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Abstract: According to a corrected dispersion relation proposed in the study on the string theory and quantum grav-
ity theory, the Rarita-Schwinger equation was precisely modified, which resulted in the Rarita-Schwinger-Hamilton-
Jacobi equation. Using this equation, the characteristics of arbitrary spin fermion quantum tunneling radiation from
non-stationary Kerr-de Sitter black holes were determined. A number of accurately corrected physical quantities, such
as surface gravity, chemical potential, tunneling probability, and Hawking temperature, which describe the properties
of  black  holes,  were  derived.  This  research  has  enriched  the  research  methods  and  enabled  increased  precision  in
black hole physics research.
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1    Introduction

Hawking used the quantum theory to postulate that a
black  hole  radiates  particles  outside  its  event  horizon.
Presently, this  radiation  is  known  as  the  Hawking  radi-
ation. The  Hawking  black  hole  radiation  theory  pro-
foundly reveals  intimate  connections  among  the  gravita-
tion theory,  the quantum theory,  and the thermodynamic
statistical  physics.  Hawking  did  not  use  the  concepts  of
quantum  tunneling  and  potential  barrier  in  his  specific
calculation,  nor  did  he  consider  the  influence  of  the
particles'  emission  on  the  black  hole's  mass  or  its  event
horizon, although he had used the quantum tunneling ef-
fect when proposing the black hole radiation [1, 2]. Such
a  calculation  resulted  in  the  Hawking radiation  having  a
precise  form of  the  Planck blackbody radiation,  but  also
led  to  the  paradox of  the  black  hole  “information  loss”.

Such  an  information  loss  (non-conservation)  would  lead
to a major crisis in quantum theory.

h̄

Hawking's theory  of  tunneling  radiation  spurred  re-
searchers to study black holes. Kraus, Parikh, Wilczek et
al. studied the quantum tunneling radiation of black holes
by considering the energy conservation conditions in the
radiation process, and explained Hawking's thermal radi-
ation satisfactorily.  This  theory  not  only  revised  Hawk-
ing's pure thermal radiation theory, but also promoted the
research  and  development  of  black  hole  physics  [3-10].
Then,  the  semi-classical  Hamilton-Jacobi  method  was
proposed for  studying  the  black  holes'  tunneling  radi-
ation  [11, 12].  Using  this  method,  the  Klein-Gordon
equation describing the behavior of "spin 0" particles was
rewritten  as  action,  and  then  was  expanded  using  the
Wentzel-Kramers-Brillouin  (WKB)  approximation.  The
terms  containing  (which  was  considered  as  a  small
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quantity) were ignored, and the semi-classical Hamilton-
Jacobi  equation  (herein  referred  to  as  the  H-J  equation)
was obtained. Subsequently, the semi-classical H-J meth-
od was  extensively  developed  to  study  Hawking  radi-
ation and black hole temperature. Kenner and Mann et al.
firstly  used  the  semi-classical  method  to  study  the
quantum  tunneling  of  fermions  with  spin-1/2  [13, 14].
They  decomposed  the  field  equation  into  the  "spin  up"
and "spin down" cases, and obtained the tunneling rate of
Dirac particles and the temperature of black holes. Baner-
jee et al. proposed an extended Hamilton-Jacobi method,
beyond the semi-classical  approximation,  by considering
all  the  terms  in  the  expansion  of  the  one-particle  action
[15].  Yang and Lin developed the semi-classical  method
and derived the H-J equation from the Dirac equation for
spin-1/2 fermions by selecting the gamma matrix in high-
er-dimensional and lower-dimensional curved space-time
[16, 17]. Later, this semi-classical H-J method was gener-
alized  to  the  Rarita-Schwinger  equation  (herein  referred
to as the R-S equation) for spin-3/2 fermions, from which
the  H-J  equation  was  also  obtained  [18-21].  That  is  to
say, the H-J equation can uniformly describe the dynam-
ic behavior of arbitrary spin fermions in the curved space-
time.  Chen,  Gecim et  al.  studied  the  effects  of  quantum
gravity  on  black  holes  utilizing  the  semi-classical  H-J
method and introducing the generalized uncertainty prin-
ciple  (GUP)  [22-32].  Through  this  semi-classical  H-J
method,  the  calculation  process  was  simplified,  and  so
the amount of calculations was greatly reduced.

Recent research  on  the  quantum  gravity  theory  sug-
gested  that  the  Lorentz  dispersion  relation  needed  to  be
modified  for  high  energies  [33-38].  Accordingly,  the
quantum  tunneling  radiation  at  the  event  horizon  of  a
black hole has to be modified, owing to the conservation
of energy and momentum. Since the H-J equation in the
curved space-time corresponds to the Lorentz relation of
energy and momentum in the curved space-time, the cor-
rection  of  the  Lorentz  dispersion  relation  will  inevitably
correct the  H-J  equation  of  particles  in  a  strong  gravita-
tional field, which will  lead to the correction of physical
quantities such  as  the  quantum tunneling  rates  of  fermi-
ons  or  bosons  and  the  black  hole  temperature.  Although
the modification of the Lorentz dispersion relation is only
a small correction on the Planck scale, it significantly im-
pacts the quantum tunneling radiation properties of black
holes  [39-43]. Accurately  correcting  the  tunneling  of  ar-
bitrary spin fermions at the event horizon of a black hole
is a subject that merits further studies.

Some studies have been done on the correction of the
tunneling  radiation  of  static  and  stationary  black  holes
[19-21, 44-51]. Actually, real black holes in the universe
appear as  non-stationary  black  holes,  owing  to  evapora-
tion,  accretion,  or  mergers.  For  non-stationary  black
holes, Zhao et al. proposed a method for determining the

black  hole  temperature  at  the  event  horizon  –  the  so-
called  tortoise  coordinate  transformation  [52]. Sub-
sequently, a series of studies were conducted on non-sta-
tionary black holes [53-57]. However, only a few studies
have been reported on the correction of the quantum tun-
neling radiation from non-stationary black holes based on
the  corrected  Lorentz  dispersion  relation,  which  merits
further  studies.  In  this  paper,  the  arbitrary  spin  fermion
quantum  tunneling  from  a  non-stationary  Kerr-de  Sitter
black hole is studied, using the corrected Lorentz disper-
sion relation.

The  remainder  of  this  paper  is  organized  as  follows.
In  section  2,  the  dynamics  equation  of  fermions  in  the
non-stationary Kerr-de Sitter space-time is derived, based
on the corrected Lorentz dispersion relation. In section 3,
some  precisely  corrected,  important  physical  quantities
describing the quantum tunneling characteristics of arbit-
rary spin fermions are obtained, subsequently yielding the
black hole  temperature.  In  section  4,  the  study  conclu-
sions  and  some  discussions,  including  that  on  the  black
hole entropy, are presented.

