fixed a, [,
there is an extremal horizon where both inner (Cauchy) hori-
zon r_ and outer (black hole) horizon r emerge at the criti-
cal m, above which r_ and 4 move away from one another.
Finally at certain mass, r4 will merge with cosmological
horizon r. and the outer physical spacetime region disap-
pears leaving the naked singularity at 7 = 0.

When either electric (¢) or magnetic (p) charge is turned
on, the spacetime structure becomes more complicated as
depicted in Fig. 1. Region I contains an outer horizon, naked
singularity and cosmological horizon where ry < ry < 7.
Region II, IV, and VII are spacetime with naked singularity
and cosmological horizon and no black holes. Region III and
VI are spacetime with black holes and cosmological horizon,
there exists singulairty hidden behind the Cauchy horizon.
Region V intriguingly has black hole region with inner and
outer horizon behind the naked singularity and cosmological
horizon at the furthest.

The boundary lines between each region where extremal
horizons occur are categorized as follows.

G ITandIL: r— =ry < ry,
(i) Mand HI4+VL: r— = ry > ry,
(iii) IMI+VIand IV: ry = r, > ry, Nariai BH,
@iv) Hand Vir_ =ry < ry,
(v) Tand V:r_ =0, ry < ry,
(vi) IVand VIL: r{ = rg =rc > 1y,
(vii) Tand IV, VIL: r;y = rp =re > 1.

The Nariai limit of all cases occurs in the high mass region
where r4 = r., the boundary line between region III+VI and
IV. On the other hand, the boundary line between region II
and III+VI represents extremal solutions where r— = r. In
comparison to the “shark fin” figure in Ref. [27], the depen-
dence of d, k on m and a distort the fin shape in the small mass
and charge region in KSdS case. Interestingly, similar kinds
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of “flag” diagram where extremal structures are explored for
generalized spherically symmetric metric are also presented
in Refs. [28,29].

4 Charged rotating Nariai/CFT correspondence

The rotating Nariai solutions from the Kerr—dS and KNdS
solutions have been obtained in Ref. [9]. In this section, we
will exhibit that this rotating solution in Nariai limit can also
be expressed in the metric form with a fiber over AdS; as
the common near-horizon metric form in the Kerr/CFT cor-
respondence [10—13]. Another purpose of this section is to
give a more detailed derivation of the central charge, tem-
perature and entropy for solution in Nariai limit obtained
from KSdS black hole. Furthermore, we will also study the
massless scalar wave equation on this rotating background
in Nariai limit which may possesses SL(2, R) x SL(2, R)
isometry.

4.1 Geometry of Nariai limit

To find the rotating geometry in Nariai limit, we will assume
two different limits which are Nariai limit and near-horizon
limit. The parameter that parameterizes the Nariai limit is
defined by

Fe —ry4
Ao

E =

(16)

ro is a scaling constant that we define as rg = r}r —d?>—k*+a?
for KSdS solution. When ¢ — 0, we can obtainr, = ry. Fur-
thermore, the near-horizon coordinate transformations are
given by [30]

Qpro
A

The constant XA is to parameterize the near-horizon limit.
A — 0 denotes the near-horizon limit. Using those coordi-
nate transformations, one can find the charged rotating solu-
tion in Nariai limit as follows

F=ry + arnor, f:%or, $=¢+ 110 (17)

d 2
ds> =T@) [ —r(r — e)di®> + - 1+ a(6)d6?
r(r—e)
+y(0) (d¢ + erdr)?, (18)
where the metric functions are given by
2 4 s 2
Q v ro Ag sin“ 0
re) ==+, a®)=—, yO) =-"5-5—,
v Ag 01 B
2ar, E
2 =r—d*— K +a’cos’d, e=""E2 0 (19)
I"OU

Note that we already approximate the function A as

A~v@T —re)(r—ry), (20)
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where v = 1 — (6r2 —d* — k? +a?)/1%. The rotating solu-
tion in Nariai limit (18) is a fiber over AdS;. This fact can
obviously be seen from the factor on time-like and radial
coordinates of the metric in Nariai limit. One can also write
the spacetime metric (18) in Poincaré coordinates by apply-
ing the following coordinate transformations [31]

2 y
t = ——log——, 2D
& /.[2y2 -1
£
r= 5(1 + 1y), (22)
1 Tty +1
b=+ -log 2" 23)
2 Try—1
From those transformations, one can find
2 2,2 dy2 2
ds“=T@) | —y“dt”+ —5 + a(0)do
y
+y(0) (dg + eydT)* (24)

This metric form is obviously similar with the common near-
horizon metric that is used in the Kerr/CFT correspondence.
This metric possesses SL(2, R) x U (1) isometry generated
by the following vector fields

o = 0y, (25)

which denote the rotational U (1) isometry and

X1 =0;, Xo=710; — yoy,
1 72 e
X3 = (2—})2 + ?> dr —Tydy, — ;E)w, (26)

denoting SL(2, R) isometry.

As we have mentioned in the beginning of this section,
in Ref. [9] they manage to show another form of charged
rotating Nariai geometry from dyonic KNdS solution that is
a fiber over dS; in Eq. (B.2) in their appendix, which is given
by

dr?

