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Hidden conformal symmetry and pair production near the cosmological
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Abstract: We show that the study of the hidden conformal symmetry that is associated with the Kerr/CFT corres-
pondence can also apply to the cosmological horizon in the Kerr-Newman-Taub-NUT-de Sitter spacetime. This sym-
metry allows employing some two dimensional conformal field theory methods to understand the properties of the
cosmological horizon. The entropy can be understood by using the Cardy formula, and the equation for the scatter-
ing process in the near region is in agreement with that obtained from a two point function in the two-dimensional
conformal field theory. We also show that pair production can occur near the cosmological horizon in Kerr-New-

man-Taub-NUT-de Sitter for near extremal conditions.
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I. INTRODUCTION

Astronomical observations suggest the expansion of
our universe. In a relativistic theory of gravity, the ex-
panding spacetime is described by the de Sitter solution
[1, 2] that solves the Einstein equations of motion with a
positive cosmological constant [3]. In the de Sitter space-
time, there exists the so-called cosmological horizon that
behaves similarly to the black hole horizon in many
ways. For example, one can compute the Hawking tem-
perature associated with this horizon [4]. Consequently,
there also exists a first law of thermodynamics relation
for this horizon as proposed in [5—7]. Then, it is under-
stood that if a de Sitter spacetime contains a black hole,
then the spacetime is equipped with multiple horizons.

The Kerr/CFT correspondence is used to understand
some aspects of the black hole horizon [8— 10]. The
warped AdS structure in the near horizon geometry of an
extremal black hole opens the possibility to use some
two-dimensional conformal field (CFT;) theory methods
in understanding several aspects of the black hole. For
example, the Cardy formula for entropy in a CFT, can re-
cover the Bekenstein-Hawking entropy of the black hole.
The scattering near horizon can also be described using a
two point function calculation in a CFT,. The Kerr/CFT
correspondence can also be extended to the non-extremal
case where the conformal symmetry is hidden in the test
scalar wave equation. Related to the Cardy formula in a
non-extremal setup, we assume that the corresponding
central charge does not change as the geometry evolves

from the extremal state. In the literature, Kerr/CFT has
been discussed for many cases of black holes that can ex-
ist in various theories of gravity [10-14].

Various similar properties between the black hole and
cosmological horizons motivate us to establish the
Kerr/CFT correspondence for the cosmological horizon.
In literature, there exists a particular holography for the
de Sitter spacetime [15] that relates quantum gravity on
the D-dimensional de Sitter space to the conformal field
theory on a single (D-1)-sphere. However, in this work,
we would like to employ the Kerr/CFT correspondence in
the cosmological horizon in the Kerr-Newman-Taub-
NUT-de Sitter (KNTNdS) spacetime, which has several
parameters, namely, rotation, electric charge, NUT para-
meter, and a positive cosmological constant. Here we also
anticipate the newly proposed first law of thermodynam-
ics for a NUT spacetime [16, 17] where it introduces
some new conserved charges as thermodynamic paramet-
ers in the system. Following [7], we also consider the
cosmological constant that can vary [18], which modifies
the first law of cosmological horizon mechanics.

Further, the pair production can occur near the hori-
zon of near extremal as a Schwinger effect [19—23] in
analogy to such effect in a strong electromagnetic field. It
can be shown that the violation of the Breitenlohner-
Freedman bound that is associated with the massive scal-
ar field near the horizon of a near extremal black hole
leads to the conclusion that the pair production can exist.
The resemblances between the black hole and cosmolo-
gical horizons motivates us to investigate such an effect
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for the cosmological horizon in the KNTNdS spacetime.
To the best of our knowledge, such study has not ap-
peared in the literature.

The organization of this paper is as follows. In the
next section we provide a short review of the KNTNdAS
spacetime. The twofold hidden conformal symmetry is
constructed in Sec. III. The microscopic entropy calcula-
tion is included in Sec. IV, whereas the supporting holo-
graphic scattering discussion is presented in Sec. V. The
study of pair production near the cosmological horizon is
presented in Sec. VI. Finally, a conclusion is provided. In
this paper we consider the natural units G=h=kp=
c=1.

II. KERR-NEWMAN-TAUB-NUT-DE SITTER
SPACETIME

The KNTNAS spacetimesolves the Einstein-Maxwell
equations of motion with a positive cosmological con-
stant, namely,

1 3 1
R,uv_zg/lVRJ'_l_zgﬂyzzFﬂaF‘(’l_zgﬂvFaﬁFaﬁ’ (1)

where F,, =0,A,-0,A,. The vector field obeys the
source free condition V,F*" =0 and the Bianchi identity
VuFop+VgFuo+ Vo Fp, =0. The KNTNdS spacetime met-
ric can be expressed as

ds? =— % (dt - (ah, —2nx)dg)* +p* (dArrz + ::;)
+ A;CZAI (adt - <r2 +a*+ nz) d¢)2 (2)
where A, = 1-x2,
Ay =r* =2Mr+ Q% +a* —n?
_l%((aZ—nz)n2+([;—2+2n2)r2+r3—4), (3)
p=14 B, )

and p? = r* + (n+ax)?. It is understood that M, a, n, and O
are the mass, rotation, NUT charge, and electric charge
parameters. The corresponding cosmological constant in
the equation above is A = 3/~2. The accompanying vector
components to solve the Einstein equations (1) are