2    Correction of the dynamic equation for ar-
bitrary  spin  fermions  in  non-stationary
Kerr-de Sitter space-time

The modified Lorentz dispersion relation proposed in
string theory and quantum gravity theory is [36-38, 58, 59]

p2
0 = p2+m2− (Lp0)αp2, (1)

α = 2where L is a constant on the Planck scale. When  is
considered, the general fermions' dynamic equation—R-S
equation  [60, 61]  can  be  extended  to  the  Kerr-de  Sitter
curved space-time as [19-21](

γµDµ+
m
h̄
−σh̄γtDtγ

jD j

)
ψα1···αk

= 0, (2)

γµwhere  is the gamma matrix in curved space-time, sat-
isfying the following condition:

{γµ,γν} = 2gµνI, (3)

Dµand  is  the  covariant  derivative  operation  symbol  of
curved space-time, that is

Dµ = ∂µ+Ωµ+
i
h̄

eAµ, (4)

Ωµ
0 < σ≪ 1

σh̄γtDtγ
jD jψα1···αk

where  is  the  rotational  connection  in  curved  space-
time.  As  quantum  scale  corrections, ,  so

 is  a  small  term.  This  matrix  equation
can  only  be  solved  in  the  specific  curved  space-time,  so
the fermions' wave function is set first as

ψα1···αk
= ξα1···αk

e
i
h̄
S , (5)
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where S is  the  action  of  fermions  with  mass m in  the
space-time of the Kerr-de Sitter black hole.

In order to solve Eq. (2), we rewrite it as

(iγµ∂µS +m+σγv∂vS γ j∂ jS )ξα1···αk
= 0, (6)

µ = 0,1,2,3; j = 1,2,3where .  For  a  non-stationary  black
hole, we use the advanced Eddington coordinate v to rep-
resent  the  dynamic  characteristics.  To  solve  Eq.  (6),
define

Γµ = iγµ+σ∂vS γvγµ, Γν = iγν+σ∂vS γvγν,

mD = m−σgvv(∂vS )2, (7)

so Eq. (6) becomes

(Γµ∂µS +mD)ξα1···αk
= 0. (8)

Γµ∂µSMultiplying both sides of Eq. (8) by , we obtain

(ΓνΓµ∂νS ∂µS −m2
D)ξα1···αk

= 0, (9)

(ΓµΓν∂µS ∂νS −m2
D)ξα1···αk

= 0. (10)

Eqs. (9) and (10) are equivalent. Adding Eqs. (9) and (10)
and considering Eqs. (7) and (3), we obtain

[gµν∂µS ∂νS −2iσ∂vS gvν∂νS γµ∂µS −σ2(∂vS gvν∂νS )2+m2−2mσgvv(∂vS )2+σ2(gvv)2(∂vS )4]ξα1···αk
= 0. (11)

−2∂vS gvν∂νSDividing both sides of Eq. (11) by , we obtain{
iσγµ∂µS −

gµν∂µS ∂νS −σ2(∂vS gvν∂νS )2+m2−2mσgvv(∂vS )2+σ2(gvv)2(∂vS )4

2∂vS gvν∂νS

}
ξα1···αk

= 0. (12)

Defining

ml = −
gµν∂µS ∂νS −σ2(∂vS gvν∂νS )2+m2−2mσgvv(∂vS )2+σ2(gvv)2(∂vS )4

2∂vS gvν∂νS
, (13)

Eq. (11) becomes

(iσγµ∂µS +ml)ξα1···αk
= 0. (14)

iσγν∂νSMultiplying both sides of Eq. (14) by , we obtain

(σ2γµγν∂µS ∂νS +m2
l )ξα1···αk

= 0. (15)

µ νIn Eq. (15),  and  are interchanged, yielding Eq. (16) as

(σ2γνγµ∂νS ∂µS +m2
l )ξα1···αk

= 0. (16)

Adding  Eq.  (15)  and  Eq.  (16)  and  combining  with  Eq.
(3), we obtain

(σ2gµν∂µS ∂νS +m2
l )ξα1···αk

= 0. (17)

Eq. (17) is  a matrix equation. In fact,  it  is  an eigenvalue
equation, which has a  non-zero solution when its  coeffi-
cient determinant is zero. That is

σ2gµν∂µS ∂νS +
{
−

gµν∂µS ∂νS −σ2(∂vS gvν∂νS )2+m2−2mσgvv(∂vS )2+σ2(gvv)2(∂vS )4

2∂vS gvν∂νS

}2

= 0. (18)

gµν∂µS ∂νS = −m2Taking notice of , Eq. (18) becomes

gµν∂µS ∂νS +m2−2mσgvv(∂vS )2−2mσ∂vS gvν∂νS −σ2(∂vS gvν∂νS )2+σ2(gvv)2(∂vS )4 = 0. (19)

σWe have  maintained  the  correction  item of  in  Eq.
(19),  so  Eq.  (19)  is  the  precisely  corrected  R-S equation
considering the corrected Lorentz dispersion relation. Ob-
viously,  it  is  actually  also  an  accurately  corrected  H-J
equation;  we  call  Eq.  (19)  the  Rarita-Schwinger-
Hamilton-Jacobi equation (R-S-H-J equation). In the fol-
lowing,  we  will  use  this  precisely  corrected  R-S-H-J
equation to study the dynamic behavior of  arbitrary spin
fermions in the non-stationary Kerr-de Sitter space-time;
thus, we will study the properties of black holes.

3    Accurate correction of arbitrary spin fermi-
on tunneling from the non-stationary Kerr-
de Sitter black hole

In the advanced Eddington-Finkelstein coordinate, the
line  element  of  the  non-stationary  Kerr-de  Sitter  black
hole can be written as [62, 63]
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ds2 =A
1
Σ

(∆λ−∆θa2 sin2 θ)dv2

−2
√

A(dv−asin2 θdφ)dr− Σ
∆θ

dθ2

+A
2a
Σ

[∆θ(r2+a2)−∆λ] sin2 θdvdφ

−A
1
Σ

[∆θ(r2+a2)−∆λ sin2 θ] sin2 θdφ2, (20)

where

A =
(
1+

1
3
Λa2

)−2

,

Σ =r2+a2 cos2 θ,

∆λ =r2+a2−2Mr− 1
3
Λr2(r2+a2),

∆θ =1+
1
3
Λa2 cos2 θ,

M =M(v),
a =a(v). (21)

M is the mass of the black hole, and a is the angular mo-
mentum per  unit  mass  of  the black hole.  From Eq.  (20),
the  non-zero  components  of  the  contravariant  metric
tensor of the black hole are

g00 =− a2 sin2 θ

∆θAΣ
,

g11 =− ∆λ
Σ
,

g22 =− ∆θ
Σ
,

g33 =− 1
∆θAΣsin2 θ

,

g01 =g10 = − r2+a2

√
AΣ

,

g03 =g30 = − a
∆θAΣ

,

g13 =g31 = − a
√

AΣ
. (22)

According  to  the  zero  hypersurface  condition,  the  event
horizon equation satisfies

gµν
∂ f
∂xµ

∂ f
∂xν
= 0, (23)

φ
∂ f
∂φ = 0

where f is a hypersurface. Since the Kerr-de Sitter space-
time  is  axisymmetric,  Eq.  (23)  is  independent  of ,  so

