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Discussion on event horizon and quantum
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According to the Parikh—Wilczek tunneling framework, the locations of the local horizons of dynamic rotating

black holes can be worked out. The calculations show that the quantum ergosphere of the black hole is identical with

the tunneling potential barrier set by particle’s tunneling across the relevant horizon. Then, some discussions on the

origin of the Hawking radiation will be shown.
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1. Introduction

Since Hawking discovered black holes’ evapora-
tion, the Hawking radiation of different kinds of black
holes has been studied.' =5 In Hawking’s paper, the
vacuum fluctuation near the horizon is used to de-
scribe the Hawking radiation. For containing no less
than one horizon in a general black hole, it is nec-
essary for us to ascertain which one is the true ori-
gin of the Hawking radiation. Different methods have
reached two kinds of conclusions to the problem, both
of which are applicable to static black holes, but will
be controversial when we study the dynamic ones due
to their two horizons’ deviating from each other and
forming quantum ergosphere. (6]

Given that a dynamic black hole can be described
by its stationary correspondence in the tunneling pro-
cess of particles, Parikh—Wilczek tunneling framework
has been applied to research such dynamic spherically
symmetric black holes as Vaidya black holes, Vaidya—
Bonner black holes.[6=9 The extended application of
the tunneling framework displays that the quantum
ergosphere is none other than the tunneling potential
barrier and the Hawking radiation originates from the
vacuum fluctuation near the apparent event horizon.!®!

Since the background space time of dynamic rotating
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black holes is distinct from that of the spherically sym-
metric ones, their Hawking radiation is worthy of our
further studies.

Obtained from the null-hypersurface equation,
the local horizons of dynamic rotating black holes will
be very complex and their exact locations can hardly
be solved using the tunneling framework. Therefore,
another scheme is applied in the paper. It is the ra-
dial outgoing lightlike geodesic that is adopted to work
out the local horizons, which is merely a function of
the horizon’s contraction (expanding) speed. Then, in
terms of the Parikh—Wilczek tunneling framework and
General Relativity’s correspondence, the contraction
(expanding) speed of the event (cosmological) hori-
zon of the nonstationary black holes can be calculated
by studying particles’ tunneling process in the drag-
ging frame of the stationary space time, which should
be verified with York’s definition on the horizon.[6:1%
According to York’s definition, the district should be
lightlike, from which photons can hardly flee. In other
words, when the Hawking radiation is very trivial,
the horizon’s contraction speed and its acceleration
will, separately, satisfy: 7 =~ 0 and #g =~ 0. In this
way, we can get the local horizons of dynamic black
holes and study the ergosphere and Hawking radia-
tion. The studies on Kerr—Newman, Kerr—Newman—
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de Sitter black holes will be shown below.

2. Kerr—Newman black holes

The line element of a nonstationary Kerr—
Newman black hole in the advanced time v is

_ 02
ds? = [1— w dv? — 2dwdr
p
02(0)] sin?
n 2a[2M (v)r 2Q (v)] sin 0dvd¢>

p
+2asin?0drde — p*>de?
B [(a® +72)? — a®A(v) sin? 0] sin? @

7 d¢®, (1)

where a is a constant, M (v) is the mass of the black
hole, Q(v) is the charge of the black hole, and

p? = 1?4+ a*cos? b,

A(v) =17 +a® + Q*(v) — 2M (v)r. (2)

If its null tetrad Z,, = (Z,,,2,,, Z,,, Z,,) =
(i,,n,, m, 6 m,) is constructed as
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its radial outgoing lightlike geodesic will read(!’!
dr A(v)
= — ="V = —— 4
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and the expansion of the null rays © will be
6 = lf;‘l _ nﬂlyl,u;u
g r[Q3(v) — 2M (v)r] + M (v)(r?® + a?)
- Yu (7«2 + a2)2
rA(v)
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Thus, the apparent event horizon Rag is

Rag = M(v) + VM?(v) —a® = Q*(v),  (6)

while its local event horizon, obtained from the ra-
dial outgoing lightlike geodesic and depending on RE,
locates at

Re = (M) +3P0) =~ a2 = QW)l/y. (7
where y = 1 — 2Rg and Ry is the contraction speed
of the horizon of the dynamic black hole.

