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Black holes radiate not only the scalar particles but also Dirac particles.
Extending Kerner and Mann’s work (Class. Quantum Grav. 25, 095014
(2008)) to the rotating and charged rotating black holes, we investigate the
Hawking radiation of fermions for the Kerr black hole and Kerr—Newman
black hole. The Hawking temperatures are recovered when the electromag-
netic field effect and rotation effect are taken into account and are same as
that computed by other methods.

PACS numbers: 04.70.Dy, 04.62.+v, 11.30.—j

1. Introduction

Ever since Stephen Hawking had proved the black hole radiates ther-
mally, there were several methods presented to derive the Hawking radia-
tion [1-6]. In these methods, the semi-classical tunneling method put for-
ward by Kraus and Wilczek [7,8| and developed by Parikh and Wilczek [9-11]
attracted many people’s attention [12-16]. In this method, its derivation of
the Hawking radiation mainly consists in the computation of the action of
the classically forbidden trajectory by considering the unfixed back ground
space-time of black holes and particles’ self-gravitational interaction. When
Hawking radiation was first proved, it was described as a quantum tunnel-
ing process triggered by vacuum fluctuations near the horizon. Now that it
is a tunneling process, one should find the tunneling potential barrier. In
semi-classical tunneling mode, they pointed out the potential was afforded
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by the radiation particle self, thus the produce mechanism of tunneling po-
tential is overcome. Furthermore the actual radiation spectrum includes not
only leading term but also correction term, which makes a correction to the
purely thermal one.

In 2005, one ansatz to investigate Hawking radiation by the Hamilton—
Jacobi equation to derive the action of radiation particle was put forward
by Angheben et al. [17]. In fact, this approach is the extension of Padman-
abhan’s work [18,19]. In this ansatz, they neglected the back reaction of
black holes’ geometry and self-gravitational interaction of radiation parti-
cles, and therefore derived the leading term of Hawking radiation spectrum.
The virtue of this treatment is that the covariant treatment of the horizon
singularity through the use of spatial proper distance. Applying this ansatz,
people studied the Hawking radiation of diversified space-time and made
a great deal of successes [20-23].

However, all of these studies were limited to scalar particle case. As we
know, the black hole radiates not only scalar particles but also Dirac par-
ticles. Based on this, Kerner and Mann [24] studied the Hawking radiation
of spin 1/2 particles for Rindler space-time and that of the spherically sym-
metric uncharged black hole by resolving the Dirac equation. However, the
case of fermions for the charged black hole and (charged) rotating black hole
has not been studied. The difficulty consists in how to consider the effect
of electromagnetic field and the rotating effect. Our work in this paper is
to extend Kerner and Mann’s work to the rotating black hole and charged
rotating black hole and investigate the Hawking radiation of fermions by
considering the electromagnetic field effect and rotation effect.

The remainders of this paper are outlined as follows. In Sec. 2, taking
the rotation effect into account, we investigate the Hawking radiation of
fermions of the rotating (Kerr) black hole and recover the Hawking tem-
perature. Extending this work to the charged rotating space-time, the case
of the Kerr—Newman black hole is studied by considering rotation effect
and electromagnetic effect in Sec. 3. Sec. 4 contains some discussion and
conclusion.

2. Hawking radiation from Kerr black hole

In this section, we take the Kerr black hole as model to investigate the
Hawking radiation of fermions for rotating black holes. The metric of the
Kerr black hole is given by

2M 2
ds? = — (1 = 2T> d* + Zar® + p*ap’
p A
2Mra? sin? 4Mrasin®
+ [(7’2 + a2) + 7ri);m 9} sin? 0dp? — 7rz2sm Hdtdgo, (1)
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where p? = 72 +a%cos?0, A =2 —2Mr +a® = (r —r)(r —7_), M is
the physic mass of the black hole, and r, = M + VM2 —a? (r— = M —

M? — a?) are the outer (inner) horizons. From the metric (1), we find the
outer (inner) horizons obtained from ¢g"”0,f0,f = 0 and the outer (inner)
infinite red-shift surfaces obtained from gog = 0 are not coincident with
each others, which is not convenient for us to view the Hawking radiation
of fermions; thereby we should choose one coordinate system to let them be
coincident. There are two treatments to approach it: one is treating it in the
dragging coordinate system (¢,7,6) and letting dy = —g%dt; Another is to
introduce a new coordinate system (t,7,6,x). We choose the latter one and

