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According to Lorentz-violating theory, the dynamical equation of Dirac particles in the
Kinnersley black hole with variably accelerated linear motion is modified. The Hawking
quantum tunneling radiation characteristics of Kinnersley black hole are obtained by
solving the modified equation. The expression of the Hawking temperature of
Kinnersley black hole has been updated.
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During past years, people have made many meaningful researches on the quantum tunneling
radiation of black holes [1-15]. These researches have enriched us with knowledge about the
thermodynamic evolution of black holes. Using the Hawking quantum tunneling radiation
theory, Kraws et al calculated the Hawking temperature and entropy of black hole. The research
of quantum tunneling radiation for black hole has been increased greatly by the semiclassical
Hamilton-Jacobi method [8, 9]. Kerner and Mann used the semiclassical theory to study the
quantum tunneling radiation characteristic of Dirac field particles in black hole [16, 17]. They
divided the fermion spin into up and down and decomposed the Dirac equations into two
groups, then obtained the tunneling rate of Dirac particles at the event horizon and the Hawking
temperature of black hole.

In 2009, Lin and Yang proposed a new method to study the quantum tunneling radiation of black
hole. They transformed the Dirac equation in curved space-time into a matrix equation by using the
semiclassical approximation theory, and then the resulting matrix equation was further converted
to the Hamilton-Jacobi equation for Dirac particles in curved space-time by using the
commutation relation of gamma matrices. Finally they derived the Hawking quantum
tunneling rate of fermions and other important physical quantities of black hole based on
the Hamilton-Jacobi equation [11, 14, 18-21]. Their work showed that the Hamilton-Jacobi
equation and its Hamilton principal function S can be applied to the study of quantum tunneling
radiation of fermions in curved space-time. The developing Hamilton-Jacobi method can
effectively solve the problems related to fermion tunneling radiation and unify the
expressions of quantum tunneling radiation theory in curved space-time.

The study on modifications to the Hawking radiation of black holes can help for understanding
the information loss paradox [22-26]. Banerjee and Majhi extended the beyond semiclassical
approximation to include all quantum corrections [27-32]. Lin and Yang investigate tunnelling
of charged black holes based on Klein-Gordon scalar particle theory to derive corrections to the
tunnelling rate and temperature in Reissner-Nordstrom space-time and Reissner Nerdstrom-de
Sitter space-time, respectively [33]. Beyond semiclassical theory and semiclassical theory are
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both modified theories, for which the former can give more
accurate correction to the quantum tunneling rate of
black hole.

With research of string theory and quantum gravity theory,
people have realized that the Lorentz relation should be modified
at high energy, which will lead to the Dirac equation in curved
space-time to be modified. The application of Lorentz-violating
theory in curved space-time is a Frontier subject worthy of
attention [34-40]. Cruz et al introduced the Lorentz symmetry
violating term in the scalar field Lagrangian, namely the Lorentz-
violating scalar field theory, to research thermal corrections to the
Casimir energy [41]. The Dirac particle action and Dirac equation
with Lorentz symmetry violating in flat space-time are introduced
in [42]. The influence of Lorentz violating theory on the quantum
tunneling radiation of Dirac particles in the Vaidya black hole is
investigated in [43].

However, for the stationary and dynamic axisymmetric black
holes, the effect of Lorentz violating theory on their quantum
tunneling radiation has not been studied. In this paper, Lorentz
violating theory is considered to correct the quantum tunneling
rate, the temperature and entropy of a dynamic Kinnersley black
hole with variably accelerated linear motion, resulting in some
new conclusion.

In the second section, we introduce the modification of
Lorentz violating Dirac field theory to Dirac particle dynamics
equation in the Kinnersley space-time. The third section studies
the thermal and entropy corrections to Kinnersley black hole in a
Lorentz violating Dirac field theory. The last section gives a
discussion on the results obtained in this paper.

