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Gravitational waves emitted by a particle rotating around a Schwarzschild black hole:
A semiclassical approach

Rafael P. Bernar,l’ Luis C. B. Crispino,l’lﬂ and Atsushi Higuchi2’|ﬂ

! Faculdade de Fisica, Universidade Federal do Pard, 66075-110, Belém, Pard, Brazl.
2 Department of Mathematics, University of York, YO10 5DD, Heslington, York, United Kingdom.
(Dated: February 14, 2017)

We analyze the gravitational radiation emitted from a particle in circular motion around a
Schwarzschild black hole using the framework of quantum field theory in curved spacetime at tree
level. The gravitational perturbations are written in a gauge-invariant formalism for spherically sym-
metric spacetimes. We discuss the results, comparing them to the radiation emitted by a particle
when it is assumed to be orbiting a massive object due to a Newtonian force in flat spacetime.

PACS numbers: 04.60.-m, 04.62.4+v, 04.50.-h, 04.25.Nx, 04.60.Gw, 11.25.Db

I. INTRODUCTION

Black holes are among the most important predictions
of General Relativity (GR). Several observations indicate
the presence of supermassive black holes in the center
of nearly all large galaxies [Il [2]. In addition, there is
strong evidence for stellar-mass black holes having an
influence on other stars in binary systems [3], emitting
X-rays through accretion (see Ref. [4] for a review on
observational evidence of stellar-mass and supermassive
black holes). Moreover, black holes are believed to play
an important part in powerful astrophysical processes,
such as gamma-ray bursts [5]. The recent detections of
gravitational waves [0} [7] emitted by binary black hole
mergers make the study of black holes and radiation-
emission scenarios even more appealing, particularly the
emission of gravitational waves. Binary black hole sys-
tems can provide settings in which the extreme curva-
ture of the black hole generates remarkable signatures
which can, in principle, be experimentally detected. It
is also interesting to study gravitational radiation emit-
ted by a relatively small object which can be approxi-
mated by a point particle in circular orbit around a black
hole, in highly relativistic motion, the so-called geodesic
synchcrotron radiation scenario. The possibility of this
mechanism for gravitational synchrotron radiation was
raised in Refs. [8 @]. While studying the scalar radia-
tion emitted by a point source in circular geodesic mo-
tion around a Schwarzschild black hole, it was argued
that gravitational radiation emitted by the source would
be mostly of the synchrotron type, which has frequen-
cies much higher than the angular frequency of the orbit
and radiation distributed in narrow angles. This was fur-
ther investigated in Ref. [I0] where the authors computed
the high-frequency spectra of electromagnetic and gravi-
tational radiation for a particle orbiting a Schwarzschild
black hole. In Refs. [11,[12], using the Regge-Wheeler for-

* rafael.bernar@icen.ufpa.br

T lcrispino@ufpa.br
* latsushi.higuchi@york.ac.uk

malism [I3HIE] and Green’s function techniques [I6HI9],
it was shown that the spectrum of gravitational radiation
from a point particle around a Schwarzschild black hole
is much broader than the scalar or electromagnetic ones,
at least for high-l multipole modes. For stable orbits, a
full analysis and numerical computations were done in
Refs. |20 21].

The framework of Quantum Field Theory (QFT) in
curved spacetimes [22] 23] has been used at tree level to
compute the (massless) scalar radiation of a point source
in circular orbit around Schwarzschild [24 25], Reissner-
Nordstrom [26] and Kerr black holes [27]. The case of
massive scalar radiation from a point source orbiting a
stellar object or a Schwarzschild black hole was analyzed
in Ref. [28]. Electromagnetic radiation from a point
charge rotating around an uncharged static black hole
was analyzed in Ref. [29], using the same semiclassical
approach. Although this approach is found to give the
same results as the classical methods (e.g. using Green’s
function techniques), it will make the radiative quantum
corrections to these results more straightforward. It also
allows an alternative interpretation of the radiation pro-
cesses discussed in this paper. We also find that by re-
garding the classical fields as quantum particles one can
treat several aspects of the radiation phenomena in an
unified manner.

In this paper we analyze the gravitational radiation
emitted by a point particle in geodesic circular orbit
around a Schwarzschild black hole using the framework
of QFT in curved spacetimes at tree level. Using numer-
ically obtained solutions, we compute the total emitted
power, as well as the power radiated to infinity in both
stable and unstable orbits. We also analyze the spectrum
of the emitted radiation.

The rest of this paper is organized as follows. In Sec.[[]
we present the formalism developed in Refs. [30, BI]
for linear perturbations of the gravitational field around
spherically symmetric spacetimes. We give a brief re-
view of the formalism, specializing it to the background
of a 4-dimensional Schwarzschild spacetime. In Sec. [IT]]
we present the framework of QFT for linearized gravity
in which we will work, applying this framework to the
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case of a point particle emitting gravitational radiation,
in geodesic circular motion around a Schwarzschild black
hole. We also obtain numerical results for the emitted
power of gravitational radiation. In Sec. [[V] we com-
pare these results to an analogous case in flat spacetime,
namely the radiation emitted by a particle orbiting a
Newtonian massive object. We conclude this paper with
some remarks in Sec.[V] We present the derivation of the
normalization factor of one type of the modes, the scalar-
type modes, in Appendix [A] Throughout this paper we
use the metric signature — 4+ ++ and natural units such
that G=c=h=1.

