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Self-force on a scalar charge in radial infall from rest using the Hadamard-WKB expansion
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We present an analytic method based on the Hadamard-WKB expansion to calculate the self-force for a
particle with scalar charge that undergoes radial infall in a Schwarzschild spacetime after being held at
rest until a time ¢ = 0. Our result is valid in the case of short duration from the start. It is possible to use
the Hadamard-WKB expansion in this case because the value of the integral of the retarded Green’s
function over the particle’s entire past trajectory can be expressed in terms of two integrals over the time
period that the particle has been falling. This analytic result is expected to be useful as a check for
numerical prescriptions including those involving mode-sum regularization and for any other analytical

approximations to self-force calculations.
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I. INTRODUCTION

Computation of the self-force for a point particle in orbit
around a black hole is a topic of active research today [1-3]
prompted by the preparation of gravitational wave detec-
tors such as LISA which are capable of detecting gravita-
tional waves emitted when a compact object falls into a
supermassive black hole [4,5].

An exact expression for the self-force in a black hole
spacetime has been obtained only for the cases of a scalar
or electric charge held at rest in a Schwarzschild spacetime
[6-9] and an electric charge held at rest on the symmetry
axis of a Kerr spacetime [10,11]. Approximate analytical
expressions have been obtained using Green’s functions for
scalar, electric, and gravitational charges in various weak
field limits [12—-14]. Most other calculations have involved
the use of mode-sum techniques [15,16] in cases of high
symmetry such as a static charge [17-19], radial infall
[20,21], a circular orbit [22-25], or a slightly elliptical
orbit [24].

Since the mode-sum regularization procedure has been
developed extensively, aiming at practical calculations, it is
important to find independent ways to check its accuracy
and reliability. This of course also applies to any other
method, numerical or analytical that might be developed in
the future. To date the checks on various mode-sum regu-
larization procedures which we are aware of fall into three
categories: (1) comparisons with exact analytical results,
(2) comparisons with analytical approximations, (3) com-
parisons of the results of one mode-sum regularization
technique with those of another. Most of the comparisons
that have been made fall into the third category [21,23—
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27]. Comparisons with exact analytical results are of
course the most reliable but also the most limited. They
have only been done in the case of static scalar and electric
charges held at rest in a Schwarzschild spacetime [17].
Comparison with an analytic approximation in the weak
field limit has been made for a static scalar charge at rest in
an axisymmetric spacetime [19]. In this paper we present
results which can be used as a check in the second category.
However, unlike most previous analytical approximations
to the self-force, ours is valid in the strong field as well
as the weak field limit. Specifically, we consider the case
of a particle with scalar charge which is held at rest until
a time ¢t = 0 and subsequently falls radially towards a
Schwarzschild black hole.

In a previous paper [28] (which we will refer to as Paper
I) we introduced an approximation for the computation of
the self-force of a scalar charge in a Schwarzschild space-
time using the Hadamard-WKB expansion [29—35] which
can account for the radiation reaction effects from the
charge’s recent past history. This is an expansion for the
tail term part of the retarded Green’s function and is valid
in a spacetime region close to the charge. A similar ap-
proach has been taken to compute part of the gravitational
self-force in an arbitrary spacetime by Anderson,
Flanagan, and Ottewill [36]. In Paper I an eighth order
WKB expansion was used to compute the nonvanishing
part of the tail term to order (x — x’)°. Since then we have
obtained results to order (x — x/)'# using a 16th order
WKB expansion.

Recently Anderson and Wiseman [37] investigated the
convergence of the Hadamard-WKB expansion for the
self-force. They posited that convergence is obtained as
long as the point separation in proper time is small enough
so that the null geodesics emanating from the point at the
earlier time have not had time to reintersect the particle’s
path. We know the absence of caustics is perhaps the least
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stringent criterion for the validity of a quasilocal expansion
(e.g., the domain of validity of Riemann normal coordi-
nates). After computing this proper time separation for the
case of a particle orbiting a black hole in a circular path,
they use the result of Paper I [Hadamard-WKB expansion
to order (x — x’)°] to evaluate the convergence of the series
expansion for the self-force.

Anderson and Wiseman go on to show that the primary
constituent of the self-force comes from the tail term of the
Green’s function when the points are too widely separated
for this expansion to converge. This would seem to rule out
the possibility of using the Hadamard-WKB expansion by
itself to compute the self-force, which is not surprising, as
the quasilocal expansion has this intrinsic limitation to
begin with.