2 LORENTZ’S VIOLATING THEORY AND
DIRAC EQUATION IN DYNAMICAL
CURVED SPACE-TIME

According to Hamilton principle, the dynamic equation of Dirac
particle in flat space-time can be acquired from the action of
Dirac particle in flat space-time [41-43]. Adding the Lorentz
symmetry violating term into the action and using Hamilton
principle, we can obtain the Dirac equation of Lorentz symmetry
violating in a flat space-time. It only needs to pay attention to two
points for generalizing the particle dynamics equation from the
flat space-time to the curved space-time: one is to generalize the
gamma matrix Y from the flat space-time to the curved space-
time, with different curved space-time having different *; the
other is to generalize the ordinary derivative to the covariant
derivative related to connection. Therefore, in the Kinnersley
curved space-time, the dynamics equation of spin 1/2 fermion
with Lorentz symmetry violating can be expressed as [42].

{ymﬂ [1 + hZ%(y"DM)Z] + %}5 + ch (u*D,)?
(1)
_m

¥Y=0
il

where ¥ is the wave function. For Dirac particles, the wave
function ¥ and the action S are linked by
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W =yl 2)

where ¥, is a column matrix. For Dirac particles the non-
stationary Kinnersley black hole

S=S(vr1,6,¢), (3)

where v is the advanced Eddington coordinate. The covariant
derivative D, in Eq. 1 is defined by

i
D, =0, + Er;;f‘no,ﬁ, (4)

where Fzﬁ is the connection in Riemannian geometry, and I,z is
expressed as

T,s = i [y %), )

,ilrgﬁnaﬂ is the spin connection term that characterizes the spinor
covariant derivative in curved space-time. In Eq.1, a, b and c are
all small quantities that satisfy a, b, ¢ < m, where m is particle
mass. The Gamma matrices y* or y” meet the following
anticommutation relation:

Yy Y'Y =29"1 (6)
Py + 9"y = 0. 7)

The 4D ether-like field vector u* is not a constant vector in curved
space-time, but it must satisty the following condition

u®u, = c(constant). (8)

We substitute Eq. 2 into Eq. 1, and keep the terms associated with
the lowest order of #, then Eq. 1 is reduced to

{iy"BHS[l - %y"‘yﬁaaSa,;S] — cu* 19,5058

)
+by’ - m}‘l’ =0.
Considering Eq. 6, the following equality holds:
Y*YP0.50;S = g#0,59;S. (10)
Then the dynamics Eq. 9 becomes
i a o -
i19,5% = (1 -2 aasaﬁs>
(cu“u“ausaﬂs -by’ + m)‘I’ (11)

c a b
~ 14 =uwdf + = “ﬂ>aaSaS—— >l mY,
[ +<muu +o 39 pS =y |m
Taking square for both sides of Eq. 11, and omitting the %ys term,
we transform it into

-y"y"9,50,S¥

= mzw + 2 (cnmu®® + ag"‘ﬁ)aaSaﬁS‘I’ +0 (12)

where O is a high order small quantity. Then we use Eq. 6 to
simplify Eq. 12, resulting in

[970,50,8 + 2 (cmuv” + ag"")9,80,S + m*|¥ =0 (13)
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Obviously,¥ # 0, making it necessary that
9"70,80,S + 2 (cmuu’” + ag"”)0,S0,S + m* = 0. (14)

In this equation S is the action, also called Hamiltonian
principal function. In the process of derive this equation,
we ignore the term %ys for two reasons. One is that b is a
small quantity; the other is that the term £y° in the square
bracket of Eq. 11 only indicates the correction in quantity and
thus can be ignored. However, the terms other than %ys in the
square bracket of Eq. 11 are related to the metric tensor or
ether-like field vector, thus can not be ignored. In fact, Eq. 14 is
completely equivalent to Eq. 1, since Eq. 14 is also the dynamic
equation of Dirac particles. Eq. 14 is a new form of modified
Hamilton-Jacobi equation about the action S of Dirac particles.
Starting from Eq. 14, we can conveniently study the tunneling
radiation characteristics of fermion with mass m in the curved
non-stationary Kinnersley black hole. This is an innovation
that has not been reported yet.