II. GRAVITATIONAL PERTURBATIONS IN
SCHWARZSCHILD SPACETIME

In this section we present a brief review of the formal-
ism developed in Refs. [30, [3T]. By expanding suitably
defined gauge-invariant quantities in terms of harmonic
tensors, the perturbed Einstein’s equations are reduced
to a set of self-adjoint ordinary differential equations, one
for each type of perturbation: scalar-, vector- and tensor-
type gravitational perturbations. This formalism can be
used for background spacetimes in any dimensions with
some special isometries. Here we restrict this formalism
to Schwarzschild spacetime in 3+1 dimensions.

A. Background Schwarzschild Spacetime

We work in the background spacetime of a chargeless
nonrotating black hole of mass M, described by the line
element:

ds? = gupdatda”

= —f(r)dt* + Jfl(f) + r2(d6* + sin? dp?), (1)
where
fr)=1- ¥ (2)

It is useful for us to define the line element of the orbit
spacetime:

dr?
fr)

As we will see in Sec. [[IB] it is basically in the orbit
spacetime that the dynamical equations for perturbations
have to be solved. It is also useful to define the line
element of the two-sphere S2:

dsi,,b = gapdz?da’ = —f(r)dt? + (3)

do? = v;;da’da? = d6” + sin® Ode”. (4)

The definitions (L), (3) and (4) above establish part of the
notation used. Greek letters are used for spacetime in-
dices running from 0 to 3, the first letters from the Latin

alphabet are used for the ¢ and r components and letters
1,7, k, ... are used for the # and ¢ components. Covariant
derivatives and Christoffel symbols corresponding to ds?,

dsirb and do? are denoted by Vs Thys Da, Ty and DZ-,

I, respectively.

B. Scalar-type and vector-type perturbations

Gravitational perturbations of the scalar-type are de-
fined as the metric perturbations whose angular depen-
dence is described by the scalar spherical harmonics
Y™ (9, @), which satisfy

(B2 +43) Y'™(0.0) =0, (5)

with eigenvalues

E2=1(1+1), 1=0,1,2,.., (6)
where A, is the Laplace-Beltrami differential operator on
S2, namely

A 1 0 0 1 92
Ag = — | sinf— —. 7
>~ sind o6 (sm 80) * sin? 0> 0

The solutions to Eq. are given by
Y™, ) = C'™ P! (cos0)e™?. (8)

The normalization constants are [32]:

i _ \/(21+ D (L—m)! o)

dr (I +m)!
The scalar-type metric perturbation modes hffjlm) can
be written as follows [31]
S;l S;l m
h((zb "= féb ! J (10)
ho ™ = rfS0s™, (1)

B =2 (H gy 4 HFSSM), (12)

where
m 1 .
st = - —Dyytm, (13)
ks
Im 1 A - m 1 m
S,gj ):?DzDJYl +§’Yijyl . (14)
S

The quantities fébS;l) (Sil), Hf;l and H;;l are gauge-

dependent quantities and functions of ¢ and r only.

Gauge-invariant quantities can be defined for [ > 2
and written in terms of a master variable ®7 (¢, 7), which
satisfies the following wave equation, resulting from the
perturbed Einstein’s equations:

_ Vs(r)
f(r)

D@7 (t,7) 7 (t,r) =0, (15)



with the Zerilli effective potential [15]:

2AZ(A + 1)7r2 + 6A2M7r? + 18AM?r + 18 M3
r3(Ar +3M)?

Vs(r) = f(r)
(16)

where
/\:%(l—l)(l+2). (17)

The O is the d’Alembert operator in the orbit spacetime,
namely

—15)—; + % [f(?”);l : (18)

The derivation of Eq. is highly involved and can be
found in Refs. [30} B1]. Using the same gauge choice as
in Refs. [33] [34], one can write the perturbation modes
in terms of the master variable ®7 (¢, r) as

0=—f()

p{Sitm) — o, (19)
RSt = 22, Flytm, (20)
R = Fvm, (21)
with
1
[ S a S
F = LL’[‘TH [(H — T'f/)Ql -+ 27’D TDan } s
(22)
N1 1
F = & <Dan - 2gab|:|> oy, (23)
M
H:2(A+3>, (24)
T
and
QO =rH®?. (25)

The mode with [ = 0 cannot be described in terms of
the master variable of Eq. . However, it is a spher-
ically symmetric perturbation, which, by Birkhoft’s the-
orem, consists in a shift of the mass parameter of the
black hole [I6]. Hence, we will not consider this mode,
since it is non-radiative. The [ = 1 modes can always be
eliminated by a gauge transformation [31].