In the following, the local event horizon can be ob-
tained from the Parikh—Wilczek tunneling framework
and will be verified with York’s definition.[6—1°]

In the Parikh-Wilczek tunneling framework, the
Hawking radiation is regarded as the vacuum oscil-
lation in the inner vicinity of the horizon. In other
words, when a couple of virtual particles just generate
close to the inner surface of the horizon, the one with
the negative energy will drop in and integrate with
the black hole for classically prohibited outside, but
the other with the positive energy will tunnel across
the horizon to infinity and form a real particle, which
is none other than the Hawking radiation. While, ac-
cording to Hawking’s initial description, the Hawk-
ing radiation happens in the vicinity of the horizon’s
outer surface. For ignoring the tunneling particles’
energy conservation, Hawking’s initial theory caused
the information loss, which has been solved by the
Parikh—Wilczek tunneling framework. According to
the framework, when the back reaction of tunneling
particles on the geometry of the black hole is consid-
ered, the space time will be dynamic and be that of
the black hole’s dynamic counterpart. In the process,
the tunneling potential barrier comes from the parti-
cles’ self-gravitation or the shrinkage of the black hole.
Then, the radiation spectrum will correspond with an
underlying unitary theory.[”—35

What Parikh and Wilczek researched was parti-
cles’ tunneling process in the spherically symmetric
space time, while one can similarly discuss the process
in the space time of the rotating black holes. Dur-
ing uncharged massive particles’ tunneling across the
event horizon of the rotating black hole, if the particles
are considered as an ellipsoid shell, the space time will
reduce from rg(M) to rg(M —w) and can be regarded
as that of the dynamic black hole, where w is parti-
cles’ energy and M is the mass of the space time.[3%
Likewise, the tunneling speed is equal to that of the
contraction.!®) Thus, the contraction speed and the
local event horizon of the dynamic black hole can be
worked out. Furthermore, one can examine whether
the region defined by the two tunneling points rg (M)
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and rg(M — w) corresponds to the quantum ergo-
sphere.

Therefore, in order to calculate the dynamic
Kerr-Newman black hole’s local horizon, we should
study the tunneling process in the stationary Kerr—
Newman space time. The line element for the space
time in the advanced Eddington—Finkelstein coordi-

nates is
2
T L P
p
i 2 in?
| 202N = QTS0 g
+2asin”® fdrdeg — p*d6?
@ — AT )
p
where
A=r24+Q*+a%—2Mr. (9)

Obviously, if M = M (v) and Q = Q(v) in Eq. (8),
particles’ tunneling process in the space time can
demonstrate the evolution of its dynamic counterpart.

It is very convenient for us to choose the line ele-
ment in the dragging frame. In the frame, the angular
velocity satisfies

Q—@:_gﬁ a(2Mr — @Q?)

= = , (10
dv gss  (r24a2)? — Aa2sin?6 (10)
and the line element becomes
e Pt
(r2 +a?)? — Aa? sin?
A 2 2 112
X mdv —QdUdr _p d9
= Goodv? + 2Go1 dvdr + on d62. (11)

Its event horizon, satisfying the null-hypersurface

equation:
of of
Y =0 12
Oxt Ozv ’ (12)
locates at
rgg = M + v/ M? —a? — Q2. (13)

If the charged particles are considered as an ellip-
soid shell, the tunneling speed will bel*1:12
A

. _ 9o _
T(Ma Q7 T) - 2@01 - 2(7"2 + 0,2). (14)

Before the tunneling, the space time will be that
of the stationary Kerr-Newman black hole, and the

ingoing tunneling point of the tunneling potential will
locate at

reg = M + M2—a2—Q2_RE:RAE. (15)

During the tunneling, if particles’ back reaction
on the black hole geometry is considered, their tun-
neling speed will be #(M — w, Q — ¢, ), where w is
particles’ energy, and ¢ is particles’ charge. Thus, the
horizon’s contraction speed at r = rgy and its accel-
eration Ry, will, respectively, read(®-10]
Rg = —7+(M —w, Q — q, TEn)

(Q —q)* — Q* + 2wren

- 2(rdy + a?) ’ (16)

R

ZUVV’,;‘T:RE,T;:RE

(Rg — M — 2RgRg)Rp + QQ — ReM
R% + a?

