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Abstract
In this article we study Hawking radiation and particle dynamics for the recently
discovered accelerating non-Kerr black holes. A critical analysis of incoming and out-
going, charged and uncharged scalar and Dirac particles, has been done. The Hawking
temperature of massive and massless Dirac particles has been found in the background
of accelerating non-Kerr black holes. The centre of mass energy of colliding particles
has also been calculated and presented graphically. The classical expression of action
for the massive and massless charged fermions is also worked out. We have compared
our results with those that exist in the literature.
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1 Introduction

Classically, black holes are considered as a mysterious prison because anything that
goes inside the hole never comes back. Therefore, the classical black hole can only
grow bigger with time as it swallows everything and escape is not possible. In 1975,
the astonishing discovery of Stephan Hawking [1] shook the existing theories as he
demonstrated that black holes could actually radiate particles, quantum mechanically.
These objects could shrink by losing energy and eventually evaporate by the emission
of the so-called Hawking radiation [2-7]. But this discovery set up a long-standing
puzzle that what happens to the information when the evaporation takes place? Other
related issues have also been discussed in the literature [8,9].

The notion of information loss during the process of radiation base on two pillars.
Numerous results show that the the emission spectrum of black holes is entirely thermal
and the no-hair theorem is valid [10,11]. Since the thermal spectrum is completely
determined by the parameter, temperature, therefore the outgoing radiation does not
contain any information in pure thermal emission. Also, the no-hair theorem ensures
that the geometry, outside a black hole, can be specified by its mass, charge and angular
momentum. Thus the spacetime geometry does not have any significant information
either. But if both the radiation and geometry do not carry any information then there
must be no trace of collapsed matter left. The result of information loss is also in
agreement with quantum mechanics.

But if we could show that there are few grains whose features are correlated with
the collapsed matter, it will indicate that some information would have returned. So
this moment reflects that both thermal emission and no-hair theorem cannot be con-
sidered at face value. If one of these conditions is strictly satisfied it could violate the
conservation of energy. Hence the background geometry is considered to be fixed and
conservation of energy is also not enforced during the radiation process. To ensure
energy conservation, it was shown [10] that radiation could be entirely non-thermal
and a black hole’s emission spectrum can be viewed as quantum tunneling of particles
by taking the dynamical background geometry.

To study the tunneling effect, a well behaved coordinate system (Painlevé coordi-
nate system) is introduced [10,12], through which the behaviour of particles can be
viewed across the horizon unlike the Schwarzschild metric (which is not regular at
horizon). Thus the tunneling phenomenon provides an opportunity to study the emit-
ted particles through Hawking radiation. In this approach, the imaginary part of the
action is formulated for outgoing particles across the horizon. The tunneling probabil-
ity is calculated for the particles coming from inside to outside the horizon. Then the
expression for Hawking temperature of the hole using the Boltzmann factor [4,13] is
found. There are two different methods used in the literature to find imaginary part of
the classical action: one is based on null geodesics while the other uses the Hamilton-
Jacobi ansatz which is an extension of the complex path analysis [4,12]. Initially, the
tunneling approach was applied to the Schwarzschild black hole, and later, it was
extended to a variety of charged, rotating and other black holes [14-17].
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Several semi-classical approaches were employed to investigate the tunneling pro-
cess of scalar and Dirac particles. The tunneling process of charged and uncharged
Dirac particles for Godel, Taub-NUT, Kerr and Kerr-Newman spacetimes has been
studied [18-20]. This approach was extended to various three and four dimensional
spacetimes [21-30] to investigate the process thoroughly. The tunneling probabilities
of accelerating Kerr black holes by fermion and scalar particles with electric charge
have also been studied [28-31] using WKB approximation. In this paper, we extend
this study to the accelerating non-Kerr black holes.

Non-Kerr black holes were presented by Johannsen and Psaltis [11], which satisfy
the no-hair theorem and one solution of some theory of gravity which is beyond
Einstein’s general relativity. This spacetime is ideal to perform the strong field test
of the no-hair theorem, and possesses novelty in itself because of its salient features.
Firstly, it does not impose any restriction on rotation parameter a due to the presence of
deformation parameter €. For the positive value of €, the non-Kerr black hole has two
disconnected horizons for higher values of rotation parameter a and has no horizon
for a > M. For the negative value of ¢, the horizon of non-Kerr black hole exists for
any arbitrary a and topology of the horizon is toroidal. Because of these important
features of the non-Kerr black holes, they have been studied extensively [32—40].

Accelerating and rotating frames are really important in black hole physics. In
this paper, our focus is as to how tunneling occurs in non-Kerr black holes in the
presence of acceleration and what are the effects of the acceleration parameter on
Hawking temperature. We calculate the tunneling probabilities of charged, uncharged
Dirac particles and scalar particles to work out the Hawking temperature. For this
purpose, we employ the Hamilton-Jacobi anstaz using WKB approximation. In our
approach, we use the Klein-Gordon equation (for the charged and uncharged scalar
particles) and Dirac equation (for fermions) to find the tunneling probabilities of
particles crossing the horizon. The centre of mass energy has also been studied for
the charged accelerating non-Kerr black holes. This paper is arranged as follows.
Section 2 introduces the mathematical structure of the background spacetime. In Sect.
3, quantum tunneling of Dirac uncharged and charged particles is studied. Section 4
deals with the tunneling phenomena and Hawking temperature for scalar particles. The
expression for the centre of mass energy is found in Sect. 5 and concluding remarks
are given in the last section.