A, dxt = % (dt+ Qnx—aA,)do) . %)

It is known that multiple horizons with positive radii

can exist in the KNTNdAS spacetime. The largest one is
acknowledged as the cosmological horizon r., the outer
black hole horizon is r,, and the inner one is denoted by
ri, where r.>r, >r;. The coincidence of cosmological
and outer black hole horizons is known as the extremal
state for the cosmological horizon, whereas another coin-
cidence r, = r; is understood as the extremal configura-
tion for black holes in KNTNAS spacetime. Some illustra-
tions of these extremal states are given in Figs. 1, 2, and
3. These plots confirm several extremalities that can ex-
ist in the KNTNdS spacetime.

The area of cosmological horizon can be computed
using the standard formula

2r 7w

A= f f \/g99g¢¢d9d¢ = 471'(}”? +(12 + n2) s (6)

$=00=0

whereas the surface gravity associated to the cosmologic-
al horizon can be given by [16, 17]

_ 2m dA, 7
Ke= Ae dr .’ ™
which gives
(re=M)P =7, (2r§ +6n% + az)
ke = ®)

(rf +a?+ nz) 2

Accordingly, the Hawking temperature that corres-
ponds to the cosmological horizon can be computed us-
ing the relation T, = k./2x. The angular velocity and elec-
tric potential at the cosmological horizon can be written
as

Qo =5—— )

_—
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Fig. 1. (color online) Case /= M. The black curves repres-
ent r. = rp, whereas the blue ones represent r; = r;.
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Fig. 2.  (color online) Case /= M. The black curves repres-

ent r. = rp, whereas the blue ones represent r, = r;.
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Fig. 3.  (color online) Case /= M. The black curves repres-
ent r. = r,, Whereas the blue ones represent r, = r;. The dashed
blue line does not exist because the case of a=Q=0 de-
scribes the Taub-NUT-de Sitter spacetime.

and

g
= r2+a?+n?’ (10)

respectively.

The thermodynamics of Taub-NUT spacetime has
become a lively discussion in recent years [16, 17,
24-27]. One of the proposals is to associate an entropy
for the Misner string in the Taub-NUT spacetime [25].
Another is to introduce some conserved charges, i.e.,
E=Mn and N =n, so the resulting first law of horizon
mechanics would read [16]

OM =T6S +Q6J + DOQ +Q,0J, + PON + O0A . (11)

The last term in Eq. (11) represents the change of
total energy inside of the cosmological horizon due to the
variation of the cosmological constant. In Section 4,
where we compute the microscopic formula for the en-
tropy, Eq. (11) will be used to obtain the corresponding

conjugate charge. Note that in the vanishing of §A, 6N,
and 6J,, this first law of horizon mechanics simply re-
duces to the one that is related to the Kerr-Newman black
hole [28].

III. HIDDEN CONFORMAL SYMMETRIES

The hidden conformal symmetry can be shown from
the corresponding massless test scalar field in the near re-
gion of the cosmological horizon. Here, we consider the
test charged massless scalar with an equation of motion

(Vo +igAu) (V# +igaA") ¥ = 0. (12)

Note that the KNTNAS spacetime possesses the sta-

tionary and axial Killing symmetry, which allows us to

express the test scalar wave function to be separable in
the following way:

P = el X ()R (r) . (13)

Using this ansatz, the Klein-Gordon equation above
can be written as

1 d dR(r) 1 d dX (x)
ma(Ar—dr )*ma(mf ax )

((r2 +a*+ n2> w+qQr— ma)2 (ax2 +2nxw — ama))2

A, B AA,

+

=0.
(14)

It turns out that the last equation can be separated in-
to two equations, namely, the radial part

di(A,dR(r))+ ((r2 +4d? +n2)(u+qu—ma)2
P

—-A4|R
dr A, R
:0’
(15)
and the angular one
2
2
d dX (x) (ax +2nxa)—amw)
— (A -|- —A|X(x) =
dx( A= ) AR, A X(x) =0,
(16)

with 1 as the separable constant.
The hidden conformal symmetry is related to the radi-
al Eq. (15) under some circumstances. However, before
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we proceed to show the hidden conformal symmetry, we
need to consider an approximation to A, in the radial Eq.
(15) so that it can be quadratic in ». Such approximation
has been repeatedly performed for the hidden conformal
symmetry in the (anti)-de Sitter spacetime [13, 14, 29].
The approximation is basically a Taylor expansion for A,
near the cosmological horizon radius,

dA, A (r=r)?
Ar = Ar r. T T —rc s
(i O v R a7
that can give us
Ar=K(r—r)(r—ri). (18)

Related to the KNTNAS spacetime (2), we have
K= 1—1‘2(a2+6n2+6r3), (19)
and

2k (2 -a?—6n2)—2MP

* = (20)
7e a’+6n+6r2 -2

Now let us impose the near horizon region for the test
scalar, given by wr <« 1. We also consider that the test
scalar is in the low frequency, wM < 1, and its charge is
extremely small, ¢gQ < 1. Subsequently, the low fre-
quency can be related to the conditions wa <« 1, wQ <« 1,
and wn < 1.