, and the equation of the event horizon of the Kerr-
de Sitter black hole can be expressed as

g00
{
∂ f
∂v

}2

+g11
{
∂ f
∂r

}2

+g22
{
∂ f
∂θ

}2

+2g01 ∂ f
∂v

∂ f
∂r
= 0. (24)

Its zero hypersurface is

f = f (r,v, θ) = 0, (25)

θ r = r(v, θ)where r is the function of v and , .  In order to
obtain the position of the event horizon of the black hole,
we need to calculate the rate of change of f with respect
to each of its components. Taking the partial derivative of
Eq. (25), we obtain

∂ f
∂v
=− ∂ f

∂r
∂r
∂v
,

∂ f
∂θ
=− ∂ f

∂r
∂r
∂θ
, (26)

so Eq. (24) becomes

g00
{
∂r
∂v

}2

+g11+g22
{
∂r
∂θ

}2

+2g01 ∂r
∂v
= 0. (27)

g00,g11,g22,g01

r→ rH

Substituting the expressions of  in Eq. (22)
into Eq. (27), when , the equation of the event ho-
rizon is obtained as follows

a2 sin2 θṙ2
H −2∆θ

√
A(r2

H +a2)ṙH +∆λ∆θA+∆2
θAr

′2
H = 0, (28)

where

ṙH =
∂rH

∂v
,

r
′

H =
∂rH

∂θ
, (29)

which represents  the  change of  the  position  of  the  event
horizon  with  time  and  angle,  respectively.  For  the  Kerr-
de Sitter black hole, substituting Eq. (22) into Eq. (19) —
the  accurately  corrected  R-S-H-J  equation,  the  specific
expression of Eq. (19) is

g00
{
∂S
∂v

}2

+g11
{
∂S
∂r

}2

+g22
{
∂S
∂θ

}2

+g33
{
∂S
∂φ

}2

+2g01 ∂S
∂v

∂S
∂r
+2g03 ∂S

∂v
∂S
∂φ
+2g13 ∂S

∂r
∂S
∂φ

+m2−2mσ
∂S
∂v

{
g00 ∂S

∂v
+g01 ∂S

∂r
+g03 ∂S

∂φ

}
−2mσg00

{
∂S
∂v

}2

+σ2(g00)2
{
∂S
∂v

}4

−σ2
{
∂S
∂v

}2

{

g00 ∂S
∂v

}2

+

{
g01 ∂S

∂r

}2

+

{
g03 ∂S

∂φ

}2
 = 0.

(30)
Since the event horizon of the black hole varies with

time,  it  requires  using  a  generalized  tortoise  coordinate
transformation to solve the tunneling probability of fermi-
ons from the event horizon of the black hole. The Kerr-de
Sitter  black  hole  is  an  axisymmetric  black  hole,  so  we
perform the following transformation

r∗ =r+
1
2κ

ln
r− rH(v, θ)
rH(v0, θ0)

,

v∗ =v− v0,

θ∗ =θ− θ0. (31)

Chinese Physics C    Vol. 44, No. 12 (2020) 125104

125104-4



Taking the partial derivative of Eq. (31), we obtain
∂S
∂r
=
∂S
∂r∗

2κ[r− rH(v, θ)]+1
2κ[r− rH(v, θ)]

,

∂S
∂v
=
∂S
∂v∗
− ∂S
∂r∗

ṙH

2κ[r− rH(v, θ)]
,

∂S
∂θ
=
∂S
∂θ∗
− ∂S
∂r∗

r
′

H

2κ[r− rH(v, θ)]
, (32)

where

ṙH(v, θ) =
∂rH(v, θ)

∂v
,

r
′

H(v, θ) =
∂rH(v, θ)

∂θ
, (33)

which implies that the position of the event horizon var-
ies with time and angle,  respectively. In the Kerr-de Sit-

ter  space-time,  the  action  of  arbitrary  spin  fermions  can
be expressed as follows:

S = S (v∗,r∗, θ∗,φ). (34)
Although S cannot be separated, it is certain that

∂S
∂v∗
=−ω,

∂S
∂φ
=n, (35)

and let
∂S
∂θ∗
= Pθ∗ . (36)

O(σ2)
Eq. (30) is further simplified by writing the second-order
small  quantity  as ,  which  is  not  considered  in  the
separation of variables; thus, we obtain

(1−4mσ)g00
{
∂S
∂v

}2

+g11
{
∂S
∂r

}2

+g22
{
∂S
∂θ

}2

+g33
{
∂S
∂φ

}2

+2(1−2mσ)g01 ∂S
∂v

∂S
∂r
+2(1−mσ)g03 ∂S

∂v
∂S
∂φ
+2g13 ∂S

∂r
∂S
∂φ
+m2+O(σ2) = 0. (37)

Substituting Eqs. (32), (33), (35), and (36) into Eq. (37), we obtain (for compactness, the symbol (v, θ) of the independ-
ent variables is omitted in the following.)

(1−4mσ)g00 ˙rH
2+g11{2κ[r− rH]+1}2+g22r

′2
H −2(1−mσ)g01{2κ[r− rH]+1}ṙH

2κ[r− rH]

{
∂S
∂r∗

}2

−{−2(1−4mσ)g00 ˙rH +2(1−mσ)g01{2κ[r− rH]+1}}ω∂S
∂r∗

+ {−2(1−mσ)g03ṙHn+2g13{2κ[r− rH]+1}n−2g22r
′2
H Pθ∗ }

∂S
∂r∗

+ [(1−4mσ)g00ω2−2(1−mσ)g03ωn+g22P2
θ∗
+g33n2+m2−O(σ2)]2κ[r− rH] = 0. (38)

r→ rHSubstituting Eq. (22) into Eq. (38), and using  to simplify the obtained equation, we obtain

(1−4mσ)a2 sin2 θṙ2
H +∆λ∆θA{2κ[r− rH]+1}2+∆2

θr
′2
H −2(1−mσ)∆θ

√
A(r2+a2){2κ[r− rH]+1}ṙH

2κ[r− rH]

{
∂S
∂r∗

}2

−2{−(1−4mσ)a2 sin2 θṙH + (1−mσ)∆θ
√

A(r2+a2){2κ[r− rH]+1}}ω∂S
∂r∗

+2{−a(1−mσ)ṙHn+a∆θ
√

A{2κ[r− rH]+1}n−∆2
θAr

′2
H Pθ∗ }

∂S
∂r∗
= 0. (39)

Let

A0 =
(1−4mσ)a2 sin2 θṙ2

H +∆λ∆θA{2κ[r− rH]+1}2+∆2
θr

′2
H −2(1−mσ)∆θ

√
A(r2+a2){2κ[r− rH]+1}ṙH

2κ[r− rH]
,

B0 ={−(1−4mσ)a2 sin2 θṙH + (1−mσ)∆θ
√

A(r2+a2){2κ[r− rH]+1}},

C0 ={−a(1−mσ)ṙHn+a∆θ
√

A{2κ[r− rH]+1}n−∆2
θAr

′2
H Pθ∗ }. (40)