1—1r2

ds®> =T®) (—(1 —r?dr® + + a(e)d92>

+y(0) (dp + krdr)? . (27)

For the detail forms of I"(0), @ (0), y (0), k, one can see in the
reference that we have mentioned. This metric can be found
by using the near-horizon coordinate transformations (2.13)
in Ref. [9] then using the coordinate changes (2.18). In that
paper, they use 7 = r, — Arcer in Eq. (2.13), instead of using
positive new radial coordinate, that will result in metric with a
fiber over dS;. This is different with our result which is a fiber
over AdS,. Hence, the charged rotating geometry in Nariai
limit can be portrayed in both fibers over dS, and AdS,,
depending on the sign of the near-horizon radial coordinate
transformation we choose. In the other words, we can also
obtain the charged rotating solution of KSdS black hole in
Nariai limit with a fiber over dS, when we use 7 = r. — Ar.r.
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(¢) p=1KSdS

Fig. 1 Horizon structure of KSdS spacetime for ¢ = 0.5,/ = 10,
color region represents parameter space with the horizon r; > 0 for
i = 1 — 4. Region I consists of an outer horizon behind a naked singu-
larity and cosmological horizon. Region II, IV, and VII are spacetime
with naked singularity and cosmological horizon. Region III and VI are

(d) ¢ =1 KSdS

black hole spacetime with singularity behind the Cauchy horizon, event
horizon, and cosmological horizon. Region V contains naked singular-
ity and cosmological horizon, and inner and outer horizon of black hole
locating behind a naked singularity

@ Springer
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4.2 CFT duals

For rotating Nariai geometry in Ref. [9], they basically apply
the similar Kerr/CFT method to study the relation between
black hole’s thermodynamics macroscopically and micro-
scopically using 2D CFT. They propose the similar fall-off
conditions for the metric deviations although the spacetime
structure contains dS» slice, unlike in the common dual CFT
which contains AdS slice.

4.2.1 Central charge

In the Kerr/CFT correspondence, the entropy is assumed to
originate from partition function of 2D CFT resulting in
Cardy entropy formula. The main ingredients for this for-
mula are the central charges and temperatures. The basic
procedure to compute the central charges is to employ the
approach of Brown and Henneaux [32] where the asymp-
totic symmetry group (ASG) needs to satisfy some certain
boundary conditions. In this work, we consider the similar
boundary conditions for the metric deviations as given in Ref.

[71,
O (L%) ¢ (Lz) o). (28)

in the basis (¢, r, 6, ¢) for metric (18). These metric devia-
tions are subleading with respect to the background metric.
These boundary conditions are basically chosen to eliminate
excitations above extremality. The asymptotic symmetry of
the general black hole family includes diffeomorphisms &
that satisfy

de8uv = E‘g‘guv = éﬂ(aogu\)) + guo(avga)
+85v(0,£7), (29)

where the metric deviation is denoted by 8¢ guv = hy.

The most general diffeomorphism symmetry that pre-
serves such boundary conditions (28) in the asymptotic infin-
ity is generated by the following Killing vector field

¢ = [Ct +0 (r‘3)] 3 +[~re'(¢) + O] o,
+0O (r*l) 3 + [e(¢) +0 (r*z)] 9%, (30)

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

te = €(9)dp —re'(9)dy, (31

that will be the part of the near-horizon metric in Nariai limit.
We know that the azimuthal coordinate is periodic under the
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rotation ¢ ~ ¢ + 2m. Hence, we may define ¢; = —ein®
and ¢ = ¢c(€;). By the Lie bracket, the symmetry generator
(31) satisfies the Witt algebra,

il&hs Salee = (i — ) igh- (32)
m, n are just integers. The zero mode is the azimuthal trans-
lation or U (1) isometry, o = 0.

The associated conserved charge is [33]

1
Qs = —

= K[h; 2l 33
$7 Jos cLh: gl (33)

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

1
kf[hv gl= _Zepouv{g‘)Dﬂh - ;vD)LhMA
h
+§DU{M _ hUAD)LEM + {)LDUI’!IM

hkv
+ 2

(D¢, +D;g“)}dxp Adx®. (34)

We should note that the last two terms in Eq. (34) vanish for
an exact Killing vector and an exact symmetry, respectively.
The charge O, generates symmetry through the Dirac brack-
ets. The ASG possesses algebra which is given by the Dirac
bracket algebra of the following charges [33]

1
(0c. Oelon = o [ 45 [£ze:¢]

1 _
— Ouat g [ K [ce]. (35)

By using (31) and upon quantization, we can transform the
Dirac bracket algebra into a commutation relation that allows
us to interpret the classical central charge as a quantum cen-
tral charge of the dual CFT. For the quantization, we replace
the classical charges Q; by their quantum counterpart L,

Q{ =L;— X(Sﬁ’(), (36)

so that we obtain the conserved charges algebra in quantum
form, such that
N A CL ~ A

(L, Li] = G — ) Lapa + Em(m2 — Dépsno- (37
x is a free parameter to scale the central charge on the term
~ m (see Appendix B). The relation (32) and (36) have been
used to find the Virasoro algebra above. For the charged rotat-
ing solution in Nariai limit obtained from KSdS solution, the
corresponding central charge is then

cL = 3?6/0” do/T (@) (0)y(0)

. 12ary 18
- 1 — 6r3_7d27k2+u2 ’ (38)
12
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The main difference between this central charge and the Nar-
iai solution from KNdS black hole [9] is the presence of
dilaton and axion charges.

4.2.2 Temperature

Inthe Nariai limit where r. — r4, the variation of the entropy
can be expressed completely in terms of a variation of the
angular momentum, electric charge, magnetic charge, and
the pressure. It takes the following form

dJ] dQ dP dP

dSpgy = — + — + — + —,
BH + + +Tp

39
T, T, 59

where Ty, T, T, Tp are the left-moving temperature, con-
jugate temperature of electric charge, conjugate temperature
of magnetic charge, and conjugate temperature of pressure,
respectively. Hence, we can derive that

v(rf_ —d*— K2+ d>

4mary 8

ATy /ors

Ty = —
IQu/ory

(40
ry=re
Since we already take 7. — r, so the right-moving temper-
ature is equal to zero which is proportional to the Hawking
temperature on the cosmological horizon. However, in the
next section, we will see that Tg ~ ¢ generally which is
fairly small.