Gravitational vector-type perturbations are defined as
the metric perturbations whose angular dependence is
described by vector spherical harmonics satisfying the
following equations

(B2 + k%) V"™ (0,0) =0, (26)
Ay (Im) _
DY (9, ) = 0. (27)
The set of eigenvalues takes the form

B =11+1)—1, 1=1,2,3,.. (28)

The solutions to Eqs. and on the unit 2-sphere
are [13] [35]

——L—dY""(0,¢).  (29)

o (6e) = +D

The Levi-Civita tensor on the S2 is defined by
€ — Qp@ = O, (30)
€gp = —€,p = Sind. (31)

The gravitational perturbation modes of the vector-type

h%;lm) can be written as

p{tm) — o, (32)
hgi/;lm) _ rféV;l)y;(lm)7 (33)
Vilm Vilgr(Im
Y™ = o2 v, (34)
with
am) L /o am) | A < (Im)
Ve = o (Din + DY, ) . (39)

By defining the gauge-invariant quantity for the modes
with [ > 2,

Vi) — (Vi) LDaHV;l 36
a fa + kV T > ( )
we can write it in terms of a master variable ®) (¢, r) as

rEVD = e, D° (r@)). (37)

The master variable satisfies the following equation:

Vv(’l“)
aaY (t,r) — o) (t,r) =0, 38
l ( ) f("') l ( ) ( )
with the Regge-Wheeler effective potential [I3]:
(l+1 6M
Wi =0 (L -50).

The [ = 1 vector-type modes correspond to rotational
perturbations, i.e. perturbations which give nonzero an-
gular momentum to the background metric [16]. Again,
we will not consider these non-radiative modes. In a spe-
cific gauge choice [33] B4], one can write the vector-type
modes as follows

RVt — y e, Db (ra) ) (40)

with all other components vanishing, where ¢4, is the
Levi-Civita tensor in the orbit spacetime.

In n 4+ 1 dimensional spacetime with n > 4, there are
also gravitational tensor-type perturbations, whose an-
gular dependence is given by traceless tensor spherical
harmonics. However, they do not exist on S? [13, [36].
(A concise proof of this fact can be found in Ref. [35].)
Thus, there are no tensor-type modes for gravitational
perturbations in 3 + 1 dimensions.



III. QUANTIZATION AND GEODESIC
SYNCHROTRON RADIATION

We will consider the case of a testﬂ point particle in
circular orbit emitting gravitational waves as it rotates
around the black hole. We compute the emitted power
using a semiclassical analysis, i.e. by considering the
gravitational perturbations as a quantized field in the
background Schwarzschild spacetime.

A. Quantization of gravitational perturbations in
Schwarzschild spacetime

We quantize the field h,, in the same manner as in
Refs. [33,B4] (see Ref. [37] for a more complete descrip-
tion.) The Lagrangian density of free linearized gravity
in a background spacetime can be written as:

1
L=+/—g |V V" h,\ — 5vAthAhW

+% (VFh — 2V, ")V yh + Ruac W' 077 |
(41)
where h = h*,. The conjugate momentum current is
given by
1 oL
E TN (@)
thus

1
p)\w/ _ _vkhuu + g)\u (vﬁhnu o 2vl/h>

+9™ (vnhw - ;V“h> + 9" (VP h = V,h ).
(43)

Note that we have not yet chosen any gauge condition.
For any two solutions to the Euler-Lagrange equations,
we define their symplectic product by

Q1) = — / ASng (huwp ™ — p®HR.,), (44)
b

Ly loy

where p and p are the conjugate momentum cur-
rents of the two solutions h,, and hiw, respectively, and
3 is a Cauchy surface with future-directed unit normal
vector n®. It can be shown that Q(h, h') is independent of
the choice of ¥ [37,[38]. If there were no degeneracy, i.e. if

there were no solutions h{""" satisfying QA" ) =0
for all solutions h,,, one could define an inner product
by

(h, /) = iQ(R, 1), (45)

1 The word “test” is used here in the sense that the particle does
not modify the background metric field.

where the overbar denotes complex conjugation. Sup-
pose that a complete set of positive-frequency solutions,
i.e. solutions whose time dependence is of the form e,
w > 0, is given by {hfﬁ,)}, where n represents all (con-
tinuous and discrete) labels. Then a positive- and a
negative-frequency solution would be orthogonal to one
another with respect to the inner product , and this
inner product would be positive definite on the space of
positive-frequency solutions. Then, we could expand the
quantum field il;w (x) as

b (@) = 3 [anh(@ (@) + alhD@)] . (46)