2 Charged accelerating non-Kerr black hole

Johannsen and Psaltis [11] tested the gravity in the region of strong field by introducing
a new metric. They started with a deformed Schwarzschild solution and applied the
Newman-Janis transformation to obtain a deformed Kerr metric, which is now known
as the non-Kerr spacetime. The accelerating non-Kerr metric in spherical coordinates
(using the Plebanski-Demiariski metric) can be written as [41-46]

p*(A+h) 5, p?

1 2P sin® 0
{_(Q a“ P sin 2 dr +—d92
O +a2hsin’ 6 P

x %7 2
a = ) +mydi +
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N [< P(r? J; a*)? B Qa® (1 +2h) sin? 9) 26
P P

27 «in2
h 0
+a” sin* 0 <2h + %)] d¢2}
0

_ 2a[P(r* +a*) —Q] (1+h)sin*6

pores d¢dt, (2.1
where

Q = —arcosf+1, 2.2)
,o2 =a’cos’ 6 + r?, 2.3)
P=1+a’ <a2 + ez> cos20 — 2aM cos . (2.4)
0= (a>+é&+r>—2Mr)(1 —a?r?), (2.5)

eM?
h=—. (2.6)

r

Here a, M, « and € denote the rotation, mass, acceleration and deformation parameter
of the black hole, respectively. Now using the notation of Refs. [18,29,30], the above
metric can be written as

d 2
S2 = d
g(r,0)

— f(r,0)dt* + (r,0)d0> — 2H(r, 0)did¢ + K (r,0)dp>, (2.7)

where g(r,0), f(r,0), X(r,0), H(r,0) and K (r, ) are defined below:

— Pa’sin® 0
£, 0) = (pr—gzsm> (1 +h), 2.8)
Q% (ahsin’? 60 + Q)
S0 = — T 2.9)
o2
E0.0) = 2. (2.10)
2 2)2 2 in2
K(@r,0) = (P(a -;—r ) _4 Qsin f(h+l)>sin29
p p
27 o2
+a?sin*o (% —|—2h>, 2.11)
0
) 2, 2\
Hir,0) = _ 2asin’6 [P (rpz—;czz )—0] (H—h)' 2.12)

The equation 1/g,» = 0 gives the horizon. It leads to two possibilities given as
Q>=0, Q+a’hsin’6=0. (2.13)
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The first factor gives the accelerating horizon i.e. the horizon due to acceleration

1
;=

= . 2.14
o cos6 ( )

The outer horizon of accelerating non-Kerr black hole is denoted by r. The main
difference between the present and earlier works comes from complexity of the event
horizon equation. Here, this equation is of fifth order giving five roots: two are complex,
one is negative and the other two are positive, which give us horizons. We have used
the outer most root in our tunneling analysis. In the case of accelerating Kerr black
holes [29,30] we only have a quadratic equation from which roots can be calculated
in exact form. In the present case of accelerating non-Kerr black holes we could only
calculate the position of the horizon numerically which is 7 = 1.7923. The function
F(r, 0) and angular velocity at the outer horizon Q2 are defined as [21]

Fr ) = 2109 ;{:ré)@)mr’ 2 (2.15)
H(rs,0)

K(ry,0)

Qy = (2.16)

Using f(r,0), H(r,0) and K (r, 0) from Egs. (2.8), (2.11) and (2.12), we obtain

(h+1) 2a2p? (a*P + 2a*Pr? + Pr* — Q)

F(r,0) = 2,52 < .4 ) 2
Q0% \g4hsin* 6 — a2 sin O(hQ —2hp> + Q) + P (a* +r?)

+0 — a®P sin® 9), (2.17)

2a*(h + 1) (a*P +2a*Pr? + Pr —
Qy = “(2 ) (@ a’Pr’+ Pri - 0) . (2.18)
02 (P (a2 +7r2)° +a¥hsin' 0 — a2 sin? 6110 — 2hp? + Q1)

where r4 represents the event horizon of the accelerating non-Kerr black hole given by
the solution of the second factor in Eq. (2.13). The calculations are done for the spin-up
case. The calculations for the spin-down case are similar and there is a difference of
sign only between the two cases.

3 Quantum tunneling of Dirac particles

In this section we will study the tunneling of uncharged and charged fermions. For
this Dirac equations in the background of accelerating non-Kerr black holes.
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3.1 Uncharged Dirac particles

We solve the Dirac equation to find the Hawking temperature at the outer horizon. The
Dirac equation [18,20] for fermions can be written in terms of the wave function W as

iy"(DM)\I/—i—%\I/ —0. G.1)

Here u takes the values (0, 1, 2, 3), m is the mass of the fermion particles, # is the
Planck constant and

1
D, =0, + gizFZﬂ[T“, TA. (3.2)

where Ffiﬁ represent the Christoffel symbols and the y¢ satisfy the commutative law

P vl =-ly* vPl. o #B,
0="[y"y"l, a=8. (3.3)

By giving variation to o and B, D,, takes the form

1,
D, =0, + —12[1”20[)/0, Y1+ 0y T+ TR0 v 2

8
+T Y, y°3]+r1°[y1 i
o IR PNV S W PRV S WAl PN AR S W DA T
F21 2 ] Fzz[y J/]

[y
r”[ L1+ 1+ v

+T20° v 1+ T, yﬂ. (34

By using the commutative law, all the terms in Eq. (3.4) cancel out except d;,. Thus
Eq. (3.1) takes the form

m
Y+ iy 3 +iy'd +iy’d +iy?os) W = 0. (3.5)

We define the ¢ for the metric (2.7)