For a Dirac particle with mass of m and charge g, its dynamic
equation is very complicated. Firstly, Eq. 4 must be
modified to

i i
Dy =0~ +qh, + Er;jﬂnaﬁ. (15)

Substituting Eq. 15 into Eq. 1 and using the same method as
deriving Eq. 14, we can get the dynamic equation of Dirac particle
with mass m and charge q as follows

[ (1 +2a) + 2cmuu”] (0,S — qA,) (0,S — qA,)

+m* = 0. (16)

During the derivation of Eqs 14, 16, we ignored higher order
quantities in terms of a and c. From the point of view of
mathematics and physics, this is a reasonable and effective
approximation. In the next section, we will study the
tunneling radiation of Dirac particles in the non-stationary
Kinnersley black hole according to Eq. 16.

3 THERMAL CORRECTION TO THE
KINNERSLEY BLACK HOLE IN THE
LORENTZ-VIOLATING THEORY

According to Kinnersley’s research on the metric of accelerating
black holes, the space-time line element of a linearly moving black
hole with variable acceleration described by the advanced
Eddington coordinate v is [44].

ds® = (1-2axrcosf -7 f>—2Mr")dv* — 2dvdr (17)
—2r* fdvd — r*d6” — r* sin” 0d¢?,
f =—aysin6, (18)

where a; = a,(v) is the acceleration of the Kinnersley black hole, 6
and ¢ are spherical coordinates, and M is the mass of the black
hole. The north pole 8 = 0 of the black hole always points in the
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direction of acceleration. Therefore, the covariant and

contravariant metric tensors are

goo -1 -r*f 0

-1 0 0 0
G = -r*f 0 -r’ 0 (19)
0 0 0 -r’sin’f
0 -1 0 0
-1g" f 0
wo_
g 0o f —r2 0 20
0 0 0 -r’sin’@
where
g00 = 1 -2a;r cos 0 — v f* — 2Mr™" (21)
g =—(1-2a,rcos 0 — 2Mr™") (22)

Obviously, this black hole is uncharged. According to the zero
hypersurface equation

,OF OF
9"'—
Oxt 0x”
The event horizon of the black hole should satisfy the following
equation:

=0, (23)

2
. r
2¢y — (1 = 2ar cos @ — 2Mr™") —Zfr’H—<H> =0, (24)
r
where 7y = aar_:) ra= ag—(;’. As one of fundamental characteristics,
the Kinnersley black hole is axial symmetric and has Killing
vector (%)“. Now, by using Eqs 16, 20 is reduced to

(1+2a)[ 9" 0,5 - 9A)* - 2(3,5 - gA) (2.5 -~ gA.)

$2F(3,5 - GA) (368 - qAs) - — (365 - qAe)
r (25)

1 2
Pt g @S -y’
+2cmufu’ (0,8 — gA,) (0,S — gA,) + m* = 0.

Note that A, is not the electromagnetic potential of the
Kinnersley black hole itself, but the electromagnetic potential
of the cosmological space around the moving non-charged
Kinnersley black hole. According to Eqs 17, 19, 20, we
construct the ether-like field vector #* such that

Lo o 0 Co P o
> U = ——+/Goos U = ——/GJoor U = —— (26)

VYoo goi 9oz VY33

where ¢, ¢, ¢y, ¢y are all constants. It is easy to show that

u'u, = cﬁ, Wy, = cyer, ulug = c,co, u¢’u¢ = cé and thus condition

(8) is met. Substituting Eq. 26 into Eq. 25 will result in

v
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(1+2a)[ 9" (0,5 - gA? - 2(3,5 - 4A) (3.5 - gA,)

1
+2£ (3,5~ 9A,) (368 — qAs) — 5 (3S — qAo)’

1 2 Ci 2
—m(a¢s - qA¢) ] + 2cm %(avs - qu)
_zcvcr (ars - qAr) (avs - qu)
=2¢,cor 2 f71 (0,8 — gA,) (36S — qAg)

126,65 (Goog) (3,8 — GA,) (04 — gA,)
+c2go0 (0,8 — qA,)?
+2¢,cogoor > f 7 (0,8 — gA,) (36S — qAp)

24900933 (0,8 — qA;) (045 — qAy)
+cagoor ™ 72 (06S — qAs)’

1 1

_259%900.9337'72](71 (00S — qAg) (04S — qAy)

(27)

+c$g;31 (048 — qAy)* | +m? = 0.