B0Dividing both sides of Eq. (39) by , Eq. (39) becomes

A0

B0

{
∂S
∂r∗

}2

−2ω
∂S
∂r∗
+2

C0

B0

∂S
∂r∗
= 0. (41)
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r→ rH

{
∂S
∂r∗

}2
When , the limit of the coefficient of  at the event horizon should be equal to one, that is

lim
r→rH

A0

B0
=

(1−4mσ)a2 sin2 θṙ2
H +∆λ∆θA{2κ[r− rH]+1}2+∆2

θr
′2
H −2(1−mσ)∆θ

√
A(r2+a2){2κ[r− rH]+1}ṙH

2κ[r− rH]{−(1−4mσ)a2 sin2 θṙH + (1−mσ)∆θ
√

A(r2+a2){2κ[r− rH]+1}}
= 1. (42)

r→ rH
r→ rH κ

In Eq. (42), the limit of the denominator is zero when ; thus, the limit of the numerator should also be zero
when . Using L'hopital's rule, we can work out  as

κ =

(
rH −M− 2

3
Λr3

H −
1
3
Λa2rH

)
∆θA−2(1−mσ)

√
A∆θrH ṙH

(r2
H +a2)

√
A∆θ +2(r2

H +a2)
√

A∆θ ṙH −a2 sin2 θṙH −2∆θA∆λ
[1+σm̃− (σm̃)2+ · · · ], (43)

where

m̃ =
m[(r2

H +a2)
√

A∆θ +2(r2
H +a2)

√
A∆θ ṙH −4a2 sin2 θṙH]

(r2
H +a2)

√
A∆θ +2(r2

H +a2)
√

A∆θ ṙH −a2 sin2 θṙH −2∆θA∆λ
. (44)

m̃ = m κ

limr→rH

C0

B0
= ω0

For  the  Schwarzschild  space-time,  it  can  be  proved  that .  is  the  precisely  corrected  surface  gravity  at  the
event horizon. Taking , we obtain

ω0 =
∆θ
√

Aan+∆θr
′

HPθ∗ − (1−mσ)aṙHn

∆θ
√

A(r2
H +a2)−a2 sin2 θṙH

[1+σm′− (σm′)2+ · · · ], (45)

where

m′ =
m[∆θ

√
A(r2

H +a2)−4a2 sin2 θṙH]

∆θ
√

A(r2
H +a2)−a2 sin2 θṙH

. (46)

ω0

r→ rH

 is  the  exact  corrected  chemical  potential.  Combined
with Eqs.  (42)  and  (45),  Eq.  (41)  can  be  written  as  fol-
lows when {

∂S
∂r∗

}2

− (ω−ω0)
{
∂S
∂r∗

}
= 0. (47)

∂s
∂r
=
∂s
∂r∗

2κ(r− rH)+1
κ(r− rH)

Substituting  in  Eq.  (32)  into  Eq.
(47), we obtain{

∂S
∂r

}
±
= [(ω−ω0)± (ω−ω0)]

κ(r− rH)+1
κ(r− rH)

. (48)

r→ rHWhen , the residue theorem can be applied to ob-

tain

S ± = lim
r→rH

∫
[(ω−ω0)± (ω−ω0)]

κ(r− rH)+1
κ(r− rH)

dr

=πi
(ω−ω0)± (ω−ω0)

2κ
. (49)

According to the tunneling theory,  we obtain the tunnel-
ing probability of an arbitrary spin fermion in the space-
time of the Kerr-de Sitter black hole

Γ =exp[−2(ImS +− ImS −)]

=exp
{
−2π(ω−ω0)

κ

}
=exp

{
−ω−ω0

TH

}
. (50)

where

TH =
1

2π

(
rH −M− 2

3
Λr3

H −
1
3
Λa2rH

)
∆θA−2(1−mσ)

√
A∆θrH ṙH

(r2
H +a2)

√
A∆θ +2(r2

H +a2)
√

A∆θ ṙH −a2 sin2 θ ˙rH −2∆θA∆λ
[1+σm̃− (σm̃)2+ · · · ]. (51)

THIn  Eq.  (51),  is  the  precisely  corrected  Hawking
temperature at the event horizon of the black hole. This is
a  new  form  of  the  Hawking  temperature  expression  for
the Kerr-de Sitter black holes.

From the  demonstration  in  this  section,  we  note  that
using the modified R-S-H-J equation based on the correc-
ted Lorentz dispersion relation, we have obtained a series
of  precisely  corrected  physical  quantities  of  the  Kerr-de

σ

Sitter black holes,  including the surface gravity,  chemic-
al potential, tunneling probability of arbitrary spin fermi-
ons, and  Hawking  temperature.  The  correction  is  indic-
ated by the parameter . From Eqs. (43), (45), (50), and
(51), it  is  observed that for a non-stationary Kerr-de Sit-
ter  black  hole,  the  surface  gravity,  chemical  potential,
tunneling  probability,  and  Hawking  temperature  change
with  time  as  the  event  horizon  surface  changes.  The
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θchemical potential also varies with angle .

4    Discussion and conclusion

α = 2

σ

In this  paper,  based  on  the  modified  Lorentz  disper-
sion relation on the quantum scale and with the condition

 selected, we  derived  the  modified  R-S-H-J  equa-
tion  by  properly  selecting  the  transformation  matrix  and
using the semi-classical method. By using the derived R-
S-H-J  equation,  we  solved  the  dynamic  Kerr-de  Sitter
black  hole  using  the  tortoise  coordinate  transformation,
and  obtained  the  accurately  corrected  surface  gravity,
chemical  potential,  tunneling  probability,  and  Hawking
temperature.  Although  the  correction  term  is  a  small
quantity, it is still worth further studying.

S s

Another important physical quantity in the thermody-
namics of black holes is the black hole entropy. Accord-
ing to the first law of thermodynamics, the entropy  of
a black hole can be expressed as

dM = TdS s+VdJ+UdQ. (52)

For the Kerr-de Sitter black hole,

dS s =
dM−VdJ

T
. (53)

r = rH

The  exactly  corrected  entropy  at  the  event  horizon
 of the black hole can be expressed as

S s
rH
=

∫
dM−VdJ

TH

=

∫
dM−VdJ

T0
(1−σm̃)[1−σ ˜̃m+ (σ ˜̃m)2− · · · ], (54)

where

˜̃m =
2m
√

A∆θrH ṙH(
rH −M− 2

3
Λr3

H −
1
3
Λa2rH

)
∆θA−2

√
A∆θrH ṙH

. (55)

dM−VdJ
T0

= dS s
0

T0

In  Eq.  (53)  and  Eq.  (54),  the  relational  formula

 represents the black hole entropy before
the correction,  and  represents the  Hawking temperat-
ure before the correction, which is

T0 =
1

2π

(
rH −M− 2

3
Λr3

H −
1
3
Λa2rH

)
∆θA−2

√
A∆θrH ṙH

(r2
H +a2)

√
A∆θ +2(r2

H +a2)
√

A∆θ ṙH −a2 sin2 θ ˙rH −2∆θA∆λ
. (56)

T = 1
8πM

When not considering the correction and returning to
the  Schwarzschild  space-time,  combining  Eqs.  (21)  and
(28),  Eqs.  (51)  and  (56)  revert  to  the  form  of ,
which also proves the correctness of the obtained results.
Equations (43),  (45),  (50),  and  (51)  are  all  new  expres-
sions with precise corrections. The Lorentz dispersion re-

α = 2

lation is a theory worth studying in the field of high ener-
gies, and is a relation that needs to be considered in both
the theories of strong gravitational fields and gravitation-
al  waves.  It  is  worth  pointing  out  that  in  the  corrected
Lorentz  dispersion  relation,  we  considered  ,  and
considering other values is also worth pursuing; this will
be addressed in our future work.