_ [RR[P@+r)? - Qa?sin’ 0] o [(Q+aPhsin?0) Q2
J/ = ) y = 2 V ’
QPp*(1+h) P
PQ2
v = —7r
0
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b _ ,OQVZ

)/ =
sinf/[Pa? +r2)2 — aQsin 6] (1 + h)

a(P(a*+r?) — 0)y°
VF@, O)(P(a? +r?)? —a?Qsin®6)

o (01 1 (00o!
V"I\-10) 7V ot 0 )

0 o? 0 o3
y2=(020>, y3=(030). (3.7)

The Pauli sigma matrices ol (i=1,2,3)are

p (01 » (0—i
o =(Vo) 7= (74)
5 (10
o _<0_1>. (3.8)

The solutions for spin-up/spin-down cases can be respectively assumed to be of the
form [20]

(3.6)

Here

(A .0, 9)E i
V. (t,r,0,¢) = <B(t, o, ¢)§1 > exp [ﬁIT(t’ r,0, ¢):| ,

([ Ct,r,0, )8 i
Wy (t,r,0,¢) = (D(t’ o ¢)s¢)exp [hli(t, r, 0, ¢)} , (3.9)

where /4 and I denote the actions of the emitted particles for spin-up and spin-down
cases, respectively. We shall discuss the spin-up case only since the spin-down case
is similar except for a sign change. Here A, B, C and D are arbitrary functions of the
coordinates (¢, r, 6, ¢). Substituting Eq. (3.9) in Eq. (3.5) and taking leading order
terms in i we obtain the following four equations after some algebra

Q
0= Am— {m+,/g(r 0,1y + WE)(},IT}B (3.10)
Q2P iQ2p
0=— 5091y + dplt (B,
p sin 0\/[P(a2 +r2)? —a2Qsin® 0] (1 +h)
3.11)
0=Bm+{\/F(—9 \/g(r(?a,IT—{—m(pT} (3.12)
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Q2p iQp
0=— p2 BQIT + 8¢IT A.

sin6,/[P(a? +r2)2 — a>Qsin 6] (1 + h)

(3.13)
We apply the following ansatz for solving the above system of equations [21,30]
Iy =J¢p—Et+W(,0), (3.14)

where E and J are the energy and angular momentum of the particle. With this
substitution the above four equations become

B QuJ
0= Am — {m+\/g(r DOW'(r,6) + m}B, (3.15)
2 .
0=— /Q—2PW9(I’,9) n ipS2] B,
P sinf/[Pa? +r2)2 — a>Qsin 6] (1 + h)
(3.16)
0=Bm+{m Ve, OW (r, 9)+m}A, (3.17)
2 .
0=— /Q—ZPWW,@)Jr iStpJ A
p sinQ\/[P(az +r2)2 — a2 Qsin?0] (1 + h)
(3.18)

Using Taylor’s theorem in Eq. (2.9) and neglecting the squares and higher powers we
obtain

g(r.0) =g(ry,0) + (r —ry)gr(ry. 0). (3.19)

At the horizon
g(ry,0) =0. (3.20)

Thus Eq. (3.19) becomes

gr,0) =0 —ry)g (ry,0). (3.21)

Taking partial derivative of Eq. (2.9) with respect to r and evaluating at the horizon,
we get

92
g (ry,0) = ?{(1 —a?r?)(2ry — 2M) — 2ary (a® +r* — 2Mr)

+a’eM sin’ 0 ! 4ry }
a - .
(@%cos?0 +r2)2  (a?cos?6 +r3)3

(3.22)
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Using Eq. (3.22) in Eq. (3.21) we get

QZ
g(re,0) = (r — r+)?{(1 —a?r2)Q2ry — 2M) — 2ary (a® +r* — 2Mr)
1 4r2
2 2 +
+a“eM sin“ 6 — . (3.23
|:(a2 cos26 +r2)2  (alcos? @ +ri)3:| } (3:23)

Now, expanding Egs. (3.15) to (3.18) near the horizon of the black hole and using Eqs.
(3.23) we get

0= Am — { —l—\/(r r+)gr(r+,9)W'(r,9)+%}B’

[F(ry,0) JF @+, 0)

(3.24)

Q2p ipQy
0=—1/—5Wa(r.0) + T (B
p sin6,/[P(a? +r2)2 — a>Qsin 6] (1 + h)

(3.25)
O0=Bm+{— — \/(r r)g (e, OW (r,0) + ﬂ A,
,/F(I"_i_, ‘/F(}"_i_,@)
(3.26)
2 .
0=-1 /2L w, 00+ Ll JPA
p sin6,/[P(a? +r2)2 — Qa?sin? 6] (1 + h)
(3.27)

We neglect the equation which depends upon “6”. Although these equations could
contribute to the (imaginary part) action, but its total contribution to the tunneling rate
vanishes. Using Eq. (2.18) in Egs. (3.24) and (3.26) we get

—E+QuJ
0= Am — —E+8nJ
V@, 0)
E+QuJ

VF(r+7

+Vr =g re, OW(r, 9)} B,  (3.28)

0=+Bm+ [ — Vo —rpe . OW(r, 9)] A, (329

At the horizon we can further decompose W (r, 6). We shall also divide our solution
into two parts, the massless and the massive cases.
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3.1.1 The massless case

In this case we put m = 0 in Egs. (3.28)—(3.29), then two possible solutions could
exist

(E—QpyJ)

B=0, W) =W.(r)= . (3.30)
- VE+, 0 =g (rs, 0)
Eq. (3.29) become
A=0, W) =W (r) = —(E — ) (3.31)