(RE — M — 2RERE)RE — Qq + Rpw

— .(17
R% + a? (17)

When w — 0 and ¢ — 0, Egs. (16) and (17) will,
respectively, satisfy RE ~ 0 and Ry ~ 0, which ac-
cords with York’s definition on the horizon.!'% There-
fore, substituting Eq. (16) into Eq. (7) will yield the
dynamic Kerr-Newman black hole’s local event hori-

zon

Rg = (M +/M2(v) — a®y2 — Q2(v)y)/y
= (M + VM2 — a2y — Q%) /y
n (Q%*q/Q — Mrguw/M)
M2 _ a2 _ QZ

o)) eo((@)) oo

Because the outgoing tunneling point is

= TEH

TEHf = (]\47&))4’\/(]\4*(4})270,27(627(])2
(Q%¢/Q — Mrguw/M)

NiTCEr s

= rgu +

we have
Rg = rEnr. (20)

The above calculations show that the apparent
horizon and the local horizon can be treated as the
ingoing and outgoing tunneling point, respectively. In
other words, the quantum ergosphere corresponds to
the classically inhibited area, which is also applicable
to the massless particle’s tunneling.
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3. Kerr-Newman—de Sitter black

holes

The metric for a dynamic Kerr-Newman—de Sit-
ter black hole in the advanced time v is[37]

5 Ai(v) — Aya?sin®6

2
ds 222 dv
2(dv — asin? §dy)dr p72d€2
As Ao
N 2a[Ag(r? + a?) — Ay (v)]sin? dvde
p?A3

[As(r2 + a?)? — A1 (v)a? sin? 0] sin? d >

_ A7 ’
3

(21)

where a is a constant, M (v) is the mass of the black
hole, Q(v) is the charge of the black hole, A is the
cosmological constant, and

1
Ai(v) = (1 - 3/\r2> (r? 4 a®) — 2M (v)r + Q*(v),
Iyo o 1.5
A2:1+§)\a cos” 6, A3:1+§)\a ,

> =12+ a%cos? 6. (22)

L (r?+a?)As
= 7{07 _17 O> 0}7
mY = {iasinédg, 0, A, IAB},
sin @
1 —i43
nY = ——— — iasi A A 2
2p2A2{ iasin Az, 0, As, Snd }; (23)

the radial outgoing lightlike geodesic and the expan-
sion of the null rays © will read

P C)
© 2A3(r2 +a?)’
6= 4 Ai(v) B rAq(v) e

dr2A3(r2 +a2)  p2A3(r2 + a?)

Therefore, Eq. (24) can yield the local event hori-
zon Ry, the local cosmological horizon R¢, the appar-
ent event horizon Rap, and the apparent cosmological

horizon Rac

Rc = /Z (2!, M(v), Q(v))
If the null tetrads are i \/Zg(x’, M), Q(v))
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P L. 9 ./ 9 o\ . Rac = \/21(17 M(U)7 Q(U))
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m”2p2{ A T Ay Ay } . L
1 Ar(v) where © = 1 — 2A3RE, 2’ =1 —2A3R,, Rg (Rc) is
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2+ a2 { T 2A; }’ the contraction (expanding) speed, and
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Za(o, M), Q) = o= 25 + e, Qo)) cos AR Q]
Zao, M), Q) = 5o = 20 e, Qo)) cos 2 ML QU LT,
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3
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Likewise, the tunneling process in the stationary Kerr-Newman-de Sitter space time is applied to proceed

with the further calculation and the line element in the dragging frame as follows is preferred

42— 462 +

p?As[A1dv? — 2A5(r% + a?)dvdr]

