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ABSTRACT

Black objects lose their mass and angular momenta through evaporation by
Hawking radiation, and the investigation of their time evolution has a long his-
tory. In this thesis, after reviewing previous studies on the time evolution of
evaporating black holes, we study this problem for a five-dimensional doubly
spinning black ring. We consider a thin black ring with a small thickness pa-
rameter, A < 1, which can be approximated by a boosted Kerr string locally.
For simplicity, we concentrate on the case in which the black objects emit only
massless scalar particles. We show that a thin black ring evaporates with fixing
its thickness parameter . Further, in the case of an Emparan-Reall black ring,
we derive analytic formulas for the time evolution, which has one parameter
to be evaluated numerically. By developing a numerical code, we determine
the value of this parameter with sufficient numerical accuracy. We demonstrate
that the lifetime of a thin black ring is shorter by a factor of O(A\?) compared
to a five-dimensional Schwarzschild black hole with the same initial mass. We
also evaluate the energy and angular spectra of radiated particles in the evapo-
ration of a thin Emparan-Reall black ring. In addition to the evaporation of a
thin black ring approximated by a boosted black string, we also discuss evap-
oration of a thin five-dimensional unboosted Schwarzschild black string whose
Schwarzschild radius 2Mp is much smaller than the compactification scale L
along the string direction. We study the time evolution of its mass and the en-
ergy spectrum of emitted particle from the black string, and compare them with
those of a four-dimensional Schwarzschild black hole. We show that the energy
emission rate of a black string is larger by a factor of O(L/Mf) compared to
that of a black hole.
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1 Introduction

In four spacetime dimensions, a stationary, asymptotically flat, vacuum black
hole is completely characterized by its mass and spin angular momentum[1]. In
particular, the topology of its event horizon must be a sphere [2]. By contrast, in
five dimensions, in addition to the Myers-Perry black hole [3] which is a natural
generalization of the four-dimensional Kerr black hole, various exact solutions of
black objects with nonspherical horizon topologies have been found [4, 5, 6, 7,
8](see [9] for a review). In this thesis, we focus attention to black ring solutions
with the S! x S? horizon topology. A black ring solution rotating in the direction
of S was found by Emparan and Reall [4]. Since a five-dimensional spacetime
can have two angular momenta, Pomeransky and Sen’kov [10] extended it to a
solution with two independent rotation parameters (i.e., spinning both in the
directions of S* and S?).

A black hole is known to evaporate due to quantum effects of fields in curved
spacetime as shown by Hawking [11]. The rate of mass and angular momentum
loss by the Hawking radiation for a Kerr black hole was first studied by Page
[12, 13] taking account of fields with spins 1/2, 1, and 2, and it was shown
that a Kerr black hole spins down to a nonrotating black hole regardless of its
initial state. However, Chambers et al. [14] (see also [15]) showed that if only
a massless scalar field is taken into account (i.e., in the absence of fields with
nonzero spin), a four-dimensional Kerr black hole evolves to a state with the
nonvanishing nondimensional rotation parameter, a/M =~ 0.555. This analysis
was extended to five-dimensional Myers-Perry black holes by Nomura et al [16].
They showed that any such black hole with nonzero rotation parameters a and b
evolves toward an asymptotic state with a/MY2 = b/M'/? ~ 0.1975(8/3m)"/2.
Here, this value is independent of the initial values of a and b.

It is interesting to extend these studies to the case of a black ring. Although
the Hawking radiation of black rings has been studied in various context [17,
18, 19, 20], the time evolution of a black ring has not been studied up to now.
The difficulty in this study is that the method of mode decomposition of the
Klein-Gordon field in this spacetime is not known since separation of variables
has not been realized, and therefore, two-dimensional numerical calculations of
eigenfunctions are required. In order to avoid this difficulty, we consider a thin
black ring with a small thickness parameter, A < 1. Here, “thin” or the small
thickness parameter A\ means that the S? radius is much smaller compared to
the S' radius. In such a situation, a black ring can be approximated by a
boosted black string. Then, the separation of variables for the scalar field can
be done, and we have well defined modes.

Using this thin-limit approximation, we give a formulation to study the
evolution of a thin Pomeransky-Sen’kov black ring by the Hawking radiation,
and discuss general features that do not depend on details of the greybody
factor. Then, we apply our method to a special case of the Emparan-Reall
black ring without S? rotation, and derive a semi-analytic formula for the time
evolution of the evaporation. Here, the formula is semi-analytic in the sense that
the evolution is expressed by analytic formulas but they include one parameter



related to the greybody factors that have to be evaluated numerically. By
developing a numerical code, we also determine the value of this parameter
with sufficient numerical accuracy.

In addition to the time evolution, we present numerical results on detailed
properties of the evaporation of a thin Emparan-Reall black ring. Specifically,
we examine the energy and angular spectra of emitted particles in the evapo-
ration. In order to clarify the property of the energy spectrum that is specific
to the evaporation of a black ring, we discuss the results by comparing it with
that of a four-dimensional Schwarzschild black hole.

Because a black ring was approximated by a black string in the thin-limit
approximation above, we can apply our method also to evaporation of a thin
black string. For this reason, we discuss evaporation of a thin Schwarzschild
black string in the unboosted frame. Here, a thin black string means that the
Schwarzschild radius 2M g is much smaller than the compactification scale L
along the string direction. In addition to the formulas for time evolution, we
present numerical results on detailed properties of evaporation such as an energy
spectrum and compare them with those of a four-dimensional Schwarzschild
black hole. We also discuss the connection of these results with the evaporation
of a thin black ring.

This thesis is organized as follows. In Sec. 2, we review the evolution of a
four-dimensional Kerr black hole and a five-dimensional Myers-Perry black hole.
In Sec. 3, the black ring solution is reviewed and its boosted Kerr string limit is
shown. In Sec. 4, we derive the equations that determine the emission rates of
mass and angular momenta of a black ring via Hawking radiation. In Sec. 5, the
time evolution of evaporating black rings is discussed and we check the validity
of our numerical result by studying the DeWitt approximation. In Sec. 6, we
present the energy and angular spectrum of emitted particles in the evaporation
of a thin Emparan-Reall black ring. In addition, we discuss evaporation of a
thin Schwarzschild black string. Sec. 7 is devoted to a conclusion. To simplify
the notation, we use the natural units A = c = kg = 1.



2 Evolution of evaporating spherical black holes

In this section, we review the evolution of black holes with spherical horizon by
Hawking evaporation. In the first subsection, we explain Hawking radiation. In
the remaining two subsections, the time evolution of a Kerr black hole and a
Myers-Perry black hole, emitting massless scalar particles, is discussed.

2.1 Hawking radiation

Black holes do not only absorb matter around them, but also emit radiation
with a thermal spectrum due to quantum effects, which is called Hawking ra-
diation. We derive the thermal spectrum, following the discussion in Ford’s
lecture note[21].

2.1.1 Particle creation

We consider a massless scalar field satisfying the Klein-Gordon equation in
curved spacetime

(—9) %0, (V=g9"0,®) =0, (2.1)

where g is the determinant of the metric g,,,,. We define the inner product of a
pair of solutions of the Klein-Gordon equation by

(1o fo) =i / (30, f1 — F10,f3)d=", (2.2)

where d¥X* = dXn*. Here, d¥ is the volume element in a given spacelike
hypersurface, and n* is the timelike unit vector normal to this hypersurface.

Let {f;, f} be a complete set of solutions of Eq. (2.1), where f; has a
positive norm. We write the field ® using annihilation and creation operators
a; and a;r-, as

= Z(ajfj +al f7). (2.3)
J

The commutation relation is [a;, a;,} = J,;» and a vacuum state |0) is defined
by a;]0) = 0.

Let us consider a spacetime which is asymptotically flat in the past and in
the future, but which is non-flat in the intermediate region. Let { f;} be positive
frequency solutions in the past (the “in-region”), and let {F;} be positive fre-
quency solutions in the future (the “out-region”). These modes are orthonormal
in the sense that

(f3: f3) = (B Fy) = b0, (f5 f7) = (B}, F) = =055, (24)

with all other inner products vanishing. We expand the in-modes in terms of
the out-modes:
fi =Y (ki + BinFy). (2.5)

k



From Eq. (2.4), we have the conditions for a; and S;y.

> (e, = BinBin) =55 Y _(ejrayk — BixBik) = 0. (2.6)

k k

The inverse expansion is

Fr =Y (a3 fj = Biwf})- (2.7)

J
The field ® can be also expanded in terms of {Fj}.

O = (b;F; + b Fy). (2.8)
J

The a; and a;r- are annihilation and creation operators, respectively, in the

in-region. On the other hand, the b; and b} are the corresponding operators
for the out-region. The in-vacuum state is defined by a;|0);, = 0, whereas the
out-vacuum state is defined by |0}, = 0. These creation and annihilation

operators are related to each other:

aj = (a5br = Bpbl), b= (ajra; + Bjpal). (2.9)

k J

This relation is called a Bogolubov transformation, and the oy, and Bji are
called the Bogolubov coefficients.

In the following, we will consider the gravitational collapse. Namely, the in-
region is described by the past null infinity Z—, and the out-region is described
by the future null infinity Z+ and the future event horizon H*. The number
operator which counts particles on Z is N, = b;[bg, where ¢ is the mode which
left Z= and reached Z%, not H*. Thus the mean number of particles created
into mode /¢ is

(Ne) = in(0[bbe[0)in Z 1Bl (2.10)
If any of the 3¢ coeflicients are non-zero, the partlcle creation occurs.

2.1.2 Thermal spectrum

For simplicity, we wil concentrate on the case of a massless scalar field in a
four-dimensional nonrotating black hole, i.e., a Schwarzschild black hole. The
metric of a Schwarzschild black hole is given by

dr?
ds® = —f(r)dt? + — + r2dQ>, 2.11
(r) ) (2.11)
where nY
fir)y=1-225 00 402 = 462 + sin® 0dg?. (2.12)
T



Here, G4 is the four-dimensional gravitational constant and Mg is the mass of
the Schwarzschild black hole. Its event horizon is located at r = 2G4Mg. For
later use, we define the advanced and retarded time coordinates as

v==t+r", u=t-—r", (2.13)

where r* is the tortoise coordinate given by

(2.14)

— 2G4 M,
r*:r+2G4Msln<r Ga S>

2G4 Mg

We imagine that the black hole was formed at some time in the past by
gravitational collapse, and assume that no scalar particles were present before
the collapse began. The in-modes, f,¢, are pure positive frequency on the past
null infinity Z=, s0 fuem ~ €~V as v — —o0, Similarly, the out-modes, F,p,,
are pure positive frequency on the future null infinity ZF, so F g, ~ e~ as
u — 00. In order to determine the particle creation, we need to calculate the
Bogolubov coefficients.