VFEr 0/ (r = r)gr(ri.0)

Here prime is the notation of derivative with respect to r and +/— corresponds to
outgoing/incoming solution. To find the outgoing solution of the fermion particle i.e.
W4 (r) we integrate Eq. (3.30)

(E — QuJ)dr

W. = .
) /\/F(r+,0)gr(r+,9)\/(r—r+)

(3.32)

The above integrand diverges at r = r. By using the contour integration, we get

20— D)(E — QuJ)

Wi(r) = . (3.33)
\/F(r+’ Q)gr(rJr? 9)
Removing the 4 subscript we can write
20 — )(E — QuJ
W) = (@ —1)( H )’
VF(ry,0)g,(ry,0)
2E —QpJ
Imw = 2 nh (3.34)
VF(re, 0)g-(rs. 0)
So the tunneling probabilities of fermions are given as [30]
Problout] o exp[—2ImlI] = exp[-2(ImW4+ + Im®)], (3.35)
Problin] o exp[—2ImI] = exp[-2(ImW_ 4+ Im®)] (3.36)

Since ImW, = —ImW_, the resulting tunneling probability I' = exp[—4Im W]

becomes
—8(E — QpuJ)
I' =exp . (3.37)
[JF(m 0)gr(ry. 9)}

Comparing this with the Boltzmann factor of energy, I' = exp(—BE) where 8 =
1/Ty, we get

_ VF (s, 0)gr(ry,6)

T
" 8

(3.38)
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This is the Hawking temperature for the accelerating non-Kerr black hole at the outer
horizon which is decreasing for growing values of mass M over a certain range contrary
to the accelerating Kerr black hole where temperature is decreasing throughout the
range of M.

3.1.2 The massive case

In the massive case we shall eliminate the contribution of function W’ (r, 6) from Egs.
(3.28) and (3.29). We multiply Eq. (3.28) by A, Eq. (3.29) by B and then subtract
these equations to obtain

AB(E —JQpn)

,/F(r+,9)

Multiplying the whole equation by the term \/F (r, ) and dividing by B> we get

A’m — B*m +2 (3.39)

my/F(ry,0)(A/B)? +2(E — JQu)(A/B) —myF(ry,0) =0, (3.40)
 —(E-JQn) £V(E—JQp)? + m2F(ry.0)(r — 1)

A/B . (341
/ nyF (. 0) 4D
where
,  (E—JQm) £ —IQn)? + miF (s, 6)
lim (A/B) = lim ( e ) (3.42)
+ r—ri 4,
Now
lim A/B = {_(;o , (3.43)

for the upper/lower sign respectively. Consequently, either A/B — Oor A/B — —o0
at the horizon, i.e. either A — 0 or B — 0. For A — 0, the value of m can be found
from Eq. (3.29) as,

—E+ JQpy

JFE@:, 0)

Putting in Eq. (3.28) and simplifying we obtain

m = —A/B| —Verry, ) (r —r) Wl (3.44)

(E - JQg)

(1+ A%/B%)/(1 — A%/B?).
Ver(re, 0)(r —r{)F(ry,0) /5 /

We(r,0) = WL(r) =

(3.45)
Integrating with respect to » we have

. / (E—JRpy)
\/gr(r+,9)(r —ry)F(ry, 0)

W (r) (14 A%2/B* /(1 — A?/B*)dr. (3.46)
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0.070} <
0.065}
0.060F
T 0,055
0.050
0.045}

0.040

0.0 0.2 0.4 0.6 0.8 1.0 1.2
M

Fig. 1 Hawking temperature against M fora = 0.2,¢ = —0.5,0 = 7/2, ¢ = 0.3.

We see that at r = r the integrand diverges. So, by using the contour integration

technique, we get
2(i — )(E —QpuJ)

VEe 0)g(r+,0)
For B — 0 we can simply rewrite the expression in terms of B/A to get

Wi(r) =

(3.47)

—(E - JQpy)

(1+ B2/A%) /(1 + B*/A?),
V& re, 0)(r —r)F(ry,0) /40 /

W,(r,0) =W (r) =

(3.48)

Integrating with respect to r and using Eq. (3.43) we obtain

—2(i — )(E — QuJ)

W(r) = .
\/gr(r+’ 0)F(V+, 0)

(3.49)

The spin-down case is same as the spin-up case, except for the difference of sign. The
equations have the same form as in the spin-up case. The Hawking temperature (3.38)
is recovered for both the cases (the massive and massless cases). Figure 1 shows that
the Hawking temperature decay rapidly with the increase in certain range of mass. The
temperature is plotted in the considered range of mass for accelerating non-Kerr black
hole. The behaviour of the Hawking temperature for accelerating non-Kerr black hole
is different from the accelerating Kerr. We see in Fig. 1 that the temperature has a
critical point because it first decreases for large values of mass M upto a minimum
and then it grows. On the other hand, if we put 2z = 0 to examine the behaviour of the
Hawking temperature of accelerating Kerr black hole, it only decreases.

