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Construction of the second-order gravitational perturbations produced by a compact object

Eran Rosenthal

Department of Physics, University of Guelph, Guelph, Ontario NIG 2W1, Canada
(Received 16 January 2006; published 27 February 2006)

Accurate calculation of the gradual inspiral motion in an extreme mass-ratio binary system, in which a
compact object inspiral towards a supermassive black hole requires calculation of the interaction between
the compact object and the gravitational perturbations that it induces. These metric perturbations satisfy
linear partial differential equations on a curved background space-time induced by the supermassive black
hole. At the point-particle limit the second-order perturbations equations have source terms that diverge as
r~*, where r is the distance from the particle. This singular behavior renders the standard retarded
solutions of these equations ill defined. Here we resolve this problem and construct well-defined and
physically meaningful solutions to these equations. We recently presented an outline of this resolution [E.
Rosenthal, Phys. Rev. D 72, 121503 (2005).]. Here we provide the full details of this analysis. These
second-order solutions are important for practical calculations: the planned gravitational-wave detector
LISA requires preparation of waveform templates for the potential gravitational waves. Construction of
templates with desired accuracy for extreme mass-ratio binaries requires accurate calculation of the
inspiral motion including the interaction with the second-order gravitational perturbations.
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I. INTRODUCTION

Consider a binary system composed of a small compact
object with mass u (e.g. a neutron star or a stellar-mass
black hole) that inspirals towards a supermassive black
hole with a mass M. Such extreme mass-ratio binaries
(e.g., M/u = 10°) are valuable sources for gravitational
waves (GW) that could be detected by the planned laser
interferometer space antenna (LISA) [1]. To detect these
binaries and determine their parameters using matched-
filtering data-analysis techniques one has to prepare gravi-
tational waveform templates for the expected GW. An
important part in the calculation of the templates is keeping
track of the GW phase. Successful determination of the
binary parameters using matched-filtering techniques often
requires one to prepare templates with a phase error of less
than one cycle over a year of inspiral [2]. Calculating
waveform templates to this accuracy is a challenging task
since a waveform from a year of inspiral may contain 10°
wave cycles [3].

To carry out this calculation one is required to calculate
the compact-object inspiral trajectory. By virtue of the
smallness of the mass ratio w/M one may use perturba-
tions analysis to simplify this calculation. In this analysis
the full space-time metric is represented as a sum of a
background metric—induced by the supermassive black
hole, and a sequence of perturbations—induced by the
compact object. The object’s trajectory is also treated
with perturbations techniques. At leading order of this
approximation the object’s trajectory was found to be a
geodesic in the background geometry (see e.g., [4]). At
higher orders, the interaction between the object and its
own gravitational field gives rise to a gravitational self-
force that acts on the object. The leading-order effect of the
self-force originates from interaction between the object
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and its own first-order gravitational perturbations that are
linear in w. This first-order self-force (that scales like u?)
induces an acceleration of order u for the object’s trajec-
tory. In the case of a vacuum background geometry, formal
and general expression for this first-order gravitational
self-force was derived by Mino, Sasaki, and Tanaka [5],
and independently by Quinn and Wald [6] using a different
method. Later, practical methods to calculate this self-
force were developed by several authors [7-15], see also
[16,17] for a different approach to this problem. The next
order corrections to the object’s trajectory originate from
the interaction between the object and its own second-order
gravitational perturbations (that are quadratic in u).
Higher-order corrections will not be considered in this
article.

We shall now estimate the effect of the gravitational self-
force (more accurately the dissipative part of the gravita-
tional self-force, see below) on the accumulated phase of
the emitted GW. This will allow us to determine how many
terms should be retained in the perturbations expansion
(see also [18-20]). For simplicity consider a compact
object which inspirals between two circular orbits in a
strong field region of a Schwarzschild black hole. As the
object inspirals towards the black hole its orbital frequency
slowly changes from its value at an initial time. This shift
in the orbital frequency is approximated by w?, where @ =
‘il—‘;’, and ¢ denotes the elapsed time (from initial time) in
Schwarzschild coordinates. Let A¢ denote the part of the
phase shift of the GW (between two fixed times) which is
induced by the shift in the orbital frequency. Since the GW
frequency is proportional to the orbital frequency we find
that after an inspiral time At,,, the phase shift A¢ is
approximately proportional to A7 @. Let us find how
the quantities in this expression scale with w. The inspiral
time At scales like AEE™!, here E denotes the particle’s
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energy per unit mass, AFE is the energy difference between
initial and final circular orbits, and £ = 4£. The first-order
gravitational self-force produces the leading term in an
expansion of E, which we denote E,. Since E, scales
like u we find that At,, scales like M?u~!. Turning now
to @, we write this quantity as & = 92 E. At the leading
order ‘f,—g is independent of p—it is obtained from the
equations describing a circular geodesic world line. At
higher orders the conservative part of the self-force will
produce a correction to this geodesic orbit. Since we focus
on the contribution to the phase coming from the dissipa-
tive part of the self-force (i.e. the part of the self-force
responsible for a nonzero E) we ignore the conservative
corrections. Denoting the leading term in an expansion of
@ with @, and recalling that E, scales like u we find that
@; is of O(uM~3). Combining the expressions for At
and @, we find that the first-order self-force produces a
phase shift A¢ of order A2 @&, = O(M/ ). The second-
order self-force gives rise to second-order terms in the
expansions of E and @. These terms are denoted here E,
and @,, respectively. Since E, scales like u? we find that
@, is O(u>M™%). After Aty the term @, will produce a
phase shift of order A2 @, = O[(M/p)°]. Therefore, a
calculation of A ¢ to the desired accuracy of order (M /u)?
(needed for LISA data analysis) requires the calculation of
the compact-object interaction with its own second-order
metric perturbations.

The goal of constructing long waveform templates (e.g.
for 1 yr of inspiral) which do not deviate by more than one
cycle from the true GW provides practical motivation for
the study of the second-order metric perturbations in this
article. Moreover, construction of second-order metric
perturbations allows one to extend the applicability of the
perturbation analysis to binary systems with smaller M/ u
mass ratios. This study can also shed light on the problem
of waveform construction. Suppose that we attempt to
construct a waveform for an inspiraling compact object
(including the correct leading term for A¢) by using the
following procedure. First, we calculate a corrected world
line by including the contributions coming from the first-
order self-force. Then we substitute this world line into the
expression of the source term in the first-order perturba-
tions wave equation, and finally we construct a waveform
by solving this equation. Here there is a subtlety, since the
first-order gravitational self-force is a gauge dependent
quantity [21] (e.g. one may set it to zero by an appropriate
choice of gauge, see below). Therefore, by invoking a first-
order gauge transformation we can change the path of the
corrected world line. A waveform constructed from this
new corrected world line may not encode the correct gauge
invariant information. This argument reveals that for some
gauge choices the above procedure does not provide us
with a waveform that includes the correct leading term for
A ¢. For these gauge choices it is reasonable to expect that
the correct waveform could be obtained by including the
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second-order gravitational perturbations in the waveform
calculation. In this way all the contributions to the wave-
form which scale like u? are being included in the
calculation.