 

 

References

 S. W. Hawking, Nature, 248: 30-31 (1974)1
 S. W. Hawking, Commun. Math. Phys., 43(2): 199-220 (1975)2
 P. Kraus and F. Wilczek, Nucl. Phys. B, 433(2): 403-420 (1995)3
 M. K. Parikh and F. Wiltzek, Phys. Rev. Lett., 85(4): 5042-5049
(2000)

4

 Z. Zhao, G. H. Tian, L. Liu et al., Chin. Phys. Lett., 23(12): 3165-
3168 (2006)

5

 J. Ren, J. Y. Zhang, and Z. Zhao, Chin. Phys. Lett., 23(8): 2019-
2022 (2006)

6

 C. Z. Liu, J. Y. Zhang, and Z. Zhao, Phys. Lett. B, 639(6): 670-
674 (2009)

7

 H.  Z.  Fang,  J.  Ren,  and  J.  Zhao, Int.  J.  Mod.  Phys.  D, 14(10):
1699-1750 (2005)

8

 K. Lin, X. X. Zeng, and S. Z. Yang, Chin. Phys. Lett., 25(2): 390-
392 (2008)

9

 R. Banerjee and B. R. Majhi, Phys. Rev. D, 79(6): 064024 (2009)10
 K. Srinivasan and T.  Padmanabhan, Phys.  Rev.  D, 60(2):  24007
(1999)

11

 S.  Shankaranarayanan,  T.  Padmanabhan,  and  K.  Srinivasan,
Class. Quantum Grav., 19: 2671-2687 (2002)

12

 R. Kenner and R. B. Mann, Class. Quantum Grav., 25(9): 095014
(2008)

13

 R. Kenner and R. B. Mann, Phys. Lett. B, 665(4): 277-283 (2008)14
 R. Banerjee and B. R. Majhi, J. High Energy Phys., 2008(6): 095
(2008)

15

 K. Lin and S. Z. Yang, Phys. Rev. D, 79(6): 064035 (2009)16
 K. Lin and S. Z. Yang, Phys. Lett. B, 674(2): 127-130 (2009)17
 S. Z. Yang and K. Lin, Sci. Sin-Phy. Mech. Astron., 40(4): 507-
512 (2010)

18

 S. Z. Yang and K. Lin, Sci. Sin-Phy. Mech. Astron., 49: 019503
(2019)

19

 B. Sha, Z. E. Liu, X. Tan et al.,  Adv. High Energy Phys., 2020:
3238401 (2020)

20

 Z. E. Liu, X. Tan, B. Sha et al., Mod. Phys. Lett. A, (2019)21
 D.  Y.  Chen,  Q.  Q.  Jiang,  and  P.  Wang et  al., J.  High  Energy
Phys., 2013(11): 176 (2013)

22

 D.  Chen,  H.  Wu,  and  H.  Yang,  Adv.  High  Energy  Phys., 2013:
432412 (2013)

23

 D.  Chen,  H.  Wu,  H.  Yang et  al., Int.  J.  Mod.  Phys.  A, 29(26):
1430054 (2014)

24

 I.  Sakalli,  A.  Övgün,  and K.  Jusufi, Astrophys.  Space  Sci., 361:
330 (2016)

25

Chinese Physics C    Vol. 44, No. 12 (2020) 125104

125104-7

http://dx.doi.org/10.1038/248030a0
http://dx.doi.org/10.1016/0550-3213(94)00411-7
http://dx.doi.org/10.1088/0256-307X/23/12/012
http://dx.doi.org/10.1088/0256-307X/23/8/016
http://dx.doi.org/10.1142/S0218271805007103
http://dx.doi.org/10.1088/0256-307X/25/2/011
http://dx.doi.org/10.1103/PhysRevD.79.064024
http://dx.doi.org/10.1103/PhysRevD.60.024007
http://dx.doi.org/10.1088/0264-9381/19/10/310
http://dx.doi.org/10.1088/0264-9381/25/9/095014
http://dx.doi.org/10.1016/j.physletb.2008.06.012
http://dx.doi.org/10.1088/1126-6708/2008/06/095
http://dx.doi.org/10.1103/PhysRevD.79.064035
http://dx.doi.org/10.1016/j.physletb.2009.02.055
http://dx.doi.org/10.1360/SSPMA2018-000307
http://dx.doi.org/10.1142/S0217732320500558
http://dx.doi.org/10.1007/JHEP11(2013)176
http://dx.doi.org/10.1007/JHEP11(2013)176
http://dx.doi.org/10.1142/S0217751X14300543
http://dx.doi.org/10.1007/s10509-016-2922-x
http://dx.doi.org/10.1038/248030a0
http://dx.doi.org/10.1016/0550-3213(94)00411-7
http://dx.doi.org/10.1088/0256-307X/23/12/012
http://dx.doi.org/10.1088/0256-307X/23/8/016
http://dx.doi.org/10.1142/S0218271805007103
http://dx.doi.org/10.1088/0256-307X/25/2/011
http://dx.doi.org/10.1103/PhysRevD.79.064024
http://dx.doi.org/10.1103/PhysRevD.60.024007
http://dx.doi.org/10.1088/0264-9381/19/10/310
http://dx.doi.org/10.1088/0264-9381/25/9/095014
http://dx.doi.org/10.1016/j.physletb.2008.06.012
http://dx.doi.org/10.1088/1126-6708/2008/06/095
http://dx.doi.org/10.1103/PhysRevD.79.064035
http://dx.doi.org/10.1016/j.physletb.2009.02.055
http://dx.doi.org/10.1360/SSPMA2018-000307
http://dx.doi.org/10.1142/S0217732320500558
http://dx.doi.org/10.1007/JHEP11(2013)176
http://dx.doi.org/10.1007/JHEP11(2013)176
http://dx.doi.org/10.1142/S0217751X14300543
http://dx.doi.org/10.1007/s10509-016-2922-x
http://dx.doi.org/10.1038/248030a0
http://dx.doi.org/10.1016/0550-3213(94)00411-7
http://dx.doi.org/10.1088/0256-307X/23/12/012
http://dx.doi.org/10.1088/0256-307X/23/8/016
http://dx.doi.org/10.1142/S0218271805007103
http://dx.doi.org/10.1088/0256-307X/25/2/011
http://dx.doi.org/10.1103/PhysRevD.79.064024
http://dx.doi.org/10.1103/PhysRevD.60.024007
http://dx.doi.org/10.1088/0264-9381/19/10/310
http://dx.doi.org/10.1088/0264-9381/25/9/095014
http://dx.doi.org/10.1016/j.physletb.2008.06.012
http://dx.doi.org/10.1088/1126-6708/2008/06/095
http://dx.doi.org/10.1103/PhysRevD.79.064035
http://dx.doi.org/10.1016/j.physletb.2009.02.055
http://dx.doi.org/10.1360/SSPMA2018-000307
http://dx.doi.org/10.1142/S0217732320500558
http://dx.doi.org/10.1007/JHEP11(2013)176
http://dx.doi.org/10.1007/JHEP11(2013)176
http://dx.doi.org/10.1142/S0217751X14300543
http://dx.doi.org/10.1007/s10509-016-2922-x
http://dx.doi.org/10.1038/248030a0
http://dx.doi.org/10.1016/0550-3213(94)00411-7
http://dx.doi.org/10.1088/0256-307X/23/12/012
http://dx.doi.org/10.1088/0256-307X/23/8/016
http://dx.doi.org/10.1142/S0218271805007103
http://dx.doi.org/10.1088/0256-307X/25/2/011
http://dx.doi.org/10.1103/PhysRevD.79.064024
http://dx.doi.org/10.1103/PhysRevD.60.024007
http://dx.doi.org/10.1088/0264-9381/19/10/310
http://dx.doi.org/10.1088/0264-9381/25/9/095014
http://dx.doi.org/10.1016/j.physletb.2008.06.012
http://dx.doi.org/10.1088/1126-6708/2008/06/095
http://dx.doi.org/10.1103/PhysRevD.79.064035
http://dx.doi.org/10.1016/j.physletb.2009.02.055
http://dx.doi.org/10.1360/SSPMA2018-000307
http://dx.doi.org/10.1142/S0217732320500558
http://dx.doi.org/10.1007/JHEP11(2013)176
http://dx.doi.org/10.1007/JHEP11(2013)176
http://dx.doi.org/10.1142/S0217751X14300543
http://dx.doi.org/10.1007/s10509-016-2922-x