In WKB approximation, the out-modes asymptotically behave as

nm(ev ¢) e—iwu7 on I+
Foopm ~ —=% () etGeMsiwnltoo—/C] on 7- (2.15)

where Yy, (0, ¢) is a spherical harmonic, C' is a constant, and vy is the limit-
ing value of v for rays which pass through the body before the horizon forms.
Therefore, the out-modes on Z~ have the form

A 4G4 Mgiw In[(vo—v)/C]
Fotm ~ { (e P US (2.16)
O, v > g
We expand out-modes in terms of in-modes:
Fw@m = / dw’ (a:;’wfw’fm - 6w’wf¢:’€m) . (217)
0

Here we did not write the common modes (¢, m) of the Bogolubov coefficients
o wom A0 Burem wem. Thus, By is

1 Jof vo ., _
ﬂw’ - _ 7A(w) / dve ™ ve4G4Mszw In[(vo—v)/C]
¥ 2V w _

)

/ oo

— _% %A(w)eiwvg / dv/eiw’v’€4G4Msiw ln(v'/C)7
0

(2.18)
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Figure 1: The closed contour of the integration in Eq. (2.20).

where v/ = vy — v. On the other hand, o, is

1 w/ Vo o ‘
Oé:;/w = % - A(w)/ dv e™ U64G4Mslw In[(vo—v)/C]
— 00
1 W’ . OO/—‘//4GM'1’C
= — A(w)ezwvg dv' e~ W'V gAGaMsiw n(v'/C) (2.19)
2V w 0

7 o
_ 1 w A(w)eiwvge47rG4MSw / dvleiw'v'€4G4Msiw ln(v'/C)'
0

oV ow

Here, we use
% d’l)l e—iw/v/ 64G4M5iw In(v’'/C) — 07 (220)
C

where the integration is taken around the closed contour C' illustrated in Fig. 1.
From Eq. (2.18) and Eq. (2.19), the Bogolubov coefficients are related to each
other as

AmGaMsw |3 ). (2.21)

The condition on the Bogolubov coefficients, Eq. (2.6), is written as

ZO@W'WF _ |ﬁw'w|2) _ 2(68wG4Msw _ 1)|Bw’w|2 -1 (2.22)

w w

laww] =€

The mean number of particles created into mode (w, ¢, m) is now given by

1
(Nus,e,m) = Z |Burwl® = SrGiMsw 1 (2.23)



This is a thermal spectrum with a temperature of

1

Tg= ——
57 81G Mg

(2.24)
which is the Hawking temperature of the black hole.

This discussion can be extended to the case of D(> 4) dimensional nonrotat-
ing spherical black holes. The difference is that instead of w and T, we need to
use the energy of a scalar particle in the background of a D-dimensional nonro-
tating spherical black hole and the temperature of the horizon. In the rotating
case, we have to replace w by the energy w, of the mode with respect to the
null geodesic generator of the black hole horizons because the mode function
behaves as exp(—iw,uy) in the coordinates that are regular around the black
hole horizon, where u+ is the advanced time/retarded time around the horizon.
In general, this null geodesic generator £ can be written as £ = 9, +> ;§2045 in
terms of the time translation Killing vector d; and the rotational Killing vectors
0ys. From this, it follows that w, for the mode oc exp(—iwt +i3_; m;¢?) is
expressed as

Wy =W — ijQj. (2.25)
J

2.1.3 Greybody factor

Particles emitted from a black hole traverse a curved spacetime geometry before
they reach an observer located at infinity. The black hole background thus
work as a potential barrier for them and give a deviation from the blackbody
radiation. Though particles emitted with sufficiently high energy reach the
observer, particle emitted with law energy go back to the black hole by its
gravitational pull. Therefore, the accurate expected number of particles emitted
per unit time for each mode for a Schwarzschild black hole is given by

)

where I‘gifh) (w) is a deviation from the blackbody radiation, called greybody
factor. The greybody factor is the probability for an outgoing wave of the cor-
responding modes to reach infinity. Owing to the flux conservation, this coin-
cides with the absorption probability of the incoming wave of the corresponding
modes.

Next, we formulate the time evolution of the black hole mass. Particles
emitted in a time interval At have the following discrete energy:

2
Aw = KZ X (natural number). (2.27)

The energy of the particles emitted in At for each mode is therefore

AE _ Aw

= on w(Ng). (2.28)



Because the total energy can be obtained if we take summation of Eq. (2.28)
over all modes, the emission rate of the mass of the black hole is formulated as

dMs 1 >
=g Z/O w(Ns)dw, (2.29)
Im

where the summation is taken over all modes. In order to determine the time
evolution of a black hole in Hawing radiation, we need to obtain the greybody
factor for each mode, which has to be evaluated numerically.

2.2 Evolution of a evaporating Kerr black hole

We discuss the evolution of a Kerr black hole emitting scalar radiation via the
Hawking process [14] (see also [15]) .

2.2.1 Kerr solution

The metric of a Kerr black hole is given in the Boyer-Lindquist coordinates as

df:_(l_mw)dtz_mmﬂ

r > (dtdg + dedt)

N (2.30)
P
A
where p? = 72 + a%?cos?6 and A = r2 — 2G4 Mgr + a®>. Mg and a corre-
spond to the mass and rotational parameter, respectively. One can recover the
Schwarzschild metric (2.11) by setting a = 0. The event horizon is located at
r = r; where

r4 = G4MK + \/m = G’4]\4K(1 + 1- az)> (231)

with a, := a/(G4M). The temperature and surface gravity of the horizon are

.2
+ 2 ar® + p2ae® + 512—2‘9 (2 +a%)” — a*Asin 0] dg?,

KK T4 —T_

Tk = = ——.
K FK 4G4MKT’+

= 2.32
o’ ( )

We transform the Boyer-Lindquist coordinates (2.30) to the Kerr ingoing
coordinates (v,r,0,¢). Here, (v, ¢) are introduced as
dr dr
A’ AT
With these coordinates, the Kerr metric in the Kerr ingoing coordinates is given
by

dv = dt + (r* + a?) dp = do +a (2.33)

2G4 M 2G4 M in?6 /- -
ds? = — <1 _ G42Kr> dv? — G4K+Sm <d¢dv + dvdd))
P p
— 2asin? Odpdr + 2drdv + p*db? (2.34)
sin” §

7 [(r2 + a2)2 — a®Asin? 9} dep?

10



2.2.2 Formulation

We formulate the emission rate of the mass and angular momentum of the Kerr
black hole, following Page[13].

In terms of Kerr-ingoing coordinates (v, r, 6, (;NS), the Klein-Gordon equation
O¢ = 0, separates by writing ¢ = R(r)S(0)e~“"ei™? where the angular func-
tion S(@) is a spheroidal harmonics. The radial function, R(r), satisfies

d  d d
—A— — 21K — — 2iwr — = 2.
[dr gy~ 2K o = 2iwr A R(r) =0, (2.35)
where K = (72 + a*)w — am, A\ = Epne — 2amw + a’w?, and Epp, is the

separation constant. Asymptotic solutions can be expressed by

Zhole =T,

R— { Zinr ™Y+ Zouer~te?r = oo, (2.36)
The subscript “in” refers to an ingoing wave originating from infinity, “out”
refers to an outgoing wave reflected from the black hole that propagates toward
infinity, and “hole” refers to the component of the wave that is transmitted into
the black hole through the horizon at » = r;.. The greybody factor Fgﬁerr) (w)
is

2
Zout

Zi
We express the rates at which the mass and angular momentum decrease by
the quantities

ey =1 - (2.37)

_Mr (2.38)

f:: 7M12(MK7 g =

¢
where the dot (*) denotes the derivative with respect to t. This definitions
remove overall dependence on the size (mass) of the black hole. The coordinate
t is the usual Boyer-Lindquist time coordinate. These quantities will determine
the evolution of the Kerr black hole, which is defined by

(Kerr)
f\ 1 o Ly (w) T
( ) )= IZ% i e e v e ma-t ) - (2.39)

Here Qx = a./2ry is the surface angular frequency, and we have defined z =
Mpw. The relative magnitude of the mass and angular momentum loss rates
will determine whether or not the black hole will spin down to a nonzero value
of a,. To obtain the evolution of a., we differentiate a, = Jx /M3 with respect
to time ¢. From Eq. (2.38), the equation for a, is derived as

Qe hf
= (2.40)
where h(a.) was defined by
g(a-)
h(ay) := — 2. 2.41
)= Fa) (240
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Figure 2: The scale invariant mass(left panel) and angular momentum(right
panel) loss rates, due to scalar particle emission, for a Kerr black hole. In the
left panel, the mass loss rate approaches the value 7.439 x 10~ at low rotation,
while it reaches 2.601 x 10~ at the extreme limit a, = 1. In the right panel, the
angular momentum loss rate approaches 8.886 x 10~° at low rotation, while the
emission rate is 6.853 x 10™% at a, = 1. These figures are taken from Ref. [14].

When h = 0, Eq. (2.40) becomes a, = 0. This means that the Kerr black hole
continues to lose mass with a nonzero constant value, a, = a4. Since the mass
loss rate is always positive throughout the Hawking process, the function f must
be positive definite. If dh/da, is positive at a point where h = 0, the black hole
will asymptotically evolve toward a stable state. If dh/da. is negative or zero at
the point, then it represents an unstable equilibrium point of a,, and the black
hole will evolve away from it.

2.2.3 Results

In Ref. [14], Chambers et al. numerically calculated the functions f(a.) and
g(a.) at 18 values of a, ranging from a, = 1 x 107 to a, = 0.99. They
extrapolate these values to a, = 0 and a, = 1 and interpolate for points of
interest.

Fig. 2 shows the behavior of the mass and angular momentum loss rate as a
function of the specific angular momentum, described in a scale invariant way
by the function f(a.) and g(a.), respectively. The loss of mass and angular
momentum by emission of scalar particles are more effective at high values of
ax. The functions f(a.) and g(a.) is used to determine h(a.) in the following.

Fig. 3 shows the behavior of h(a,). The most important feature is that
h(ax) = 0 at a value of a, ~ 0.555 as seen in the figure. Because a black hole
that forms with a value of a, > 0.555 will have h(a,) > 0, a, will be negative
by Eq. (2.40) and the value of a, will decrease as the black hole evaporates,
approaching a, = 0.555. In contrast, because a black hole that forms with
a, < 0.555 will have h(as) < 0, a. will be positive and the value of a, will
increase towards a, = 0.555. Thus, a Kerr black hole emitting massless scalar

12
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Figure 3: The function h(a.), Eq. (2.41), is plotted as a function of a.. The
point at which h(a.) = 0 occurs at a, = 0.555. A hole formed with a, on either
side of this value will evolve to a state characterized by this value. This figure
is taken from Ref. [14].

particles will evolve towards a state with a, ~ 0.555.

2.3 Evolution of a evaporating Myers-Perry black hole

In this subsection, we discuss the evolution of a five-dimensional rotating black
hole emitting scalar particles via the Hawking process for arbitrary initial values
of the two rotation parameters a and b. It is found that any such black hole
whose initial rotation parameters both nonzero evolves toward an asymptotic
stat a/]\Lt/P2 = I)/M,%/P2 =const.(# 0), where this constant is independent of the
initial values of a and b.

2.3.1 Myers-Perry solution

The metric of a 5-dimensional rotating black hole is given in the Boyer-Lindquist
coordinates as

ds® = — dt* + (r* + a?) (dpd + pide?) + (r* + a3)(dp3 + p3de3)

wr 2 o (2.42)
gt + arnides + axpsden)’
where
2,2 2,2
F_ atpy a3k II = (r? + a2)(r® + a2). (2.43)

24 a?  r2+4ad’
The metric (2.42) has three parameters. p gives the black hole mass M, as

3T

Mypr=— 2.44
MP 8GM: ( )

13



where G is the five-dimensional gravitational constant. For later convenience,
using this parameter, we define a typical scale length as r, := /i. The rotation
parameters a; and ap give the angular momenta Jg and Jy as

2MMP 2MMP

(MP) __ (MP) __
J¢ = 3 ai, Jﬂ’ = 3 as. (245)
The variables p1 and ps obey a constraint
pi+pd =1 (2.46)

Instead of keeping the symmetric form of the metric (2.42), we solve the
constraint (2.46) explicitly. We use the following parametrization

i1 = siné, o = cosb, (2.47)

and introduce the following notations

a =daj, b:a27 ¢:¢17 w:¢25 (248)
2 =r%+a%cos® 6+ b?sin’ b, (2.49)
A= (r? +a®)(r® + V%) — pr?. (2.50)

Then the metric (2.42) takes the form

ds® = — dt® + (r? 4 a®) sin® 0d¢? + (r* + b?) cos? Ody)?