4.2.3 Cardy entropy

We have calculated the central extension and the correspond-
ing temperature which are the main ingredients in Cardy
entropy. So, the main upshot of this section is to provide
the derivation of Cardy entropy [7] for the charged rotating
solution in Nariai limit. Firstly, Cardy entropy formula is
given as follows

2
b
Scrr = 3 (cLTy 4+ crTrR) . (41)

The right-moving part is exactly zero, so only left-moving
part contributes. On the cosmological horizon, by using
above formula, we find the following entropy for charged
rotating solution in Nariai limit

T
Scrr = =} —d* —k* +a*) = Spy = S.. (42)

This result exhibits that the Kerr/CFT correspondence can be
applied for charged rotating solution in Nariai limit obtained
from KSdS black hole which precisely possesses SL(2, R) x
U (1) isometry like the near-horizon extremal black hole. The
entropy on the event horizon is now similar with the entropy
on the cosmological horizon since we take r. — r. So, for
an observer in the visible region, the total entropy in Nariai
limit is [34]

Stor = S¢ + Spu = ZSC' (43)

Note that this is the total entropy for charged rotating solution
in Nariai limit with non-vanishing dyonic charge. So, when
p = 0, itis just the total entropy for electrically charged one.
Furthermore, when all electromagnetic charges vanish, it will
be the total entropy of rotating Nariai solution obtained from
Kerr—dS solution [9]. For the entropy on the event horizon
for extremal KSdS black hole, we calculate in Appendix A
where we also prove the result in Ref. [23] on KSdS solu-
tion that is mentioned therein. In case of asymptotically AdS
spacetime, it has been carried out in Ref. [23]. For vanishing
cosmological constant and p, this result recovers the result
in Ref. [35].

5 Scattering of scalar field and hidden conformal
symmetry

In this section, we will further study the scattering of mass-
less scalar field on the background of charged rotating Nariai
solution in J (angular momentum)- and Q (electric charge)-
pictures. We will also compute the absorption cross-section
as well as the real-time correlator on the corresponding back-
ground. Yet, first we will show that there are hidden confor-
mal symmetries on this solution in Nariai limit. Lastly, we
also consider Q-picture where the scalar probe is assumed
to be electrically charged.

5.1 Scalar wave equation

To explore the hidden conformal symmetries in J -picture, we
assume a massless neutral scalar field in the background of
charged rotating solution in Nariai limit. The massless scalar
wave equation for the scalar probe is given by

Vo VE¥® = 0. (44)

We know that the charged rotating solution in Nariai limit is
conserved under time-like and azimuthal translations. Hence,
we can separate the coordinates in the scalar wave equation
as

(7.0, $) = e T R(7)S(0), (45)

where w and n are the asymptotic energy and angular momen-
tum of the scalar field. Plugging Eq. (45) into Eq. (44), leads
to two differential equations i.e., the angular S(6) and radial
R(7) wave functions,

- nZEZ
-mag(sin 09) — m] 5©)
[20}1&)3 — ao” sin? 9] S0) =—K;5(0), (46)
Ag
_8;(A3;) + [(;.2 —Lok Z e a"E]Z - KI]R(}:) -
L (47)
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where K; is the separation constant. Note that we still use
the generic KSdS metric (1). These equations are identical
with the wave equations in the Kerr—dS solutions. We do not
consider the backreaction of the scalar field in this case.
Firstly, we will study the radial equation (47) at the near
region, which is defined by w7 < 1. Furthermore, we assume
that the frequency of the scalar field to be very small oM <
1. Consequently, we also impose wa < 1, wd <« 1, and
wk < 1.0nthe other hand, we alsohave wg < 1, and wp <
1. Since we have approximated A as (20), we may set up the
radial equation in a suitable form for exploring its hidden
conformal symmetry. The radial equation (47) reduces to

0 [ — r) ¢ — r)d%]) RG) + =L ARG) =0,
|:rc — I+ ] N
+ | = B+ C|R(F) =0, (48)
r—r4

where

[(r2 —d?> -k +ad®w —an E]z

C

V2 (re — 1) ’
[(r_%_ —d? —k2+a2)a)—anE]2 —K;
B=-— , C=——.
vZ(re —ry)? v

Itis worth noting that the angular wave equation does not have
SL(2, R)x SL(2, R) isometry, yet SU (2) x SU (2) isometry
[36]. Hence, we will not consider to investigate further the
angular part.

In order to reveal the hidden symmetries of Eq. (48), we
need to perform the following conformal coordinate trans-
formations [14,31]

A

F—re 5 P
of = _ c e2nTR¢>+2nRt,
r—r4
F—re ; .
ot = [L T 2nTidtani,
r—r4
N Fe —T. A f
$ = f T T (TL+TRIG+(nL+nR)E (49)
r—ry4

Then we may define three locally conformal operators in
terms of the new conformal coordinates w°, w™ and J as

H =id,,
H.o =i (wczac + o Ho; — §28+) ,

. 1
Hy=1i (a)cac + Eﬁa;) , (50)

as well as
I‘_Il =04,

H =i (a)+28+ + CU+)A’B§ - )A}zac) )

@ Springer

Hy=i|w"d +1Aa~ (51)
0=1\w 04 2yy .