: : o _ 2Mra
introduce the new coordinate as y = ¢ — 2t (where {2 = T e — AdZein? 6)’

on the metric (1) and get

Ap? 2

L

(r2 +a?)® — Aa?sin” 6 A

(r* + a2)2 — Aa?sin? 0
T 2
p

ds® = — dr? + p*d6?

sin? fdx? . (2)

In this metric, the outer (inner) horizons coincide with the outer (inner)
infinite red-shift surfaces. Moreover, the metrics satisfy Landau’s condition
of the coordinate clock synchronization, which is helpful to investigate the
radiation of fermions for the black hole. The Dirac equation in the curved
space-time is

mwm+nww+%wzo, (3)

where 2, = %Fﬁ‘ﬁﬂaf;, Yop = %[’ya,’yﬁ] and v* matrices satisfy {y*,v"} =
2gH¥. For the convenience of the computation, we let

A,O2 A
F(r) = ) G(r)=—,
(r) (2 + a2)* — Aa?sin® 0 ") P
2 22—A 2 o1 20
P e M NIV T SR

p

and choose the v* matrices as

(0 evem(t 7).

—1
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In the Dirac field, there are two cases which correspond to the particle
with spin up and spin down, therefore two wave functions are corresponded
respectively and they can be expressed as

A 0
Yy = % exp (%ﬁ) , V) = g exp (%IO . (6)
0 D

In which the actions I and I| are the functions of ¢,7,6, x. In the investiga-
tion of Hawking radiation, the key is to compute the action. Considering the
number of Dirac particles with spin up is statistically equal to that of spin
down case, we only explore the spin up case. To obtain the action, inserting
the wave function ¥}y and v matrices into the Dirac equation and yielding

_ (%EMT +B\/G(T)8TIT> +mA = 0, (7)
(%@h _Aw/G(r)(‘)TIT) +mB = 0, (8)
B (gl + ) = O 9

1 i
(gl + o) = o )

It is difficult to get the value of the action directly. From the above four
equations, we can find the action can be carried out in separation of variables.
Considering the properties of the Kerr space-time, we carry out separation
of variables as

I = —wt+W(r)+je+6(8) (11)

in which w and j are the energy and magnetic quantum number of the
particle, respectively. Although there are four equations, our concern are
the first two for that the imaginary part of the action is produced from here.
Inserting Eq. (11) into (7) and (8), we have

(s B GO +ma = 0. (12

( 2 <—w+m>—AW&W<r>>+mB =0 1)

F(r)
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When m = 0, it means this is investigation of the Hawking radiation of
massless particles and Eqgs. (12) and (13) decouple. While m # 0, this is
the Hawking radiation of massive particle and the equations couple. Solving
W (r) yields

w — j .Qh

Wi(r) = iiﬂm s

(14)

where /F'(ry)G(ry) = 2rn=M) 4 correspond to the outgoing/ingoing

ri+a?
solutions of the action and {2, = ﬁ is the angular velocity at the outer
h

horizon. Substituting the result (14) into the separation of variables, we can
get the imaginary part of the actions as

2 2
T, ta

Imly = timn———
T Ty — M)

(w—Jfn) . (15)

So the tunneling probability of the fermions is

P(emission) exp(—2Im1y) . ( dr(w — J8) )
= X R ———

L= P(absorption) - exp(—2Im7_) F'(ry)G ()

rg +a? .
= exp (—27?7: M(w —th)> . (16)

This is the Hawking radiation spectrum of fermions for the Kerr black hole.
Thus the Hawking temperature of the Kerr black hole is recovered as

o VEm)G () 1 m+M (17)

A7 _27'('7'}214-(12,

which is in full accordance with that obtained by the other method. This
implies when black hole radiates massless particle and massive particle, their
tunneling probability and Hawking temperature are the same and are not
related to the kind of particles. For the spin down case, choosing the corre-
sponding (spin down) wave function and investigating it again as the similar
process, we can get the same result. It is not discussed here.