This is a time-dependent equation. To solve this equation, general
tortoise coordinate transformation must be performed, i.e.

s 1 r—rg(v,0)
’ 2k(vo,600) 1 (v, 6p)
Vi =V — Vg, (28)
0. =60-0,.
Therefore, we have
0 1+4+2k(r-ry) 0
= , 2
or 2x(r —ry) Or« 29
0o 0 'y 0
00 90, 2x(r—ry) or. (30)
0 5] ry 5] (31)

5=B_v*_2x(r—rH) or.

Then, the following variable separation is performed for S

S=R(v,1,0)+ jo, (32)
and let
aaf - o (33)
g—i - (34)
o =p (35)

where w is the particle energy, pg is a component of the particle
generalized momentum in the 6 direction, and the constant j is a
component of the particle generalized moment in the ¢ direction.
Substituting Eqs 29-31, 33-35 into Eq. 27, and considering the special
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condition of r — 15, 8 — 6, v — ¥, we can get the dynamic equation
of Dirac particles at the event horizon of the black hole as follows

i A0S ? 20 o COS
im — 2w im —=—=0,
rory B or. or. rory B or. (36)
o0, -6
where
A:

I\ 2
R2x(r—ry)]™ { (1+ 261)|ig11 +2Fy = 2fTH— (QI) ] }

;
—2cm[f§{c§ggé + 2,67 — 2¢,cor  f T Pty

2 -2 -1 ! 2 !
+C. goo + 26,01 f 7 Goot m+ cegoorH] R

(37)
Bl‘r—>rH =B = (1+2a)
v

+2cm [cﬁr'H (1-2a,cos Gy - rzai sin’6,
—2Mr;1,1)_1 +CCp + CoCoryay sin’IGOr'H],
Clyor, =C' = (1+2a)g{Ao + A;[1 - 2axry cos 6,
V-
60— 90
—2Mr1'{1 —fg+ fr};] — Ay (ry 1% —agsiny)}
+(1+2a)pe (r;fr'H — ay sin 0y) + 2cm{qAoc, [c,

—1\-1
H

+c¢,ry (1 = 2a; cos 6 — réai sin’6, — 2Mr
+C9r;{2a;1 sin™ Oyriy] — c,qA; [,y + (1
—2airy cos 8y — r2.a’ sin’6y — 2Mr;})c
k'H 0 H% 0 H/Cr
—cer;{za; sin™'0yriy)] + cquzr;IZa‘l sin'6,
2 2 -1
(1= 2ayry cos Oy — rya; sin 6y — 2Mry;
2,0 -1 i -1 1 -1
(corrruay, sin™ Oy +c,) + gcyAstyy sin™ 0,
1

. . 1y 2
[ —c,fuQRagrgcosfy — 1+ r?,ai sin’6, + 2M1’H1

a;l sin'0y + (2axry cos By — 1 + réai sin’6,
1

+2Mry} )E (¢, + corita;' sin™'6p)] + C"}, (39)

and

C" = —c,coriftupoa; sin'0y + c,co i j

2 2 2 SN P
(2akry cos 0 — 1 + rya; sin®y + 2Mry; ) “rya sin -0,

—c,coperira;’ sin” 0y (1 — 2a,ry cos 0 — 12, f> — 2Mry}
1

) L3
+cy (2a5ry cos 0 — 1 + ryya; sin*6y + 2Mry;)
r ! sin'6, (¢, j — cor *a;’ sin™ Opriy )
—chriay’ sin 20, per' (1 — 2axry cos 0

—r7,a; sin> 0 — 2MrYy). (40)
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Let

A
lim ==1. (41)
r—ryg
v—v

60— 6

The first part of the expression (37) of A will become an
indeterminate formula of type 2as r — ry, v — vo, 6 — 6,. So
substituting Eqs 37, 38, into Eq. 41 and using L'Hospital rule,
we get

% (vo, B) = K

(ru)’
5 + aj Cos 90 - 3 (42)
"u "u
(1+2a)+2cm(ry +c,c, + 2cvcer§{a;1 sin”'6,)

where ay = ay (vo). k(vo, 6p) in Eqs 29-31 is directly related to
the small region vy, 8, at the event horizon ry; of the black hole.
In fact x is the surface gravity of the black hole. Let

!
wy = lim =0 (43)
o B
Vo
60— 6y

Be the chemical potential, also known as the maximal interleaving
of Dirac energy levels of particles. Then Eq. 36 is reduced to

s\’ as
(ar*) —z(w_wo)a—o (44)
By solving this equation, we get
oS
3. (w = wp) £ (w — wy). (45)

According to Eq. 29, we have
0S 1+2xk(r—ry) 0S

or 2xk(r—ryg) Or.