Note that we have used 9, = 9/, 3, = 9/dw™. The set
of operators (50) satisfies the SL(2, R) Lie algebra

[Ho, Hy1]) = FiHs1, [H-1, Hi] = —2iHy, (52)

while a similar SL(2, R) algebra exists for the set of opera-
tors (51). From every set of operators, we can construct the
quadratic Casimir operator as given by

2 972 g2 l
H-=H" = H0+2(H1H,1+H,1H1)

1 .
= 7705 — y05) + 300, (53)

We have found that the radial equation (48) could be re-
written in terms of the SL(2, R) quadratic Casimir operator
as HZR(r) = H2R(r) = —CR(r) where, in J-picture, we
should identify the constants as

an—#w, ng =0, (54)
_ v +r3 —2d? — 2k? + 24%) e —r4)
L= dra(re +r4)E R T TaE
(55)

T, 1, areidentified as the CFT temperatures that emerge as a
result of the spontaneously symmetry breaking of the parti-
tion function on SL(2, R) x SL(2, R) theory to the partition
function of U (1) x U (1) CFT. One can see that the periodic
identification of the azimuthal coordinate ¢A> ~ (]3 + 27 causes
the SL(2, R) x SL(2, R) symmetry to spontaneously break
down to U (1) x U(1) symmetry by temperatures Tg, T,

472 TRt
b

2 + A 2 S
CI)C ~ e w+ ~ 647[ Trw Ly~ e2ﬂ (TL-Q—TL)}' (56)

This identification is generated by the SL(2, R) x SL(2, R)
group element, e~/47 2Ty Ho—i4> T Ho,

After finding the temperatures (55), we can also compute
conjugate charges E7 , E for this charged rotating solution.
These conjugate charges can be obtained from the entropy
via [31]

SE;  SER

3Scrr = ——

. 57
T, T (37

In order to compute the conjugate charges, we consider the
first law of thermodynamics for the charged rotating solution
in Nariai limit (5) with the quantities (11)—(15). Since we con-
sider the neutral scalar field, we have §Q = §P = §P = 0.
Now we can find the conjugate charges via §Spy = 8ScFr-
Using the identification §M as w and §J as n yields to the
identification of §E g as wr g. Hence, in J-picture, we
obtain that

rl+r2 —2d* — 2k* + 2a?

2aE

wp = w, wr =owr —n. (58)
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So, we find the left and right frequencies of 2D CFT for the
charged rotating solution in Nariai limit for KSdS black hole
in J-picture. For the study of the scalar field in KSAdS black
hole, one can see in Ref. [18].

5.2 Absorption cross-section in J-picture

In the previous section, we have derived one remarkable
result of the dual CFT, i.e. the entropy. Another realization of
this duality is the equivalence of the absorption cross-section
of the scalar probe. In investigating the absorption cross-
section, we need to consider the asymptotic region. Since we
have approximated A in near-horizon region, this approxi-
mation in the asymptotic region will break down, except we
consider the Nariai limit. This is similar in the near-extremal
case of the scalar wave equation [15,16,20,37,38]. Beside
the Nariai limit on (16), we consider the near-horizon coordi-
nate transformations (17). We also consider the scalar probe
with frequencies around the superradiant bound
A

w=nQy +w—,
ro

(59)

where Qg are given by (8). We can re-write the radial equa-
tion (48) by

Ay By
<8r [r (r —e)]or + + —+ CS> R(r)=0, (60)
r

r—e
where

(® 4 2nryeQp)? »?
=" By=——r

Ag ,
v2e

v2e Cs =Cg ((I)),
and C; is the new separation constant that is dependent on the
frequency @ that can be obtained by solving the angular wave
equation. We then apply the coordinate transformation z =
(r — ¢)/r. In this new radial coordinate, the radial equation
(60) becomes

[z<1—z)a§+(1 —z)az+%+és+ IC_SZ} R(z) =0,
(61)

where

i o @FnreQn)? L 8%

v2¢?
The ingoing solution to differential equation (61) is also given
by hypergeometric function

RG) = 27 VA = ) F (g, by oy; 2), 62)

with the parameters ag = 1 + h — i(\/fis + 4/ —Ig’s), by =
14+h—i(y/Ay —\/—Bs), and ¢; = 1 — 2i,/ A. For this

superradiant case, the relation between 4 and C; is given by

h:%(—1+v7:253.

For the asymptotic region of the radial coordinate 7 (or equiv-
alently r > ¢), where z ~ 1, the solution (62) reduces to

(63)

R(y) ~ Dor" + Dir~ 7", (64)

where

_ T(e)T(1 +2h)
~ T(ay)T(by)

_ T(e)T(~1—2h)
"7 T(cs —ay)T(es — by)’
(65)

)

The conformal weight of the scalar field is equal to & + 1.
For the coefficient (65), we find the absorption cross-
section of the scalar fields as

Pops ~ |Do|~2 ~ sinh (2n 312

)IT @)T Bl (66)
To be more supporting the correspondence between the
charged rotating solution in Nariai limit and 2D CFT, we
show that the absorption cross-section for the scalar fields
(66) can be obtained from the absorption cross-section in a

2D CFT [14]

— —1 . wr WR
Paps ~ T M =122 =1 ginp (— + —)

wr . WR
LA
2nﬂ> <R+bﬂh)

The agreement between (66) and (67) can be shown when we
choose proper left and right frequencies wy , wg. Since in the
previous subsection we have found the CFT temperatures and
frequencies, we can directly calculate the similar quantities
for the frequency of the scalar field in the near-superradiant
bound by neglecting the second-order and higher corrections
from A. Hence, in terms of Nariai limit parameter and in
near-superradiant bound, we obtain