 G. Gecim and Y. Sucu, Phys. Lett. B, 773: 391-394 (2017)26
 T. Ibungochouba Singh, I.  Ablu Meitei,  and K. Yugindro Singh,
Int. J. Theor. Phys., 56: 2640-2650 (2017)

27

 G. Gecim and Y. Sucu, Adv. High Energy Phys., 2018: 8728564
(2018)

28

 G.  Gecim  and  Y.  Sucu, Mod.  Phys.  Lett.  A, 33(28):  1850164
(2018)

29

 G. Gecim and Y. Sucu, Eur. Phys. J. C, 29: 882 (2019)30
 W.  Javed,  R.  Babar,  and  A.  Övgün,  Mod.  Phys.  Lett.  A, 34:
1950057 (2019)

31

 W. Javed,  R.  Ali,  R.  Babar et  al., Chin.  Phys.  C, 44(1):  015104
(2020)

32

 G. Amelino-Camelia and D. V. Ahluwalia, Int. J. Mod. Phys. D,
11(1): 35-59 (2002)

33

 J.  Magueijo  and  L.  Smolin, Phys.  Rev.  Lett., 88(19):  190403
(2002)

34

 J. Ellis, N. E. Mavomatos, and D. V. Nanopoulos, Phys. Lett. B,
293(1-2): 37-48 (1992)

35

 J.  R.  Ellis,  N.  E.  Mavomatos,  and  A.  S.  Sakharov, Astropart.
Phys., 20(6): 669-682 (2004)

36

 T.  Jacobson,  S.  Liberati,  and  D.  Mattingly, Nature, 424(6952):
1019-1021 (2003)

37

 S. I. Kruglov, Mod. Phys. Lett. A, 28(6): 1350014 (2013)38
 Q. G. Bailey, V. A. Kostelecky, and R Xu, Phys. Rev. D, 91(2):
022006 (2015)

39

 V.  A.  Kostelecky  and  R.  Potting, Nucl.  Phys.  B, 359(2-3):  545-
570 (1991)

40

 V.  A.  Kostelecky  and  R.  Potting, Phys.  Rev.  D, 51(7):  3923
(1995)

41

 V. A. Kostelecky and S. Samuel, Phys. Rev. D, 39(2): 683 (1989)42

 V.  A.  Kostelecky  and  J.  D.  Tasson, Phys.  Rev.  Lett., 102(1):
010402 (2009)

43

 T. Damour and R. Ruffini, Phys. Rev. D, 14(2): 332-334 (1976)44
 S. Sannan, Gen. Relativ. Gravit., 20(3): 239-246 (1988)45
 D. C. Robinson, Phys. Rev. Lett., 34(14): 905 (1975)46
 G. W. Gibbons and M. J. Perry, P. Roy. Soc. A, 358(1695): 467-
494 (1978)

47

 Z.  Zhao  and  Y.  X.  Guei, Chinese  Astronomy and  Astrophysics,
7(3): 201-210 (1983)

48

 W. G. Unruh, Phys. Rev. D, 14(4): 870 (1976)49
 J.  B.  Hartle  and  S.  W.  Hawking, Phys.  Rev.  D, 13(8):  2188
(1976)

50

 B. Sha, Z. E. Liu, X. Tan et al., Advances in Astrophysics, 5(1):
51002 (2020)

51

 Z. Zhao and X. X. Dai, Chin. Phys. Lett., 8(10): 548-550 (1991)52
 Z. Zhao and J. Zhu, Int. J. Theor. Phys., 33(11): 2147 (1994)53
 Z. Zhao, Z. Q. Luo, and C. G. Huang, Chin. Phys. Lett., 9(5): 269
(1992)

54

 Z. H. Li and Z. Zhao, Chin. Phys. Lett., 11(1): 8 (1994)55
 M. C. Sun, R. Zhao, and Z. Zhao, IL Nuovo Cimento B, 110(7):
829-837 (1995)

56

 S.  Z.  Yang,  J.  Y.  Zhu,  and  Z.  Zhao, Acta  Phys.  Sin.  (Overseas
Edn), 4(2): 147-150 (1995)

57

 J. Magueijo and L. Smolin, Phys. Rev. D, 67(4): 044017 (2003)58
 G. Amelino-Camelia, New J. Phys., 6: 188 (2004)59
 W. Rarita and J. Schwinger, Phys. Rev., 60: 61 (1941)60
 G. W. Gibbons, J. Phys. A: Math. Gen., 9(1): 145-148 (1976)61
 M. Carmeli and M. Kaye, Ann. Phys., 103(1): 97-120 (1977)62
 D. Y. Xu, Class. Quantum Grav., 15: 153 (1998)63