To construct the metric perturbations produced by a
compact object it is useful to consider the point-particle
limit—where the dimensions of the compact object ap-
proach zero (below we give more precise definitions of the
compact object and the limiting process that we use). In
this limit the first-order metric perturbations in the Lorenz
gauge satisfy a wave equation with a delta function source
term (see e.g. [22]). It is well known that (certain compo-
nents of) the retarded solution of this wave equation di-
verge as ! as the world line of the object is approached,
where r denotes the spatial distance from the object. The
construction of the second-order perturbations is more
difficult. In the limit the second-order metric perturbation
equation away from the compact object take the following
schematic form

D[h?P] = VAOVRD&RVVVARD, (1)

Here wh" and u2h®@ denote the first-order metric pertur-
bations and the second-order metric perturbations, respec-
tively. D denotes a certain linear partial differential
operator, V schematically denotes the covariant derivative
with respect to the background metric, and & denotes ““and
terms of the form. ..”. Since A" diverge as r~! we find that
the source term of Eq. (1) diverges as r~*. One might
naively attempt to construct a standard retarded solution
to Eq. (1), by imposing Lorenz-gauge conditions on 4?
and then formally integrating the singular source term with
the corresponding retarded Green’s function. However, the
resultant integral turns out to be ill defined, in fact it
diverges at every point in space-time. To see this notice
that the invariant four-dimensional volume element scales
like r> while the source term which is being integrated
diverges as r*.

In this article we develop a regularization method for the
construction of well-defined and physically meaningful
solutions to Eq. (1). A similar problem in a scalar toy
model was recently studied [23]. An outline of the resolu-
tion presented in this article was recently published [24].
Here we provide the complete details of this analysis,
including derivations of results which were mentioned
without derivations in [24]. In addition we provide a pre-
scription for the construction of Fermi gauge which was
only briefly mentioned in [24].

For simplicity suppose that the small compact object is a
Schwarzschild black hole. We consider the black hole to be
“small” compared to the length scales that characterize
Riemann curvature tensor of the vacuum background ge-
ometry (e.g. a stellar-mass Schwarzschild black hole in a
strong field region of a background geometry induced by a
supermassive Kerr black hole). Denoting these length
scales with {R;} we express our restriction as u < R,
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where R = min{R;}. The presence of length scales with
different orders of magnitude allows one to analyze this
problem using the method of matched asymptotic expan-
sions (see e.g. [22,25]). In this method one employs differ-
ent approximation methods to calculate the metric in
different overlapping regions of space-time, where each
approximation method is adapted to a particular subset of
space-time. Later, one matches the various metrics in these
overlapping regions, and thereby obtain a complete ap-
proximate solution to Einstein’s field equations. In this
article we shall consider the following decomposition of
space-time into two overlapping regions. Let r be a mean-
ingful notion of spatial distance, we define the internal
zone to lie within a world tube which surrounds the black
hole and extends out to » = r;(R) such that r; < R, and
define the external zone to lie outside another world tube
r = rg(w), such that u << rz. We denote the interior of
this inner world tube with S. Since u << R we may choose
rg to be smaller than r; such that there is an overlap
between the above mentioned regions in rg < r < r;. We
shall refer to this overlap region as the buffer-zone (in the
buffer-zone r can be of order /uR).

This article is organized as follows: First in Sec. II we
discuss the perturbative approximation method to
Einstein’s field equations in the external zone; in Sec. III
we employ this approximation and construct the well-
known first-order metric perturbations; in Sec. IV we dis-
cuss the construction of the second-order metric perturba-
tions in the external zone; in Sec. V we complete the
construction of the physical second-order perturbations
by matching the second-order external-zone solution to a
solution in the internal zone; finally Sec. VI provides
conclusions.

II. APPROXIMATION IN THE EXTERNAL ZONE

In the external zone the space-time geometry is domi-
nated by the background geometry. Therefore, it is conve-
nient to decompose the full space-time metric gi‘j}} into a
background metric g,,, and perturbations g, that are
induced by the small black hole, reading

gMll(x) = g, (x) + 8g,,(%). (2)

Throughout this paper we use the background metric g,
to raise and lower tensor indices and to evaluate covariant
derivatives. We expand &g,, in an asymptotic series,
reading

8,,(x) = uhlh(x) + 2hHx) + 0(ud).  (3)

Here the perturbations {hgi)y} are independent of wu.

We shall now substitute the asymptotic expansion of g!
into Einstein’s field equations and obtain linear partial
differential equations for the first-order and second-order
gravitational perturbations hﬁ}?, and hﬁf)y respectively. We
assume that full space-time metric satisfies Einstein’s field

PHYSICAL REVIEW D 73, 044034 (2006)
equations in vacuum, reading
R = 0. 4

Here R} is Ricci tensor of the full space-time.
Substituting decomposition (2) into Ricci tensor we obtain
the following formal expansion'

R = RY), + R[6g] + RO[8g] + 0(6g%).  (5)

Here the superscripts denote the type of dependence on
88 v+ (0)—no dependence on g, , (L)—linear depen-
dence on &g,,,, and (Q) —quadratic dependence on g, .
Substituting Eq. (5) into Einstein Eqgs. (4) and using ex-
pansion (3) we obtain

RO, =0, xg&S  ub (6)

REOMMDI=0, x¢gS  ul, (7

REM@]= -RD[AV],  x&S.  u2 )

Note that Eq. (6) is an equation for the background metric
guv- This metric satisfies Einstein’s field equations in the
absence of the small black hole. We can therefore omit the
restriction x & S from Eq. (6).

To further simplify the calculation it is useful to consider
the limit u — O of the series (3). Notice that by definition
hﬂ)y and hﬁf?, do not depend on u and therefore the form
Egs. (7) and (8) are not affected by this limit. However, the
domain of validity of these equations is in fact expanded as
pm — 0. At this limit we let rz(u) approach zero and
Egs. (7) and (8) become valid throughout the entire back-
ground space-time excluding a timelike world line z(7),
where 7 denotes proper time with respect to the back-
ground metric. At this limit Eqgs. (7) and (8) take the
form of

RE[A] =0, x & z(7), )

READ]1= —RO[AD],  xé&z(n). (10

As they stand Eqs. (9) and (10) contain insufficient
information about the physical properties of the sources
that induce the perturbations. To obtain unique solutions to
these equations, we must provide additional information

about these sources. The gravitational perturbations hﬂ)y

and hgf)y are induced by a Schwarzschild black hole, and
therefore their properties on the world line are determined
from the physical properties of this source. As we show
below these properties can be communicated to the exter-
nal zone by specifying a set of divergent boundary con-
ditions as x — z(7). Once these divergent boundary
conditions are specified, a physical solution (defined be-

"For brevity we shall omit the tensors indices inside the
squared brackets of the differential operators.
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low) to the perturbation Egs. (9) and (10) is uniquely
determined. In Sec. V below we obtain the desired diver-
gent boundary conditions for Eq. (10) from the correspond-
ing internal-zone solution. For Eq. (9) D’Eath has shown

[4] that at the limit u — O the retarded perturbations hEPV
are identical to the retarded first-order perturbations that
are induced by a unit-mass point particle tracing the same
world line z(7).