3.2 Charged Dirac particles

To study the tunneling process of charged fermions, the Dirac equation with electric
charge will be solved for accelerating non-Kerr black holes. The Dirac equation in
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covariant form with ¢ (electric charge) is

iyt (DM - %AM) v+ "—g\v ~0, (3.50)

where m represents the mass of the particles (fermions) and D, = 9, + €2,,, where

Q, = %iFZﬂ Yo, and Xy is antisymmetric i.e. Lyg = %i [y“, yﬂ]. The electro-
magnetic vector potential for these black holes is given by [43]

- o B (2.2
P [dt —asin®0d¢]| — gcosO [adt — (r* +a )d‘fb]. (3.51)
r2 4+ a2cos? 6

Since the metric coefficients do not depend on the coordinates ¢ and ¢, therefore,
an ansatz [19,20,28] similar to the uncharged case, can be used. We use Taylor’s
expansion of linear order for the terms g (r, 6) near the outer horizon, as has been done
for uncharged particles [28]. Putting the values of A;(r4, 6), Ay (r4, 6), X(r4, 0) and
K (r4, 0) in Eq. (3.50) for the charged case, the following set of equations is obtained.

\/F (r+, 9)

|92y, 0) P
oz—[ #agw
pe(ry, 0)
L2040 p0+.0) (1 Y <ear+ sinzf—{—g;(aZ +2rJ2r)cosé’>> ]B’
\/sin29P(a2+r_%_)2 azcos=0 +ry

0=Am —

+ WV —r) o8 (rs.0) | B,  (3.52)

(3.53)

(a®+r3)
JF (1, 0)

Q2 (ry,0) P
():_[ #%W
p=(ry, 0)
zQ(r+,9)p(r+,9) (J (g(ri+a2)cose+ear+sin20>>i|A
s . .
\/P 2+7r3) sm29 a*cos? 0 +ry

<QHJ E++ e‘”* )

0=Bm+ —Jr=r) g . 009, W | A, (3.54)

Now, W (r, 8) can be separated near the horizon of black hole as
W(@r,0)=R(r)+ O (0). (3.56)
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We will solve Egs. (3.52)—(3.55) for the massless case (i.e. m = 0) first. Considering
the above separation of W(r, 8) and m = 0 we get

(QHJ —E+ ok

\/F (r+, 0)

0=— )+\/(r—r+)8rg(r+,9)R'(V) B,

which implies

— __eqry
( QHJ+E (az+r_%_)>

F(r,9)gr(r,¢)y/(r —ry)

R (r) = =R, (), (3.57)

where R4 corresponds to the outgoing solution. In a similar pattern, the incoming
solution can be obtained as

_ __eqry
( QyJ +E (a2+r$))

R (r)=— =R_(r). (3.58)
F(Va‘ﬁ)gr(r’(p)v (V _r+)
The R is
20— 1) (—QHJ +E— (;ﬂ:ﬂ)
Ry(r) = , (3.59)
’ JE(y. 008+ 6)
and its imaginary part is
__eqry
2 (QHJ +E (a2+&))
ImRy = (3.60)
VF (s, 0)g: (s, 0)
Also,
— __eqry
2( QyJ +E (a2+r42r))
ImR_ = — , (3.61)
VF (. 0)8(r+.0)
which shows that ImR; = —ImR_. Using Eq. (3.60), the expression I' =

exp [—4Im R+] becomes

T = ex 8 —QuJ+ E— S (3.62)
N T A @+r2)) | '
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Comparing the above expression with I' = exp[—BE], where 8 = 1/Tg, the
Hawking temperature [4,12] is found as

_ VF1.0)8: (4. 0)

Ty 2

(3.63)

These result for the Kerr-Newman [18] and Reissner-Nordstrom black holes can be
obtained from the above formulas by eliminating the effects of acceleration and rota-
tion, from Eq. (3.62). It is possible here that for some specific values of E and J,
Eqgs. (3.60)—(3.62) could have the probabilities greater than 1, which is the violation
of unitarity. However, this will not happen here because both the spatial and temporal
parts contribute to the imaginary part /m(E At) of the action [47,48]. The (shifted)
imaginary amount of time contributes to both the Prob[in] and Prob[out], and yields
a correct value of I'. Without this contribution, the Hawking temperature will be twice
the original value [49,50]. The case of massive particles (m # 0) gives the same value
of temperature as in the massless case because both have the same behaviour near the
horizon [28].

4 Quantum tunneling of scalar particles

This section deals with tunneling of charged and uncharged scalar particles for accel-
erating non-Kerr black hole. The tunneling probability and temperature will be found.

4.1 Uncharged scalar particles
In order to discuss quantum tunneling of scalar particles from accelerating non-Kerr

black holes given in Eq. (2.7), we will solve the Klein-Gordon equation which is given

as
2

Wy v — b =0 (4.1
8 " U¢_ hz — Y. . )
The wave function ®(z, r, 0, ¢) is defined as

D, r,0,¢) = eXp(;_iI(t’ r,xY + L, r,x) + 0, 4.2)

where O (h) is considered.
Using Eq. (4.2) in Eq. (4.1) we get

g"" (8,1) (3, 1) +m* =0, 4.3)

where m, g"" and I represents the mass, the inverse of metric and the action of scalar
particles. Expanding this equation and simplifying we get

2
OD" ¢ .0y 0,12 — —2 09

F(r.0) F(r.0)K (r,0) @) (2p1)
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f(r,@) 2
F(r.0) K (r,0) (31)
D> 5
TR

+

=0, (4.4)

where the value of F' (r, 0) is given by Eq. (2.17). We shall choose the following ansatz
for the calculation of tunneling probability

I=—Et+W(r)+Jo. 4.5)
Using Eq. (4.5) in Eq. (4.4) we obtain

E? PR 2H (r,6) £, 6)
TFoe fCOW O e e F(r.0)K (r.0)

J24+m? =0.

(4.6)
After some algebra this takes the form

1 [E H(r,@)J]2 [f(r,e) H2(r,0) ] J?