Under such considerations, the radial Eq. (15) can be
rewritten approximately as

d dR FiR F>R
—\r=r)(r=r)— |+ —— FsR =
dr((r rolr rL)dr)+(r—rC)+(r—rj) R=0,
21
with
2
2+ a?+n?)+qQr. —
Fl:(w(rc a n) qQr, ma) ’ 22)
K2 (r=1)
2
¥, 20 .
Fz:_(a)(rc +a +n )+quC ma) ’ (23)
K2(r.—7})
and
22
-
F3=%. (24)

Furthermore, to show the symmetry property of Eq.
(21), we consider the following conformal coordinates:

wt = [ exp2aTre + 2ngt) 25)
r—ri
[r—r,

wt = —exp(2aT g +2n.t), (26)
r—ri
0 [re—rs

w" = P CXp(]T(TR+TL)¢+(I’lR+I’lL)l).

C

By using these coordinates, and also the notations

27

0 0 0
a+=_,a—=_380=(w, (28)

ow* ow~

one can define two copies of the SL(2,R) generators that
read

H, =id,, (29)
Hy =i(w* 0. +$0°%)) . (30)
H = i((uﬁ)2 0 + "3y - ()’ a_) 31)
and
H. =io_, (32)
Hy=i(w™ 0+ 1), (33)
A = i((w‘)2 0- +w w3y - (o°)’ a+) . (34)

The generators above satisfy the SL(2,R) algebra,

[Ho,H.] =FiH. , [Hy,H_]=2iHy, (395)
and
|Ao,A.| = %A, , [A.,A_|=2if,. (36)

Moreover, based on the generators above, one can
also construct the SL(2,R) Casimir operators
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1
H? = ~Hj+ = (H.H_+ H_H,). (37)
and
I
HE =~ fig + 5 (A A+ A1), (38)

These Casimir operators commute with all generators
in the group. It turns out that although the Casimir operat-
ors H? and H are constructed by a different set of oper-
ators, they take exactly the same form in terms of the
conformal coordinates

H = = %((aﬁ)2 P - w080)+ (@) 0.0 (39

Furthermore, in terms of the coordinates (¢, r, ¢), the
Casimir operator (39) can be written explicitly as

7—{2—(r—r)(r—r*)a—2+(2r—r*—r)i
B ¢ “or? < “or

+(I"L-—7‘Z)(I/ZL—HR 0 TL—TR 6)2

r—ri 42 0 45 Ot
(VC—I‘Z) ny+ng 0 TL+TR 0 2 (40)
r—r. \ 4nE 0¢ = )’

where E = n;Tg —ngTr. The hidden conformal symmetry
is stated from the fact that the radial Eq. (21) is just the
eigen equation for the Casimir operator H? in Eq. (40)
with the separation constant 4 as the corresponding eigen-
value. In this manner, it is said that the radial Eq. (21) ex-
hibits the SL(2,R);, x SL(2,R)g symmetry.

In the development, the hidden conformal symmetry
for the black hole/CFT correspondence was found in sev-
eral pictures [28, 30]. The first one is known as the J-pic-
ture, which uses the neutral test scalar to probe the sym-
metry. This is actually the original proposal of hidden
conformal symmetry in the Kerr/CFT correspondence
[31], where the property of low frequency neutral test
scalar in the near region of the Kerr black hole is ex-
plored. The second one is called the QO-picture [32],
where a U(l) internal space is introduced and the test
scalar is considered to be in the state of zeroth quantum
magnetic number. Subsequently, these J and Q pictures
can be formulated into a single treatment known as the
general picture [30], where the CFT duals are generated
by the modular group SL(2,Z). In the following, we show
that the twofold or even the general pictures of hidden
conformal symmetry that are applied for the black hole
horizon [28, 30] can also be found near the cosmological
horizon.

The J picture is obtained by considering a neutral
scalar test probe in the near horizon region. This consid-

eration yields Eq. (21), which reduces to

d drR\ G{R GIR |
4. —rc —ry)— RZO’
dr((r re)(r=rk) dr)+(r—rc)+(r—r;‘)+G3
41)
where
2
$2 ., 2,2
G = (w(rc +a“+n )—ma) ’ @)
! KZ(VC—FZ)
W2, 2 2
Gj:_(a)(rc +a*+n )—ma) ’ (43)
2 Kz(rc_fck)
and
A
6=, (44)

To have an agreement between the radial Eq. (41)
with the general form (40), we need to set the correspond-
ing parameters as

K
J:0 , J_ _ ,
A Ty 9
and
« 2 %2 2 2
Té:K(rc_rC) ’ TZ=K(rC+rC +2a +2n) (46)

dra dra(re +rk)

In this way, we have constructed the J picture hidden
conformal symmetry near the cosmological horizon of the
KNTNAJS spacetime.