X

(67)

F(hL+i

v UAFQ

TL (68)

= R — ’_‘8.
ArQpury’ 4ra B

When we take the Nariai limit ¢ — 0 the right-moving tem-
perature will vanish. Then we recover the result for 7 and
Ty, in the previous section. The frequencies are now

ro /.

wp =n, Wp=— (w + nr+SQH) , (69)
al

The conformal weights in CFT are given by

hy =hgp=h+1. (70)

This gives rise to another nontrivial evidence to support the
Kerr/CFT correspondence for black holes in Nariai limit.
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5.3 Real-time correlator in J-picture

Furthermore, one can also compute the real-time correlator.
The asymptotic behaviors of the scalar field with ingoing
boundary condition on the background of charged rotating
solution in Nariai limit (64) indicate that two coefficients pos-
sess different roles where D indicates the response and Dy
indicates the source. Hence, the two-point retarded correlator
is simply [39,40]

Dy T'(—1-2h) ['(as)T'(by)
Gr~—= . (71)
Dy I'(1+2h) T'(cs —as)l(cs — by)
From Eq. (71), it is easy to check that
D(hy —igf )T (hg —igf)
Gr 211, 2Tx 72)

T —hy — g —hg — g%

Then by using the relation I'(z)['(1 — z) = 7/ sin(;rz), we
can write above two-point retarded correlator into

. . WL . . WR
GRr ~ h — h —
R sm(n L+12TL>sm<n R+12TR>

. oL . WR
'(h — | (A —_—
<L+12TL> <R+12TR>

Since hp, hg are integers, so we have

. . WL . . WR
h — h —
sm(n L+12TL>sm<n R—HZTR)

= (=) +r gin (i 25 Y sin (i 2R (74)
27, 2Tk

In CFT, the Euclidean correlator is given by

2

x . (73)

2hy 1 2hg—1 jwpp /2Ty jiwpk/2T
GrlwpL, wpr) ~ TpH T R e /2L gl orr /2T

2
WEL WEL

r(h — | T {h — . 75

(L+2TL> (R+2TR)| 7
Where we can define the Euclidean frequencies wg; = iwp,
and wpp = iwpg. Itis important noting that G g corresponds
to the values of retarded correlator G g. The retarded Green
function G is analytic on the upper half complex wy, g-

plane. The value of G along the positive imaginary oy, g-
axis gives the following correlator

X

Ge(wgrL, wgr) = Grliwp,iwgr), wgr er > 0. (76)

At finite temperature, wg . g g should take discrete values of
the Matsubara frequencies, given by

wgp =2nmpTy, wgr =2nmpTg, an

where my and mp are half integers for fermionic modes
and integers for bosonic modes. At these certain frequencies,
the gravity computation for correlator (73) matches precisely
with CFT result trough Eq. (76) up to a numerical normal-
ization factor.

@ Springer

5.4 Hidden conformal symmetry in Q-picture

In the previous subsections, we have shown the existence of
hidden conformal symmetry on the J-picture with the back-
ground charged rotating black hole in Nariai limit. In this
subsection, we will further study the scattering of massless
scalar field on the background of charged rotating black hole
solution in Nariai limit in Q-picture. On the other hand, we
will consider charged scalar field on the background solu-
tion. For some black hole backgrounds, Q-picture has been
explored well to exhibit the existence of the conformal sym-
metries [15,16,37,41-43]. Nonetheless, the Q-picture is not
well-defined for non-extremal Kerr—Sen black holes [41].
In this section, we will investigate the Q-picture when the
cosmological constant exists. Since we will only consider
Q-picture, for simplicity, we may assume that p = 0, so that
k=0.

The hidden conformal symmetries can be explored by
assuming a massless charged scalar probe in the background
of charged rotating black hole solution in Nariai limit. It is
given by

(Vg —igAy) (VY —igA®)® =0, (78)

where g is the electric charge of the scalar probe. In Q-
picture, in addition to the modes of asymptotic energy and
angular momentum, we need to add the charge g as the eigen-
value of the operator d, that denotes the additional internal
direction yx to four dimensions. Actually, g has a natural geo-
metrical interpretation as the radius of extra circle when the
the black hole solution is considered to be embedded into
5D. In fact, this coordinate possesses similar U (1) symme-
try like the azimuthal coordinate. However, so far, we do not
find that 4D Kerr—Sen(-dS) black hole can be uplifted to 5D
solution. It is different with Kerr—Newman(-dS) black hole
that can be uplifted to 5D [30]. Here, we will just first assume
the fifth coordinate to reveal the conformal symmetries of the
charged probe in Q-picture. The ansatz in Q-picture is given
by

O, 7,0, . x) = e IHNIHA R(F)S(6). (79)
Beside the low-frequency assumption, we need to assume
also that the probe’s charge to be very small (gg < 1). By
plugging Eq. (79) into Eq. (78) and assuming small charge
and low frequency, in the near-horizon region, we can find
the radial equation

~ ~ N Fe —ry4 ~
%[ = )¢ =)o RO) + S ARG) =0,
— Ic
Fe —Fy ~
+[A B+C]R(r)=0, (80)
r—r4



Eur. Phys. J. C (2024) 84:182

Page 11 of 16 182

where

2
[(;’Jzr —d*+a¥)w —anE — gq(ry + d)]

Uz(rc - r+)2

I 2
[(rc —d“+a )w—anE—gq(rC—i—d)] —K;
A= c=—1

)

V2 (re = r1)? v

In Q-picture, we take n = 0. As the previous computation
for J-picture, we can identify that

P v(re +r4)
SN [ YY) e
v(re —r4)
- , 81
"k 4{re + d)(ry +d) — a?] D
U(rg + r_%_ —2d? + 2a%)
T, = ;
drg [(re + d)(ry +d) — a?]
2_ 2
v(rg r+) 82)

Tk = .
7 dmg[re + d)(ry + d) — a?]