The canonical equal-time commutation relations would
be equivalent to

(47)
and
[ELWM &TL] = [&In? &IL] = O’ (48)

where M ~! is the inverse of matrix M™" = (h("™) (™).
However, due to gauge invariance, the simplectic prod-
uct given by is degenerate: a pure gauge solution
h,(fyaug ° = VA, + VA, has vanishing simplectic prod-
uct with any other solution, as it is well known. Thus, one
needs to modify the quantization procedure described
above. One standard way to proceed is to consider only
the physical solutions, i.e. solutions satisfying gauge con-
ditions that fix the gauge degrees of freedom completely.
When all gauge degrees of freedom are eliminated, the
simplectic product is non-degenerate and one quantizes
the field by imposing the equal-time commutation rela-
tions given by Egs. and (48). We follow this proce-
dure after fixing the gauge completely as described in
Sec. [TB] and normalizing the scalar- and vector-type
modes, so that M™" = §™", which may involve Dirac
delta functions. Thus, we expand the quantum gravita-
tional perturbation as in Eq. in terms of positive-
and negative-frequency solutions given by Egs. —
and , with definite frequencies w. We require the
positive-frequency solutions to be normalized with re-
spect to the inner product as follows:

<h(P;o.Jlm)7 h(P';w'l/m')> _ 5PP'(Sll'5mm'5(w - UJ/),

(49)
where P = S,V labels the type of the perturbations, with
S denoting the scalar-type and V' denoting the vector-
type perturbations.

We write the positive-frequency modes of the master

variables as
oF (t,r) = e ™l (r), w>0. (50)

wl

Then the functions wul(r) satisfy the
Schrodinger-like differential equation:

1015 (FOFE0) + (Vo) ) i) 0.
ay

following



Close to and far away from the horizon, both effective po-
tentials given by Egs. and (39 . tend to zero. Hence
the two independent solut1ons of Eq. can be written
as

Poup AP ( iwr™® + RP uP —iwr™ )7 r Z 2M,
uwi ~ P,up (52)
T AN V8
P,in TP " _ZWT ) r Z 2M7
w2 p _ Pyin_jwr* (53)
Awl( L R, s 2M,

where r* = r + 2M log (ﬁ
nate.
The modes u

— 1) is the tortoise coordi-

5}“’7 are purely incoming from the past
horizon H~ while the modes upl " are purely incoming
from the past null infinity J~. Using Eq. ( ., we de-
termine the asymptotic normalization constants sz to

be:

v 1
At = VBrw(l—1)(1 +2) 5

and

1
A5, = . (55)
V2rw(l — DI+ 1)1 +2)
We present the calculation of the inner product for
the scalar-type modes, which is necessary for finding

Eq. , in Appendix

B. Gravitational radiation emission by a point
particle

The point particle will contribute to the action with
the interaction term given by

V4 327r

St = V=g (@) (x),  (56)
where TH" is its energy-momentum tensor. Without loss
of generality (due to the spherical symmetry of the prob-
lem), we consider the particle orbiting the black hole in
the 8 = w/2 plane, at r = R, with angular velocity €2, as
measured by a static asymptotic observer. Its 4-velocity
is written as

b= (’y,0,0”}/Q)’ (57)
where
dt 1
_ 58
CANTRrE o

One can write the energy-momentum tensor as

utu”
™ =p
V=g

where p is the particle’s mass.

S(r — R)8(0 — 7/2)5(p — Qt), (59)

We expand the graviton field iLW, (2) as:

=35 S [l

P =2 m=—1Y

(P,)\;wlm) (:17)

i @R (@) (60)

To first order in perturbation theory, the emission am-
plitude of a A = in, up graviton of the P-type with quan-
tum numbers [, m and frequency w is

ABXIm = (P X; wimliS1]0), (61)

which can be found to be
) '\/ 32 swlm
AR tm = TR 5 u / diz =g RN (62)

Here, the initial state |0) is the one annihilated by all

the dl];)‘( ), i.e. the Boulware vacuum. If we had chosen

the Unruh [39] or Hartle-Hawking vacuum states [40] (see
also Refs. [41], @2]), then the transition rate calculated
from the amplitude given by Eq. would be associated
with the net radiation emitted by the particle, since the
absorption and stimulated emission rates (these two rates
are induced by the thermal fluxes) give the same result.
The emission amplitude AL« is proportional to 6(w—
m{2), and hence the particle will only emit gravitons with
the condition w = mf) satisfied. In particular, since w
and ) are both positive, only modes with m > 1 will be
emitted.

The emitted power for a graviton with a given type of
labels P, A and quantum numbers [, m reads

N < |AP,)\;wlm 2
ngﬁ’m:/dww , (63)
T
0
where
T =276(0) = / dt (64)

— 00

is the total time measured by an asymptotic static ob-
server [43]. Thus, the vector-type contributions to the
emitted power are given by

Wgr/ﬁ)\J _ 647T2/L2'72f(R)2mQ3 ‘Y@(l ) (57 Qt) ‘

oL (ratpm)] (65)

with
Wi = mi. (66)

We note that the vector-type modes only contribute
for odd values of (I + m), due to the presence of the



2
‘Yélm) (g, Qt)‘ factor, which vanishes for even values of

(I4+m). The scalar-type contributions can be written as
S, xlm 2 .2 2 (im) (T 2
WSAIm — 16722y mQ’Y (E,Qt)’
, 2
x [EmD(R) + 2R2Q2 P (R)[
(67)

where the functions Ft(t)‘;wml)(R) and FA«nl(R) are:

prel(R) = o (1 - Rp(R) [RES) (R
+2Rf(R) % |[RHUD (R)] } (68)
and
FQwmD gy — % {f(R)Q(f; |[RHWD(R)]
w2 RHUSA( R)} . (69)

We note that only the scalar-type modes with even values
of (I +m) contribute to the emitted power due to the
[y (m) (2 Q) |2 factor.