+ % [dt + asin? 8dp + bcos? 9d1/}]2 + TQA/)2 dr? + p2d6*. (251)
Three angles take the following values:
0< o, < 2m, 0<6<m/2. (2.52)
The metric (2.51) is invariant under the following transformation
a b, 0<—>g—0, ¢ > 1. (2.53)

It possesses 3 Killing vectors, 0, 0y and 0y. The event horizon and the inner
horizon of the black hole are located at r and r_ respectively, where

1
rl = 3 [u —a? =0 £ \/(p—a2—b2)2 - 4a2b2} . (2.54)
The angular velocities €2, and €2, are
a b
Qy = —, Q= . 2.55
r2 +a? b 2+ b? (2.55)

The temperature and surface gravity of the horizon are

2 2

Ryp 7"_;,_77"_
Ty = M2 — = 9.56
MP = o DY VA (2.56)

14



From the condition for the existence of horizon(s), we obtain the condition
a + b < r, constraining the angular momenta. In terms of the nondimensional
rotation parameter a, := a/ry and b, := b/rs, the condition becomes

a4 b, < 1. (2.57)

Note that we can assume that ¢ < 0 and b < 0 without loss of generality.

2.3.2 Formulation

First, we formulate the time evolution of the Myers-Perry black hole. To quan-
tize a massless scalar field ®, we expand it as ® = R(r)O(f)e™m?einve—iwt,
Nomura et al. evaluated the emission rates of the total energy and angular mo-
menta by calculating the vacuum expectation value of the energy-momentum
tensor of the scalar field (Note that this method to determine the emission rates
is different from the method used in Sec. 2.2). Then, the emission rates of the
black hole mass M,,» and angular momenta .J4 and .J,, are given by !

M. w
d MP 1 o] P (w)
_ JMP) = — / dw ——tmn \7/ ' 958
dt J?Z\/IP) 2 Z 0 wew+/T1\4P —1 m ( )
P lmn n

Here, wy = w — mQy — nQy, 1 is the eigenvalue of the angular function ©(0)
and I‘l(%:)(w) is the greybody factor.

Similarly to Sec. 2.2, we introduce scale invariant rates of change for the
mass and angular momenta of an evaporating black hole as
Ts

. r. -
f = _TEMJVIP Ja ‘= _iJé)MP)v gy ‘= —

” ; Jo, (2.59)

where the dot (") denotes the derivative with respect to ¢. In terms of the scale
invariant functions f, g, and g3, the time evolution equations for a, and b, are
given by

a8 fhg b. 8 fhy

- e ST 2.
s 3r rd’ b 3m ord’ (2.60)

where the dimensionless functions h, and h, are defined as

o 3 (Y9a L 3 (9
ha ._2<f—1>, hb._2<f—1>. (2.61)

The evolution of a, and b, are determined through numerical evaluation of f,
go and gp. In the evolution of Eq. (2.60), a fixed point h, = 0 and h, = 0 plays
an important role. Because the mass of an evaporating black hole decreases
throughout the Hawking process, f is positive definite. If h, > 0, then a,
decreases, while if h, < 0, then a, increases. Because h, depends not only on
ax but also on by, h, = 0 gives a curve in the a,-b, plane.

IThe formulas expressed here have different forms from the original ones in Ref. [16] because
of the different definitions of the greybody factor.
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Figure 4: The contours of f(left panel) and g, (right panel) in the a.-b,. plane.
The black regions correspond to zero, which is forbidden because there is no
horizon in this region.. The white regions correspond to the maximums, fiax =
£(0.85,0.05) = 4.349 and ggmax =~ f(0.85,0.05) = 5.92467. The difference
between two contours is fiax/10 in the left panel and g, max/10 in the right
panel. These figures are taken from Ref. [16].

2.3.3 Results

In order to investigate the time evolution of a, and b., we have to analyze
Eq. (2.60). In the following analysis, we use units such that rs = 1. For this
purpose, the contour plots of f and g, are depicted in Fig. 4 (g, is obtained by
exchanging the axes for a, and b,). In the a.,-b, plane, the regions in which
a4 +bs > 11is forbidden because there is no horizon (the black regions in Fig. 4).
Two white regions in the left panel show that f becomes large, i.e., the emission
rate is high. In the right panel, there is only one white region where the angular
momentum Jy is emitted effectively. If the two rotation parameters are equal
(i.e. a. = by), the emission rates are suppressed even if the black hole is in a
maximally rotating state (a. = b, = 0.5). In fact, the angular equation for ©(6)
in this case is exactly the same as that for the Schwarzschild black hole [23].
This is consistent with the result given in Ref. [24].

Fig. 5 shows the evolution of a black hole in the a,-b, plane. The vector
field (dx, b,) with arrows means how the values of a, and b, evolve toward the
fixed point. The arrows far from the symmetry line of a, = b, are very large.
Then, if the initial value of a. (or by) is large, a, and b, approach the same
value fast. Near the fixed point (a,,b,) = (a!™,al™) ~ (0.1975,0.1975), the
arrows are very small, which means that the evolution toward the fixed point
is slow. We thus find that after reaching a state with a, = b, a. and b,
eventually evolve together toward the fixed point (aicr), aicr)). This means that
any rotating black hole with two nonzero rotation parameters will evolve toward

a final state with the same specific angular momenta, a, = b, = agfr). On the
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Figure 5: The vector field describes the direction in which a, and b, evolve,
i.e. (G, bs). For any initial values of a, and b,, the system evolves toward
as = b, = 0.1975 (the black spot), which is a stable fixed point. The shaded

region is forbidden. This figure is taken from Ref. [16].

other hand, for a black hole with only one nonzero rotation parameter, i.e. a # 0
but b = 0 exactly, the stable fixed point is a, = 0.1183, which is determined by
the equation hg(ax,0) = 0.

In the above analysis, the dynamical system of Eq. (2.60) has one stable
attractor, which can be reached through the Hawking evaporation. However,
the black hole may evaporate away before this fixed point is reached. This
happens if the evaporation time, 7oy = —M/ M , is longer than the evolution
time scale in the a,-b. plane, 7,, = a./|a.|. Therefore, if the initial mass of the
black hole is sufficiently large, the two specific angular momenta will become
equal in the Hawking process.
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3 Black rings

In this section, we review basic properties of black rings. In addition, we show
that for a doubly spinning black ring, there is a limit in which the ring very thin
and locally it approaches the geometry of a boosted Kerr black string. This limit
was discussed in the more general case of an unbalanced Pomeransky-Sen’kov
black ring in Ref. [25].

3.1 An Emparan-Reall black ring

In this subsection, we review a singly spinning black ring.

3.1.1 Emparan-Reall solution

The black ring metic is given by

ds? — 1;8 (dt—i— RV (1 +y)d¢)2
| - (et + G047 -
PO (Gt Egdd’)]
with
PO =1-26 G =(1-€)(1- 0. (32)

Note that the form of the solution is not a original one obtained in Ref. [4], but
the one revised in Ref. [26]. This solution is characterized by the following three
parameters: a length scale R and dimensionless parameters A and v.

The range of v and A are

0<v<A<l (3.3)

In order to avoid a closed timelike curve, we restrict the = range to

1<z <. (3.4)

The y range is
—o0 <y < —1, A<y < oo, (3.5)
ly| = oo is a ergoshere, y = 1/v is a event horizon, y = 1/X is a singularity

inside the event horizon.

In this metric, the surface ”¢,y,1) = const.” corresponds to S? and x and ¢
are their coordinates. On the other hand, the curve ”¢,y, x, ¢ =const.” corre-
sponds to S' and 1 is its coordinate. Therefore, the whole represents a ring-
shape S' x S2.

v parametrize the radius of S2. We recover a very thin black ring as v — 0.
At the opposite limit, the solution represents a very fat black ring as v — 1.
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3.1.2 Conical singularities

The solution generally has conical singularities. We eliminate them because
we will consider the balanced black ring(, i.e. the black ring with no conical
singularities,) below. Considering an small circle around an axis, we impose the
condition for a length of an arc ¢ and an radius r.

2r ={/r (3.6)

First, we obtain the period A¢ of ¢ at x = —1. Using

o RF(y) |G(z)
{= / Joodd = A , 3.7
o VIR =BG TN F) 0
* * RF(y) dx
T = dl‘ = / B 38
L Ve L @-y) VG (38)
the condition for avoiding the conical singularity is
27 = lim -
z——17

B (hmAa;’g}g))) (lim gg;g)
limf‘r RF(y) _dx

-1 (z=y) \/G(z)

<A¢ RF(y) ) (; G(=1) G’(*I)F(*l)*G(*l)F'(*l)) (3.9)
(-1-y) ) \2V F(-1) F2(-1)
o RF(y) 1
(=1-v) \/G(-1)
/ —
oy G
2/F(-1)
Here we use ) ')
x x
li =1l . 1
v F(z) | wome F/(z) (3.10)
Therefore, the period of ¢ is
dr/F(=1) 27v1+ A
Ap = D) =11, (3.11)
As a similar way, one can obtain the period Ay of ¢ at y = —1 is
Ay = Ag. (3.12)
The period A¢’ of ¢ at x = +1 is
4w/ F(+1 2my/1 = A
Ay = TVEHD 2 . (3.13)

G'(+1)] 1-v
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In addition, A¢’ and A¢ should be identical to each other because they are the
periods of the same ¢:

Ag' = Ag. (3.14)
Using A and v, we rewrite this condition.
2v
A= . 3.15
1412 (3.15)

3.1.3 Asymptotical flatness
We check asymptotical flatness of the black ring metric at © = y = —1. First,
we make the periods of ¢ and ¢ 27 with
~ s ~ 27
= — = — 3.16
I=g0 9= g9 (3.16)
In addition, we define new coordinates ¢ and 7 as

_Ry-T—y niR\/:rJrl

¢ ) 3.17
= = S
with Y
. 2(14 \)
R=*""CIR 3.18
VvV1i4+v ( )
Therefore, the metric at v =y = —1
ds? ~ —dt? + d¢? + Cdy® + dn? + n?dd>. (3.19)

It can be found that the black ring solution is asymptotically flat.

3.1.4 Physical quantities

Using the three parameters v, A, R, we show the physical quantities for the
Emparan-Reall black ring. Note that ”—” means that we impose the balance
condition (3.15).

The mass and angular momentum along S are

_3rRZAA+1)  37R?20(1+v)

M= 150 7 4G 1+ (3.20)
7 = TR V(1 + M2 7R? 202(14v)3 (3.21)
YT G (1 +w)? 2G \| 1= v)3(1 +12)3" '

Of course, the angular momentum along S? is J, = 0. The area and temperature
of the horizon are

ML NA =) st AT D)5 )
(+v)2(1—v) (1+02)

w_ 1 dl-v 1 1+ [1—v

2 47R .\ /NA—v) 4rR 2 V 1+

where « is the surface gravity of the horizon.

Ap = 8mR? (3.22)

Ty =

(3.23)
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3.1.5 Non-uniqueness

We focus on the angular momentum normalized by mass

_ 27 J2 (1+v)?
2._ EECha 24
VTSR VE v (3.24)

One easily sees that it is infinite at v = 0, decrease to a minimum value 27/32
at v = 1/2, and then grows to 1 at ¥ = 1. This implies that in the range

21
20« 1 2
33 ST < (3.25)

there exist two black rings with the same value of the spin for fixed mass. This
regime of non-uniqueness occurs when the parameter v takes values in

VE—2<v<l. (3.26)

3.1.6 Thin ring limit

There is a limit in which the ring very thin and locally it approaches the geom-
etry of a boosted black string. To recover this limit, we focus on a region near
the horizon

R — o0, A—0, v—=0 (3.27)

while keeping RA and Rv the following finite value:
RX =rpcosho, Rv =rgsinho. (3.28)
Here, we introduced new parameters g and 0. We also define new coordinates
r,0, and z as
F(y)

—R—=—, cosf =z, z = Ri. (3.29)
Y

The black ring metric (3.1) matches a boosted Schwarzschild black string

) _ rgsinh2e  \? f 5 1 5
with
racosh

f:IfTTH, f=1- (3.31)

r

We can find from the metric that rgy is a Schwarzschild radius and o is a
boost parameter. Due to the balance condition, the boost parameter takes the
constant value, o = arctan(1/+/2).