The temperatures (82) are irregular. We cannot check directly
that (ro + d)(ry +d) — a? = 0 because we do not have
the explicit analytical form of r., r,. However, we can eas-
ily check that the form of CFT temperatures is similar with
the case when the cosmological constant vanishes. So, when
l/l2 = 0, one can obtain

(ry +d)(r— +d) —a* =0, (83)
where
re=Mx M +d2—a? - g2, (84)

This is the reason that Q- picture is not well-defined for Kerr—
Sen black hole. With the similar form of temperatures, we
conclude also that Q-picture for Kerr—Sen—dS black hole in
Nariai limit is not well-defined.

6 Hidden conformal symmetry on Nariai limit for
Kerr-Newman-de Sitter solution

In the previous sections, we have carried out the calculation
of the dual CFT for charged rotating black hole in Nariai limit
obtained from KSdS solution and also the hidden conformal
symmetry of the scalar probe in the black hole’s background.
In this section, we will study the scattering of scalar field on
Nariai limit for KNdS solution bothin J- and Q-pictures. Yet,
we will revisit the computation of the entropy from CFT for
KNS solution in Nariai limit. The KNdS black hole solution
is given by the following metric [30,44]

2 0? Ag sin? 0 )

A 0
ds? = — = x2 4+ S ar? + S ae® + Y2, (85)
0? A Ag 0?

where

2 )

~ 0 A R ~

xzdt_astl do, Y=adt—7(r ta )d¢,

a’ 2 a’ 2 2 2.2
Ag=14+—=cos“0, E=14+—, o0°=r"+a“cos“0,

12 12

;2

A=F+ad) -5 —2mf 4 p? +q°. (86)

The parameters a, m, p, q, and [ are spin, mass, magnetic
charge, electric charge, and de Sitter radius, respectively. The
electromagnetic potential and its dual are given by

_4f, _ peosd pr

g cos6
5 —Y, B=——Z5X+-——
o e [

A= Y, (87)
0

At the event horizon, the thermodynamic quantities are
given by [30,44]

m=2, =22 o2 p_L (88)
re(> =2r2 —a®) —mil?
Ty = I (89)
2r(ry +a*)l
_ T2 2
Spn = Z(ry +a°), (90)
ag qr. pr
QH:2—27 = 2 +21 \IJH: 2 +27(91)
r++a r++a r++a
\% 4 S P 3 92)
= —7 , = ——.
3 HoBH 8712

where those are physical mass, angular momentum, electric
charge, magnetic charge, Hawking temperature, Bekenstein—
Hawking entropy, angular velocity, electric potential, mag-
netic potential, thermodynamic volume and pressure. These
thermodynamic quantities also satisfy the relation (5). Fur-
thermore, one can find the similar relation for thermodynam-
ics on the cosmological horizon with the following quantities
[45,46]

m ma q p
MC=_E’ JL=_,:’ ch_g’ Pc=_g,
93)
- re2rt +a? —1%) + mi? o)
c 27 (r + a?)I? ’
_ T 2 2
Se == (2 +a), (95)
ag qre Pre
Q =5, =55, YVe= 55—, 96
¢ r62+a2 ¢ r§+a2 ¢ r62+a2 (96)
4 3
Ve = grcSCa Pe = W 97

These thermodynamic quantities are obtained also by con-
sidering the event horizon of the black hole as the boundary.
Likewise the KSdS solution, the cosmological constant can
be assumed as a dynamical quantity.
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6.1 Nariai limit on Kerr—Newman—de Sitter black hole
revisited

On the Nariai limit, likewise the KSdS solution, we can find
the geometry which is fiber over AdS,. Using the similar
transformations (16) and (17) on the spacetime metric (1),
we can obtain

dr?

ds®> =T©) (—r(r —e)dt* + ) + a(9)d02>

rir—e
+y(0) (d¢ + erdr)?, (98)

where the metric functions are given by

2 4 )
0 v ro Ag sin“ 0
re) ==, a@®) =-—, y0)=-"—5_—-—,
v Ag 04E
2ar+ B
Q_%_ = ri +a’cos’0, e= 2+ . 99)
ryu

and now we have rg = r_%_ +a?andv=1— (6r_2~_ +a%)/ 1%
When the spin vanishes, the spacetime becomes AdS; x $2.

Even we have different slice in the asymptotic region, by
using similar analysis of ASG, we can obtain the exact central
charge as found in [9]. It is precisely given by

12
ar+ (100)

C| — ——————.
L B 6r2 +a?

1 7

The main different of this central charge with that of the

solution in Nariai limit obtained from KSdS solution is the

presence of the dilaton and axion charges. The temperature

can be calculated directly as the previous result for Nariai

limit on KNdS solution. We can find that
v(r?F +a?)

T, =——F—, Tr=0.

101
4mary B (101)

We have obtained the corresponding central charge and
the CFT temperature for the solution in Nariai limit obtained
from KNdS black hole. On the cosmological horizon, by
using Cardy formula, we find the following entropy for the
charged rotating black hole from KNdS black hole in Nariai
limit,

T2 L= -
Scrr = E(r_,_ +a”) = Spy = S.. (102)

So, in this case, the total entropy will be 2S,.