If the J-picture corresponds to the neutral scalar test
field, the Q-picture can be probed by using the scalar
field at m = 0 state. However, the Q-picture hidden con-
formal symmetry requires the existence of a U(1) intern-
al space y. The dependence of scalar wave ¥ with re-
spect to this new coordinate is given by the eigen equa-
tion

aW = ig¥. (47)

Indeed, it has an analogy with the equation for the an-
gular coordinate ¢ where the scalar probe dependence is
given by 94%¥ =im¥. For the m =0 state, the radial Eq.
(21) takes the form
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d drR\ GIR GIR
— | r=ro)(r=r)— G7R=0,
dr((r re)r r‘)dr)+(r—rc)+(r—rj)+ 3
(48)
where
2
2.2, ,2
GQ:(w(rC+a +n)+quc) , (49)
! K2 (r=10)
2, 2.2 Ry
GQ:_(u)(rC +a +n )+quC) , (50)
: K (re=r0)
and
22
o_q0
¢2=12 (51)

To have an agreement between (40) and (48), the cor-
responding parameters should be set as

ng=— K(re+7r%) ’ ngz— K(re—r2) 62
4(reri—a*—n?) 4(reri —a*—n?)
and
2, 2,02 02 2_ 2
TQ:_K(rC+rC +2a +2n) FO_ K(rc—rc) |
L dnQ(reri—a®-n?) TR 4xQ(reri—a®-n?)

(53)

Here, we have shown that the Q-picture of hidden
conformal symmetry for the cosmological horizon of
KNTNAS spacetime does exist as well.

Now let us discuss the general picture, which com-
bines both the J and Q pictures in a single formulation.
The similarity between Eqgs. (41) and (48) is obvious. It
then allows us to write an equation that utilizes the
SL(2,7Z) modular group, which can reduce to both Egs.
(41) and (48) for some special cases. The SL(2,Z) modu-
lar group itself acts on the torus with coordinates (¢, )
that appear in Egs. (41) and (48). The corresponding
SL(2,7) transformation is given by

FIREET

Intuitively, related to the new coordinates ¢’ and y’,
the corresponding eigenvalues of operators idy and id,
are m’ and ¢, respectively. Therefore, one can write the
relation between the parameters (m, ¢) and (', ¢’) as

m=am’ +vyq , q=pm +6q . (55)

In terms of (m’, ¢’) parameters, the radial Eq. (21) can
be rewritten as

d ~drR\ GYR ~GIR .
P ((r—rc)(r—rc)a)+ E— + =D +G7R=0,
(56)
where
G (u) (rg +a*+ nz) —(aa— QBr.)ym’ — (ay — Qér,) q’)2
o= K2 (re=19) ’
(57)
G (w(r;@+a2+n2)—(aa—Qﬁr:)m’ —(ay- Q(Srj)q’)2
=" K2 (re=r0) ’
(58)
and
(B’ +6q')?Q* -2
G? = . (59)

K

In this general picture, the J’-picture can be obtained
by setting ¢’ = 0, and the Q’-picture is achieved at m’ = 0.
Note that these two J’ and Q’ pictures are equal to each
other. In Q’-picture, the hidden conformal symmetry ex-
ists if we set the corresponding parameters in Eq. (40) to
be

G_ _ K (2ay—0Q(rc+17))
L= Aay(re+1r)+06Q (@ +n2—r.r}))’ (60)
G _ K6Q(r.—r¥)
R T Aay(re+r)+060(a2 +n2 —r.r))’ 6D
K (r§+(rj)2 +2a2+2n2) )
L™ dn(ay(re+1r5) +6Q(a2 +n? —rer?))’
and
2 (w2
. K(r2=(r)) ©3)

R An(ay(re+r)+60Q(a? +n2 —r.r))”

IV. MICROSCOPIC ENTROPY

In the previous section, we established the hidden
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conformal symmetries that are associated with the cosmo-
logical horizon in KNTNdS spacetime. These symmet-
ries open the possibility to apply some CFT, methods to
understand several aspects related to the cosmological ho-
rizon. In this section, we show that the cosmological hori-
zon entropy has a dual description from a CFT, point of
view by using the Cardy formula. The same argument has
been used to construct Kerr/CFT holography to recover
the entropy of black holes [8, 10]. The dual calculations
for the cosmological horizon entropy are performed sep-
arately in J and Q pictures, where each of them requires a
particular approach to obtain the corresponding near hori-
zZon geometry.