3. Hawking radiation from Kerr—Newman black hole

In this section, we focus our attention on the charged rotating black hole
and investigate the Hawking radiation of fermions in the electromagnetic
field. Replacing A in the metric (1) with A = 72 — 2Mr + a® + Q? =
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(r —ry)(r —r—), the Kerr—Newman metric black hole can be given as

—_ 0?2 2 N2 02
ds? = — <1—72MT2 @ >dt2 + a4 pragr - 2EMT Q2 Jasin=6 v
P A
2Myr — 2 2 o3 29
+|(r* +a?) + (o Qz) - ] sin” Ody” (18)
p

with the electromagnetic potential

. A A Qr Qrasin? 0
A, = A dt + A dp = dt —
’ 10t + Apdp r2 + a2 cos? 6 2+ a2cos26 7"

(19)

where @ is the charge of the black hole, and the outer (inner) horizons
=M+ /M2—Q2—a? (r_ = M — \/M2?2 —Q? — a?) satisfy A = 0.
Following the method given in Sec. 2, we introduce the similar coordinate
@Mr—Q*)a ) and get the

(r24a2)2—Aa? sin2 6

transformation y = ¢ — 2t (where 2 =

metric as

Ap?
(r2 4+ a2)* — Aa?sin® 0
(r2 + a2)2 — Aa?sin? 6

2

ds® = dt?

2
+pzdr2 + p2do* + sin?@dy?,  (20)

with the corresponding potential

Qr (7”2 + 612) Qrasin® 6
2 o2 A2 dt — 2 2 a2
(r? 4+ a?)” — Aasin® 6 %+ a* cos® 0

A, = Adt + Aydx = dx. (21)
The metrics (20) and (2) have the similar forms and therefore they have
similar properties. Namely the outer (inner) horizons and outer (inner) infi-
nite red-shift surfaces are coincident with each other; and the metrics satisfy
Landau’s condition of the coordinate clock synchronization. These proper-
ties are useful to investigate the Hawking radiation of the Kerr-Newman
black hole.

The Dirac equation of the charged particle in the electromagnetic field is

it (@L + 2+ %eAH> V=0, (22)

where e and A, are the electronic charge and corresponding potential. Choos-
ing the v* matrices as follows

e (50) vevan(% 7).
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a3 ) (b §)

where F/(r), G(r), K(r) and H(r) are given by replacing A in Eq. (4) with
A=1r2_2Mr+ad®+ Q2. In this section, we still detailedly explore the
action of radiation particle with spin up case. The spin up wave function
in Eq. (6) is still adopted here. Substituting the 4* matrices and the wave
function into the Dirac function, we can get the four equations as

A0y +eA) + B\GOT | +mA =0, (21
F(r)
B oy +ed) - AJGwor | +mB =0, (25)
F(r)
—-B (Ktr) Oply + HZT) (Ox It + eAX)> =0, (26)
—A (Ktr) Oply + HZT) (Ox It + eAX)> = 0. (27)

Our interest is still first two equations. Considering the properties of the
Kerr-Newman space-time, we carry out the separation of variables as I+ =
—wt + W(r) + je + ©(0). Inserting the action into the above equations
yielding

A -
— | = (—w+edi +j2) + B\ Gr)a,W(r) | +mA = 0, (28)
F(r)
B -
( 2 (—w e + jQ)—A\/G(T)@TW(r))+mB ~= 0. (29)
F(r)
When m = 0, this is the Hawking radiation of massless particles and

Egs. (28) and (29) decouple. And then the charge and corresponding poten-
tial in the corresponding equations should be zero. While m # 0, it is the
case of massive particle and the equations couple. Solving W (r) produce

ﬂ_w — GAQ — th
F'(ry) G (ry)

Wi(r) ==+ , (30)
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where + corresponds to the outgoing/ingoing solution, (2, = # and
h
Ag = rZQJ:Z2 are the angular velocity and electronic charge potential at the
h

outer horizon respectively, and \/F’(r,)G!(r,) = 2(:2*‘;11‘2/‘[). Inserting the
h
value of Wi (r) into the action, we can obtain the imaginary part of the
actions as
rﬁ + a?
2(r, — M)

So the tunneling probability of the radiation particle is

ImIi =+ (w — er — j.Qh) . (31)

rﬁ—l—aQ
Th—M

I = exp ( e (w— edg — th)) . (32)
And the Hawking temperature of the Kerr—Newman black hole is recov-
ered as

1+ M

= 33
2w r2 +a?’ (33)

which is fully in consistence with that obtained by other method.

When @ = 0 and a # 0, the metric (18) is reduced to that of the Kerr
black hole. Now the electronic charge and corresponding potential are zero,
and Egs. (32) and (33) are distribution of the Dirac particle for the Kerr
black hole, which is in accordance with that obtained in Sec. 2.