6.2 Hidden conformal symmetry in J-picture

For the charged rotating solution in Nariai limit obtained
from KNdS black hole, we also assume the massless neutral
scalar probe. We also consider the low-frequency limit for
the scalar field to exhibit the conformal symmetry. For the
small frequency, we have oM < 1, wa < 1, wg < 1, and
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wp <K 1. The radial equation is then given by

Fe — T4

C
F—r

0 [(F =) = r) %] RG) + AR(F) =0,

+[rf_r+B+C] R(#) =0,
r—r4

(103)

where

[(rg +a*)w — an 8]2

vA(re —r4)?

A=

s

sl

2
(rfL +a2)a)—anE] C— —-K;
v2(re —ry)? ’ v

The investigation of hidden conformal symmetry for KNdS
solution is also done in Ref. [47], however, the author does
not consider Nariai limit. The conformal symmetry can be
revealed using the conformal coordinates transformations
(49) which similarly result in SL(2, R) x SL(2, R) isom-
etry for the set of operators (50) and (51). Using the similar
computation, we can calculate the temperatures. In this case,
we obtain

v

ngp=—————— ng=0, 104
FT 20+ F (109
2 2 10,2 _
TL:v(rc+r++ a)’ TR=M. (105)
dra(re +r4)E8 dra B

Note that those quantities are different to those of the Nar-
iai solution obtained from KSdS solution since there exist
dilaton and axion charges. When we take ¢ — 0, the tem-
peratures (105) reduce to (101).

After computing the CFT temperatures (105), we will
compute the conjugate charges Ej, Eg for this solution.
These conjugate charges can be obtained from the entropy
via Eq. (57) by considering the first law of thermodynam-
ics for the charged rotating black hole solution (5) with the
quantities (93)—(97). For the neutral scalar field, we have
8Q = 6P = §P = 0. Using again the identification 6 M as
w and §J as n yields to the identification of Er g as wr g.
We obtain the following left and right frequencies,

) = rg +ri +2a2w’
2aE

These are the left and right frequencies of 2D CFT for the

charged rotating solution for KNdS solution in Nariai limit.

Regarding the absorption cross-section and real-time cor-
relator, we need to employ the radial equation (103). Simi-
larly with KNdS case, the approximation of A in the asymp-
totic region will break down, except we consider the Nariai
limit which is identical to near-extremal limit. We also con-
sider the scalar probe with frequencies around the superra-
diant bound (59). With the similar lengthy computation, we
find the absorption cross-section of the scalar fields as given
in Eq. (66) which is precisely similar to (67) for the charged

WR = w1, — N. (106)
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rotating solution in Nariai limit obtained from KNdS solu-
tion. Once again, the agreement between (66) and (67) for
this solution can be shown when we choose proper left and
right frequencies wy,, wg as given in Eq. (106). In the super-
radiant bound, we also find the form of temperatures (68)
and the frequencies (69) with the conformal weights (70).
Yet, we have to note again that in the solution coming from
Einstein-Maxwell theory, there is no contribution from d, k
on r4. We can also compute the real-time correlator. This is
given by Eq. (72). This further exhibits that the Kerr/CFT
correspondence for KNdS black hole in Nariai limit is valid
likewise the solution from KSdS black hole.

6.3 Hidden conformal symmetry in Q-picture

In exploring the hidden conformal symmetries on the wave
equation, again, we assume a massless charged scalar probe
in the background (85) in Nariai limit as given by Eq. (78). By
plugging Eq. (79) into Eq. (78) and assuming small charge
and low frequency, in the near-horizon region of (85) in Nariai
limit, we can find the radial equation

r. —

% [F = roG —r)d: | RG) + :* AR(F) =0,

c
7 —

|:rc—r+ ] A
+ | = B+ C|R@F) =0, (107)

r—r4
where

[(r%_ + az)a) —ani — gqr+]2

B=- ,
v (re — ry)?
_ [(rc2 +a®)w —an& — gqrc]2 _ K
B V(e — 14)? T

For this charged rotating solution obtained from KNdS black
hole in Nariai limit, in Q-picture, we can identify that

an—M, nR:_M7 (108)
4 (rcr+ — a2) 4 (rchr — az)
T, = U(I"cz, + ri + 2a2) U(rcz. — r}r) (109)

4rrg (rery — a?) PR 4rwg (rery — a?)

These CFT temperatures are regular, unlike to that of KSdS
solution in Nariai limit.

Since there exists electric charge of the scalar probe, in
order to satisfy the entropy relation (57), we need the con-
jugate of the electric charge, namely the chemical potential
(1L, R), so that

ErL R =&®LR=®LR— LL,RIL,R- (110)

So, in Q-picture, the charged scalar probe on the charged
rotating solution obtained from KNdS black hole in Nariai
limit is related to the following CFT frequencies,

(re + 1) (2 + 13 +2a°)
= w

“r 28(rers —a?) ’
r3+ri+2a2
nrL = m, qL =4,
o oy 2 E )
2g(rcr+_a2) '
2
uRzﬁ, gr=4q. ()

One can apply the frequencies (110), temperatures (109), and
conformal weights (70) in order to compute the absorption
cross-section and real-time correlator. Note that to study the
superradiant bound in Q-picture, we have assumed the fre-
quency near the superradiantboundw = nQy+gdy —i—c?)%.