Let us first consider the J-picture. The appropriate
near horizon coordinate transformation in the near ex-
tremal state is

Fe+rn

c ~
r= 5 +ernyf,

Fe—re= uery,

1= p=F+Quil.
& & (64)

Applying this transformation to the metric (2) gives

2
2 =] —|7—- 'li ('~ 1_1) 2 r 2
ds? =I'(0) (r 2) 4o + (?_ l_‘)(;+/i) +a(dx
2 2
+y(0)(dp+FFd)
(65)
where
o (66)
re = x°
K
a(x)= AL (67)
AIA, rf. +a? +n?
y(0) = ( . ) , (68)
P
- 2ar,
B —=
(rg +a?+ nz) K (69)
and
P2 =rt+a’x*. (70)

A general formula to compute the central charge asso-

ciated with the near horizon of a near extremal geometry
in the family of Einstein-Maxwell theory has been com-
puted in [9], and the obtained formula can apply to the
near horizon geometry that appears in Eq. (65). The cent-
ral charges are [9]

1
cf = ¢k =31€’L dx VT @)y (D (x), (71

and for the cosmological horizon in the KNTNdS space-
time we have

cf = cp = HEXTE) (72)

Using the central charge (72), the Cardy formula
J T g dd
Cardy = Y (cLTL +CRTR) (73)
gives us the entropy of the cosmological horizon in
KNTNAS spacetime, namely,

Séardy = ﬂ(rf. +a+ nz). (74)

In the next section, we will provide the holographic
calculation for absorption cross section using a two point
function of the operator that is dual to the scalar field. For
that calculation, one needs to identify the conjugate
charges 6E; and SEj, that satisfy

SET  SE7

J _ L R
8 Laray = -7 + -7 (75)

L R

The conjugate charges can be obtained by using the
first law of thermodynamics for the cosmological hori-
zon (11), and the corresponding equation is

M - Q6] - ®5Q —WdN - Q,6J, -~ @5A _ SE] .\ SE}
T T] T}
(76)

oS

Recall that for the Kerr-Newman black hole, the re-
lated first law of thermodynamics can be written as

OM =T6S +Q0J +DoQ. (77)

To obtain the conjugate charges in Kerr/CFT corres-
pondence for the Kerr-Newman black hole, the vari-
ations of black hole parameters in Eq. (77) are related to
some of the scalar probe parameters. The change in angu-
lar momentum is related to the magnetic quantum num-
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ber m, whereas the change in electric charge is connected
with the probe's electric charge.

However, the first law of thermodynamics (76) con-
tains several terms that do not have a direct counterpart
with the scalar probe's properties. Therefore, here we pro-
pose some generalizations for the variations related to the
rotational and electromagnetic works, i.e.,

Q5T = Q5T + Q6] + OSA. (78)
and
D'5Q = DSQ +¥N, (79)

respectively. In such generalizations, we can have §M =
w and 6J’ = m. In J-picture, we can have

SE] = w] and SEj = wy, (80)

where
ol r§+(rj)2+2a2+ 2n? e r§+(r:)2+ 2a%+ 2n2w—m
L 2a 7R 2a ’
(81)
g =q%=0, and p) =p% =0. (82)

Now let us turn to microscopic entropy calculation as-
sociated with the Q-picture hidden conformal symmetry.
As it has been mentioned previously, we need to add a
U(1) internal extra dimension in the theory denoted by
the coordinate y. Then, the corresponding five dimension-
al spacetime metric can be read as

ds? = ds? +(dy +A) (83)

where dsf1 is the near horizon metric of the near extremal
horizon (65) and A is the associated gauge field. Now, let
us consider the fluctuation of the five dimensional metric
with a set of coordinates {7, ¢, 6, 7, y} in the following
way,

o(?) om ou/m
o/n o)
o(1/7)

o(1/”) o)
oua/pn o)
0(1/;2) O(1/7)
o(1/7) oa/r
o)

(34)

The most general diffeomorphism that preserves the
boundary condition in (84) is

_de(y) 0

I’TE, (85)

]
W — 9
s —8(/\()8)(

where &(y) = exp(—igy). To compute the central charge,
we can generalize the treatment developed in [9] and we
can obtain

60 (rcrj -a* - nz)

1
= § =31 [ axyFGymat - e

(86)

Note that the negative value of this central charge
leads to the non-unitary CFT,. Therefore, to guarantee
the unitary, we have to impose r.r} >a’>+n*> and con-
sider positive values of O and K. However, sometimes the
non-unitary dual CFT, is unavoidable in several systems.
For example, in the case of a strong magnetic field for the
magnetized Kerr/CFT holography [33]. This central
charge can then be used to compute the microscopic en-
tropy using the Cardy formula

8]

§ =5 (PP +RTF). (87)
which recovers the entropy of the cosmological horizon
in KNTNdAS spacetime in Eq. (74).