When @Q # 0 and a = 0, the Kerr-Newman metric is reduced to the
Reissner—Nordstrom metric. So Egs. (32) and (33) describe the Hawking
radiation of the Dirac particle for the Reissner—Nordstrom black hole.

When @ = 0 and a = 0, Egs. (32) and (33) are the distribution of the
Dirac particle for the Schwarzschild black hole.

4. Conclusions and discussions

In this paper, extending Kerner and Mann’s work to the rotating and
charged rotating space-time, we have investigated the Hawking radiation of
fermions for the Kerr black hole and Kerr—-Newman black hole. The tem-
peratures are recovered and are exactly the same as that obtained by other
methods. In the investigation, the back reaction on the black hole geom-
etry and self-gravitational interaction were neglected, the derived Hawking
temperature only is a leading term. When these are considered, the correc-
tion term would be presented. Moreover, considering the number of particles
with the spin up is statistically equal to that of particles with the spin down;
we assumed that the angular momentum of the black hole does not change.
Anyhow, we have extended Kerner and Mann’s work to the general rotating
and charged rotating black holes and recovered the Hawking temperatures.



1
2]
13l
4]
5]

[6]
7]
18]
19]
[10]
[11]
[12]
[13]
[14]

[15]
[16]
[17]

[18]
[19]

[20]
21]
22]
23]
24]

Fermions Tunneling from Kerr and Kerr—Newman Black Holes 249

REFERENCES

S.W. Hawking, Nature 30, 248 (1974); Commun. Math. Phys. 43, 199 (1975).
T. Damour, R. Ruffini, Phys. Rev. D14, 332 (1976).

G.W. Gibbons, S.W. Hawking, Phys. Rev. D15, 2752 (1977).

S.P. Robinson, F. Wilczek, Phys. Rev. Lett. 96, 151303 (2006).

Q.Q. Jiang, S.Q. Wu, X. Cai, Phys. Rev. D75, 064029 (2007); Phys. Rev. D73,
064003 (2006); Phys. Lett. B651, 58 (2007); Phys. Lett. B651, 65 (2007);
Q.Q. Jiang, Class. Quantum Grav. 24, 4391 (2007).

Q.Q. Jiang, S.Q. Wu, X. Cai, Phys. Lett. B647, 200 (2007).
P. Kraus, F. Wilczek, Mod. Phys. Lett. A9, 3713 (1994).

P. Kraus, F. Wilczek, Nucl. Phys. B437, 231 (1995).

M.K. Parikh, F. Wilczek, Phys. Rev. Lett. 85, 5042 (2000).
M.K. Parikh, Phys. Lett. B546, 189 (2002).

M.K. Parikh, Int. J. Mod. Phys. D13, 2351 (2004).

E.C. Vagenas, Phys. Lett. B503, 399 (2001).

A.J.M. Medved, Phys. Rev. D66, 124009 (2002).

M. Arzano, A.J.M. Medved, E.C. Vagenas, J. High Energy Phys. 0509, 037
(2005).

J.Y. Zhang, Z. Zhao, Phys. Lett. B618, 14 (2005).
J.Y. Zhang, Z. Zhao, J. High Energy Phys. 0505, 10055 (2005).

M. Angheben, M. Nadalini, .. Vanzo, S. Zerbini, J. High Energy Phys. 05,
014 (2005).

K. Srinivasan, T. Padmanabhan, Phys. Rev. D60, 024007 (1999).

S. Shankaranarayanan, K. Srinivasan, T. Padmanabhan, Mod. Phys. Letts.
16, 571 (2001).

R. Kerner, R.B. Mann, Phys. Rev. D73, 104010 (2006).

A.J.M. Medved, E.C. Vagenas, Mod. Phys. Lett. A20, 2499 (2005).
P. Mitra, Phys. Lett. B648, 240 (2007).

D.Y. Chen, S.Z. Yang, Gen. Relativ. Gravitation 39, 1503 (2007).

R. Kerner, R.B. Mann, Clas. Quantum Grav. 25, 095014 (2008); Phys. Lett.
B665, 277 (2008); Q.Q. Jiang, Phys. Rev. D78, 044009 (2008); Phys. Lett.
B666, 517 (2008); D.Y. Chen, Q.Q. Jiang, X.T. Zu, Phys. Lett. B665, 106
(2008); Clas. Quantum Grav. 25, 205022 (2008).