CF(r.o) T K(r.0) F(r.0)  F@.0)K(r.0)]K (.0
+g(r,O) W) +m?=0. 4.7
Here we will add and subtract the term H2(r ) J 2, to make the first term a

F(r.0)K2(r,0)
complete square. So, this takes the form

1 H(r 0) ? ‘12 ’2 2 _

Near the horizon r = r4, Eq. (4.8) is expanded in the similar way as in the case of
Dirac particles. Solving the above equation for W (r) we get

1

W 2@r) = E—QpuJ)?
“ F(ry, 0)g,(ry,0) (r —ry) ( #J)
J? 2
- (m +m )gr(r+, 9) (r - r+). (4.9)

Taking square root and integrating yields

:I:/ dr
\/F(r_,_, 0)gr(r+,0) (r —ry)

2 _
x\/(E —QuJ)? - (J— +m2) r=rd 41

Wi(r) =

K (ry,0) &r(ry, 0)
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Again noting that r = r is a singularity in the above integrand, the contour integration
method solves the above integral as

26— D)(E — QyJ)

W, (r) = .
Y Ry 08, (e 0)

.11

The resulting tunneling probability is

I = exp| —SE =St )) @.12)
P| VFir 008 01.0) | '

Comparing this expression with I' = exp(—BE) where 8 = 1/Ty gives the Hawking
temperature

1. 0)8, (4. 0)
g .
It can be noted that the Hawking temperature of scalar particles given in Eq. (4.13) is

same as in the case of Dirac particles. Thus we recover the Hawking temperature at
the outer horizon.

Ty

(4.13)

4.2 Charged scalar particles

This section studies the tunneling probability, at the outer horizon, of charged scalar
particles from the accelerating non-Kerr black hole in the presence of charge. For the
scalar field ® and charge ¢, the Klein-Gordon equation can be written as

., . 2
lq lq m
gMU (81; - EAV) (BH - EAM> o — ﬁq) = 0, (414)

where m, g, g"¥ and A, represent the mass of scalar particles, their charge, inverse
metric tensor and vector potential (3.51) respectively. Using an ansatz similar to Eq.
(4.5), as has been done earlier for the case of uncharged particles, the above equation
becomes
v 2 _
" (0u1 —qAu) O] —qAy) +m” =0. (4.15)

Substituting different quantities in the above and simplifying we have

__@0d —qA) ,  2H(GO) )

0=— Fr.0) +g(r,0)(0,1) — Fr.0 K .0 (0,1 th)(3¢[ qA¢)
f (I‘, 9) 2 (801)2 s

Fokwe 1) TG @.16)

To solve this equation, we again use an action of the form given in Eq. (4.5) in the
above equation and evaluate at the horizon. The functions which were defined in Sect.
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2 have the following form in the vicinity of the outer horizon r = r.

(h+1) 2a2p* (a*P + 2a*Pr3 + Pri — Q)
F(r+’0): 92 2 . 4 ) 212
P Na*hsin*0 — a?sin* 0(hQ — 2hp? + Q) + P (a® +r})
+0Q — a’P sin? 9), 4.17)

g(r,0) =g (ry,0)(r —ry)
Q2
= ?

1 4r2

2 2 +
+a“eM sin” 0 - r—r4),
|:(a2 cos20 +r2)2  (a?cos?6 + ri)3j| } o)

2a*(h + 1) (a*P +2a*Pr3 + Pr} — Q)

Q= L (4.18)
Q2 (P (a2 +7r2)" +a*hsin*0 — a®sin> O[hQ — 2hp® + Q])

{(1 —a?r?)2ry — 2M) — 2ary(a* +r* — 2Mr)

P(a>+r2)°  a2Qsin?0(h+ 1
K(r,0) = (a 2r+) _a7@sin 2( +1) sin” @
o o
2h : 20
+a?sin*o <% n 2h> , (4.19)
P
2asin?0 [P (r2 +a?) — Q] (14+h)
H(r,0) = — [ (;292) ] ) (4.20)

Substituting the above values in Eq. (4.16) and expanding near the horizon r = ry we
obtain

2
1 eqr4
w'? = E-QypJ — ———
Sl TP P Y < @ +r_{)>
(v —qA¢)2 2
- (m +m | gr(ry,0) (r —ry). (4.21)

Taking square root and integrating gives

dr
£
VF e, 0)g:(re,0) (r —ry)

2 2
y (E_QHJ_&) _<m+mz)w

(r3 +a?) K (ry,0) gr(rs,0)
(4.22)

Wi (r) =
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Here r = r4 is the singularity, therefore by using the residue theory, integration
yields

G

20— 1) (E —QuJ — K+ )
VF @y, 0)g:-(ry,0) ‘

We(r)==

(4.23)

or
_ _ _gery
2 (E QuJ (ri+a2)>
VE. 0 (i 0)
Substituting ImW_ in I = exp[—4Im W, ] we get the tunneling probability as

8 qger4
r— E—Qul————]|. 4.25
o [JF(H,e)gr(m,e) ( G +a2))] -

We observe that the scalar and Dirac particles have the same tunneling probabilities,
which means that the emission rate for both the particles is same.

ImWy (r) = + (4.24)

5 The centre of mass energy

Here we calculate the centre of mass energy Ecys for the colliding particles, in the
vicinity of the accelerating non-Kerr black hole, having equal masses i.e. m; = my =
mo. The particles are falling from infinity with the same energies E1/m1 = Ex/my = 1
towards the black hole with angular momentum L; and L, (which are different). The
motion of particles is considered in the equatorial plane i.e. (¢ = /2). Bafados, Silk
and West (BSW) [51] have given the following expression for the Ecys in both the
curved and flat spacetimes.