Before tackling Egs. (9) and (10) we must provide addi-
tional information about z(7). Recall that as w — O the
world tube S collapses to the world line z(7). Roughly
speaking one may choose S to follow the motion of the
black hole keeping it centered” at all times with respect
to S in some well-defined manner.”> This point of view
allows one to identify z(7) as a representative world line
of the black hole in the background space-time. At the
leading order of approximation the representative world
line of the black hole was found to be a geodesic in the
background space-time (see e.g., [4,5]). Alternatively one
may let the black hole drift with respect to the center of S.
In this article we find that this alternative point of view is
more suitable for our purposes of studying the second-
order perturbations. The main reason is that it allows us
to choose z(7) to be exactly a geodesic in the background
space-time which we denote with z;(7). Setting z(7) =
7(7) guarantees that Eq. (9) has an exact retarded solution
[given by Eq. (13) below]. Notice that if we had chosen a
point of view where z(7) represents the (generically accel-
erated) motion of the black hole we would have found that
Eq. (9) does not have any exact solution. This difficulty
originates from the fact that application of the diver-
gence operator to the left-hand side of Eq. (9) gives

V”Rﬁ[h(l)] = 0, which restricts the possible sources al-
lowed on the right-hand side. As we already mentioned,
matching with the internal-zone solution implies that one
may replace the right-hand side of Eq. (9) with a point-
particle (delta-function) source at z(7). Here we find that
the above mentioned restriction on the source implies that
z(7) must be a geodesic world line. However, the motion of
the black hole in the background space-time is generically
an accelerated motion. This acceleration originates from
the gravitational self-force acting on the small black hole.
Therefore, had we chosen z(7) to represent the (acceler-
ated) motion of the black hole we would have found that
Eq. (9) does not have any exact solution. Our point of view
is different, since we set z(7) = z4(7) and therefore Eq. (9)
has a well-defined exact solution. The black-hole accelera-
tion which will gradually shift the black hole from the
center of the world tube S will show up as a term in the

*Within the internal zone the full space-time metric is ap-
proximated by the metric of a perturbed Schwarzschild black
hole. Here fixing the center of the black hole amounts to fixing
the internal-zone dipole perturbations (these dipole perturbations
are purely gauge and one can therefore set them to zero) [5].
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boundary conditions for the external-zone solution as x —
zg(7). Notice that since the leading-order acceleration
scales like w the difference in the boundary conditions
induced by this leading-order acceleration will affect only
h% thus placing the effect of the first-order self-force at
the boundary conditions for the second-order Eq. (10).
With the above choice of world line the equations for

hﬂ)y and h%, now read

REIAI=0,  x¢& z5(7), (11)

REM@]= —RO[hD],  x& z5(r). (12)

ITI1. FIRST-ORDER METRIC PERTURBATIONS

First, we consider the construction of the first-order

metric perturbations hm, which satisfy Eq. (11). As was
previously mentioned, at the limit u — O the perturbations
hﬁ})y are identical to the first-order metric perturbations
induced by a unit-mass point particle which traces a geo-
desic z5(7) on the vacuum background metric. We impose
the Lorenz-gauge conditions on these first-order perturba-
tions, reading

E“)"“’.,, =0,

where overbar denotes the trace-reversal operator defined
by HEB, = hﬁB, - 1/2g#,,h(al)“. In this gauge the first-order
perturbations hﬁl read (see e.g. [22])

() =4 f 0; G plxlzg (DU (Db (r)dr.  (13)

dzg
dr °
retarded Green’s function which is a bitensor, where the
indices «, B refer to z(7), and the indices u, v refer to x.
This Green’s function satisfies

OGH plxlx] + 2R, 4,7 ()G p[x|x]

Here u® = and G}, C,B[xlzG(T):I is the gravitational

14

— —4mgl (X205 )] 284 — ).

Here [0 =gP?V,V, is a differential operator at x,
gg ,(x, x') denotes the bivector of a geodesic parallel trans-
port with respect to the background metric (for the prop-
erties of this bivector see e.g. [22,26]), R,,,, denotes
Riemann tensor of the background geometry with the
sign convention of Reference [27], g denotes the determi-
nant of the background metric, and §*(x — x’) denotes the
four-dimensional (coordinate) Dirac delta-function.
Throughout this article we use the signature ( —, +, +,
+) and geometric units G = ¢ = 1.

IV. SECOND-ORDER METRIC PERTURBATIONS

We now focus our attention on the construction of the
second-order perturbations h% which satisfy Eq. (12).

044034-4



CONSTRUCTION OF THE SECOND-ORDER ...

Here it will be useful to apply the trace reverse operator to
Eq. (12) which gives R[] = —RI[hD]. To simplify
the notation we rewrite this equation as

D, [h®]=5,,[h"V]  x¢&z(7). (14)

Here we substituted A2, = '), — (1/2)g,,hP%, into
Rﬂfﬂ[h(z)] and denoted the resultant expression with
D,,,[h®] (notice that REA] £ RE[AP]). Similarly
the source term S,,[AV] is defined by S, [AV]=

—Rﬁg}[h“)]; and for abbreviation we shall often simply
write §,,. The explicit form of these terms is provided in
Appendix A. For the moment we do not impose any
second-order gauge conditions and Eq. (14) is in a general
second-order gauge.

Before constructing a solution to Eq. (14) let us first

study the singular properties of S, near z;(7). In what

follows we shall expand ﬁﬂl and S, in the vicinity of
zg(7). Throughout this paper such tensor expansions are
considered on a family of hypersurfaces 7 = const that are
generated by geodesics which are normal to world line.
Each point x on such a hypersurface is associated with the
same point on the world line z5(7,). On each of these
hypersurfaces the expansions are valid only in a local
neighborhood of z;(7,) excluding a sphere of arbitrarily
small volume which surrounds z;(7,). Here it should be
noticed that since the dynamical Eqs. (11) and (12) are not
valid on the world line we do not have to keep track of the
singularities on the world line, for example, distributions of
the form &3(x — z5) which may arise in the tensor expan-
sions below due to application of a Laplacian operator on
terms of the form 1/r may be completely discarded.
Throughout this paper (unless we explicitly indicate other-
wise) we shall represent the expansions of tensor fields
using Fermi normal coordinates based on z;(7). These
expansions take a particularly simple form in these coor-
dinates, and often many of the leading terms are found to
be identical to the corresponding terms in an expansion
over a flat background space-time using Lorentz coordi-

nates. We shall use the symbol = to denote equality in a
particular coordinate system. Note that the covariant nature
of Eqgs. (11) and (12) implies that working in a particular
(background) coordinate system does not reduce the gen-
erality of our analysis, since once a solution is constructed
in one particular coordinate system it can be transformed to
any other coordinate system by a coordinate transforma-
tion. Moreover, our results which provide a prescription for
constructing the second-order gravitational perturbations
are stated in a covariant manner, and therefore can be
implemented in any coordinate system.

Using Eq. (13) we expand ﬁﬂl in the vicinity of z5(7),
which gives

E%(x);m,t#u,,r_l + 0(r). (15)
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In the external zone r denotes the invariant spatial distance
along a geodesic connecting z(7,) and x, r = /8, xx?,
where x? are the spatial Fermi coordinates; u#;c?{f s a
vector field which coincide with four-velocity on the world
line. By substituting Eq. (15) into S,, we obtain the
following expansion

nv

S, (0) =[4u,u, + Tm,, — 140,017 + 0(-3).
(16)

Here 7n,, denotes Minkowski metric, and we defined

Qe=x4/r, Q°=0, and Qﬂigwﬂ”. Naively one may try
to construct the standard retarded solution to Eq. (14), say
by imposing Lorenz-gauge conditions on hﬁfz, and then
formally integrating S, with the retarded Green’s func-

tion which gives

- 1 o 1l
R0 = 5 [ 6 Lo 15 ()= sy,
(17)

Here there is a problem, examining Eq. (16) reveals that
S, diverges like r~* in the vicinity of the world line z5(7).