3.2 A Pomeransky-Sen’kov black ring

In this subsection, we review a doubly spinning black ring. This is the extension
of the Emparan-Reall black ring.
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3.2.1 Pomeransky-Sen’kov solution

The metric of the Pomeransky-Sen’kov black ring is [10]

H(y7.'17) 2 F(l‘,y) 2 J(Jj,y)
ds® = — dt +Q)” — dip? — dipd
T ) Y T 0™ PG
Fly,z) 5 2R°H(z,y) da®  dy? (3.52)
L E) (22t
H(y,x) (z -y 1-v)* \G) Gy)
where the 1-form (Q is
2RA\/ (14 1v)% — A2
Q=- —2? d
H(y, ) [(1 =) yVvds (3.33)
+%{1+/\—V+x2yu(1—/\—1/)—|—21/x(1—y)}dw},
and the functions G, H,J and F' are
G(z) = (1 —2?) (1 + Az +va?), (3.34)
_ 2 2 2
H(z,y)=1+X—v +22;\1/ (1 2:02)y (3.35)
+2at)\(1—y v )+x Y V(l—)\Z—VQ)7
Je.y) _2R*(1-2%) (1—y*) AV
’ (x—y) (1—v)* (3.36)
X [T+ X =12 +2(@+y) v —ayv (1 - X —?)],
2R?
Py =)=y

X |G(x) (1—9) [{(1=v)> =N} (1+v) +yA (1 -1 420 — 307)]
G2V +2A {1 —v)* + X} + 22 {(1—-v)* =N} (1+v)
+2PA(1=M =32+ 20%) — 2 (1 — v (-1 4+ X+ 7).
(3.37)

Here, we follow the notation of Ref. [10] except that we choose the signature
(=, +,+,+,+) for the metric, exchange ¢ and ¢, and use R instead of k. The
coordinate ranges are —oo < t < 400, 0 < ¢, < 27, -1 < x < 1 and
—00 < y < —1. R is a parameter of dimension of length, which determines
the characteristic scale of the S! radius. A and v are dimensionless parameters
satisfying 0 < v < 1 and 24/v < A < 14, which determine two nondimensional
rotation parameters. The regular event horizon exists at y = yp, where

A RVAT 4y

o (3.38)

Yn
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Figure 6: The parameter space (A, v) of the Pomeransky-Sen’kov solution. A
and v can take values in the region surrounded by solid lines. The line v = A—1
is the Myers-Perry black hole limit, the line v = 0 is the Emparan-Reall black
ring limit, and the line v = \?/4 is the extremal limit. The point A = v = 0
corresponds to the boosted Kerr string limit. The broken line v = a?)\?/4 is the
path to the point A = v = 0 with a fixed a,.

The solution is asymptotically flat and the spacelike infinity is located at x =
y = —1. This becomes clear when the new coordinates (r1,r2) are introduced
by the set of equations:

4k*G(2)G(y) r? —22 K21 —ay) 2+ (2 +y)\ + 2ayv]
mr2 = — 3 , = BY
(z—y)*(1—-v) 2 (z—y)»*(1—-v)
(3.39)
In the new coordinates the flat space metric at x = y = —1 has the form:
dl? = dri + dry + ridi® + ri¢*. (3.40)

The coordinates (z,¢) parametrize the two-sphere S? and 1) parametrizes
the circle S'. One recovers the Emparan-Reall black ring by setting v = 0, and
the line v = \?/4 represents the sequence of extremal black rings (see Fig. 6).
3.2.2 Physical quantities
The mass and angular momenta are

3rR2\ A RBAo\ /(1 + ) = N2
M=—————— = 41
G(1—-X+v)’ o G1l-v)2(1-X+v) ~’ (3.41)

C2rRPANI A —6v+ A+ 02) /(1 + )2 — A2

v G1-v)2(1—-X+v)? (342)
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The angular velocities, the area, and the surface gravity of the horizon are
written as [7]

Q _)\(1+V)—(1—1/)\/)\2—4V\/1+V—)\ 0 — L [1+v— )
¢ ARNV T+v+ X\ TRV 14N

(3.43)
~32mRAIAN(1+ v+ A) B ) (1= )WAT = dp
it = (L=v)2(y;, " —wn) k=t ARN1 + v+ \) . (3.44)

The Pomeransky-Sen’kov solution has no conical singularities. The general dou-
bly spinning black ring with conical singularities and the way to eliminate them
are discussed in Ref. [27].

The angular momenta normalized by mass are

2tn Y 3 o _ 2t Jy 1

o ST e 0 = Mo -2 4
el VI MR ) Yol VE R (3.45)

There is the lower limit on the angular momentum along . On the other hand,
there is the upper limit on the angular momentum along ¢.

3.2.3 Thin ring limit

We consider a thin ring limit A — 0 where the ratio of the S? radius to the S!
radius becomes very small. Here, we have to take care of the fact that this limit
depends on the path to the point A = v = 0. For example, taking the limit
A — 0 on the line v = 0 gives the boosted Schwarzschild string, while taking
the limit A — 0 on the extremal line v = A?/4 should result in the extremal
Kerr black string. Therefore, A = v = 0 is a degenerate point, and in order to
resolve this degeneracy, we introduce a new parameter a, as

v=-a?)? (3.46)
4
and consider a limit A — 0 on the line of a fixed a. (see Fig. 6). Also, in order
to obtain a well-defined limit, we introduce

1

MK:%

AR, (3.47)

and fix Mg in taking this limit.
We introduce the new coordinates r, z and 6 as

B V2R » = z

y - r I - \/éR’

and collect the leading-order term of each metric component with respect to A.
In the limit A — 0, the functions in the metric can be approximated by

x = cos b, (3.48)

G(z) ~ sin? 6 (3.49)
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G(y) ~ _r (1 _ M a2> (3.50)

r T
2 2 0
H(z,y) ~1+° CT(;S (3.51)
AMyk  a?cos?
H ~1- 3.52
(y, ) 3 (3.52)
2v/2Masin®
J(z,y) ~ _Rw (3.53)
2M 2 cos? 6
F(z,y) ~ —2R? {1 et SRR } (3.54)
r T
F(y,x) ~ ﬂ [7‘4 — AM g3 + r?a®(1 4 cos® §)
Mier? (3.55)
— 2MZEra®(1 + cos? 0) + a* cos? 9}
2v/2M,
o~ 2V2M/r (asin®6dp — dz) (3.56)

H(y, )

Then, the black ring solution is reduced to the so-called boosted Kerr string
solution

2 .
d52<1WW>dt2+zwmfdtdz

p? p?
2M ¢ r sinh? 2
+ (1 + ”Zm") 2 + 2ar® + p2a’
p A
(r? + a2)2 — Ad?sin?6
+ 7
asin® Odtdo —

sin? 0d¢?
4M g r cosh o
_ T

wasnﬁ 0dzdo, (3.57)
p
where p? = 72 + a?cos?f and A = 72 — 2Mgr + a?, and a is defined by
a:= Mgka,. Since My and a are the mass and rotational parameter of a four-
dimensional Kerr black hole respectively, a, represents the nondimensional rota-
tion parameter along S? direction. o := arctanh(1/1/2) is the boost parameter.
Although the boost parameter can take any value for a general boosted Kerr
string, it is restricted to this value for the thin limit of a black ring. The event
horizon is located at r = r4 where ry := M4/ M3z — a? = Mg (1£4/1 — a2).

In studying the evaporation of a black ring, we use this boosted Kerr string
solution in the following sense. We consider the situation where A is very small,
and do not take the exact limit. Then, in the neighborhood of the black ring, the
spacetime metric can be well approximated by the boosted Kerr string solution.
For this reason, the value of R is not infinite in our analysis although it is
very large compared to My. The relative error in this approximation is O(\)
compared to the leading order in the following analyses.
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In this thin-limit approximation, the physical quantities in Eqgs. (3.41)—(3.44)
are expressed in terms of R, My and a (or a.) as

M ~ 3v2rRMy, Jy =~ 221 R? M, Jy =~ dma. RM}. (3.58)
a 1 1

Qg =~ Q 3.59
¢~ 2Mgry cosho’ YT oR (3:59)
—r_ 1
Ay ~ 1672 MgR A . 3.60
" TR " 4Mygr, cosho (3.60)
The inverse relations of Eq. (3.58) are
3Jy V2 M? 277 JyJy
B Me=go5 = apo (3.61)
and A is expressed as
IM 4 MP
Ao V2Mi (3.62)

— 72 .
R 2T J3,
Because A~1/2 is proportional to the angular momentum Jy normalized by mass
M, it can be interpreted as the nondimensional rotation parameter along S’.
At the same time, Eq. (3.62) also means that A gives the order of the ratio of the

S? radius to the S' radius. Therefore, ) is interpreted as an indicator for the
“thickness” of the black ring. In this thesis, we call A the thickness parameter.

3.2.4 Effect of boost

Note that Q4 in Eq. (3.59) is equal to the angular velocity defined by the Killing
generator ¢ of the horizon of the boosted Kerr string?,

E=0: + Q¢8¢ + Vo, (363)

with
V =tanho, (3.64)

and k in Eq. (3.60) is identical to the surface gravity of the horizon calculated
with . For a later convenience, it is useful to compare €4 and s with the
angular velocity and the surface gravity of the horizon of the unboosted Kerr
string. In the following, a quantity in the unboosted system is indicated by
prime (/). In the unboosted system, the Killing generator of the horizon is
§' = 0y + 0y, and O and £’ calculated from ¢ are

a , Ty —To
= R = —-.
2MKT+7 4MKT'+

Q, (3.65)
There is a deference in the quantities of the boosted and unboosted systems
by a factor of 1/cosho. This is understood as the effect of time delay in the
Lorentz boost.

20ur expression of 4 does not agree with that of Ref. [28] because the definition is
different.
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4 Formulation

In this section, we formulate the time evolution of mass and angular momenta
of a thin black ring via Hawking radiation, by approximating the evolution
of a scalar field in the black ring spacetime by that in a boosted Kerr string
spacetime.

4.1 Emission rate

The evolution of a scalar field is governed by the Klein-Gordon equation in the
black ring spacetime

(—9) %0, (V=gg"0,®) =0, (4.1)

where g is the determinant of the black ring metric.
To quantize the field, we need to expand it in terms of the eigenmodes for
®, which can be written in the black ring background as

o — e—iwteim¢einw\11(x’ y)) (42)

where w, m and n are the eigenvalues for the Killing vector fields d;, 0y and
0y, respectively. By inserting this expression into Eq. (4.1), we obtain a second-
order elliptic equation for ¥(z, y) in the (z,y) plane. This equation has a discrete
series of regular solutions labeled by an integer ¢. In the Schwarzschild string
limit with Jyg = 0, this series of solutions become proportional to the associate
Legendre functions P;"(x). Thus, the mode functions are labeled by the four
parameters (w, ¢, m,n) in which ¢, m and n take integer values.

Following the discussion in chapter 2, the expected number of particles emit-
ted per unit time for each mode from the black ring is given by

(BR)
r
(NBr) = tmn (&) ;
e(wand,me¢)/TBR _ 1

(4.3)

where TR is the temperature of the horizon and I‘Ei};) (w) is the greybody

factor, which is identical to the absorption probability of the incoming wave of
the corresponding modes. This determines the emission rates of the total mass
M and angular momenta Jy, and Jy as

d M 1 oo w
—— J. = — dw (N, 4.4
ARBEE-DY | devon) | n . (14)
@ Lmn m

where the summation is taken over all modes. Note that in this expression, it
is difficult to estimate the greybody factor generally because we cannot sepa-
rate the coordinates  and y, and two-dimensional numerical calculations are
required to determine the energy eigenvalues and corresponding eigenmodes.
In order to circumvent this difficulty, we consider the situation where the
mode functions can be approximately evaluated: a black string limit discussed
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above. For the boosted black string (3.57), we can separate the wave equation,
and therefore, we approximate the evolution of a scalar field in a black ring
spacetime by that in a boosted Kerr string spacetime. In this situation, the
variables can be separated as

d = e WIR(r)e *=emP S (h), (4.5)

where S7"(6) is the spheroidal harmonic function. From the coordinate trans-
formation (3.48), n of a black ring and k of a boosted black string are related
by

n = 2kRtanho. (4.6)

The expected number of particles emitted per unit time per mode is given by

F@mn(w)
(NBs) = o(w—kV—mQy)/T _ 1’

(4.7)

where T' = k/27 is the temperature of the horizon with & in Eq. (3.60), and V
is the linear velocity introduced in Eq. (3.64). Ty (w) is the greybody factor
of the boosted Kerr string spacetime. We evaluate the emission rates (4.4) by
using (Npgs) instead of (NgR).