(46)

Therefore, the action S of Dirac particle with mass m and charge Q
can be obtained by integrating this equation and using the residue
theorem, that is

5= 2 (0= w0) £ (- o) (47)
K

According to the quantum tunneling radiation theory and the
semiclassical WKB approximation theory, the tunneling rate of

Dirac particles at the event horizon of the non-stationary
kennersley black hole should be

' ~exp(-2Im(S, -S.) = exp(—w — w0>. (48)
Ty
Here, Ty is the Hawking temperature at the event horizon of the
non-stationary Kennersley black hole, corrected by the Lorentz
symmetry violating theory. It is linked to the surface gravity x at
the event horizon by Ty = 5. From Eq. 42, we get
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TH:

(”H)2 0

2711’%, [1+2a+2cm(ry +cc, + 2cmcvcaa,;1 sin™'6)] (49)

M + agr?; cos 6y —

=Ty,[1-2(a+cmry + cmc,c,
-1 -lp -2
+2cmce,coa; sin” Oory) + -+,
where

M + arr?, cos 6y — (rip)’ry)

T, = (50)

2nry;
is the uncorrected Hawking temperature at the event horizon
of the black hole. For clarity, only the terms of the zeroth and
first order are showed in Eq. 49. It can be seen from Eq. 49
that the coefficients a, c of the correction term in Eq. 1 and the
components u", u", u® of ether-like field vector all have an
effect on Ty. Since there is killing vector (a )" in this space-
time, u? has no effect on Tj. Moreover, accordmg to Eqs
38-40, 43, 48, the tunneling rate I and chemical potential w,
of Dirac particles in this space-time are also corrected, and
similarly, the quantities a, ¢, u”, u", u%, u? all have influence on
I'and wy. What needs to be further explained is that Ag, A}, A,,
and A; in Eqs 39, 40 in fact correspond to A,, A,, Agand Ay in
Eq. 27. The only difference is that r and 6 have been replaced
by ry and 6, in Ay, A;, A5, and Aj;. Obviously, A, has also an
effect on I' and w. If A, = 0, then

C' =Ci = (1 +2a)py(r;re — ax sin 6p) + 2cmC” (51)

and
Ci

B (52)

wy =

If the correction item is ignored, the chemical potential will be
reduced to

!
wy = p9<:—2H — ag sin 60>, (53)

H

where pg has been defined in Eq. 35.

4 CONCLUSION

Based on the Lorentz symmetric violating theory, the
semiclassical theory and the quantum tunneling radiation
theory, we get the dynamical equation of Dirac particles by
studying Eq. 1, namely the Dirac-Hamilton-Jacobi equation
shown as Eq. 14 or Eq. 16. After giving explicit formula of
the ether-like field vector u* and solving Eq. 16, the corrected
tunneling rate of Dirac particles and the corrected Hawking
temperature at the event horizon of the Kinnersley black hole
are obtained. These new results are of great significance for
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further studying the thermodynamic evolution of black
holes. It is necessary to further note that the key to solve
Dirac-Hamilton-Jacobi equation is to construct the ether-
like field vector correctly. The specific form of u* must be
selected according to the characteristics of the curved space-
time to be investigated, so as to ensure the validity of the
derivation. The reference time v, and the reference angle 6,
in Eq. 28 are arbitrarily selected, so the results derived from
the general tortoise coordinate transformation are of
universal significance. In addition, the entropy S of black
hole is closely related to Hawking temperature of black hole.
Using the change of Bekenstein-Hawking entropy ASpy to
express the tunneling rate will give T ~ 251, Therefore, the
entropy of the black hole should also be corrected. If the
Lorentz symmetric violating is not considered, the results in
this paper will return to the uncorrected cases that have been
known ubiquitously.
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