Recalling that \/—g(x")d*x’ scales like 72, we find that the
integral in Eq. (17) diverges at every point in space-time.
Furthermore, the next order term in Eq. (16) that diverges
like 3 also gives rise to a divergent integral.

We will now develop a method to obtain well-defined
solutions for Eq. (14). This method is based on consecutive
steps, where in each step we reduce the degree of singu-
larity of the field equation at hand. Eventually we end up
with a field equation for a certain residual potential which
has a source term which diverges like r~2, this equation has
well-defined retarded solutions. At this point we shall
construct a retarded solution to this equation and discuss
the matching to the internal-zone solution.

We should mention here another difficulty in calculating
the integral in Eq. (17). Asymptotically 2" has a form of a
gravitational wave. Therefore, the leading asymptotic be-
havior of VA is O(R™!), where R is the area coordi-
nate—in this paragraph, for simplicity, we specialize to a
background metric of a Schwarzschild black hole. This
implies that for an infinitely long world line the source
term S,g decays asymptotically as R™2. This term has a
static O(R™?) part which does not vanish after time aver-
aging. An attempt to calculate the integral (17) over this
static O(R~2) part produces a divergent integral (even if we
resolve the difficulty with the singularity near the world
line). The regularization of this divergency lies outside the
scope of this article (Ori has recently suggested a resolu-
tion to this problem [28]). In what follows we shall assume
that such a regularization at infinity has been carried out.
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A. r~4 singularity
First we tackle the strongest (r~*) singularity in the
source term of Eq. (14). For this purpose let us decompose
ﬁﬁf?, into two tensor potentials, reading

h3 =, + 8k, (18)
where ¢, satisfies

D, [§) =[4u,u, + Tny,, — 140,0,1r% + 0(7).
(19)

Notice that the ~* singular term in Eq. (19) is the same as
the r~* singular term in the expansion of S uv [S€€
Eq. (16)], but the lower-order terms of Eqgs. (14) and (19)
are in general different. In fact, we do not impose any
restrictions on the lower-order terms in Eq. (19). Suppose
that we construct a solution to Eq. (19), then by subtracting
D[] from both sides of Eq. (14) we obtain the following

equation for 553%2,
D, [6hP1=S,, = D,[4),  xEz6(r).  (20)

By construction the source term in this equation diverges
only like 3, while the original field equation [Eq. (14)]
has a source term which diverges like . In this sense
Eq. (20) is simpler then Eq. (14).

We now face the problem of solving Eq. (19). To con-
struct a particular solution we use a linear combination of
terms which are quadratic in Eﬂl Since Hﬂl diverges like
r~! we find that by applying the differential operator D,

to terms which are quadratic in Eﬁ,}l we can obtain terms
which diverge like »~*. First we construct four independent
quadratic tensor fields reading

oh, = ;;<l>pﬂ;;<pl;,

ngCL,, = ﬁ(l)npﬁ(l)npguw

¢8, = hWe i),
9051/ = (ﬁ(l)pp)zg,um'

These terms can be combined to form a solution to Eq. (19)
which reads

21

lz/.l,ll = 6_L[2(CAQD1,?LV + CB@?LV) - 7(CC¢/€V + CDQDQV)]'
(22)

Here the constants ¢4, cp, cc, cp must satisty

cpteg=1, cctep=1, (23)

but are otherwise arbitrary. One may directly substitute
Eq. (22) into Eq. (19) and verify that lZW satisfies this
equation.

Equation (22) can be derived as follows. First notice that
the coefficient in front of the »~# term in both Eq. (16) and
Eq. (19) does not depend on the curvature of the back-
ground space-time. In fact the form of this expression
would not change if we would replace the curved back-
ground space-time with a flat space-time. Therefore in
deriving ¢ uv We may consider a simple case of flat back-
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ground space-time. In this case, the exact nonlinear solu-
tion to Einstein’s field equations in our problem is simply
the Schwarzschild solution. Far from the black hole this
Schwarzschild solution may be approximated by an expan-
sion which schematically reads

gff,ﬁ‘ =Ny T ,U,Hﬂ,), + ,LLZH,(L%,), + O(u?). (24)
In the appropriate coordinates the second-order term I:Iif)p
satisfies Egs. (14) and (19) in the flat background case. To
be consistent with our first-order (Lorenz) gauge condi-
tions we have to make sure that the term Hﬂ,), satisfies the
Lorenz-gauge conditions for a flat space-time metric. As
we will immediately show this condition is satisfied if we
express the Schwarzschild solution in isotropic Cartesian
coordinates. The Schwarzschild metric in the isotropic
Cartesian coordinates takes the form of

27 — u\2 4
ds? = —(—f ad ) dr* + (1 + ﬁ) (dx> + dy? + d2?).
2F+ 27

(25)

Here # = x*> + y? + z2. Expanding this metric in powers
of /7 gives the following expressions for the trace-
reversed first-order and second-order perturbations

o e A I
Hﬂl=;u ii,, Hflf2,=——[2uﬂu,, + M u0)

M 472
(26)

Here ﬁ”éﬁ(‘f is a vector field. Notice that the Lorenz-
gauge conditions A (1)’“’,,,;0 are satisfied. We may replace
ﬁﬂl with FI%L in the: quadratic terms (21) and employ
Eqgs. (26) to express H 5%3, as a linear combination of these
quadratic terms. The coefficients of this linear combination
are the desired coefficients in Egs. (22) and (23). Notice
that for the case of a flat background space-time ¢,,, is an
exact solution to Eq. (14).

B. r 3 singularity

We now consider the construction of 65% which sat-
isfies Eq. (20). This equation has a source term which
diverges like 3, and therefore its standard retarded solu-
tion diverges. Let us examine the terms that give rise to this
r~3 singularity. It is convenient to express the source term
of Eq. (20) schematically (and without indices) as

S — D[] = VEOVAD&RVVVRD, (27)

Notice that here only sum over all the terms diverges as r >

(since the individual terms which diverge as r~* cancel
each other). Using a decomposition devised by Detweiler

and Whiting [29] we decompose EEB, as follows’

3Here we define EEB,R and EEB,S to be independent of u, as
opposed to [29].
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R = R + hiht. (28)

Here ﬁﬂ)ys is a certain singular potential which diverges as
r~lasr—0,and EE})VR is a certain regular potential which

satisfies the following homogeneous wave equation
DR + 2R7,2 155 = 0. (29)

Decomposition (28) is particularly useful for expressing
the first-order gravitational self-force, since the general
expression of this self-force is completely determined
from Eﬁ})f [see [29] and also Eq. (35) below].
Generically H%R is a smooth field of O(r°) on z5(7).
Expanding ﬁ%s and its covariant derivatives in the vicinity
of the world line z5(7) gives (a method of constructing
these expressions is described in detail in [22])

_ « 4
B = uu, + o), (30)
_ « 4
Vphﬂ)f = —ﬁu’uu,,ﬂp + 0(rY), 31
—g x du,u, _
anphgz,s =%[3Qn9p — Uy, = Myl + O