4.2 Simplification

We normalize all quantities by the mass density Mk,

- ~ . M
o= Mgw, k= Mgk, Qp = MgQy, T = MgT = QK’?
Yis

(4.8)

We change the order of summations over ¢ and m as

[e'S) 14

ISP D (49)

=0 m=—¢ m=—00 {=|m|

and introduce

g™ (@, k) : Z Ty (@ (4.10)
e=Jm|

where k and n are related to each other by Eq. (4.6). Then, the emission rates
can be written as

I > Y [l ane b (e
dt JZ 27TMK L L Y kv _mfy)/T _ 1 m
(4.11)

Here, the lower limit of the integral is |k| because the modes with their energy
w < |k| are gravitationally bounded and do not escape to infinity. Because
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the spectral density of k is very large, O(1/)), the summation over n can be
replaced by the integral:

2Rtanho ~

The relative error produced by this replacement is O(A) and negligible in our
thin-limit approximation. We obtain

AM wg"™ (@, k)
= dk | do— 2 4.13
dt \[TFM;( Z / /k e(@*k‘/*m%)/T -1 (4.13)
dJy g™ (@, k)
_Y = dk | d . 4.14
dt ﬂ'Md Z / /k we(w EV—mQy)/T _ ( )
dJ (m)(@, k
e § / dk/ 9@, k) . (4.15)
dt \[WMIQ( H e(@—kV-—mQy)/T _ 1

The integral in each formula can be further simplified if we perform the trans-
formation from (&, k) to (&, k'),

& = &' cosho + k' sinh o, k=& sinho + & cosho. (4.16)

Substituting these formulas with cosho = /2 and sinho = 1 and rewriting Mg
and R by M, Jy and Jy using Eq. (3.61), we obtain the simplified expression
of the evolution:

1 dM Jw
1 dJy J;
1 dJy J3
= y ) 4.1
P TR AV (4.19)
with
372 & m
F(a,) := G ST ™ (a), (4.20)
357 > m
Gla,) := G ST ™ (a). (4.21)
Here, we defined
0o /(m) !
(m) 71 ~1 w g (w k )
I x) 1= dk d 1 4.22
M= [ N (4.22)
/(m)
1™ (ay) - / dk// d” mg ") (& k) , (4.23)
, (&' —m&, )/T/ 1
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with ¢’0™(&, k') = ¢ (&, k). In the same manner as Eq. (4.8), we normalized
the quantities Q2 and 7" = &'/2m of the unboosted system in Eq. (3.65) as
Qiﬁ = MKQ; and T" := MgT’. Their explicit formulas are

2
G- WDa g (MDY@ w0
1+ +/1-a? 1+ +/1-a?

and depend only on a,. Note that we used the fact that the integrals of terms
proportional to k' vanish because the greybody factor is an even function of K
(see Eqs. (4.30) and (4.31) of the next subsection), and thus, such terms are
odd functions of k¥’. From Egs. (4.17)—(4.19) and Eq. (3.61), the equation for
a, 1s derived as

1 da, J,}‘j
where or G
H(a,) := f ((l“*) — F(a,). (4.26)

Therefore, the time evolution of a thin black ring by the Hawking radiation
is determined by the equations for M, Jy and a., that is, Eqgs. (4.17), (4.18)
and (4.25). The remaining work is to calculate the greybody factors and obtain
F(a.) and H(a,) of Egs. (4.20) and (4.26) numerically.

4.3 Greybody factor

In the following, we discuss the greybody factor for a massless scalar field in
a boosted Kerr string spacetime. Substituting the ansatz (4.5) into the Klein-
Gordon equation (4.1) in the background of the boosted Kerr string (3.57), we
get the following angular and radial wave equations for S}"(6) and R(r) [28]:

m?2

sin? 0

1
0= 7@089 (sin 03pSy™) + [a® (w?® — k?) cos?  — + )‘Zm:| S (4.27)

0= A0, (Ad.R) — A [k27‘2 + a’w? — 2wma cosh o + Aem| R
+ [ [w (r* + a®) — macosho] 4 oMgr (r* +a®) cosh? o (w — ktanh o)”
—2Mgr (r? + a®) w? — m?a® sinh® o + 4dkmaM g1 sinh a} R, (4.28)

where Ay, is the separation constant which is determined as an eigenvalue of
(4.27). For small o (w? — k?), the eigenvalues associated with the spheroidal
wave functions Sj* are Ay, = £ (€ + 1) + O (a? (w? — k?)) [29].

As we mentioned in Sec. 4.1, the greybody factor is calculated as the ab-
sorption probability of the incoming waves of the corresponding mode. With
the tortoise coordinate r, and a new wave function u defined by

r2 + a2 1
dry = dr, R=——u, 4.29
. — (4.29)
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the radial wave equation (4.28) can be rewritten as the following equation of

Schrédinger type:
d2

2
dr?

72

+w=V(r)|u=0, (4.30)

where V(r) is the effective potential
A {2Mgr(r? — 2a%) + a®(r? + a?)}
B (12 4 a?)*

A(w’2a2 + Ao + k"2r2) + dmw’ Mg ar — m?a?
(r? 4 a?)? '

V(r)

(4.31)

+

Here, the quantities in the unboosted frame, w’ and k’, were introduced in the
same manner as Eq. (4.16). Note that Eqgs. (4.30) and (4.31) have the same
form as the equations for a massive scalar field with angular frequency w’ and
mass |k'| in a four-dimensional Kerr spacetime. As the boundary condition, we
impose the ingoing condition at the horizon. Then, u behaves as

—iw r

e AT at r—=r

'LL(’I"*) ~ —dw’r iw' i (432)
Ao WooTs + A" at T — 00.

Here v/ = w' — mQ;, and wi, ==V w'? — k. The greybody factor is written

as
2

AOU
', (4.33)

Ain

Zm(w,7k/) =1- ‘

which has to be evaluated numerically.

In this thesis, we perform numerical calculations of the greybody factor in
the case of the Emparan-Reall black ring, i.e., a = 0. In this case, SJ*()e!™?
becomes the spherical harmonic function Yz, (6, ¢) and the greybody factor is
independent of m, and therefore, the calculation becomes much simpler com-
pared to the case a # 0. We developed a code to calculate the greybody factor
in this situation. The left and right panels of Fig. 7 show the behaviors of the
greybody factors of the first three even ¢ numbers for ¥’ = 0 and 0.6, respec-
tively. Our result is in good agreement with the analytic approximate formula
for low-frequency waves in Ref. [30] (see also [31, 32]).

Note that if we take the limit @ — & for &’ # 0, the greybody factor
is expected to approach a nonzero finite value.®> Obtaining these values by
numerical calculation is rather difficult because the greybody factors have to
be evaluated at a very distant position /M > 1/v? with v = /1 — (k' /w')2.
Although these values are left uncertain in our calculation, we have checked that
the error caused by this uncertainty is small. For example, the error in F'(0) of
Eq. (5.9) is smaller than 0.1%.

3This behavior has been claimed in Ref. [30] and we have also checked it using an analytic
toy model.
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Figure 7: Greybody factors I' as functions of My w’ for the modes ¢ = 0, 2, and
4 in the case a. = 0 for (a) Mgk’ = 0 (left panel) and (b) Mgk’ = 0.6 (right
panel). In the right panel, the data for Mxw’ > 0.6005 are plotted.

4.4 Absorption cross section

We check the validity of our numerical results in the previous subsection dis-
cussing an absorption cross section. Our numerical calculation was done for a
thin Emparan-Reall black ring. In other words, we obtained the greybody fac-
tor for a massless scalar field in a five-dimensional boosted Schwarzschild string
spacetime. Note that this is the same as the greybody factor for a massive
scalar field in a four-dimensional Schwarzschild spacetime. Therefore, in this
subsection, we discuss an absorption problem of the Schwarzschild black hole
for massive scalar field with energy w and mass k.

The relation between the partial absorption cross section oy and the grey-
body factor Ty is given by[30]

O'g(w) = W(Zf + 1)Fe( ) (4.34)

where v2 = 1 — k? /w? and r; is the horizon radius of the Schwarzschild black
hole. Unruh derived the analytic expression of the low-energy partial absorption
cross section for the massive scalar by matching the near-horizon radial solution
and the asymptotic solution via the solution in the intermediate regime.

(Unruh) 0 (Unruh)
4
I—\(Unruh) _ 77(6')422@-‘1-2( +v ) 2@—}-3 20 2/+3 H (1 +v ) 2
! + —exp {—mw(l +v2)/v 2v '
¢ 20)4(20 4+ 1)2[1 (1+02)/v}] 22

The interesting result in Eq.(4.35) is the S-wave cross section(¢ = 0), which is

O_(Unruh) _ (27T)2(1 + U2>w’r5
0 v2[1 — exp {—7mw(1 + v2)/v}]’

(4.36)
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10

Figure 8: The total absorption cross sections as functions of ryw for k =
0,0.15,0.3 and 0.5. The wiggly behaviour indicates that each partial absorption
cross section has a peak at different energy scale. Regardless of mass the total
absorption cross sections approach 277 /4 at the high-energy limit. For m = 0,
Otot approaches 47 at the small w.

Taking w — 0 limit and assuming w < 1, we have
a(()Unmh) ~ 4, (4.37)

which equals to the horizon area. This is an universal property of the low-energy
absorption cross section for massless scalar in black hole physics.
The total absorption cross section is given by

Otot — ZU@. (438)
L

otot has the wiggly pattern described by

27w sin(v277w)

Otot(w) = 1 2 " , (4.39)
because of the wave-black hole interaction in the effective potential [33]. This
takes the limiting value 277 /4 ~ 21.2 at large w region. This also indicates that
each partial cross section has a peak in a different value of w.

In Fig. 8, the total absorption cross sections are plotted as functions of rsw
for four different masses k = 0,0.15,0.3 and 0.5 (compare this figure with Fig.3
of Ref. [34]). For all value of k, the oscillatory patterns of o4,: appear and the
total absorption cross sections approach 277 /4 at large w region. These results
are consistent with Eq. (4.39). For the massless mode k& = 0, o4y — 47 in
the low energy limit w — 0. This implies the behaviors of low-energy partial
absorption cross sections as follows: in the low energy region, the partial cross
section for ¢ = 0 takes 47 as predicted in Unruh approximation, Eq. (4.37), while
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Figure 9: Partial absorption cross sections are plotted as functions of rsw for
£ = 0(left panel) and for £ = 1(right panel). In the left panel, partial absorption
cross sections o of £ = 0 mode are shown for £ = 0,0.07,0.1,0.2 and 0.4. g
for the massless mode approaches 47 at the small w. In the right panel, partial
absorption cross sections o7 of ¢ = 1 mode are shown for £ = 0,0.5,0.7 and 0.9.
o1 for the massless mode approaches zero at the small w.

the partial cross sections for ¢ > 0 are zero. The implication can be confirmed
in the next paragraph.