= Goodv? + 2do1 dvdr + Go2 d6?,

Ay [Aa(r? 4 a?)? —

where

o= (1-

Based on the null-hypersurface equation, the

;Ar2> (7“2 + a2) —2Mr + Q2. (28)

event (cosmological) horizon rgy (rcn) of the station-
ary black hole can read

rEH = V21— \/ Z2+ /23,
rcH = V 21+ 2y~ Zs,
where 7y = Z1(1, M, Q), Zy = Z(1, M, @), and

Zs = Z3(1, M, Q) are the three solutions of the fol-
lowing equation

9(1 — Aa?/3)2 +12X\(a® + QQ)

(29)

3
Z+ 162
3 \a? e
3 (AT g M
2/\( 3 > 6pz 0 (30)

if the
Hawking radiation comes from the tunneling process

According to the tunneling framework,

of particles with the charge of ¢ and the mass of w,
treated as an ellipsoid shell, the horizon’s contraction
(expanding) speed will be

P — (@ —9)* = Q° +2wrgn
B 2A3(rgy + a?) ’
Re = — (Q+q)* - Q° — 2wrcn (31)

2A3(7%H + a?)

When w — 0 and g — 0, further calculations show
REmOandREmo(RC%OandRC%O). So the
associated Rg (R¢) can be defined as the local event
(cosmological) horizon.

In terms of the following equations, concluded
from Eq.(30), and the relation between the roots and
coefficients of Eq.(30)
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1-4 Z +VZ 4
( cos® §)(VZa +V73)*/ _ <0, (33

VZisin § + ZQSan‘—J”r — V/Z3sin 45°

Aja?sin® ) A2

(27)

the dynamic black hole’s local horizons will read

\/Zl(xv Mv Q) - \/ZQ(*T7 M7 Q)
Z3(xa Mv Q)

4\ w q
= — | Mrgg— — Q*>=
TEH+t2sina< "EH T @ Q)
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4N
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X {sing\/?lsina;rﬂ\/z
2 2
Al e((w)) (@)

40Q?
= rcg — Q q[singx/Zl
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+ sin

t?sina Q
— sin Zg—ksina_T\/Zg}
e L a+T
3M2 w [Sn sin 3
o -
12 smonL/Zl V' Zs

o — T

= rel()) rel(8) )

where a = a1, M, Q) and t = (1, Q).
After particles’ tunneling across the event (cos-

mological) horizon, the outgoing tunneling point rgy¢
(rcus) locates at

rent = VZ1(1, M —w, Q —q)
~VZ(1, M —w, Q — q)
+VZ5(1, M —w, Q — q),

(36)
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rens = VZ1(1, M +w, Q +q)
+V (1, M +w, Q+q)
_\/Z3(17 M+w7 Q"'Q)v

(37)

and the Taylor’s expansions of the locations indicate
that

rear = Rg,

rcar = Rc. (38)

If M = M(v) and @ = Q(v), the apparent event
(cosmological) horizon Rag (Rac) will be identical
with the ingoing tunneling point rgr (rcm). There-
fore, the ergospheres of the event (cosmological) hori-
zon coincides with the relevant tunneling potential
barriers. The conclusions are also applicable to the
tunneling of the massless particles.

4. Conclusions

According to the Parikh-Wilczek tunneling
framework, particles’ tunneling process in the rotat-
ing black holes’ space time will be identical with the
evolution of its dynamic equivalence. Unlike dynamic
spherically symmetric black holes, the horizons are
yielded from the radial outgoing lightlike geodesic,
while the results should be checked with York’s defi-
nition on the horizon. By studying the tunneling pro-
cess in the dragging frame of stationary black holes,
horizon’s contraction (expanding) speed is calculated,
which yields the dynamic black holes’ local event (cos-
mological) horizon. According to the above calcula-
tions, it is the quantum ergosphere that is identical
with the tunneling potential barrier or the classically
inaccessible region set by particles’ tunneling.

What about the origin of the dynamic rotating
black holes’ Hawking radiation? Because the radiation
cannot be detected in the nonclassical area or the in-
side of the horizons, the radiation of a dynamic Kerr—
Newman black hole comes from the apparent event
horizon, while that of a dynamic Kerr—-Newman—de
Sitter black hole comes from the apparent event hori-
zon and the local cosmological horizon.
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