2
ECM
2
2mg

=1—guulul, 3.1
where u' =(i1, 1, 01, 1) anduly =(t2, F», 62, ¢) are 4-velocities of both the particles.
The derivative of components with respect to the proper time t is represented by
overdot. Since we have considered the equatorial plane, therefore, the derivative of 0
vanishes i.e. 8 = 6, = 0. Varying the indices of © and v in Eq. (5.1) from 0-3, we
have

2
Etm
2
2my

=1- (goofl + g03<;31)t'2 — grrl172 — 432<gt¢51 + g¢,¢¢31>. (5.2)

The 4-velocity components [52-54] of the particle having mass m are given in
Appendix A in Egs. (A.1)—(A.3). From these we find the expression for E % - Taking
a = 0 = «, in this expression, the centre of mass energy of the Schwarzschild black
hole can be recovered. This expression shows that the centre of mass energy depends
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\ a=0.1, 4 =1.54,=-2.5,q=0.5 500, 2B L 15 s 25 a-6.5
1 =0.1, L4 =1.5, L =-2.5,a=0.

5.0[ ’\“ """"" L N q=0
1 =48 0 eeeeeeeees q=0.9

Fig. 2 Graphs representing the behaviour of centre of mass energy against radius r for varying values of
charge g and rotation parameter a with the values £ = 1.5, £, = =2.5,a = 0.1 and ¢ = 0.2

on the parameters of acceleration « and rotation a. The limiting form r — oo of the
above expression gives Ecy = 2mo, which is the same as found in flat spacetime
for the colliding particles. Eq. (A.4) shows that the centre of mass energy is finite at
horizon i.e. r = r4 for finite angular momenta £; and £; in the slow rotation limit.
This expression diverges at »r = 2M. However, when we take the limit» — 2M, itis
finite for finite values of £, and £5.

The centre of mass energy is plotted in Fig. 2. The plot on the left side shows that
the energy has an inverse relation with the rotation parameter a. For growing values
of a, the Ecyy is decreasing and the curves merge together for large radius. The right
plot shows the effect of the charge parameter g on the energy. If the charge parameter
increases, it enhances Ecyy.

6 Conclusion

Black holes could emit Hawking radiations and eventually evaporate away in this
process of radiation leaving nothing behind, over the time. These radiations have
been studied extensively through Hawking radiation by using the null geodesic and
Hamilton-Jacobi methods. In this paper we extend this approach to find the tunneling
probabilities of fermions and scalar particles from accelerating non-Kerr black holes
for massive and massless particles. We have observed an extra term of deformation
parameter € in the Hawking temperature in Eq. (4.1). When this parameter vanishes
i.e. € = 0, the results for accelerating and rotating black holes can be recovered [28—
30]. Taking acceleration zero reduces this black hole to the Kerr-Newman, and the
uncharged case recovers the results for the Kerr black hole. It is worth-noting that our
results are independent of the nature of particles (scalar or fermions) and we obtain
the same Hawking temperature in all the cases.

For the scalar particles, we have used the Klein-Gordon equation and noticed that
tunneling probability of charged and uncharged fermions and scalar particles are same
in both the massless and the massive cases which indicates that the emission rate of
both the particles is same. In this study we have considered O (%) in the Klein-Gordon
equation. This approach has two advantages: one is that we get back-reaction that
provides a wide view of quantum process and radiations, and secondly, the grey-body
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effect can be further analysed, contrary to the approach used in Ref. [55], where
g+ — 0 has been taken instead of & — 0. These tunneling probabilities are used
to determine the Hawking temperature. This temperature is plotted in Fig. 1 against
mass and shows that for larger spin parameter a, the temperature of the black hole
decreases rapidly.

Classically, only the outgoing particles confront the barrier but in semi-classical
approach both the incoming and outgoing particles face the tunneling barrier i.e. the
horizon. The tunneling probability of fermions particles is not depending on mass,
rather it depends on the charge of the particle. Particularly, the total flux of fermions
and scalars, emitted from the black hole as a result of quantum tunneling, can vanish
for a critical value of mass, depending on the values of .. The centre of mass energy
equation is also found and the limiting forms are also determined for the unbounded
radius and for » — 2M. The radial dependence of the centre of mass energy has also
been shown in Fig. 2 for the rotation a and charge parameter ¢g. The results show that
arbitrarily high E ¢ s can be achieved when the collision at horizon is considered. These
results of Hawking temperature and E ¢y are reducible to the Kerr and Schwarzschild
black holes by eliminating the effects of acceleration, rotation, deformation and charge
parameters, accordingly.

A Four-velocity components

Here we give the 4-velocity components of the particle in Eq. (5.2)

2aLl (—2042Mr3 +2Mr + q2v + a2r4) e
r2v (r(r —2M) + ¢2) B v (r(r —2M) + q%) (M3 +r3)
1

r2y? (r(r —2M) + q2)2 (M3€ +r3

f =

) - {e|:4q4v2 (M3e + r3> + 8q2rv
+ (M (2 — 20{2r2) + a2r3) <M3€ + r3) + r2< — 162 Mr% + 16M2 1302
+a2r7 (40{2r2 - l) + 4a* M3r% — 1602 M43 ev + 16M5€U2>:|612}, (A.1)

. £ 2a (6 (—ZazMr3 +2Mr + qzv + a2r4)) 1
== - +
¢ 2 r2v (r(r —2M) + ¢2) v (r(r —2M) + ¢?)