Chinese Physics C    Vol. 44, No. 12 (2020) 125104

125104-8

http://dx.doi.org/10.1016/j.physletb.2017.08.053
http://dx.doi.org/10.1007/s10773-017-3420-9
http://dx.doi.org/10.1142/S021773231850164X
http://dx.doi.org/10.1088/1674-1137/44/1/015104
http://dx.doi.org/10.1142/S0218271802001330
http://dx.doi.org/10.1103/PhysRevLett.88.190403
http://dx.doi.org/10.1016/0370-2693(92)91478-R
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1038/nature01882
http://dx.doi.org/10.1142/S0217732313500144
http://dx.doi.org/10.1103/PhysRevD.91.022006
http://dx.doi.org/10.1016/0550-3213(91)90071-5
http://dx.doi.org/10.1103/PhysRevD.51.3923
http://dx.doi.org/10.1103/PhysRevLett.102.010402
http://dx.doi.org/10.1103/PhysRevD.14.332
http://dx.doi.org/10.1007/BF00759183
http://dx.doi.org/10.1103/PhysRevLett.34.905
http://dx.doi.org/10.1016/0275-1062(83)90048-6
http://dx.doi.org/10.1103/PhysRevD.14.870
http://dx.doi.org/10.1103/PhysRevD.13.2188
http://dx.doi.org/10.1088/0256-307X/8/10/015
http://dx.doi.org/10.1007/BF00675798
http://dx.doi.org/10.1088/0256-307X/9/5/013
http://dx.doi.org/10.1088/0256-307X/11/1/003
http://dx.doi.org/10.1007/BF02820151
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1103/PhysRevD.67.044017
http://dx.doi.org/10.1088/1367-2630/6/1/188
http://dx.doi.org/10.1088/0305-4470/9/1/019
http://dx.doi.org/10.1016/0003-4916(77)90263-9
http://dx.doi.org/10.1088/0264-9381/15/1/011
http://dx.doi.org/10.1016/j.physletb.2017.08.053
http://dx.doi.org/10.1007/s10773-017-3420-9
http://dx.doi.org/10.1142/S021773231850164X
http://dx.doi.org/10.1088/1674-1137/44/1/015104
http://dx.doi.org/10.1142/S0218271802001330
http://dx.doi.org/10.1103/PhysRevLett.88.190403
http://dx.doi.org/10.1016/0370-2693(92)91478-R
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1038/nature01882
http://dx.doi.org/10.1142/S0217732313500144
http://dx.doi.org/10.1103/PhysRevD.91.022006
http://dx.doi.org/10.1016/0550-3213(91)90071-5
http://dx.doi.org/10.1103/PhysRevD.51.3923
http://dx.doi.org/10.1103/PhysRevLett.102.010402
http://dx.doi.org/10.1103/PhysRevD.14.332
http://dx.doi.org/10.1007/BF00759183
http://dx.doi.org/10.1103/PhysRevLett.34.905
http://dx.doi.org/10.1016/0275-1062(83)90048-6
http://dx.doi.org/10.1103/PhysRevD.14.870
http://dx.doi.org/10.1103/PhysRevD.13.2188
http://dx.doi.org/10.1088/0256-307X/8/10/015
http://dx.doi.org/10.1007/BF00675798
http://dx.doi.org/10.1088/0256-307X/9/5/013
http://dx.doi.org/10.1088/0256-307X/11/1/003
http://dx.doi.org/10.1007/BF02820151
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1103/PhysRevD.67.044017
http://dx.doi.org/10.1088/1367-2630/6/1/188
http://dx.doi.org/10.1088/0305-4470/9/1/019
http://dx.doi.org/10.1016/0003-4916(77)90263-9
http://dx.doi.org/10.1088/0264-9381/15/1/011
http://dx.doi.org/10.1016/j.physletb.2017.08.053
http://dx.doi.org/10.1007/s10773-017-3420-9
http://dx.doi.org/10.1142/S021773231850164X
http://dx.doi.org/10.1088/1674-1137/44/1/015104
http://dx.doi.org/10.1142/S0218271802001330
http://dx.doi.org/10.1103/PhysRevLett.88.190403
http://dx.doi.org/10.1016/0370-2693(92)91478-R
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1038/nature01882
http://dx.doi.org/10.1142/S0217732313500144
http://dx.doi.org/10.1103/PhysRevD.91.022006
http://dx.doi.org/10.1016/0550-3213(91)90071-5
http://dx.doi.org/10.1103/PhysRevD.51.3923
http://dx.doi.org/10.1016/j.physletb.2017.08.053
http://dx.doi.org/10.1007/s10773-017-3420-9
http://dx.doi.org/10.1142/S021773231850164X
http://dx.doi.org/10.1088/1674-1137/44/1/015104
http://dx.doi.org/10.1142/S0218271802001330
http://dx.doi.org/10.1103/PhysRevLett.88.190403
http://dx.doi.org/10.1016/0370-2693(92)91478-R
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1038/nature01882
http://dx.doi.org/10.1142/S0217732313500144
http://dx.doi.org/10.1103/PhysRevD.91.022006
http://dx.doi.org/10.1016/0550-3213(91)90071-5
http://dx.doi.org/10.1103/PhysRevD.51.3923
http://dx.doi.org/10.1103/PhysRevLett.102.010402
http://dx.doi.org/10.1103/PhysRevD.14.332
http://dx.doi.org/10.1007/BF00759183
http://dx.doi.org/10.1103/PhysRevLett.34.905
http://dx.doi.org/10.1016/0275-1062(83)90048-6
http://dx.doi.org/10.1103/PhysRevD.14.870
http://dx.doi.org/10.1103/PhysRevD.13.2188
http://dx.doi.org/10.1088/0256-307X/8/10/015
http://dx.doi.org/10.1007/BF00675798
http://dx.doi.org/10.1088/0256-307X/9/5/013
http://dx.doi.org/10.1088/0256-307X/11/1/003
http://dx.doi.org/10.1007/BF02820151
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1103/PhysRevD.67.044017
http://dx.doi.org/10.1088/1367-2630/6/1/188
http://dx.doi.org/10.1088/0305-4470/9/1/019
http://dx.doi.org/10.1016/0003-4916(77)90263-9
http://dx.doi.org/10.1088/0264-9381/15/1/011
http://dx.doi.org/10.1103/PhysRevLett.102.010402
http://dx.doi.org/10.1103/PhysRevD.14.332
http://dx.doi.org/10.1007/BF00759183
http://dx.doi.org/10.1103/PhysRevLett.34.905
http://dx.doi.org/10.1016/0275-1062(83)90048-6
http://dx.doi.org/10.1103/PhysRevD.14.870
http://dx.doi.org/10.1103/PhysRevD.13.2188
http://dx.doi.org/10.1088/0256-307X/8/10/015
http://dx.doi.org/10.1007/BF00675798
http://dx.doi.org/10.1088/0256-307X/9/5/013
http://dx.doi.org/10.1088/0256-307X/11/1/003
http://dx.doi.org/10.1007/BF02820151
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1103/PhysRevD.67.044017
http://dx.doi.org/10.1088/1367-2630/6/1/188
http://dx.doi.org/10.1088/0305-4470/9/1/019
http://dx.doi.org/10.1016/0003-4916(77)90263-9
http://dx.doi.org/10.1088/0264-9381/15/1/011