Next, we compute numerically the solutions to
Eqgs. and in the frequency domain. We inte-
grate numerically these differential equations by requir-
ing the boundary conditions given by Egs. and
to be satisfied, choosing suitable values of r. For the
value close to the horizon, we have chosen r/M > 2 + ¢,
with € = 1073. As for the “numerical infinity”, ro, we
write it as a function of [ and w,, such that the following
condition is satisfied

I(1+1
3;1>>(j). (70)

In our computation we have chosen our “numerical infin-
ity” to be:

Too =

250/1( + 1) o)

m

With the numerically obtained solutions, we use
Egs. and @ to compute the total emitted power
as

l
Wem = ij D (WERNT WM (12)
A =

=2 m=1

We compute the emitted power as a function of the an-
gular velocity 2, relating to it the radial coordinate R of

the test particle by
M\ Y3

which is required for the particle to be in circular orbit
around the black hole, according to GR [44]. We in-
clude in our results both stable (up to Q = (6v/6M) ! ~

0.068 M~1) and unstable circular orbits (up to Q =
(3v3M)~! ~ 0.192 M~'). As the circular orbit ap-
proaches the orbit of the light ray at R = 3M, the emit-
ted power increases rapidly, mainly because its motion
becomes ultrarelativistic (the particle’s energy increases
with u?). For this reason we find it more appropriate
to plot the emitted power on a logarithmic scale. The
particle becomes ultrarelativistic only for unstable orbits
and we note that, if backreaction is taken into account,
a particle in an unstable orbit starts its plunge into the
black hole.

10
0t | |
10% | = )
10° - a
. 2| : i
Lo10
= 10*F 1
B 100 |
]0-8 fmax: ””” 1
=3 ...
]0-1() [ma.,\ 4 4
. IIVIIIX_ 6 7777777
-12 P max ~
1077 - L= 10 - - - -
1074 . . . . . . . [:;MT 2 |
0 0.02 0.04 006 008 01 0.12 0.14 0.16 0.18 02
oM
Figure 1. Total power emitted by the test particle rotating

around the black hole, given by Eq. , plotted as a function
of the angular velocity 2. The summation in [ in Eq. is
truncated at a certain value of [, which we denote as lmaz.
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0 002 004 006 008 01 012 014 016 0.18 02
oM
Figure 2.  Scalar-type power emitted by the test particle,

given by Eq. (67)), as a function of the angular velocity .
We show here the modes with | = m, which give the main
contributions to the total emitted power.

The results for the emitted power are plotted in Figs.
2] and 3] For stable orbits, the main contribution to
the total emitted power are the modes with [ = 2
(m = 2 and m = 1 for the scalar- and vector-type radi-
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!: m+1‘ =2 (Vgctor—type) S
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0 0.02 004 0.06 008 01 012 0.14 016 0.18 02
oM

10

Figure 3. Comparison between the [ = 2 scalar-type power,
given by Eq. , and the [ = 2 vector-type power emitted
by the test particle, given by Eq. , as a function of the
angular velocity 2.

ation, respectively). We note that the vector-type emit-
ted power, given by Eq. , is suppressed by a factor
of R?Q% = M/R, compared to the scalar-type emitted
power [20], given by Eq. (see Fig. |3).

We note that the I = 2 modes have a dominant contri-
bution to the emitted power for most of the ) range, as
one can see in Fig. [} The contribution from all the other
I modes start to dominate over the [ = 2 mode contribu-
tion at  ~ 0.164 M~!. For unstable orbits, the high-

! contributions become more important, but the | = 2
modes still have a significant contribution (see Fig. [5]).
For stable orbits, we can see that the contribution of the
high multipoles is small. For unstable orbits, high mul-
tipoles are enhanced, but the low multipoles (especially
the [ = 2 modes) are still important.

=2 - - - 1
l‘>2

-16 | | | | | | |
10
0 0.02 004 0.06 008 01 012 0.14 016 0.18 02

oM

Figure 4. Comparison between the contributions of the | = 2
and ! > 2 modes (we considered contributions up to [ = 20).
For most of the range of Q (up to Q ~ 0.164 M™1), the I = 2
mode is the dominant contribution.
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Figure 5. Ratio W52 /Wem between the emitted power of the
I = 2 modes and the total emitted power (we have considered
contributions to the total emitted power up to I = 20). The
Il = 2 modes remain relevant contributions to the emitted
power even for unstable orbits.