(32)

Notice that the orders 7, 7!, and r~2 are missing from the
expansions of ﬁ(,B,S, V,ﬁﬂ)f, and anpﬁw,s, respectively.
The absence of these terms can be traced to the vanishing
acceleration of z5(7). We now substitute Eq. (28) into
Eq. (27) and examine the various terms that give rise to
the problematic r~3 singularity in the source term S —
D[¢/]. Expansions (30)—(32) imply that the only combina-
tion that produces this r—3 singularity is of the form
A VAV/ALE

To eliminate this problematic 3 singularity we utilize
gauge freedom and employ a first-order (regular) gauge
transformation x” — x” — wé&”, which gives

hfu})/_’hfLB/S +hfy{2jR(new), hfulsz(new) EhEB/R + fp,;v + ‘fv;,u-
(33)

Here ¢, does not depend on w. Notice that we have
included the entire gauge transformation in the definition
of the new regular potential 2)X™" This is a natural
identification since the gravitational self-force in the new
gauge is obtained by replacing A'1)F with hIR™*Y) in the
expression of the self-force [30]. We now impose the
following gauge conditions

(DR = [ROR + €y + Evpdesn = 0. (34)

hﬂ LR(new)

Expanding in the vicinity of the world line z5(7)

gives

HRe = o(r).
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Most beneficially in this new gauge the previously men-
tioned problematic terms AVReeWYVV /1S in the source
term S — D[] diverge only like 2. This property will
allow us to construct well-defined retarded solution to
Eq. (20). Notice that we invoked a regular gauge trans-
formation in the sense that it did not change the singular
properties of EEB, near the world line, meaning that Eq. (15)
is unchanged by this gauge transformation. Therefore, the
coefficient in front of the r~* term in Eqgs. (14) and (19) is
not affected by the gauge transformation. This implies that
even though the numerical values of zZW are changed by
the gauge transformation, the general form of ¢ wy given by
Egs. (22) and (23) is invariant to any such regular gauge
transformations [e.g., a transformation satisfying Eq. (34)].

C. Construction of the first-order gauge

As was previously mentioned the first-order gravita-
tional self-force must be accounted for when imposing
boundary conditions as x — z(7) for Eq. (12). To simplify
the calculation of these boundary conditions we once more
use the gauge freedom. The first-order gravitational self-
force is a gauge dependent quantity [21], and in fact one
can always choose a convenient first-order gauge in which
the first-order gravitational self-force vanishes (see below).
In this gauge the geodesic world line z;(7) represents the
black hole’s world line accurately up to errors of order u>.
In this case the contributions to the boundary conditions of
Eq. (12) that originate from the black hole’s acceleration
due to the first-order self-force simply vanish.

To spell out the desired gauge conditions let us examine
the expression for the O(u) acceleration which is induced
by the first-order self-force [29]

at = —u(g” + uru)uPu(V ,h5" — 1V, 00, (35)

Here all quantities are evaluated on the world line.

Originally this expression was derived for hEB,R which
satisfies the Lorenz-gauge conditions. But following the
analysis in [21] we find that this expression is also valid in
any new gauge provided that the gauge transformation
from Lorenz gauge to this new gauge is sufficiently
smooth. To obtain a gauge with a vanishing first-order
gravitational self-force we should require that a* = 0.
This requirement conforms with many gauge choices.
For example it is satisfied if all the first covariant deriva-
tives of the regular field in the new gauge vanish. Putting
this gauge condition together with our previous gauge
condition (34) yields

[hfulz/R(Fermi)]zG(r) = [hﬂLR + é:,u,;l/ + fv;,u]m(r) =0, (36

[vph(;B/R(Fermi)]zG(*r) = [vp(h(;BfR + g,u,;v + fv;,u)]z(;(r) =0.
(37

We shall refer to this new gauge as Fermi gauge.

044034-7



ERAN ROSENTHAL

To construct Fermi gauge consider contracting Eq. (37)
with u?. The resultant equation states that h{HREe™) g
constant along z(7), which is consistent with Eq. (36). But
more importantly it implies that once Eq. (36) is satisfied at
an initial point z5(7) Eq. (37) will guarantee its validity
everywhere along z;(7). We now choose an arbitrary
gauge vector &), at some initial point z;(7,), and con-
struct its first covariant derivatives at this point such that
Eq. (36) is satisfied. For example we may choose

EQuw = EQup = —IDR (7o), (38)

To transport &, and §,,., along z5(7) we derive transport
equations as follows. We treat Eq. (37) and the commuta-
tion relation 2£,.,,) = R€,,.€c as a set of algebraic
equations for £,.5, and use the identities of Riemann
tensor to obtain the following relation

fl/;,u,a = Reauvfe - %(hfu}zfa + h(vlo)zi;e,u, - hgt))fv) (39)

Here all quantities are evaluated on the world line. One
may substitute Eq. (39) into Eq. (37), and into the above
mentioned commutation relation; and thereby verify that
these two equations are identically satisfied by Eq. (39).
We now construct a second-order transport equation for
¢,(7) by contracting Eq. (39) with u®u* which gives

D app L u R L OR (R
mfv = Rea,uv‘feu ut — Eu u'u(h,uv;a + hva;,u - h/,La;V)'

(40)

Solving this equation with the above mentioned initial
conditions provides us with the gauge vector &,(7) along
the world line. Similarly we can construct a first-order
transport equation for £,., by contracting Eq. (39) with
u®. Using the solution ¢ M(T) of Eq. (40) together with the
initial conditions (38) this first-order transport equation can
be integrated to give £,.,(7). £,,.,,(7) is then obtained by
substituting £, (7) into Eq. (39). Once £,(7), £,,.,(7), and
& ,.0a(T) are obtained, one can use these quantities to
construct a local expansion of the gauge vector field
&H(x) in a local neighborhood of the world line. Notice
that Eq. (39) implies that Fermi gauge satisfies the Lorenz-
gauge conditions along the world line.

The above construction only provides leading terms in
an expansion of £, in a local neighborhood of the world
line. One may continue £, globally to the entire space-
time. Since gauge freedom is associated with nonphysical
degrees of freedom we are allowed to introduce a gauge
continuation which depends on arbitrary parameters.
Nevertheless, it is sometimes helpful to work in a gauge
which is manifestly causal, such a gauge may be con-
structed by continuing £, along future null cones based
on z;(7) [31]. In the analysis below we assume that such a
global gauge continuation has been performed and that the
first-order gauge is fixed globally.

PHYSICAL REVIEW D 73, 044034 (2006)

D. Particular solution 642

We shall now construct a particular retarded solution to
Eq. (20). Here it is useful to remove the restriction x &
z(7), and continue the source of Eq. (20) to the world line.
Clearly a particular solution to Eq. (20) with the world line
included also satisfies the original equation (i.e. with the
world line excluded). However, not every continuation of
the source of Eq. (20) to the world line produces an
equation which is self-consistent. This is easily demon-
strated by taking the covariant divergence of both sides of
Eq. (20). In Appendix B we show that VD My[éﬁ(z)]
vanishes identically, and furthermore the covariant diver-
gence of the source term of Eq. (20) in x & z;(7) vanishes
as well. These facts constrain the permitted continuations
of the source of Eq. (20) to the world line. If one naively
chooses a continuation to the world line which has a non-
vanishing covariant divergence, the resulted equation will
not be self-consistent. Here we choose the simplest pos-
sible continuation by requiring that no additional singular-
ities are introduced on the world line. Meaning that the
singularities of the continued source term on the world line
are completely specified by its expansion in x & z5(7), and
no additional singularities (e.g. delta functions) are intro-
duced on the world line. Equation (20) now takes the form

D, [61h®] = 55E,. 41)

Here 8S%, = S%, — D, [4"], where the superscript F
indicates that source terms are evaluated in Fermi gauge.
Below we show that Eq. (41) is self-consistent by con-
structing a solution to this equation.