http://dx.doi.org/10.1016/j.physletb.2017.08.053
http://dx.doi.org/10.1007/s10773-017-3420-9
http://dx.doi.org/10.1142/S021773231850164X
http://dx.doi.org/10.1088/1674-1137/44/1/015104
http://dx.doi.org/10.1142/S0218271802001330
http://dx.doi.org/10.1103/PhysRevLett.88.190403
http://dx.doi.org/10.1016/0370-2693(92)91478-R
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1038/nature01882
http://dx.doi.org/10.1142/S0217732313500144
http://dx.doi.org/10.1103/PhysRevD.91.022006
http://dx.doi.org/10.1016/0550-3213(91)90071-5
http://dx.doi.org/10.1103/PhysRevD.51.3923
http://dx.doi.org/10.1103/PhysRevLett.102.010402
http://dx.doi.org/10.1103/PhysRevD.14.332
http://dx.doi.org/10.1007/BF00759183
http://dx.doi.org/10.1103/PhysRevLett.34.905
http://dx.doi.org/10.1016/0275-1062(83)90048-6
http://dx.doi.org/10.1103/PhysRevD.14.870
http://dx.doi.org/10.1103/PhysRevD.13.2188
http://dx.doi.org/10.1088/0256-307X/8/10/015
http://dx.doi.org/10.1007/BF00675798
http://dx.doi.org/10.1088/0256-307X/9/5/013
http://dx.doi.org/10.1088/0256-307X/11/1/003
http://dx.doi.org/10.1007/BF02820151
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1103/PhysRevD.67.044017
http://dx.doi.org/10.1088/1367-2630/6/1/188
http://dx.doi.org/10.1088/0305-4470/9/1/019
http://dx.doi.org/10.1016/0003-4916(77)90263-9
http://dx.doi.org/10.1088/0264-9381/15/1/011
http://dx.doi.org/10.1016/j.physletb.2017.08.053
http://dx.doi.org/10.1007/s10773-017-3420-9
http://dx.doi.org/10.1142/S021773231850164X
http://dx.doi.org/10.1088/1674-1137/44/1/015104
http://dx.doi.org/10.1142/S0218271802001330
http://dx.doi.org/10.1103/PhysRevLett.88.190403
http://dx.doi.org/10.1016/0370-2693(92)91478-R
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1038/nature01882
http://dx.doi.org/10.1142/S0217732313500144
http://dx.doi.org/10.1103/PhysRevD.91.022006
http://dx.doi.org/10.1016/0550-3213(91)90071-5
http://dx.doi.org/10.1103/PhysRevD.51.3923
http://dx.doi.org/10.1103/PhysRevLett.102.010402
http://dx.doi.org/10.1103/PhysRevD.14.332
http://dx.doi.org/10.1007/BF00759183
http://dx.doi.org/10.1103/PhysRevLett.34.905
http://dx.doi.org/10.1016/0275-1062(83)90048-6
http://dx.doi.org/10.1103/PhysRevD.14.870
http://dx.doi.org/10.1103/PhysRevD.13.2188
http://dx.doi.org/10.1088/0256-307X/8/10/015
http://dx.doi.org/10.1007/BF00675798
http://dx.doi.org/10.1088/0256-307X/9/5/013
http://dx.doi.org/10.1088/0256-307X/11/1/003
http://dx.doi.org/10.1007/BF02820151
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1103/PhysRevD.67.044017
http://dx.doi.org/10.1088/1367-2630/6/1/188
http://dx.doi.org/10.1088/0305-4470/9/1/019
http://dx.doi.org/10.1016/0003-4916(77)90263-9
http://dx.doi.org/10.1088/0264-9381/15/1/011
http://dx.doi.org/10.1016/j.physletb.2017.08.053
http://dx.doi.org/10.1007/s10773-017-3420-9
http://dx.doi.org/10.1142/S021773231850164X
http://dx.doi.org/10.1088/1674-1137/44/1/015104
http://dx.doi.org/10.1142/S0218271802001330
http://dx.doi.org/10.1103/PhysRevLett.88.190403
http://dx.doi.org/10.1016/0370-2693(92)91478-R
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1038/nature01882
http://dx.doi.org/10.1142/S0217732313500144
http://dx.doi.org/10.1103/PhysRevD.91.022006
http://dx.doi.org/10.1016/0550-3213(91)90071-5
http://dx.doi.org/10.1103/PhysRevD.51.3923
http://dx.doi.org/10.1016/j.physletb.2017.08.053
http://dx.doi.org/10.1007/s10773-017-3420-9
http://dx.doi.org/10.1142/S021773231850164X
http://dx.doi.org/10.1088/1674-1137/44/1/015104
http://dx.doi.org/10.1142/S0218271802001330
http://dx.doi.org/10.1103/PhysRevLett.88.190403
http://dx.doi.org/10.1016/0370-2693(92)91478-R
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1016/j.astropartphys.2003.12.001
http://dx.doi.org/10.1038/nature01882
http://dx.doi.org/10.1142/S0217732313500144
http://dx.doi.org/10.1103/PhysRevD.91.022006
http://dx.doi.org/10.1016/0550-3213(91)90071-5
http://dx.doi.org/10.1103/PhysRevD.51.3923
http://dx.doi.org/10.1103/PhysRevLett.102.010402
http://dx.doi.org/10.1103/PhysRevD.14.332
http://dx.doi.org/10.1007/BF00759183
http://dx.doi.org/10.1103/PhysRevLett.34.905
http://dx.doi.org/10.1016/0275-1062(83)90048-6
http://dx.doi.org/10.1103/PhysRevD.14.870
http://dx.doi.org/10.1103/PhysRevD.13.2188
http://dx.doi.org/10.1088/0256-307X/8/10/015
http://dx.doi.org/10.1007/BF00675798
http://dx.doi.org/10.1088/0256-307X/9/5/013
http://dx.doi.org/10.1088/0256-307X/11/1/003
http://dx.doi.org/10.1007/BF02820151
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1103/PhysRevD.67.044017
http://dx.doi.org/10.1088/1367-2630/6/1/188
http://dx.doi.org/10.1088/0305-4470/9/1/019
http://dx.doi.org/10.1016/0003-4916(77)90263-9
http://dx.doi.org/10.1088/0264-9381/15/1/011
http://dx.doi.org/10.1103/PhysRevLett.102.010402
http://dx.doi.org/10.1103/PhysRevD.14.332
http://dx.doi.org/10.1007/BF00759183
http://dx.doi.org/10.1103/PhysRevLett.34.905
http://dx.doi.org/10.1016/0275-1062(83)90048-6
http://dx.doi.org/10.1103/PhysRevD.14.870
http://dx.doi.org/10.1103/PhysRevD.13.2188
http://dx.doi.org/10.1088/0256-307X/8/10/015
http://dx.doi.org/10.1007/BF00675798
http://dx.doi.org/10.1088/0256-307X/9/5/013
http://dx.doi.org/10.1088/0256-307X/11/1/003
http://dx.doi.org/10.1007/BF02820151
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1088/1004-423X/4/2/010
http://dx.doi.org/10.1103/PhysRevD.67.044017
http://dx.doi.org/10.1088/1367-2630/6/1/188
http://dx.doi.org/10.1088/0305-4470/9/1/019
http://dx.doi.org/10.1016/0003-4916(77)90263-9
http://dx.doi.org/10.1088/0264-9381/15/1/011