One can compute the power of emitted gravitons ob-
served at infinity by considering only the modes which
are purely outgoing at future null infinity. Since these
modes are related to the modes uf}m by complex conju-
gation, we can write the power observed at infinity asE|

Wil = 3 W, (™)
Plm

In Figs. |§| and 7} the ratio W32 /W, is plotted as a
function of the angular velocity €2. For unstable orbits, a
considerable amount of emitted power is absorbed by the
black hole, as shown in Fig. Approximately 38% of
the radiation fails to reach the asymptotically flat region
(infinity), for the innermost unstable orbit. In contrast,
for stable orbits, more than 99% of the emitted power
escapes to infinity, as one can see in Fig. @ We com-
pared our results for the asymptotic radiation (scalar-
and vector-type contributions) in stable orbits with other
works [I2] 21, resulting in excellent agreement.

Next, we analyze the radiation associated to the modes
with large m, and hence with large [. Since only modes
with w,, = mf) are emitted, the total power for a given
frequency, P(w,,), can be written as a function of m, and
hence as a function of w,, as [12]

Plwm) =Y f: wEim, (75)

AP 1>|m|

2 The corresponding formulae for the massless scalar radiation in
Ref. [24] [Egs. (35) and (36) of that reference] are incorrect [45].
Similar incorrect formulae were used in Refs. [25H29]. Correction
of these formulae does not affect the main conclusions in those
references.
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Figure 8.  Total power emitted for a given frequency wp,.
Frequencies up to m = 30 are shown in this plot. Since only

Ratio W22 /Wem, between the asymptotically
observed and the total emitted power, as a function of €,

gravitons with frequencies that are integer multiples of the
particle’s angular velocity are emitted (wm = mS2), the spec-

0.6

Figure 6.
plotted for stable orbits. We have considered contributions
up to I = 20. We see that almost all the energy is radiated
away to infinity, in the case of stable orbits. trum is discrete.
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Figure 7.

The power P(wy,) depends on a discrete variable w,y,,
but we can regard it as a continuous variable for m > 1.

In this continuum limit, we can write the emitted power
Wem in terms of the spectral density function, denoted

by P(w)/Q, as [46]

Oonm
W= 37 Plon

m=1

with Aw,, = wm — W1 = Q. We compute P(w,,)

and its asymptotically observed counterpart, obtained by
in Eq. , for a particle orbiting

summing only

Ratio W22 /Wem, between the asymptotically

observed and the total emitted power, as a function of €,
plotted for stable, as well as for unstable circular orbits. As

in Fig. [6] we have considered contributions up to I = 20.

Aw,, =~ /de, (76)
Q
0

Figure 9.
high-frequency range (100 < m < 2500).

vector-type modes with [ > m + 1 since the | = m scalar-
type and [ = m+1 vector-type modes contribute to more
than 99% of the power at a given [. The results are shown

in Figs.[§land[9] These results are in excellent agreement
with those for high multipoles in Refs. [I0, [12] and show

that the contribution of the low frequency modes is still
relevant for the total radiation, even for unstable orbits.

IV. COMPARISON WITH FLAT SPACETIME
RESULTS

Let us now compare the emitted power W, in
Schwarzschild spacetime with its analogues in Minkowski
spacetime, W2 . For the flat spacetime computation, we
consider the particle to be in a circular orbit bound to a

WP,in;lm
the black hole in a highly relativistic unstable orbit with
R=(3+8M,d=5x10"% for frequencies up to w =
2500€2. We neglect the scalar-type modes with [ > m and



stellar object, due to a Newtonian force. When the par-
ticle is not very close to the central object, the two cases
should give similar results.

In Minkowski spacetime, we use essentially the same
procedure as in the Schwarzschild case to obtain the emit-
ted power, with the difference that we set f(r) = 1.
The perturbed metric hy, will have the same form as
in the Schwarzschild case, but now both master fields in
Minkowski spacetime satisfy the same equation, namely

0@, (t,r) — Var®d (¢,r) = 0, (77)

with Vay = 1(I+1)/r? and P = S, V. The d’Alembertian
in Eq. is the one compatible with the (flat) orbital
spacetime line element dsgrb = —dt? + dr?. One can

write positive-frequency solutions to Eq. , which are
regular at the origin, as

@ﬁ;P(t, r) = Che ¥ (wr), (78)

where j;(wr) are the spherical Bessel functions of the first
kind [47]. Using the inner product given by Eq. , we
obtain the normalization constants Cfl:

w

Car = 27(1—1)(I + 2)

(79)

and

2w
G = \/w(z DI+ +2) (80)

To compute the emitted power in Minkowski space-
time, we simply substitute the master fields of Eq.

into Egs. and to obtairﬁ
.g. T 2
Weﬂé’s’lm = 167r2,u2712wm9 ‘Y(lm) (57 Qt)‘

. 2
x [FSMnD (Rag) + 283, Q2P M Ry )|

(81)
and
2
W%;V;lm _ 64772/127]2\477193 ‘nglm) (g’Qt)‘
d 2
X CXmlm (R%/Ijl(meM)) >
(82)

where vy = (1 — R2,092)71/2 is the Lorentz factor. The
quantities FM@m!(Ryr) and Ft(tM;w’“l)(RM) are obtained
by substituting the master field &M into Eqgs. and

wml

3 We adopt the usual Minkowski vacuum, i.e. the vacuum that is
annihilated by the annihilation operators corresponding to the
positive-frequency mode functions given by Eq. (78).