Recall that we have fixed the first-order gauge, but we
still have the freedom to invoke a purely second-order
gauge transformation of the form

N
Xt — Xt — 5(2).
Here the gauge vector fg) is independent of the mass w.
Similar to the first-order case, one may choose the gauge

vector fé) such that Sﬁﬁf)y satisfies the Lorenz-gauge con-
ditions, reading

ShPrr: =0, (42)
Equation (41) now takes the form of
C8AZ) + 2R P ,8hG) = —26SE,. (43)

We define 65% to be the retarded solution of Eq. (43)
reading

- 1 1l
ShZ)(x) =5 f Gy P xlx]8SE, 5 (x)y | — g (x)d*x'.
(44)

Since the source term of Eq. (43) diverges only like 2 the
integral in Eq. (44) has a finite contribution originating
from the vicinity of z;(7). Notice that even though the
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expression in Eq. (44) satisfies Eq. (43) it is not a priori
guaranteed that it also satisfies Eq. (41). This equation will
be satisfied only if the retarded solution (44) satisfies the
Lorenz-gauge conditions (42), this is shown in
Appendix B.

E. General second-order solution

So far we have constructed a particular solution to
Eq. (14), reading

R =gh, + ohd). 45)

Having found one particular solution does not complete the
construction, since we need to make sure that the con-
structed solution satisfies several required physical prop-
erties (e.g. it has to match the internal-zone solution). To
find the desired physical solution we first construct the
general solution to Eq. (14), and then impose a set of
additional requirements on this solution. In this way we
obtain a particular solution which is physically
meaningful.

Since Eq. (14) is valid for x & z5(7), we find that we can
construct a new solution by adding to ﬁ% a potential that
satisfies a semihomogeneous equation i.e., a homogeneous
equation for x & z5(7), reading

D, [h?5H] =0,  x& z6(7). (46)

The general solution to Eq. (14) is given by
RS =DM + k) (47)

where ﬁ%,SH is the general solution to Eq. (46).

F. Physical second-order solution

To find a (particular) physically meaningful solution to
Eq. (14) we need to impose additional requirements on

Eﬁf?,G. These requirements can also be expressed as require-
ments imposed on the general semihomogeneous solution
ﬁﬁf?}m, thus obtaining a particular semihomogeneous solu-
tion. For abbreviation we denote this particular semihomo-

geneous solution with y,,. Using Egs. (45) and (47) the
desired physical solution Eﬁf)f is expressed as

B =i+ Yy = Wy + SR + Ve (48)
We group the additional requirements into four groups
(i) gauge conditions, (ii) causality requirements,
(iii) global boundary conditions, and (iv) boundary con-
ditions at the world line.

(i) First we impose gauge conditions. To obtain a simple
representation for ¥, we impose the Lorenz-gauge con-

ditions on ¥,,,. In this gauge Eq. (46) takes the form of
X é ZG(T). (49)

Notice that by construction both 55533, and ¥y, satisfy the

LY uy + 2R P Y5, =0,

PHYSICAL REVIEW D 73, 044034 (2006)

Lorenz-gauge conditions. However, &ﬁ,, does not satisfy
these conditions, and therefore our particular second-order

solution HE%Z,P is not in the (second-order) Lorenz gauge.
(i1) Next we discuss causality. Causality is more easily
discussed in terms of an initial value formulation of the
problem. Therefore, in this paragraph only we consider
such an initial value formulation. Suppose that we pre-
scribe initial data for the first-order and second-order met-
ric perturbations on some initial spacelike hypersurface
3, such that the corresponding constraint equations are
satisfied on this hypersurface. Here we consider a standard
extension of the retarded solutions ﬁﬂz,, 8}2533, [given by
Eq. (13), Eq. (44)] to include additional terms which
depend on the initial data. Let x be a point within the
causal future J*(2). Then by construction the retarded
solution ﬁﬂz,(x) is unaffected by an arbitrary modification
of the initial data on outside J~(x) N %,. At second order
we define y,, to be the retarded solution of Eq. (49).

Recall that 55% is the retarded solution of Eq. (43), and
_,ﬁ,, is completely determined from the first-order metric
perturbations. Equation (48) now implies that the particular
solution H%LP is unaffected by an arbitrary modification of
the initial data outside J~(x) N X. In this sense the con-
structed second-order solution ﬁﬁf)f (x) is manifestly
causal.

(ii1) In addition we require that the only source for y,,, is

the small black hole. Since 65% satisfies an inhomoge-
neous equation [Eq. (43)] it may contain waves that are not
sourced by the world line. However 7y, satisfies a semi-
homogeneous Eq. (49), and therefore the waves within ¥,
can originate either from the world line or from global
boundary conditions (e.g. prescribed boundary conditions
at J7). Since we are interested only in perturbations that
are induced by the black hole, we exclude any supplemen-
tary perturbations coming from these global boundary
conditions.

(iv) We now turn to discuss the boundary conditions as
x — z5(7). For this purpose let us consider once more a
small but finite value of w. In this case Eq. (49) is valid
only for x & S. Following the D’Eath analysis of first-order
metric perturbations [4] we express a solution to this
equation using a Kirchhoff representation. In this way
¥uv 1s expressed as a certain integral over a surface of a
world tube. Recall that the external zone lies outside a
world tube with radius rg(u). Denoting the surface of this
world tube with Xz, we express ¥y uv 88

1
y - _ ret NN7€ ' B (+/
¥ pr(x) pps EE(M)(G“M/B/[Xlx JVEyaP(x')

— 7P WG, plxl Dz, (50)

Here d.. denotes an outward directed three-surface ele-
ment on 2. In the derivation of Eq. (50) we assumed that
¥ .» decays sufficiently fast at spatial infinity. Furthermore,
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we assumed that the retarded Green’s function falls suffi-
ciently fast into the past. Consider substituting a given
expansion of y,, (in powers of r) into Eq. (50) and then
taking the limit & — 0. Recall that at this limit rz — 0 and
notice that d=, scales like r%. Therefore, only the diverg-
ing terms (as r — 0) in this expansion give rise to a non-
vanishing contribution to ¥,, at the limit u — 0. We
conclude that at the limit, it is sufficient to specify diver-
gent boundary conditions to obtain a unique physical
solution to Eq. (49). To obtain these boundary conditions
we examine the divergent behavior of ¥,,(x) as x —
zg(7). For this we use Eq. (48) together with an analysis

of the behavior of &f;,, 65%,),, and ﬁf)yp near r = 0.