Similar to the J-picture, the conjugate charges in Q-
picture can be extracted from the first law of thermody-
namics, i.e.,

_SM-QI6) —d'5Q  OEY . SEC
- T 0 0’
T TL TR

58 (88)

where Q'6J is given in (78) and ®’5Q’ is given in (79).
However, given that in the Q-picture we only consider
the case of m =0, the term Q’6J’ can be neglected. The
last equation can be solved by setting

OEY = wf —qpui » OEg = wi —agug, (89
where
00 n(r¢.+rj)(r3 +(r)? +2a2+2n2)w
L k 2Q(rcr;‘—a2—n2) ’
(90)
a7 = a3 =60c =9, oD
and
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2
n(rf +(r5)" +2a% + 2n2) n(re+r:)?
Hp = > Hp =

2(rert—a®—n?) R (rert—a—n2)’
92)

Before proceeding to the next section, let us discuss
here the results above. As we have mentioned in the in-
troduction, a holography for de Sitter geometry has been
reported in [15], where the author established a connec-
tion between the gravity theory in the D-dimensional de
Sitter space with a conformal field theory living in a (D-
1)-sphere. Particularly, for the three dimensional de Sit-
ter (dS3) background, the corresponding dual theory is a
two dimensional conformal field theory that is exactly the
case presented in this paper. Moreover, the technique to
compute the central charge that is associates with the
asymptotics symmetries of dS; is the analogous calcula-
tion presented by Brown and Henneaux in [34]. In fact,
the method of Brown and Henneaux for the central
charge is also the method adopted in Kerr/CFT corres-
pondence [8]. As we have mentioned previously, the
work presented in this paper is an application of
Kerr/CFT correspondence to the cosmological horizon of
the KNTNdAS spacetime. Therefore, one can say that ba-
sically the work in this paper and the dS/CFT correspond-
ence reported in [15] depart from the same basis. Note
that the author of [15] is also one of the authors of [8] and
[31], where the Kerr/CFT correspondence was estab-
lished.

However, the constructions of dS/CFT holography in
[15] and the one presented here differ in several aspects.
First, the dual CFT theory proposed in [15] is (D-1)-di-
mensional, with D as the dimension of the gravitational
theory in dSs. Typically in the Kerr/CFT holography, the
dual CFT theory is two dimensional regardless of the di-
mension of the bulk spacetime under consideration [10,
15]. Second, the asymptotic geometry considered in [15]
is still de Sitter, whereas in this paper the corresponding
near-horizon of (near)-extremal geometry that appeared
in Eq. (65) is warped anti-de Sitter. Consequently, these
different asymptotic geometries require different types of
boundary conditions to be used in the diffeomorphism
generators that lead to distinctive central charges. Third,
the central charge obtained in this work fails to reduce
smoothly to the non-rotating or neutral cases. It can be
observed that in general the central charges (72) and (86)
vanish in the case of a=0 and Q =0, respectively. This
limitation is well known for the Kerr/CFT correspond-
ence as it works for the rotating and/or charged case only,
i.e., the black hole/CFT correspondence for Schwarz-
schild black hole in the style of [8]is not well estab-
lished. Further, the holography for de Sitter spacetime es-
tablished in [15] can be extended to the case that incor-
porates black holes [35].

V. CFT, CORRELATORS AND SUPERRADIANT
SCATTERING

Normally, in the discussions of Kerr/CFT correspond-
ence for black holes, another evidence that supports the
holography is the dual calculation for scalar absorption
near the horizon. Similar to that, here we also provide
such calculations in the near cosmological horizon, and
show that the dictionary of Kert/CFT correspondence still
applies. To start, let us consider the frequency near the
superradiant bound for the scalar field,

a)—mQ—q(D:(I)E. (93)
oy

The scattering analysis can be conducted in the J- or
QO-picture, and consequently it should be feasible in the
general picture as well. Here let us consider the J-picture

only, where the corresponding radial equation is Eq. (41).
The solution to this equation reads

R(Q)=¢"(1-0PF(a,b,c;0), (94)

where é’ =(@r-r.) (r_ r:)—l ,

i = /6], (95)
2B=1-/1-4G7, (96)

and

a*=a+p+i —Gé , b*=a+ﬂ—iwl—Gé , ¢ =1+2a.
N

Moreover, the radial solution (94) in the near horizon
of the near extremal setup can be read as

R@Q)=2(1-2f F(ab.e:2), (98)
where
S G-pl2)
T ©9)

and the incorporating parameters are

ic‘x:,/G’{,

(100)
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(101)

2p=1-]1-4G/,

a*=a+p+i-G) , b*=a+p-i-G} , ¢ =1+2a,
(102)

and

(103)

Now, let us consider the asymptotics of the radial
solution (98) above. If one takes 7> u, which corres-

ponds to a large 7, the radial solution above reduces to
RO ~C L vC L (104)

In such asymptotics, one can get the corresponding
retarded Green function in the form

Gr~—.