’
{£{3q4v2 <M3e + r3> + 2q2rv< —6M*ev

+M3re (30{2}’2 + 1) + r2|:12M56v2
+12M2 302 — 1262 M0 4 3041 + 15 1 aM*re (—3a4r4 12022 4 1)
+M3r26 (3a4r4 + 20252 — 1) :|)a2} }, (A.2)

_ 2.2 _ 2 _ rSeZ _ LZ —
. (1 T )(r(r M) +4q )< v(r(r72M)+q2)(M3s+r3) r2 1)
F

r2 <1V£e + 1)
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da (e (40 -+0r%)) 1 {<M3e zz+1)
- —ar

+
M3re +r4 r2 (/":7;64,1) 3

B rie? L _{_22[;72
1 1—ar r'e
v(r(r—ZM)+q2) (M3e+r3) r2 M3e +r3

[4q4U2(M3e +73) +8¢2rv(M 2 - 20%r%) + &? ) (M€ + %)

+r2|:16M2r3v2 — 1662 MrOva? +r7 (4a2r2 — 1) +4a4M3r6e —16a2M*ev

+16M55v2:|:|£2v + (r(r —2M) +q2) |:3q4v2 (M3e + r3> + 2q2rv —6M%ev

+M3re (30{2r2 + 1) +M <6r3 — 6a2r5> +3a2r0 + r2( — 120> M7r0 + 30*r°

+r5 12M3ev? + 12M%3? + v+ 4M*re (73a4r4 + 2022 + 1) + M3r2e

<3a4r4 + 2052;'2 — 1) >i|:|} (/rgv2 (r(r —2M) + qz)) }/a2 (A.3)
where t, e = E/m, £ = L/m, represent the proper time, energy and angular momen-

tum of the particle, respectively. The expression of the Ecys from Eq. (5.2) is given
as

oy (- 5k - 52 v3(Mietrd 5.2
2m%(4ay16 <( 2% 3)2) +xLq )+ ( ) re +1 )

M3re+r# rx - x(M3e+r3)
E2 =
M 2,2
| 2 (re -2+ L,
+ 3 { - 3 [4q (Ol re— 1)
2r9 (r(r —2M) + q2) (a2r2 - 1) (M36 + r3)

+8q2r <a2r2 — 1) (M (2 — 2a2r2> +a2r3) (M3e +r3> +r2< — (a2r2 — 1)
2
16M¢ (a2r2 — 1) — 16a2M*3e (a2r2 — 1) +4a* M3 0 + 16M2r3>i|
27 (42,2 1 N[ a(22 )2
+ar <4a r 71)772(r(r72M)+q ) 3q (o{ r 71)
a?r2 —1
-i-2(12r012r2 —1 (—6M4e <a2r2 — 1) + M (()r3 - 6a2r5)) r? [rs +3a*?
2006 ( 2.2 23( 22 1\? 5 (22 1) 4
—12a“Mr (a r —1)+12M r’ (a r —1) + 12M e(a r —1) +4M7re
1 2M3
(—3a4r4 +2a%% + 1)]} + { - —2{(—24-2012}’2 - 736[1 —a2r2[ -
y r
M 5, 22 1 72(, a( 22 2
+y2y4( (2 —— —ar 1)l —a | ———=r'eT| 4 (arfl)
yzm(( y4)( e { Vet q
(M3e + r3) + (M (2 - 2a2r2) + a2r3) (M3e +r3) + r2< — 1602 Mr®
22 s (22 1) 4y,3 6 23( 22 1\?
((x r —1>I6M e(a r —1) +4a"M7r’e + 16M*“r (a r —1)
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2
+a?r7 <4a2r2 - 1) )] +x[3q4 (a2r2 - 1) ]E%) }/rgxz]]} +X2(2y3)2}
84r4y4£1[,262 { 44)/2»5%62 { M3e 22
- -1 + 338 | —5 —ar" +1
2y4)(3y4) ré r3
1
2.2 7.2 4 2 2.2 2.2
,[lfa r {Wr € <4q + 8¢ r(a r 71) <M(272a r )

+a2r3) <M3e +r3> +r2(16M2 3 (ozzr2 — 1) —1—012r7 (40{2}’2 — 1)

+16Mde (Olzrz - 1)2 - (a2r2 - 1) + 4014M3r66>) +x<3q4 (a2r2 - 1)2

(MPe+1%) +24%ra%? - 1<M (63 = 60%r%) + MPre (30772 +1) — oM
(o2 - 1)) T rz(uMse (22 1)’
Gt 1)2 — 1202 Mr° (27 1)
+30? 415+ abre (<30t 2022 4 1)
+Mr%e (3t 42022 ~ 1) >>
ﬁ%”/r"xz} }/<3y3>2 (1-a??) (o2 - 1)2 }aZ, (A.4)
where
x= (22 = 1) (re- =20 + ¢%),

y = q2 +r(r—=2M)(1 - r2a2),
7= q2 —2Mr +r2(r20t2 — 1),

/52 L3 52 £3
y<_z(WTr3)_r_2_l> y<—m—r—z—1

1=

r2 (/\/Se + 1) 72 (/VSE + 1) )
rde? ,C%
=—+ = +1,
Y (e R
rde? L2
3= =241,

—— t+
cMet ) TP
V4 = —2a*M7? +2Mr + q2 (a2r2 — 1) + a2r4,

and £ and £, represent angular momenta of the particles.
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