First let us consider the divergent behavior of zﬁfw
Using Egs. (28), (30), and (36) together with Egs. (21)
and (22) we obtain the following expansion for l,bﬁ,, in
Fermi normal coordinates

nv

« 1
yb = —m[zuﬂuv + 7,1+ 0(Y). (51)

Next we examine the behavior of ﬁfl near r = (. Solving
Eq. (43) iteratively (see Appendix C) shows that 6582, is
bounded as r— 0. Finally, we have to determine the
divergent behavior of H%LP in the vicinity of » = 0. This
requires an analysis of the internal-zone solution, which is
discussed in the next section.

V. APPROXIMATION IN THE INTERNAL ZONE

To simplify the discussion we assume that all the length
scales characterizing the background space-time {R;} are
of the same order of magnitude R. Recall that u < R,
and furthermore in the internal zone we have r < R. By
virtue of the smallness of r/R and u/R we may expand
the full space-time metric in the internal zone as follows

€ur = &M+ R71gU + R 22, + O(R73).  (52)
Here g3 is the metric of the small Schwarzschild black
hole. Recall that in the buffer zone both expansions (3) and
(52) are valid, and therefore we can formally expand these
two equations simultaneously using the fact that in the
buffer zone both wr~! and rR~! are small. Following
Thorne and Hartle [25] the various dimensional combina-
tions involved in these expressions can be summarized in a
table (see Table I).

The top row in Table I gives the external-zone expan-
sion, and the left most column in this table gives the
internal-zone expansion. In the buffer zone where both
expansions are valid one can find appropriate coordinates
in which these two expansions coincide. Each entry in this
table schematically represents the combinations of the
dimensional quantities (u, R, and r) obtained from the
simultaneous expansions of the top row and left most
column. Note that this table provides only the powers of
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TABLE I. Schematic representation of dimensional quantities
combinations in expansions of the metric in the buffer zone. The
top row gives the metric’s external-zone expansion (3), and the
left column gives the metric’s internal-zone expansion (52).

1 2
Suv :U’hfug/ Mzthzj
8iy n pr! prr?
R7lgl, R PR pA(rR)™!
r2R*2

R0 wrR? R

the relevant dimensional combinations and does not give
the exact expressions.

As before the background metric g, is described in
Fermi normal coordinates based on zg(7). The
Schwarzschild metric g5 is described in the
Schwarzschild isotropic coordinates (25). 1 (schemati-
cally) denotes the Minkowski metric, which is the leading
order is both the expansions of g,,, and g5 in the buffer
zone.

We number the rows from top to bottom starting at the
row of g5 (row 0), and number the columns from left to
right starting from the column of g,, (column 0). Each
entry in the table is associated with an ordered pair of

numbers: (row, column). The divergent behavior of ﬁﬁlp
near the world line follows from column 2. In this column
only terms (0, 2) and (1, 2) need to be considered since only
these terms have the potential of producing divergent terms
as r — 0. These terms follow from an expansion for g3
and ’R_lgftB, that we discuss next.

Let us consider first row 0. In the Schwarzschild iso-
tropic coordinates (25) the entries (0, 1) and (0, 2) are
nothing but the terms ,uHﬁ,})V and ,quﬁf,), [see Eq. (24)],
respectively; and their explicit form can be easily obtained
from Eq. (26). We identify 7 with r, with this we find that
the term (0, 1) coincide with the corresponding terms of
order r~! in the expansion of wh'l).

We now discuss row 1. Expanding the background met-
ric in the vicinity of the world line gives g,, = 1,, +
O(r*R %), which implies that the term (1, 0) vanishes.
This vanishing term serves as a boundary condition for the
perturbations equations for R ~'g() as 7 — co. The term
R g is obtained by solving the gravitational vacuum
perturbations equation in a Schwarzschild background,
with these boundary conditions. However, it is well known
that these O(R ') perturbations can be eliminated by a
gauge choice and mass redefinition. Therefore, we may
always choose a gauge in which row 1 vanishes identically
(see also [25]). Notice that the vanishing of the (1, 1) term
conforms with the fact that the O(°) terms are absent from
the expansion of ,uhm in Fermi gauge. Since the (1, 2)
term vanishes we conclude that the only divergent term in
the expansion of EE%),P near the world line, is a term which
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diverges like r~2. The form of this term is provided by A7),

in Eq. (26). Notice that H fl is identical to the divergent
expression of wﬁ,, given by Eq. (51).

VI. CONCLUSIONS

We have found that the divergent terms in the expansion

for ﬁflp coincides with the divergent terms in the expan-
sion for l/fz,, given by Eq. (51). Rewriting Eq. (48) as

_ QP _ 7 (2
'ylwzhfu-g’ - iv_éhfuz”

and recalling that 55% is bounded as r — 0, we find that at
this limit 7y, is bounded as well. Recall that only diver-
gent boundary conditions as r — 0 can produce a non-
vanishing semihomogeneous retarded solution ¥y,,,. Since
the divergent boundary conditions of Eq. (49) vanish, we
find that ¥y, vanishes identically.

From Eq. (48) we finally conclude that the physical
second-order gravitational perturbations in the external
zone are given by

R3S =gk, + ohid. (53)

Here /%, is given by Eq. (22), where the perturbations A,
are in Fermi gauge, and 5};& is given by Eq. (44).
Equation (53) provides a simple covariant prescription
for the construction of the second-order metric perturba-
tions without any reference to a particular (background)
coordinate system.
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APPENDIX A: EXPANSION OF RICCI TENSOR

The linear and quadratic terms in the expansion of Ricci
tensor [see Eq. (5)] are given by (see e.g. [5])

R{[h] = D,,[h]

%[_E,uv;oza + ha,u;va + Hozv;p,a - g,uvl/;ﬁa;'ga]:

(Al)
RELQV)[h] = 5[%haﬁ;ﬂhaﬁ;v + haﬁ(haﬁ;w + h/w;aﬁ
— ZhQ(M;,,)ﬁ) + 2h,,“;ﬁhﬂ[a;5]
- (h'aﬂ;ﬁ - %h;a)(zha(ﬂ;v) - h‘,u,v;a)]' (A2)

We also used the notation S W[ﬁ] = —RELQ,,) [h], where on

the right-hand side %, is expressed with A ,,,.
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APPENDIX B: 51552, SATISFIES LORENZ-GAUGE
CONDITIONS

Here we show that the Lorenz-gauge conditions are
indeed satisfied by the retarded solution (44). For this
purpose we follow a standard method of deriving differen-
tial equations for V”Bﬁf)y. By applying divergence opera-
tor to Eq. (43) and using a contraction of Bianchi identities
together with the fact that background geometry is a vac-
uum space-time, we obtain

O(V¥6h5)) = —2V*8SE,. (B1)
We assume that Lorenz-gauge conditions (42) are satisfied
on an initial spacelike hypersurface 2,; and moreover that

[(n“Va)V”éﬁﬁ]zl = 0 where n® is normal to X,;. We
shall now show that the retarded solution of Eq. (Bl)

vanishes, and therefore 55% satisfies the Lorenz-gauge
conditions as required.