In Fig. 9, we plotted the partial absorption cross sections as functions of ryw
for ¢ = O(left panel) and for ¢ = 1(right panel). Compare these figures with
Fig.7 of Ref. [34]. In the left panel, the partial absorption cross sections oy—g
are shown for £ = 0,0.07,0.1,0.2 and 0.4. ¢ for the massless mode approaches
47 at the small w. In the right panel, the partial absorption cross sections oy—1
are shown for £k = 0,0.5,0.7 and 0.9. o; for the massless mode approaches
zero at the small w. Therefore, in the low energy region, oy~ approaches zero
and only o( contributes to the total absorption cross section. Moreover, the
absorption cross sections of nonzero mass go to infinity in the sufficiently small
w region, which is independent of /. These are consistent with the behavior of
the greybody factor discussed in the previous subsection. As shown in Fig. 7,
while the greybody factor for massless mode approach zero if we take the limit
w — k, that for massive mode is still finite in the low energy limit. When we
transform the greybody factor to the absorption cross section using Eq. (4.34),
the massless and massive modes give oy = 0 and gy — 00, respectively.
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5 Evolution by Evaporation

In this section, we discuss general features of the time evolution of the evap-
orating Pomeransky-Sen’kov black ring. Then, we focus attention to the case
of the Emparan-Reall black ring, and derive semi-analytic solutions of the time
evolution using the numerical results of the greybody factors.

5.1 Evolution of Pomeransky-Sen’kov black rings

First, we discuss general features that does not depend on the details of the
greybody factor. From Eqs. (4.17) and (4.18), the following relation can be
immediately found:

i

ik const. (5.1)
From Eq. (3.62), this means that the thickness parameter A does not change,

A(t) = X(0). (5.2)

Therefore, a Pomeransky-Sen’kov black ring evaporates without changing the
initial value of the nondimensional rotation parameter along S*.

Next, let us assume a, > 0 and consider how to solve the evolution equations
for a.(t) and M(¢t). Eliminating M and Jy, from Eqs. (4.17) and (4.25) using
Eq. (5.1), we obtain
d (3a.H(a)

o < da.Jdt > = 4F(ay). (5.3)

In principle, this equation can be solved at least numerically to yield a,(t) once
H(a,) and F(a.) are specified. Then, from Eqs. (4.17) and (4.25), the time
evolution of M (t) is formally given by

as(t) a.
M(t) = M(0) exp lg / N (igmi)da*]. (5.4)

We point out that the behavior of H(a,) is crucial for the evolution of
ax. This function is analogous to h(a.) of Ref. [14] where the evolution of a
four-dimensional Kerr black hole was investigated: The value of a, increases
(decreases) if H(a.) is negative (positive). If H(a.) crosses zero from negative
to positive at some value a, = agf) similarly to Fig. 3 of Ref. [14], the black
ring inevitably evolves to the state with a&c). Therefore, numerical calculation
of H(a,) is very interesting, but is left for future work. In the present thesis,
we only study what happens in the case of an Emparan-Reall black ring.

5.2 Evolution of Emparan-Reall black rings

In the case of the Emparan-Reall black ring, J4(t) = 0 and a, = 0, and
Egs. (4.17) and (4.18) can be solved analytically:

4N\ 1/2
M(t) = M(0) (1 — 4F(0) ﬁég))g t) : (5.5)

35



4\ 3/4
Tu(t) = J4(0) (1—4F(0)ﬁ§8))8t) . (5.6)

Therefore, our remaining task is to determine F'(0) numerically.

As discussed in Sec. 4.2, basically we have to calculate Egs. (4.10), (4.22),
and (4.20), and in those equations, the summation over m was taken at the
last step. But in the case of a, = 0 considered here, it is better to take the
summation with respect to m in advance because the integrand does not depend
on m. For this reason, we calculate summation of the greybody factors as

) 4 [e'S)
g@ )= > T (@ F) =) 20+ )Y@, K). (5.7)
1=0 m=—¢ £=0

Then, F(0) is given by

372 @'g (@ k;’)
FO)=—=I I = dk’ Ao’ =22, 5.8
( ) 23\/§ 1, 1: / // ew//T/ ( )

The integrations of I; were executed with the Simpson’s method. The do-
main of integration of I; was made finite by discarding the region where the
integrand is sufficiently small. We therefore set the upper limit of integration
with respect to @’ to be 0.75. We took summation with respect to £ up to £ = 5,
because the contributions from the modes ¢ > 5 turned out to be negligible.
This is because the potential walls for £ > 5 are so high that they reflect almost
of all waves. In this manner, F'(0) is determined as

F(0) ~ 0.239. (5.9)

As a check, we compute F(0) using the DeWitt approximation [41] in the next
subsection. The two results agree well, and therefore, our numerical result is
reliable.

As shown in Eq. (5.2), the nondimensional rotation parameter Ji /M3 s
held fixed throughout the evolution, and this also indicates the constancy of
the thickness parameter A\. Because a, = 0, the Emparan-Reall black ring
evaporates keeping similarity to its initial shape: The black ring at any time
can be obtained by uniformly scaling its initial configuration. The scaling factor
C(t) can be found by deriving the time evolution of the ring radius R as

/4
R(t) Jp(0) N
Clt):=—==(1-4F(0 t . 5.10
0= g = (1~ O30 (5.10)
The lifetime ¢rr of a thin black ring with mass M is
277A\° [ M \?
i =~ ( 1 ) (]\@) lp, (5.11)

where M, and t, are the Planck mass (h?/G)'/? and the Planck time h/M,c?,
respectively. The time scale is proportional to M?, and this dependence on M is
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same as that of the five-dimensional Schwarzschild black hole. However, because
of the prefactor (277\/4)2, the lifetime of a thin black ring with A < 1072 is
much shorter than that of the five-dimensional Schwarzschild black hole with
the same mass.

5.3 DeWitt approximation

In order to check the validity of our numerical result (5.9) of F'(0) in the case of
the Emparan-Reall black ring, we compute this value in an approximate way. As
the method of approximation, we adopt the DeWitt approximation [41] that was
originally developed to evaluate the contribution of the greybody factor to the
evaporation of a Schwarzschild black hole (see p. 394 of Ref. [35] for a review).
In that study, the greybody factor was obtained by appropriately reinterpreting
the capture condition of null geodesics. Although this approximation holds
only for high-frequency regime in a strict sense, it gives a rather good result.
In fact, the difference of the DeWitt approximation from the numerical result is
~ 6%. Compare the formula of the mass-loss rate by the DeWitt approximation
(Eq. (146) of Ref. [41]) and the numerical value reported in Ref. [14].

In the spacetime of a five-dimensional Schwarzschild string, a massless par-
ticle with momentum in the z direction effectively behaves as a massive particle
in a four-dimensional Schwarzschild spacetime. Therefore, as the first step, we
study timelike geodesics in a four-dimensional Schwarzschild spacetime and de-
rive the capture condition. Then, we translate it to the greybody factor for a
massless scalar field in a spacetime of a Schwarzschild string. Using this result,
we derive the value of F(0) in the DeWitt approximation by performing the
summation and integration in Egs. (5.7) and (5.8).

The metric of a four-dimensional Schwarzschild spacetime is given by

ds? = —f(r)dt* + J‘f(’g +72(d6? + sin® 0d¢?), (5.12)
fry=1- MfK. (5.13)

This is the same metric as (2.11) if we take the mass parameter as Mg = G4Mg.
The geodesic motion of a massive particle in the equatorial plane is governed
by the following equations:

f(r)t=e, (5.14)
¢ =4, (5.15)
—f(r)t* + el +r¢° = —1. (5.16)

Here, e and j indicate the energy and angular momentum per unit mass of the
test particle, and dot (") denotes the derivative with respect to the particle’s
proper time 7. Substituting Eqgs. (5.14) and (5.15) into Eq. (5.16), we obtain

2 4+ V(r) =e?, (5.17)
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where Vo (Z,z .\ 1) (1 B 21\7@) (5.18)

Let us consider the situation where a test particle exists in the neighborhood
of the horizon and moves toward outside (i.e. 7 > 0). Denoting the peak value
of V(r) as Vpeak, the particle escapes to infinity if the condition Vpeax < e? is
satisfled. Conversely, a particle with Vjearx > €? is reflected back to the black
hole by the centrifugal barrier. After some calculation, the condition Vjeax = €2
is shown to be equivalent to

=e\/F(e)Mk, (5.19)

where
27e* — 36e% + 8 + e(9e? — 8)3/2

Fle) = 2e2(e? — 1)

(5.20)

Therefore, a particle escapes to infinity if j < e /F(e)Mg, and it is reflected
back to the black hole if j > ey/F(e)Mg. This condition is equivalent to the
one obtained in Ref. [36]. Here, \/F(e) varies from 4 to 3v/3 as e is increased
from unity to infinity.

We use this result in order to approximate the greybody factor in the particle
emission from the Schwarzschild string. Here, we choose the unboosted frame,
and as done in Sec. 4.2, the quantities in this frame are indicated by prime ().
Consider the emission of a quantum particle with mass k', angular frequency
w’, and angular quantum number £. Replacing j — ¢/k’ and e — w'/k’ in
the capture condition derived above, the particle with ¢ < w'\/F(w'/k' )Mk
escapes to infinity and that with ¢ 2 w’\/F(w’/k") M falls back to the horizon.
Therefore, the greybody factor is approximated by

0, (&' k) ~ 0@\ F@ k) - 1), (5.21)

where 6(u) denotes the Heaviside step function, and we introduced &’ = Mgw’
and k' = Mgk’ in the same manner as Eq. (4.8). Note that in the massless
particle limit, &'/&' — 0, BEq. (5.21) becomes Ly =~ 0(3v/3&" — £), and this
agrees with the formula in the original DeWitt approximation [41].

Now, we evaluate the value of F'(0). The computation can be done with the
formula given in Sec. 5.2. The quantity ¢/ (&', k') in Eq. (5.7) is

o0

@ F)=> 20+ 1)@\ F@ k) - 0) = @ F@ /K). (5.22)
£=0

Here, the summation over ¢ was changed by integration as done by DeWitt.
Then, F'(0) can be calculated by substituting this formula into Eq. (5.8). It is
convenient to introduce new variables (x,y) by z = k'/&’ and y = &', and in
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these variables, analytic integration can be proceeded as

(e’ 4 1
_ ydy
Il - /O e8my — 1 /_1 d-TF(l/|J)|)

<)
409675

2v2
88 + 33v/2 arcsin (‘{) — 3log 3] . (5.23)

Substituting this result into Eq. (5.8), we obtain
F(0) ~ 1.40 x 107 (5.24)

This value is fairly close to our numerical value in Eq. (5.9): Similarly to the
original DeWitt approximation for the Schwarzschild black hole, the approxi-
mate value is about 6% smaller compared to the numerical value. Therefore, the
result of the DeWitt approximation supports the correctness of our numerical
calculation.
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6 Energy and angular spectra

In this section, we study the spectra of energy and angular momentum of radi-
ated particles in the evaporation of a thin Emparan-Reall black ring.

6.1 Formulas for energy and angular spectra

For a thin Emparan-Reall black ring with a, = 0, the emission rates of energy
and angular momentum are given by Eqs. (4.13) and (4.14) with dJy/dt = 0. In
Sec. 4.2, we simplified these formulas by performing the Lorentz transformation
from (@, k) to (&, k') through Eq. (4.16). Physically, this corresponds to the
transformation from the boosted frame to the unboosted frame. Therefore,
when we speak about the spectra, the two kinds of spectra can be considered:
The spectra in the boosted frame (with respect to w) and those in the unboosted
frame (with respect to w’). In this thesis, we prefer to analyze the spectra in the
boosted frame, because the spectra in the boosted frame correspond to those for
a distant observer at rest in the original black ring spacetime. For this reason,
we rewrite Egs. (4.13) and (4.14) in order to match them to our purpose here.
Because the integrand does not depend on m in the case of a, = 0, we take
summation with respect to m in advance,

oo

i g™ (@, k) = (204 1) Ty(@, k), (6.1)

m=—oo =0

and change the order of integration with respect to @ and k as

/_de ~dw—/ dw/ d. (6.2)

Then, the formulas for the emission rates become

dM R oly(@, k)
—_— = (2 1) .
= o / dwz (+ / dh o (63)

dl, R ©o kT (@, k)
- d (20+1) | dk—FT 6.4
dt 7rM3 / WZ + /_JJ e(@=kV)/T _ 1 (6.4)

Therefore, the energy and angular spectra are written as

_d2 R dly _dQJw: R? dﬁ (6.5)
dtdw fwML‘ do’ dtd@ WM}"{ do’ '
with the definitions
dly Ty(@, k)
o=y e [ Taen (6.6)
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oo

s ._ > @+ 1)/w d%M. (6.7)

o T @t 1

The quantities dIy;/d@ and dI;/d& are interpreted as the rescaled energy and
angular spectra.