, respectively, with the mass of the black hole set to
zero, namely

. C :
P - St e et

+ d;%w [R?\/Ijl(WmRM)]} (83)

and

(Miwml) C5.( &
JWm Wi 2
Fyy (Ru) = D) {dR?w [RMJI(WmRM)]

—w? R% .4, (meM)} . (84)

We have used the equation of motion given by Eq.
to simplify Eq. . In Newtonian gravity, for the parti-
cle to be in a circular orbit around the stellar object, its
radial coordinate is related to its angular velocity by Ke-
pler’s third law, namely Ry (Q) = (MQ~2)1/3. Since the
angular velocity € is a quantity measured by an asymp-
totic static observer and, hence, coordinate independent,
it is meaningful to compare the emitted powers from the
orbiting particle in Schwarzschild and Minkowski space-
times with the same value of €2. This comparison is plot-
ted in Fig.

W/ W,

07 ‘ ‘ ‘ ‘ ‘ ‘
0 0.01 002 003 004 005 006
oM
Figure 10. Ratio Wem/W2L as a function of Q. We have

considered contributions up to [ = 20. The maximum value
considered for QM is (6v/6)"'. As Q increases, the ratio
decreases up to approximately 25%, until it starts to increase
due to the ultrarelativistic effect.

We note that there is a significant conceptual difference
between the radiations in the two cases: in Schwarzschild
spacetime, the circular orbit is a geodesics of the space-
time, whereas in Minkowski spacetime, it is a trajectory
supported by an external force. In other words, the circu-
lar orbit is not a geodesic of Minkowski spacetime. Thus,
the total radiation computation in Minkowski spacetime
should include the radiation generated by the source of
the external force, since the particle’s energy-momentum
tensor is not conserved by itself. However, it is likely that



this additional radiation is negligible. (This is indeed the
case if the circular motion is supported by a thin rod con-
necting the particle and the origin [48].) The comparison
in this section has been done primarily to show consis-
tency of our numerical results in Schwarzschild spacetime
by comparing them to the solutions obtained analitically
in Minkowski spacetime, given by Eq. , which should
be a good approximation to the master fields far away
from the black hole.

V. CONCLUDING REMARKS

We have computed the power of gravitational radi-
ation emitted by a particle in circular orbit around a
Schwarzschild black hole. By writing the gravitational
perturbations in a gauge-invariant formalism, we used
QFT at tree level to obtain numerically the emitted
power, for both stable and unstable orbits. The scalar-
type gravitational radiation was shown to be dominating
over the vector-type gravitational radiation, the latter
being suppressed by a factor of R?Q? = M/R. This re-
sult is in agreement with Ref. [20], where the emitted
power was computed for stable orbits only. For most of
the range of the test particle’s angular velocity, we have
shown that the main contributions to the emitted power
are from the [ = 2 modes for both scalar- and vector-
type gravitational perturbations. In unstable orbits, the
contributions from high multipole modes are enhanced.
Nevertheless, the [ = 2 modes still have contributions
that are far from negligible.

In stable orbits, almost all of the emitted energy es-
capes to infinity. For unstable orbits however, a consid-
erable amount of energy is absorbed by the black hole.

Comparing the emitted powers in Schwarzschild and
Minkowski spacetimes, we see that the ratio between
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bit (R = 6 M) because the orbit becomes ultrarelativistic
sooner (i.e., for smaller values of ) in the Schwarzschild
spacetime, than in flat spacetime.

We found that high multipoles of the gravitational ra-
diation are significantly enhanced only for unstable or-
bits, although the low multipole modes remain as a rel-
evant contribution to the emitted power even in this
case. We also have found that no high frequency peaks
are present in the power spectrum, unlike the scalar-
radiation case [25]. We note that the particle in a stable
orbit will emit radiation, gradually losing energy and in-
spiraling to orbits with smaller radii. When it reaches
an unstable orbit, the particle emits a high amount of
gravitational radiation and quickly plunges down into the
black hole.
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Appendix A: Computation of the scalar-type inner
product

In this Appendix, we compute the inner product for
scalar-type perturbations at the future horizon, using
Eddington-Finkelstein coordinates. For the scalar-type
perturbation, the inner product reads

them (Schwarzschild over Minkowski) approaches unity (WS WSy = —i / d¥ngJ®, (A1)
when the particle is located very far away from the black 4
hole. This ratio decreases as the orbit moves inwards but
starts to increase near the innermost stable circular or- where
J
—_— ror 4 —_— 1y 1274 T —_— 1y 274 0
Jo = ylmyl'm [TDdr (F(wl)abe((‘; 1) _ pwi )abe(d l)) _ (F(‘*’l)bCDan(ZJ 1) _ pwi )bcDan(ZJl))} 7 (A2)

and n, is the (future-pointing) unit vector normal to
the Cauchy hypersurface . The inner product given
by Eq. (Al]) can be rewritten as

DI+ D) +2) [ dr
2 (r)

(A3)

joi gmm’ (1—

<h’S7 h‘/S> = f
2M
X (q)iilatq)i/l/ — @5,1,8,5@7%) .