First, we will show that the source of Eq. (B1) vanishes
for x & z(7). Consider a metric §,, that depends on a
small parameter w, and may be expanded as follows

8 (X)) = g,,(0) + ugh(v) + p2glh(x) + 0(u?).
(B2)

Here ¢ ,,(x) is not necessarily a solution of Einstein’s field
equations in vacuum, whereas g, maintains its definition
as a vacuum solution to Einstein’s field equations. We now
employ Bianchi identities reading

8V, ,G,, =0. (B3)

Here the contravariant metric satisfies 88,5 = 03, \Y “
denotes the covariant derivative with respect to g,,, and

A

G, 1s Einstein tensor evaluated with this metric. We now
employ decomposition (B2) to formally expand Einstein
tensor, and the covariant derivative (for rank-2 tensors),
giving

G uv = Gty + uGiiy + w2Giiy + O(W?), (B4

gV, = VFE + ul¥ + p2T% + 0(u?). (B5)
In these expansions the dependence on w is only through
the explicit powers u’, I'{", and 'y’ denote linear operators
(defined on rank-2 tensors), whose explicit form is not
required here. We now substitute Eqs. (B4) and (B5S) into
(B3) and obtain a perturbative expansion of Bianchi iden-
tities. The Bianchi identities are valid for any value of u
and therefore the individual terms in their expansion in
powers of w vanish identically, yielding the following set

of identities for arbitrary tensor fields gﬂl and gﬁf},

veD,,[30] =0, (B6)
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VEGE), + TH[D,4 M1 = 0. (B7)
Here we denoted
G = Dol = Sl ] + IRl VP,
— g%gaﬁ)_ (B8)

Employing Egs. (11) and (B6)—(B8) we find that the source
term of Eq. (B1) vanishes for x & z5(7).
Next, we show that the source of Eq. (B1) on the world

line is too weak to produce a nonvanishing V”Bﬁ%. We
shall now estimate the strength of the source Eq. (B1) on
the world line. Consider a hypersurface of constant time,
generated by spacelike geodesics which are normal to
72g(7). In this hypersurface we consider a small sphere
D(e) of radius €, centered at r = 0; and calculate the

following three-dimensional volume integral over
V»§S,, inside this sphere, reading
1 N §qF 1
f g (zg, X )V 88, dV'. (B9)
D(e) w

If this integral vanishes then the strength of the source term
on the world line is weaker than a delta-function source
term, and it is too weak to produce a nonvanishing
V’8h7,. Recall that V*8SE, vanishes for r# 0.
Therefore, we may take the limit e — O without changing
the value of this integral. Explicit expression of V,88%”
reads

Jd
V,888 = (_g)_l/zﬁwsia\/_g)

d 1
+ (_g)_1/2@(8550\/__g) - Egvp,,u(SSFVp'
(B10)

We now substitute Eq. (B10) into Eq. (B9), and evaluate
this integral using Fermi normal coordinates, based on the
world line. Notice that in these coordinates gﬁ' (zg X') =
5,’11 + O(#?), dV scales like r2, while the second and third
terms in Eq. (B10) scale like r~2 and r~ !, respectively. We
therefore find that at the limit € — 0 the integral (B9) over
the second and third terms in Eq. (B10) vanishes.
Substituting the first term in Eq. (B10) into integral (B9)
and using Gauss theorem we find that at for small values of
€ the integral (B9) is approximated by

SSEAds, ..
fama #

Here 0D(e) is the surface of the sphere. Consider an
expansion of 6S‘;“' in powers of r in the vicinity of r =
0. Here only terms which scale like 7~ 2 have the potential
of producing a nonvanishing integral at the limit € — 0.
Using the schematic form (27) one finds that only terms of
the form ZAVSVVAS and VADSVADS produce terms in

(B11)
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651;“' which scale like 2. We now consider an expansion
of AVS and its derivatives, see Egs. (30)—(32) for the
leading terms in these expansions. Examining these equa-
tions we see that these expansions depend on dimension-
less quantities of the form u#, O#, n,,,, higher-order terms
in these expansions also include the Riemann tensor and its
derivatives. Dimensional analysis implies that the terms in
88 which scale like 2 must be linear in Riemann
tensor. The integral in Eq. (B9) provides us with a vector
at r = 0. When integrating over the above mentioned local
expansions we find that this vector must be composed of
Riemann tensor u#* and the background metric. However,
in a vacuum background space-time one cannot construct
from these quantities a nonvanishing vector. Therefore the
integral in Eq. (B9) vanishes.

In the above calculations we showed that the source of
Eq. (B1) vanishes for x & z;(7), and furthermore that a
volume integral over this source, which includes the world
line vanishes as well. We therefore find (with the above
mentioned initial conditions) that the retarded solution of
Eq. (B1) vanishes, and therefore éﬁf)y satisfies the Lorenz-
gauge conditions.

APPENDIX C: 62, IS BOUNDED AS r — 0

We show that the retarded potential 615%, given by
Eq. (44) is bounded as r — 0. Recall that the source term
in Eq. (43) diverges like 772 as r — 0. Therefore, the
integral in Eq. (44) converges for x & z5(7). In particular
6/5% is finite on the surface of a world tube which sur-
rounds the world line at a fixed spatial distance r = rp,
where rz < R. We now consider the solution of Eq. (43)
within this world tube. By virtue of the smallness of #R !
within this world tube, Eq. (43) can be solved iteratively

using the following expansions of 65% and g,,,

72 _ «j(2) 1572 —297(2) -3
Shi) = 8hG) , +R76AY +R 26k +O(R™),
(C1)
Cur ="M,y + O(R72). (C2)

Here again we employ Fermi normal coordinates based on
76(7). Note that the time scale in which the source term of
Eq. (43) changes is of O(R) and therefore the leading term

8h)

O)r satisfies the following equation

(8709,0,)8h) = —28Sk,.

Opur (€3)

Here x“, x? denote the spatial Fermi normal coordinates.
Equation (C3) is a set of Poisson’s equations for each

EES;W. To solve these equations

we decompose into spherical harmonics centered at r = 0,
reading

tensorial component of &
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Im
The solution for each spherical harmonics component is
given by
1

!
I X "B T< po
w(r) = T ]0 e r?p,(r)dr' + B.T.

(C4)

Here r~ and r. are the larger and smaller terms from the
pair {r, r'}, respectively; B.T. denotes finite boundary terms
coming from the contribution of the surface of the world
tube. Expanding pZ",, in a power series gives

phm(r) = ai’L"V(_z)r_2 + aZ”V(_l)r_1 + 0(r9).

Equation (C4) implies that in the expansion of pZ”V only the

term a‘}?v(fz)r’z gives rise to a (logarithmic) divergency in

Z",,, while all the other terms produce a bounded potential
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at r = 0. Using the schematic expression (27) one finds
that the terms in the source of Eq. (43) that can possibly

contribute to the problematic term a%oy(fz)r’z, are of the

form AVSVVAWDS and VAWSVADS, These terms can be
expanded in the vicinity z5(7) using expansions (30)—(32)
evaluated to a higher accuracy (see discussion at the end of
Appendix B). Dimensional analysis implies that a),
has to be proportional to a component of Riemann tensor.
Since we assumed a vacuum background space-time the
only possible nonvanishing candidate for % ., is

RW,,ﬁu“u[” times a constant. Explicit calculation (using
MATHEMATICA software) of the constant coefficient of
this / = 0 term shows that it vanishes, which implies that

Sﬁggw is bounded at r = 0. The higher-order corrections
to 55%/“} given by Eq. (C1) are smaller than the leading

term by at least a factor of rR~!, and are therefore

bounded as well. We conclude that 55% is bounded as
r— 0.
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