We also would like to compare the energy spectrum of a thin black ring with
that of a four-dimensional Schwarzschild black hole. The energy spectrum of
evaporation of a four-dimensional Schwarzschild black hole with a mass Mg =
My /G4, where G4 is the four-dimensional gravitational constant, is given by

o™ (@)
/T 1

M 1 arew arH &
S M with = N (241) (6.8)

Tdtds T MZ O da i om £

where F§BH)(LD) is the greybody factor for a massless scalar field in a four-

dimensional Schwarzschild spacetime. Here, dIZ(V]IgH)/ dw is the rescaled energy
spectrum. The trivial difference between the two energy emission rates (6.3) and
(6.8) is that the black ring evaporation is different by a factor of ~ R/Mg ~
1/A > 1 compared to the four-dimensional black hole evaporation. This is
because a large number of the Kaluza-Klein modes contribute to the black ring
evaporation, while only massless modes contribute to the evaporation of a four-
dimensional Schwarzschild black hole. In the following, we discuss the difference
between the rescaled energy spectra dilys/do and dIJ(WBH) /d& apart from this
trivial difference of O(R/Mf).

6.2 Numerical results

Now, we present the numerical results.

6.2.1 Energy spectrum

Figure 10 shows the rescaled energy spectrum dI;/dw of emitted particles from
a thin Emparan-Reall black ring as a function of @. The contributions from
different quantum numbers ¢ = 0, 1, and 2 are also plotted. only the ¢/ = 0 and
1 modes give the dominant contributions for the energy spectrum. The data
for the higher multipole modes ¢ > 3 are not plotted because they are tiny and
invisible.

Let us discuss the feature of the energy spectrum of the black ring evap-
oration by comparing it with that of the evaporation of a four-dimensional
Schwarzschild black hole. The numerical data of the energy spectra for a black
ring and for a four-dimensional black hole are plotted in Fig. 11. First, we
focus attention to the low-frequency region, @ < 1. In this region, the energy
spectrum for the black ring evaporation grows more slowly compared to that for
the four-dimensional black hole as @ is increased. This feature can be explained
by the approximate analysis as follows. In this region, the energy spectrum is
approximately determined only by the ¢ = 0 mode. Since the field equation in
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Figure 10: The rescaled energy spectrum dI;/d@ as a function of @ together
with the contributions of different quantum numbers £ = 0, 1, and 2. This profile
is proportional to the energy spectrum.

the unboosted frame is identical to the Klein-Gordon equation with mass k', we
can use Unruh’s approximate formula [30] for the greybody factor,

327 (1 + v'2)"
1 — exp[—27@'(1 + v'2) /v']

~ 160'\/@? — k2 + 1670 (2@’2 - 15’2) toee, (6.9)

for the £ = 0 mode, where v/ := /1 — k’2/&'2 is the velocity at infinity. Trans-

Iy

forming this formula into the boosted frame and substituting it into Eq. (6.6),
we find

(6.10)

On the other hand, the approximate behavior of dII(VIBH)/ dw for © < 1 for the
four-dimensional Schwarzschild black hole is derived as

dry;"
C‘XD ~ T2, (6.11)

This explains the slower growth of the rescaled energy spectrum for the black
ring compared to that for the four-dimensional black hole.

Next, we discuss the behavior in the high-frequency region @ > 1. In this
case, the greybody factor for a sufficiently small ¢ is approximately unity (see
Fig. 7 and also Eq. (5.21) in Sec. 5.3), and therefore, the contribution from a
mode with a sufficiently small ¢ is approximated as

/w P COL) BRI VeRtEy (6.12)
5 e@RV)/T _1 8
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Figure 11: The rescaled energy spectra dly;/dw for a thin black ring and
dl R]?H) /dw for a four-dimensional Schwarzschild black hole as a function of @.

Since the number of the modes that contribute to the energy spectrum is O(&?),
we have I

d—g’ ~ P8V (6.13)
for @ > 1 as an order estimate. On the other hand, for a four-dimensional
Schwarzschild black hole, we have

arP
di

The remarkable difference of the black ring formula (6.13) from the black hole
formula (6.14) is the presence of the factor v/2 — 1 ~ 0.414 in the argument of
the exponential function. Because of this factor, the energy spectrum for the
black ring evaporation decays much more slowly than that for the black hole as
@ is increased. We can also confirm this slower decay from our numerical data
as shown in Fig. 11. The origin of this factor is the argument (& — kV)/T in
the exponential function of the denominator in the left-hand side of Eq. (6.12).
In this formula, the momentum £ in the z direction of the boosted black string
spacetime enters like a chemical potential, and this “chemical potential term”
enhances the emission rate of particles with positive momenta k > 0. From
the viewpoint of the original black ring spacetime, more number of particles
with positive angular momenta are emitted. Note that similar phenomena are
observed in the evaporation of Kerr and Myers-Perry black holes [32, 37, 38, 39,
40]: The energy emission rate of a rotating black hole is also enhanced in the
high-frequency regime compared to that of a Schwarzschild(-Tangherlini) black
hole because of the effect of the chemical potential term.

The location of the peak has to be evaluated numerically. Our numerical
result shows that the peak position is @ ~ 0.21 with the peak value dI;/dw =
4.73 x 107*. On the other hand, the peak position for the energy spectrum

~ Pe 8, (6.14)
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Figure 12: The rescaled angular spectrum dI;/dw as a function of @ together
with the contributions of different quantum numbers ¢ = 0, 1, and 2. The inset
highlights the region 0 < @ < 0.06. This profile is proportional to the angular
spectrum.

dIp/dw for a four-dimensional Schwarzschild black hole is @ ~ 0.12. The peak
of dIy/dw is located at a higher frequency (in the unit of Mg) compared
to that of dIJ(V][BH) /d&. The difference in the peak positions comes from both
the contribution from the Kaluza-Klein modes and the effect of the chemical
potential term.

To summarize, the energy spectrum of emitted particles from a black ring
shifts towards higher frequency domain compared to that from a four-dimensional

black hole with the same value of M.

6.2.2 Angular spectrum

Now, we turn our attention to the angular spectrum. Figure 12 shows the
rescaled angular spectrum dI;/d@ as a function of & together with the contri-
butions of different quantum numbers ¢ = 0,1, and 2. The modes ¢ > 3 are not
plotted for the same reason as the rescaled energy spectrum. Again, the £ = 0
and 1 modes give the dominant contributions to the angular spectrum.

First, we discuss the behavior in the low-frequency region. In this region,
the spectrum is approximately determined only by the £ = 0 mode. As we
can see in the inset of Fig. 12, the rescaled angular spectrum is negative for
@ < 0.05. This behavior can be confirmed also from the approximate analysis.
Substituting Unruh’s approximate formula (6.9) for the greybody factor of the
¢ =0 mode into Eq. (6.7), we have

dIJ 8\/5 -4 -4
~|lTm— — ~ —0. 1
— < 3 )w 0.630 x w (6 5)

after some calculation. In discussing the reason for this negativity, there are two
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important effects: The chemical potential term and the greybody factor. As dis-
cussed above, the chemical potential term enhances the emission rate of particles
with positive k, and hence, tends to make the angular spectrum positive. On
the other hand, for a fixed Lorentz invariant &2 — k2, the greybody factor is ap-
proximately proportional to the frequency @’ in the unboosted frame. Because
&' = 2% —k, the positive momentum k decreases the transmission probability
to infinity for a given @. In other words, the relation T'(@, |k|) < I'(@,—|k|)
holds. The greybody factor suppresses the emission of particles with positive
momenta k, and tends to make the angular spectrum negative. Therefore, the
two effects compete with each other. At the leading order, the two effects cancel
out and there is no O(@©3) term in Eq. (6.15). At the subleading order, the effect
of the greybody factor is stronger than the effect of the chemical potential, and
this leads to the negative result of O(@*) in Eq. (6.15).

Next, we discuss the behavior in the high-frequency region @ > 1. As done
in the discussion on the energy spectrum, we approximate the greybody factor
for a sufficiently small ¢ to be unity. Then, the contribution from a mode with
a sufficiently small ¢ is approximated as

@ /;'Fg((.:),];) N w —8(vV2-1)7&
[ e Y ' (010

Since the number of the modes that contribute to the angular spectrum is O(&?),
an order estimate gives
% ~ @B 8(V2- )T (6.17)

This is the same behavior as that of the energy spectrum, Eq. (6.13). The
numerical result also shows the similarity in the behavior of dIy;/d@ and dI;/do
in the high-frequency region. Compare Figs. 10 and 12.

The peak position of the angular spectrum is numerically determined to be
@ =~ 0.25 with dI;/do ~ 3.43 x 10~%. This peak is located at a bit higher
frequency than the peak location of the energy spectrum, and the peak values
of dIy/de and dIy/do have the same order. To shortly summarize, a black
ring emits positive angular momentum except for a small region & < 0.05, and
the shape of the angular spectrum is similar to that of the energy spectrum.

6.3 Spectrum of a five-dimensional thin black string

Up to this point, we have studied the evaporation of an Emparan-Reall black
ring in the thin-limit approximation. There, the evaporation of a black ring was
approximated by that of a thin black string. Therefore, there is a close connec-
tion between the evaporation of a thin black ring and that of a thin black string.
For this reason, our formalism and numerical code can be directly applied also to
the evaporation of a thin Schwarzschild black string whose Schwarzschild radius
2M is much smaller than the compactification scale L along the string direc-
tion. In this subsection, we study evaporation of a five-dimensional unboosted
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thin Schwarzschild black string and present numerical results on detailed prop-
erties of the evaporation by comparing them with those of a four-dimensional
Schwarzschild black hole. We also discuss the relation between these results and
the evaporation of a thin black ring.

In this subsection, we use the unit ¢ = A = G4 = 1 where G4 is the four-
dimensional gravitational constant.

6.3.1 Energy emission rate

We consider a five-dimensional Schwarzschild string with the metric

2 o dr? 20702 | o2 2 2 2Mk

ds® = —f(r)dt +m+r (d6” +sin” 0do*)+dz~, flr)= 1—7 (6.18)
Here, z = 0 and L are identified and we consider the situation L > Mg . This
black string is assumed to evaporate by emitting massless scalar particles in the
five-dimensional spacetime. In the evaporation of a black string, the Kaluza-
Klein modes with various values of momentum k' = 27n/L in the string direc-
tion contribute. Since these modes effectively behave as massive scalar fields in
a four-dimensional spacetime, evaporation of a five-dimensional Schwarzschild
string is identical to evaporation of a four-dimensional Schwarzschild black hole
emitting scalar particles with various discrete masses. The energy emission rate
of a black string is given by

A 1 W (Mpew')
- — d Z — e (6.19)
Lmmn

Since the black string is assumed to be thin, L > M, the summation over n
modes can be replaced by the integral with respect to k':

S /dn = %/dk’. (6.20)

Then, the energy emission rate is

_dMI(<BS) _ L (BS) (6.21)
dt dm2MEt ‘
with
o oo o'
7BS) — / (20+1 / di T (@& 6.22
1 ; ew, Vi 1;: (@', k). (6.22)

Note that I{BS) is identical to I; of Eq. (5.8) that appeared in the analysis of
evaporation of a thin black ring.
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On the other hand, the energy emission rate for a Schwarzschild black hole
emitting massless particles is

dt Py //T/ (623)
Rewriting this formula with nondimensional quantities, we have
M B 1
S S (6.24)
dt 2 My,
with
) ~ 1 >
7B — / ' —= " (20 + i (@), 6.25
P = [ iy e+ ur @) (625)

Let us compare the two energy emission rates, Eqs. (6.21) and (6.24). The
two integrals IfBS) and I{BH) have the same order, II(BS) ~ 1.25 x 107* and
Il(BH) ~ 4.67 x 10~ (Here, our numerical result of Il(BH) agrees with the value
reported in Ref. [14]). Therefore, the energy emission rate of a black string
is larger by a factor of O(L/Mg) compared to that of a black hole. This is
because more numbers of the Kaluza-Klein modes contribute to the emission as
L/Mp is increased. Therefore, in the Hawking radiation of a black string, as
the string becomes thinner, its evaporation becomes faster compared to that of
a Schwarzschild black hole whose mass is identical to the mass density of the
black string.