+

(105)

Explicitly, in our near horizon of the near extremal
setup, the reading of this retarded Green function is

Cra-2n  T(h-i(G]-Gy))r(h-i(G] +Gy))
F@h=Dr(1-n-i(G]-G3))r(1-h-i(G/+GJ))
(106)

R

Interestingly, the Green function above has an agree-
ment with a two point function of the scalar operator in a
CFT,. For a scalar operator O that is dual to the scalar
test probe, the two point function can be written as

G(r*,77) =(0" (v*,77),0(0,0)), (107)
where the left and right moving coordinates in a two di-
mensional worldsheet are given by r* and 7~, respect-

ively. The two point function (107) is dictated by the con-

formal invariance and can be read as [32, 29]

7 2h, 7 iy
G(T+ T_) ~ (_1)]1,{+hk 4 L g R
sinh (nTZT* ) sinh (nTéT*)
i@t +auT)

(108)

where (hg, hg) are the conformal dimensions, and
hy = hg = h. It is understood that (qi q{e) are the charges,

(TZ, Tlg) are the temperatures, and (ui u,’e) are t}le chem-
ical potentials associated with the operator O. In the
equation above, we have incorporated the parameters in

the J-picture. The Euclidean correlator can be evaluated

J

R} axis, i.e.,

along the positive imaginary {wi, w

Ge(w] pow] ;) = Gr(iw] p.iw] ), (109)

for a positive {w{ W) E}. In the theory with a finite tem-
perature, wj . and wy . are discrete and take the values of
Matsubara frequencies,

J
Wy g

WR.E
" 2 mg, 110
T . (110)

=my and —— =
L 27rT1€
where m; and my are integers.

A Wick rotation is performed to the 2D worldsheet
coordinate, i.e.,

™ —ir, and T — itg,

(111)
where the Euclidean time 7, and 7z have the periodicity
2n/T] and 27/T}, respectively. Accordingly, the Euc-

lidean correlator obtained from the two point function
(107) can be written as

J J J2h =1 j2h—1
Gk (wL,E’wR,E) ~Tp o Ty

o7 ~ o7 &’
expiﬂ+% I“hL+£FhL—i
21} 2T} 2T} 2nT]

WRE WRE
XV hg+ —— |T'|hg - —= 1, 112
( K ZnTé] ( K 27rTl{) (112)
where
Wy p = wp p—iquuy and @ p = wp p—iqpup.  (113)

The agreement between (112) and (106) establishes
the correspondence between a two dimensional conform-
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al field theory and the cosmological horizon in terms of
scalar absorption calculation. It can be viewed as another
supporting evidence for the Kerr/CFT correspondence of
the cosmological horizon.

VI. PAIR PRODUCTION

It has been shown that there exists a strong correla-
tion between the existence of non-extremal Kerr/CFT
correspondence and the pair production known as
Schwinger effect near the horizon at the near extremal
state [19, 20]. In the previous sections, we have shown
that the Kerr/CFT holography dictionary can also be ap-
plied to the cosmological horizon. This motivates us to
investigate the possibility for the Schwinger effect to take
place near the KNTNdAS cosmological horizon. However,
the required near horizon transformation is slightly differ-
ent compared to the one in Eq. (64) when we compute the
central charge. The appropriate one to show the Schwing-
er effect is

(?3 +a?+ nz)
A()S
Q (?(2) +ad®+ n2>

o0&

r— fo+ef, dt — dr,

do — dd+ df. (114)

Note that we use the "hat" notation for the near hori-
zon coordinate to distinguish it with the "tilde" one in
(65). In addition to the coordinate changes above, the
mass is also shifted as

AoB* ,
—&“.
2}’0

M — Mo+ (115)

Applying the transformations above to the spacetime
metric (2) and the vector solution (5) followed by taking
& — 0 yields

2 2

2
<1s2=—'o—°(f2—192)df24r Po gy Lo gy
AV Ao (72— B2) AVZAW
ZPNA, (. 2aFyF
+ 22 (d¢+ “Wdt) (116)
02 ZAo
where Z = 73 +a” +n?,
2 ~2 2
Ao = l_a +6(r0+n ), (117)
12
p% =P+ (n+ax)?, (118)

and the corresponding gauge field is

Q(;’g —(n+ ax)z) ?df— Qfozdé.

. - (119)
pOAO apy

Aydat = -

Interestingly, the result for the near horizon geometry
(116) looks similar to the near horizon metric (65) that
gives the central charge (72). However, a closer look will
show that these near horizon metrics are actually differ-
ent from one another. This is understandable because the
associated coordinate transformations to produce these
near horizon metrics are slightly different. The coordin-
ate transformation (64) incorporates the variables r and
K, which are basically the outcome of approaching A, in
the KNTNdAS metric (2) to be quadratic in 7. Recall that
such quadratic property is required to reveal the hidden
conformal symmetry of the scalar probe. Accordingly, the
associated central charge for the near horizon geometry
(65) is the one needed to produce the Cardy entropy (74)
after employing the left and right movers temperatures in
the related hidden conformal symmetry generators.
Meanwhile, the near horizon geometry (116) and the cor-
responding coordinate transformation (114) do not incor-
porate r: and K, as we consider the KNTNAS line ele-
ment without any approximation for the A, function.
However, suppose that the central charge that corres-
ponds to the asymptotic symmetry of the near horizon
geometry (116) is computed. The resulting entropy after
using the Cardy formula and the suitable temperatures
obtained in Sec. III will not match the expected entropy
for the KNTNAS cosmological horizon. Nevertheless, for
the case without cosmological constant, the near horizon
of extremal black holes obtained by using the coordinate
transformation (114) can give the appropriate central
charge to reproduce the related Bekenstein-Hawking en-
tropy. For example, using the general central charge for-
mula (71) for the near horizon of the extremal Kerr-New-
man black hole in [36] gives the correct central charge
¢ =12Ma for the microscopic entropy calculation in J-
picture [28]. Note that Ref. [36] discusses the Schwinger
effect near the Kerr-Newman black hole.