(

We will derive Eq. using Eddington-Finkelstein co-
ordinates. To simplify the notation, from now on we omit
the labels for the frequency and angular quantum num-
bers, denoting quantities that depend on w’, I’ and m’
with a prime.

Defining a new coordinate by

u=t—r-, (A4)



where r* is the tortoise coordinate, we find

dr
du = dt — m (A5)

and the orbit spacetime line element becomes
ds?, = —f(r)du® — 2dudr. (A6)

We compute the inner product at the future horizon. The
horizon is at r = 2M and —oco < u < co. If r < 2M, the
r =constant surface is a spacelike surface. A normalized
(future-pointing) vector orthogonal to this surface can be
written as

nt == [=f()""* D
— a0 (g) 0P (2 an
For this surface we have
A% = dQqdu [ f(r)]/? 2. (A8)

Hence, using Eq. (A7), we obtain

d¥n® = r2dQydu Ki)a — f(r) (;)a} . (A9)

In the limit r — 2M, we get

lim d¥n® = 4M?dQydu (aa) . (A10)
u

r—2M

From one of the equations of motion (¢?*F,;, = 0), we
have

(A11)

which means that Fi,, vanishes at the horizon. Moreover,
the first term in Eq. (A2)) does not contribute to the inner
product because

n% Dy (FJ’Féd - F;”FTd> =0. (A12)

This follows from the fact that F;; is a symmetric tensor
and that n® o< D% [see Eq. (AT7))].
For the second term in Eq. (A2]), we have, at the hori-

zon,

FD,Fl, — F"*D,Fype = Frr0,F.,, + FuuOuF.,
—F! 3,Fyu — F 0. Fr
1

i

(FrrFloy — FL Fu)
(A13)
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We integrate Eq. (A13]) by parts with respect to u, indi-
cating with the symbol “~” the equivalence under inte-
gration by parts. We find

FD,F|, — F"D,Fy. ~ 2 (Fr.0,F), + Fuu0,F.,)
1 — _
— (FF, —F. Fu..).
+M ( uu rr )
(A14)
At the horizon, one can write the components of the
gauge-invariant quantity Fa(‘;l) as

Fuu = (QMag + ;6u> 3 (A15)
and
F.,. = [zMa,? + (2 - g) ar] o, (A16)
Here, H = H(r = 2M) [see Eq. (24)]. Thus,
H=PF+1+1. (A17)

We note that we set r = 2M after all differentiation is

done. Now, we substitute Egs. (Al5) and (Al6) into
Eq. (Al4), and integrate by parts with respect to u to

obtain
F¥D,F]. — F"*D,Fy. ~ 9,805 — 9,550,
(A18)

where the fourth order differential operator O reads

O = 8M?929? — 6M 8,0 + 8M <1 - ;) 920,

3 , 1 3
—6 (1— ) Ouly + 02 + — (1—) O,
(A19)

We write O as the following linear combination

O = A0 { ‘55(8) D] +(B+CoD,  (A20)

with A, B and C' being suitably chosen constants. We
can use the equations of motion to write

Aes  Vs(r)
O = F0)

constant at r=2M

[(A+ B)®5, + C9,85). (A21)

We note that the term containing C does not contribute
to the inner product. However, its presence is needed to

write the fourth order operator (A19)) in the form (A20]).

We may use a symbolic computation software to obtain
B+ (1= DIQ+1)(I +2)?

— A22
2B+Il+1)(*+ 283 =1+ 1)) (A22)

.3 3 P+i+1
ST R4+ 200D+ D(I+2)+ 3]
(A23)

and
2

C=6M Lritl (A24)

(-DIl+1)(+2)+3
Then, at the horizon, the inner product (Al) can be

written as



(L= DI+ 1)1 +2
2

o DI DE+2)
r—2M 2

(h®,n'%) =i

=

/dznaylmyl/m/ (@751804@5111 - @gll/aa(biil) .
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) / dQyduy Iyt (@E@u@f,l, - ég,l,au?fd)

(A25)

This can be evaluated in a t =constant Cauchy surface in ¢r coordinates as

o0

. 'l =D+ +2 —— dr /— —
<h(S,wlm),h(S,wlm)> :i( )( + )( + )/dQQYlelm T (¢§18t¢5/l/ —‘I)i/lzatq)f)l), (A26)

2

SQ

which leads to Eq. (A3).

Another way to obtain Eq. is by computing the
inner product (Al)) directly using ¢r coordinates. How-
ever, this method is much more involved, requiring sev-
eral cumbersome integration by parts, although we can
still use a computational software to do all the algebraic

f(r)

2M

(

computations. We have done so and the same result as
the Eddington-Finkelstein one has been obtained, as ex-
pected. In addition, since computing the inner product
in these coordinates does not require the presence of a
horizon, we can also use this method in flat spacetime,
in spherical coordinates.
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