7 Summary

In this work, we have shown the horizon solutions and
extremal limits in Fig. 1. The Nariai limit could be achieved
in some values of parameters. We then have carried out the
calculation of the entropy for KSdS solutions in Nariai limit
parameterized by a constant e. When ¢ — 0, the cosmo-
logical horizon and event horizon coincide. This solution in
Nariai limit can be written in the metric form with AdS,
structure. Hence, we have shown that, in the Nariai limit, we
could also portray the solution as a fiber over AdS,, instead
of a fiber over dS; as exhibited in Ref. [9]. We have computed
the corresponding central charge and CFT temperature where
the right-moving temperature is proportional to & denoting
that it will vanish when ¢ — 0. It is found that by employing
Cardy entropy formula, the Bekenstein-Hawking entropy on
the cosmological constant is reproduced. It denotes that the
charged rotating solutions from KSdS black hole in Nariai
limit is holographically dual with 2D CFT.

To further support the CFT dual on KSdS black hole in
Nariai limit, we have investigated the neutral (J-picture) and
charged (Q-picture) massless scalar probes on that back-
ground. Similarly with generic rotating black hole, we could
exhibit the conformal symmetries on the radial wave equa-
tion. With the appropriate locally conformal coordinate trans-
formations, it has been shown that the radial equation pos-
sesses SL(2, R) x SL(2, R) isometry. This is similar with
AdS3 space. The periodic identification of azimuthal coor-
dinate portrays the spontaneous symmetry breaking from
SL(2,R) x SL(2, R) to U(1) x U(1) by the left- and right-
moving temperatures. In J-picture, the temperatures pro-
duced on this symmetry breaking are precisely similar with
the temperatures that are obtained when the conformal sym-
metry appears directly on the spacetime metric. Hence, if we
employ the central charges with the given temperatures, we
can again reproduce the Bekenstein-Hawking entropy on the
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cosmological horizon. Moreover, we also have computed the
absorption cross-section and the real-time correlator that cor-
respond with the KSdS solution in Nariai limit. However, in
Q-picture, we coud not find a well-defined CFT description
because the temperatures are irregular.

We have also extended the calculation to the KNdS black
hole in Nariai limit both in J- and Q-pictures. The CFT
description in both pictures are well-defined. The results from
gravity calculation are also exactly in agreement with the
result from 2D CFT. So, this calculation is another proof that
the black hole solution in Nariai limit is holographically dual
to 2D CFT.
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Appendix A: Entropy on the event horizon for extremal
KSdS solution

We will briefly derive the entropy of extremal KSdS solution
in this section. The entropy of the gauged dyonic Kerr—Sen
black hole solution or KSAdS solution has been calculated
previously in Ref. [23]. For the asymptotically de Sitter solu-
tion, we just need to follow the computation given in Ref. [23]
where therein, we have argued on the central charge for KSdS
solution by taking /> — —I2. It has been noted in Ref. [23]
that in the extremal case of KSAdS solution, the mass can
have more than two branches as it should be similar to KSdS
solution. We start directly from the near-horizon extremal
form of KSdS solution,

@ Springer

2 2,2 dr? 2
ds* =T ) [ —r?dt* + — + a(0)do

r

+y(0) (d + erdr)?, (A1)
where the metric functions are given by
2 4 )
0 v rqAg sin” 6
re) ==+, a@) =-—, y0)="5_-—,
v Ag 04 E
2 o)
Qizri—dz—kz—i—azcosz@, e = ar2+
}’OU
6r2 —2d? — 2k? + a2
v=1- —=F ) (A2)

12

In this case, we can precisely derive the corresponding central
charge as

oL = 376 On do/T(0)a )y (H)

12
- ars (A3)

1 6r2 —d2—k2+a?
-

Note that although this central charge looks identical with
that of in Nariai limit, both central charges are different
because we are considering different limit on the horizons.
When the magnetic charge vanishes, one can obtain the cen-
tral charge that corresponds to non-dyonic KSAdS solution.
Furthermore, when the cosmological constant vanishes, the
central charge recovers the central charge of Kerr—Sen black
hole [35,41]. For the CFT temperature, we just need to follow
Ref. [23]. For KSdS solution, we can find

OTp/ory | v —d? —k*+a?)

TL = =
BQH/8r+ ex

A4
drary B S
By implementing Cardy entropy formula and inserting (A3)
and (A4) into it, we successfully derive

T

Scrr = ;(ri —d* - K> +d%). (A5)
This is precisely the Bekenstein—-Hawking entropy of the
KSdS black hole on the event horizon. This result shows that
we can change /2 on those of KSAdS solution into —/? by
assuming analytical continuation in order to find the result on
those of KSdS solution. This is identical with the KNAdS(dS)
case [30].

Appendix B: Virasoro algebra

The Dirac bracket of two classical conserved charges are
given by

{Q;'m’ Qg’"} = Q[{msgn] + K[;I’ﬂ: {n]’ (Bl)
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where K [€, ¢]is the central term. Using the quantum version
of charge Q¢ (36), from Eq. (B1) we can find

[Lm’ L"] = i{Qfm’ an}

=i (Qrepcal + KlSm: Gn))

= (m —n)Lyyn — 2mx8pan + i K[Cm, &n]. (B2)
In order to find the Virasoro algebra, we need to find the

form of term K[¢y,, ¢,]. By comparing above equation with
Virasoro algebra,

cL
(L, Lyl = (m —n)Lyin + Em(m2 — D8mino0, (B3)
we obtain
cL 2 24x
K[Cma §n] =—i—m|m -1+ — 8m+n,0~ (B4)
12 cL

So, the central charge is determined by the coefficient m> in
term K[, §,]. The term linear in m is not important because
x is a free parameter to scale the last term in the bracket of
Eq. (B4).
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