Now let us consider the Klein-Gordon equation for a
charged massive test scalar in the near horizon of the near
extremal geometry constructed above. The general form
reads

(Vi +igAL) (V4 +igA) P = 12¥, (120)

where u is mass for the scalar field. To proceed, we em-
ploy a similar ansatz as the one we used to show the hid-

den conformal symmetry in Sec. III. In the appropriate
coordinate, it reads
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N

& = exp (—idf +imd) X (1) R(7) . (121)
Subsequently, the resulting equations are

Aod: {(7 = B?) 0:R (7)) +

(ZAo&> — qQZF + 2Fgam?)*
—’Z-4 R =0, 122

and

ax {AZAXX(X)} -

{ (qQ?oZ - ap(z)rh)2

2 _
ZAZA, —u(aAy —2nx) - /ll}X(x) =0. (123)

Accordingly, the effective mass in the radial Eq.
(122) can be written as [19-21]

S 2
2 2 (Foain—q0Z)” LA (124)
eff 73 AO
The corresponding Breitenlohner-Freedman bound
that associates to the stability condition in the near hori-

. 1
zon of AdS space, i.e., mgff > — L2, can be expressed as

4 AdS?
A
2 5 20

et (125)

m

The violation of the Breitenlohner-Freedman bound
as stated in (125) leads to the Schwinger effect near the
cosmological horizon in the KNTNAS spacetime. Similar
to the pair production from the black hole horizon in the
near extremal state, such an effect can also take place
near the cosmological horizon. Indeed, the horizon must
be in the near extremal condition, so it has the warped
AdS structure that is needed in the prescription to show
the Schwinger effect [19, 20].

We do not present here the thermal interpretation for
the Schwinger effect above. However, this can be done
straightforwardly by following the prescription given in
[19, 21]. Illustrations for the Breitenlohner-Freedman
bound violation are given in Fig. 4 where the correspond-
ing 7y values are evaluated in Fig. 5. Note that we re-
quire 7y to be real so the corresponding plots in Fig. 4 are
well defined. The plots in Fig. 4 confirm that the pair pro-
duction can exist, and we can observe how the NUT para-

. A
meter affects the magnitude of T =m2; + =0 <0. Thus,

we can infer that the presence of the NUT parameter
yields the stronger violation of the Breitenlohner-Freed-

A
M
0.01 0.02 0.03 0.04 0.05

-5000+

Y
~15000
-20000
-25000-
Fig. 4. Plots for T = m?, + -2
ig. 4. Plots for T'=n; + .
€
M
0.01 0.02 0.03 0.04 0.05
50001
—n=001M
/7 S n=005M
~10000 B,
_0 : i
M -15000—:5,’
1
|
—20000711
|
-25000 1
Fig. 5. Values of 7 that correspond to the plots in Fig. 4.
man bound.

VII. CONCLUSION

In this work, we presented the hidden conformal sym-
metry for the cosmological horizon in the KNTNdAS
spacetime. As expected, the symmetry does exist for the
cosmological horizon in a similar way to that in the black
hole case. The method to construct the symmetry is
straightforward by using the prescription that is normally
employed for the black hole horizon. The obtained hid-
den conformal symmetry allows one to consider the
Kerr/CFT holography for the cosmological horizon, such
as in reproducing the entropy and the absorption cross
section. The compatibility of the Kert/CFT holography
for the cosmological horizon is expected owing to the
similarities between the black hole and cosmological ho-
rizons, for example, the associated entropy and Hawking
radiation.

Interestingly, the AdS,xS? or warped AdS ;structure
of the near horizon of a near extremal black hole can be
used for showing the Schwinger effect near the black hole
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horizon. In fact, these structures of the horizon play an
important role in computing the central charge in the
Cardy formula. After showing the compatibility of the
Kerr/CFT holography for the cosmological horizon in the
KNTNAS spacetime, we show that the Schwinger effect
can also occur near this horizon. Obviously, such an ef-
fect can also take place near the cosmological horizon of
some special cases in the family of the KNTNdS space-
time. That includes the Reissner-Nordstrom-NUT-de Sit-
ter spacetime and the Kerr-NUT-de Sitter spacetime, in-
cluding the vanishing NUT parameter consideration.

For the future works, we can investigate the hidden

conformal symmetry and pair production near the cosmo-
logical horizon of the dilatonic de Sitter [37]. Such study
for the de Sitter geometry in the low energy heterotic
string theory [38] can also be attractive, considering that
the Kerr/CFT can be applied to this case [11]. Studying
the pair production near the Kaluza-Klein black hole can
also be interesting, owing to its resemblances to the Kerr-
Newman case.
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