6.3.2 Time evolution

Solving Egs. (6.21) and (6.24), we have

1/4
19
MEY = M) (1 ¢ 6.26
K K( ) WQMK(O)4 ) ( )
1/3
3I(BH)
MED — - ——— 2

for a black string and a black hole, respectively. Because of the contribution
of the massive modes in the black string case, the powers in these formulas are
different from each other.

6.3.3 Energy spectrum

Let us focus attention to the energy spectrum. For this purpose, we introduce
the “effective greybody factor for the mode ¢” for a black string with

1M @) = / AT (@ ). (6.28)
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Then, the quantity I ( ) of Eq. (6.22) is expressed as

CORN (eff)  ~
I} 7/0 de ew’/f/—”;)(%ﬂ)rf (@"). (6.29)

Note that this formula is same as Eq. (6.25) except that F@BH) is replaced by

Féeﬁ). In addition, we introduce the “total effective greybody factor” by

oo

@ (20 + )T (@) (6.30)
0

for a black string. The similar quantity is also introduced for a black hole as

g (20 + )T P (@), (6.31)

Mg

£=0

In terms of these total effective greybody factors, the spectra of the quantities
Il(BS) and II(BH) with respect to &’ become

dIl(BS) & (eff)
- Y 7 7 6.32
da}/ e&)//T/ o 1 BS ( ) ( a)
dI(BH) a}/ off
C;@/ = WF]%H)( @"). (6.32b)

These quantities dIfBS)/ d&' and dll(BH)/ de’ are related to the energy spectra
as

CEOY L L (6.33a)
dtde’ AreME di oo
CECY L i (6.33b)
dtdo’  2wrMZ dd '

Therefore, d[ / de' and dI; (BH) /d&’ can be called the rescaled energy spectra.
Figure 13 shows the effective greybody factors F *® for the mode ¢ as func-

tions of &’ for £ = 0,...,5. The greybody factor Fé S)(w Jﬂ’) is approximately

unity in the high frequency region & > ¢/(3v/3) [see Eq. (5.21)], and therefore,
(eff)

I,/ (&) behaves as

~!

(@) ~ / di’ = 2. (6.34)

s

This behavior can be seen for £ = 0,1, and 2 in the domain of & shown in
Fig. 13.
In Fig. 14, the total effective greybody factor F(e ) for a black string is

F(EH)

plotted as a function of @'. The quantities (2¢ + 1)I',;”" are also shown for the
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Figure 13: The effective greybody factors FEEH) for the mode ¢ introduced in

Eq. (6.28) as functions of Mgw’ for the modes £ = 0,1,2,3,4, and 5. In the

high frequency region, Fgeﬁ) for the modes £ = 0,1, and 2 behave as ~ 2Mxw'.

first six £ modes. For comparison, we also plotted Fl(fg) for a black hole. The
value of Fgg) is larger than that of I‘gg) in the low frequency region, &’ < 0.55.
This is because the domain of integration of Eq. (6.28) becomes smaller as E
is decreased. Also, the greybody factor is a monotonically decreasing function
of |k'| for a fixed @'. Conversely, in the high frequency region @’ 2 0.55, we
have Fgg ) > Fgg) reflecting the fact that domain of integration of Eq. (6.28)
becomes larger than unity.

In Fig. 15, the rescaled energy spectrum dIl(BS)/dd/ for a black string is
plotted as a function of &’ together with the contributions of different quantum
numbers ¢ = 0,1, and 2. Although we plotted the modes ¢ = 3, 4, and 5,
they are tiny and invisible. For comparison, dI§BH) /dd’ for a black hole is also

plotted. Reflecting the results for Fgg) and Fgg), the value of dIl(BH)/dd/ is

larger than that of dT 1(BS) /d&" in the low frequency region, @’ < 0.55. The peak
of dIfBS) /dd’ is located at a slightly higher frequency compared to the peak
location of dIl(BH)/dJJ’7 and the decay of dI{BS)/dJJ’ for the black string in the

high frequency region is slower than dI fBH) /d&' for the black hole. Therefore,
the energy spectrum of emitted particles from a black string shifts towards the
higher frequencies compared to that from a black hole for a fixed M.

As in Sec. 6.2, we discuss the behaviors of the energy spectrum of the black
string evaporation in the low and high frequency regions by comparing it with
that of the evaporation of a four-dimensional Schwarzschild black hole. In the
low-frequency region, &’ < 1, the energy spectrum for the black string increases
slowly compared to that for the Schwarzschild black hole as &’ is increased. Since
the ¢ = 0 mode dominates the energy spectrum in this region, using Unruh’s
approximation for greybody factor, (6.9), for the £ = 0 mode, we have the
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Figure 14: Left panel: The total effective greybody factor Fgg ) for a black

string introduced in Eq. (6.30) as a function of Mgw’ (solid line) together with
the contributions from first six £ modes, (2¢+ 1)F§eﬂ). Right panel: Comparison
between Fl(fsﬂ ) and F](;g) (the solid line and the dash-dotted line, respectively).

The value of ngg) is larger than that of I‘gg ) in the low frequency region.

rescaled energy spectrum for the black string (6.32a) is approximated by

~ 20", (6.35)

For the black string (6.32a), we have

@ (6.36)

~

dll(BH) 2
da’ T

This explains the slower growth of the rescaled energy spectrum for the black
string compared to that for the Schwarzschild black hole.

On the other hand, in the high-frequency region, @’ > 1, the energy spec-
trum for the black string evaporation decays more slowly than that for the
Schwarzschild black hole as &’ is increased. In this region, the greybody factor
for a sufficiently small ¢ is approximately unity, and the summation with respect
to £ is taken up to £ ~ O(&@’) (see Sec. 5.3). Using Eq. (6.34), we approximate
the total effective greybody factor for the black string by

s (@) ~ a2, (6.37)
and for the black hole,
e @) ~ &' (6.38)

Therefore, in the high-frequency region, the rescaled energy spectrum for the
black string behaves as

ar(P®
e’

~ B8 (6.39)
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Figure 15: The rescaled energy spectrum dIl(BS)/dJJ’ of Eq. (6.32a) for a black
string as a function of Mgw’ (the solid line) together with the contributions of
different quantum numbers ¢ = 0,1, and 2. The contributions from the modes
¢ > 3 are tiny and invisible. This profile is proportional to the energy spectrum.
For comparison, dll(BH) /d&'" for a black hole is also plotted (the dash-dotted
line). The value of dIfBH)/ch’ is larger than that of dIfBS)/d(Z;’ in the low
frequency region. The inset highlights the region 0.54 < @’ < 0.6. The function
dIl(BS) /d&’ decays more slowly compared to dI 1(BH)/ d&’ in the high frequency

region.
For the black hole, we have

arl®
dj\é/ ~ @8 (6.40)

The difference in the power of &’ causes the slower decay of the rescaled energy
spectrum for the black string compared to that for the Schwarzschild black hole.

6.3.4 Relation to the evaporation of a thin black ring

As already pointed out, the formula (6.22) of IfBS) for a thin black string is
equivalent to I; of Eq. (5.8) that appeared in the analysis of a thin black ring.
Similarly to IfBS) for a black string, the quantity I; gives the rescaled energy
emission rate of a thin black ring as seen from Egs. (5.8) and (4.17). For this
reason, one might expect that the rescaled energy spectrum dIl(BS) /d&' for a
thin black string shown in Fig. 15 would also correspond to the rescaled energy
spectrum dI;/d@" for a thin black ring. But we have to be careful in this
reinterpretation.

In the case of a thin black ring, the function dI;/d@’ is not proportional
to the energy spectrum for observers at rest in an asymptotically flat region.
This is because the energy spectrum for such observers has to be evaluated with
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Eq. (4.13) where the frequency is given by @, not by @’. Originally, the trans-
formation from (@, k) to (&', k') was introduced in Eq. (4.16) in order to make
calculations of Eqgs. (4.13)—(4.15) easier. Physically, this transformation corre-
sponds to the Lorentz transformation from the boosted frame to the unboosted
frame. Therefore, dI; /dd’ represents the rescaled energy spectrum for observers
in the unboosted frame. From a viewpoint of the original black ring spacetime,
the observers in the unboosted frame are moving in the ¢ direction with the
angular velocity identical to the horizon angular velocity €),,. Note that in order
to avoid superluminal motion, such rotating observers have to stay in a region
whose distance d from the black ring horizon satisfies Mg < d < R.
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7 Conclusion

In this thesis, we have studied the time evolution of evaporation of a thin black
ring under the assumption that only a massless scalar field is emitted in the
Hawking radiation. In order to separate the Klein-Gordon equation in the back-
ground of a black ring metric, we have considered the thin-limit approximation,
where the black ring metric is approximated by the boosted Kerr string metric.
Then, we have given a set of equations, Eqs. (4.17), (4.18) and (4.25), that deter-
mines the quasistationary evaporation of a thin Pomeransky-Sen’kov black ring.
In this setup, a black ring evaporates without changing the thickness parameter
A. Also, we have analytically solved these equations in the case of an Emparan-
Reall black ring and given its time evolution in Egs. (5.5) and (5.6), with the
factor F'(0) ~ 0.239 that has been determined by numerical calculation of the
greybody factor. In the evaporation, the shape of the Emparan-Reall black ring
keeps similarity to its initial configuration. The lifetime of a black ring is shorter
by a factor of O(A?) compared to a five-dimensional Schwarzschild black hole
with the same initial mass.

We have also examined the energy and angular spectra of emitted particles
in the evaporation of a thin Emparan-Reall black ring. Compared to the energy
spectrum for a four-dimensional Schwarzschild black hole, the energy spectrum
for a black ring shifts to high-frequency region. In particular, the decay rate of
the black ring spectrum is slower than that for a four-dimensional black hole
by a factor of v/2 — 1 in the high-frequency region because of the effect of the
“chemical potential” term. It has also been shown that the angular spectrum
has a similar shape to that of the energy spectrum except in the low-frequency
region @ < 0.05 where the angular spectrum becomes negative due to the effect
of the greybody factors.

As a closely connected system to a thin black ring, we applied our method
also to the evaporation of a thin black string. In addition to the formulas for time
evolution, we have given the numerical results on detailed properties of evapo-
ration of a five-dimensional unboosted Schwarzschild black string by comparing
them with those of a four-dimensional Schwarzschild black hole. Because of the
contribution of the Kaluza-Klein modes, the energy emission rate of a black
string is larger by a factor of O(L/Mg) compared to that of a black hole. The
energy spectrum of a black string shifts towards the higher frequencies compared
to that of a black hole if we compare them fixing M. The energy spectrum of
the Schwarzshild string is proportional to that of the thin Emparan-Reall black
ring for observers rotating with the angular velocity identical to the horizon
angular velocity §2y.

As a future work, it is interesting to study the time evolution of a Pomeransky-
Sen’kov black ring with nonvanishing rotational parameter a, along the S2 di-
rection. For this purpose, we have to calculate the functions F(a,) and H(a.)
of Egs. (4.20) and (4.26), and therefore, developing the code for computing the
greybody factor of the boosted Kerr string is required. In addition, we are also
interested in the time evolution of evaporation of a thin black ring in the case
that massive and/or nonzero spin particles are emitted.
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