However, we want to point out that there is at least one
case in which it is possible to determine the entire self-
force using the Hadamard-WKB expansion. If the particle
is held at rest until a time ¢ = 0 after which it falls radially
towards the black hole, then the entire self-force can be
determined using the Hadamard-WKB expansion so long
as the particle has not fallen too far from its starting point.
While the range over which the particle falls must be small,
the results can serve as a useful check on other methods of
computing the self-force.

In Sec. II a brief review is given of the general method
we use to compute the self-force. In Sec. III the self-force
is computed for the case in which a particle is held at rest
until time ¢ = 0 and subsequently falls towards the event
horizon of a Schwarzschild black hole. We derive a closed
expression for the self-force in terms of integrals over the
tail part of the retarded Green’s function when the points
are split by only a small amount. The splitting is between
the point where the particle is at a time ¢ > 0 and various
other points inside the past lightcone of this point. We then
use the Hadamard-WKB expansion described in Paper I to
derive power series expressions for the nonzero compo-
nents of the self-force. In Sec. IV the series are evaluated
for a specific example. The results are given in Table I and
Fig. 1. Some details of the calculations are given in
Appendices A and B and the coefficients derived for the
series are also given in Appendix B.

II. REVIEW OF METHOD

Consider a massless scalar field with a source term
consisting of a point particle of scalar charge . The
wave equation is (2,8

'Note that our conventions differ from those of [2,8]. One can
obtain those of Ref. [2] by letting ® — ®/+/47, g — /4mq, and

Gr — Gr/(4m). Those of Ref. [8] can be obtained by letting
® — —®/\/47 and g — Vdmq.
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where 7 is the proper time and z(7) is the trajectory of the
particle. A formal solution to this equation can be obtained
using the retarded Green’s function:

Od(x) = —p(x),

w—q] Gl 2(7))d7, ®)

The self-force is given formally by
fu(1) =4[V, D) ] r). 3)

This expression is divergent and must be regularized.
Quinn [2] has shown that the regularized expression for
the self-force can be split into a local term plus a finite
integral over the gradient of the retarded Green’s function.
The latter is often called the “tail term.”

The Hadamard expansion for the retarded Green’s func-
tion is [2,32,33,35]7

Gl ') = 6(x, W”x%wmﬂﬂ

vy X))
8

oo, x')]} @)

Here 6] —o(x, x')] is defined to be one if the point x’ is
inside the light cone of the point x and zero otherwise,
while 6(x, x) is defined to be one if the point x resides in
the future of a spacelike hypersurface involving the point x’
and zero otherwise. The quantity o(x, x') is equal to one-
half the square of the proper distance between x and x’
along the shortest geodesic connecting them. The function
v(x, x') contributes to the tail part of the self-force [2]. It
obeys the equation

Oovlx,x)=0 (5)

and is symmetric under the exchange of the two points, i.e.
v(x, x') = v(x/, x). In a general spacetime [30,31]

w(x) = — éR(x). ©)

The tail term for the self-force obtained from Egs. (1) and
(2) can be written in the form (see, e.g., [37])

’In Eq. (1.1) of Paper I this equation was written with an
incorrect factor of o(x, x') in the denominator of the first term.
The relationships between our definitions of # and v and those of
Ref. [2] were also given incorrectly. Taking into account the
previously mentioned difference in the definition of the retarded
Green'’s function, the correct relationship is that the definition of
u in Eq. (4) is equivalent to that in Ref. [2] while the definition of
v differs from that of Ref. [2] by a factor of 1/2. No other
equations in Paper I are affected and the results remain
unchanged.
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2 T
()i = T <% vlx, Z(T’)]> dr'

8 x=z(7)

+ f_“ (iGR[x, Z(T')])x:Z(T)dT/. )

o\ dx*

It is necessary that 7 be chosen so that the Hadamard-
WKB expansion for v is valid throughout the region of
integration of the first integral in Eq. (7).

An expansion for v(x, x) in Schwarzschild spacetime
was found in Paper I using a WKB expansion for the
Euclidean Green’s function. The WKB expansion is ob-
tained via an iteration procedure and is increased by two
orders upon each iteration. From a WKB expansion of
order (2N) one can obtain an expansion for v(x, x) that
includes terms up to order (x — x’)>" 2. For the metric

ds* = —(1 —2M/r)d* + dr*/(1 — 2M/r) + r*dQ?,
®)

the expansion for v is of the form

o0

v(x, x') = Z vt — 1) (cosy — 1)i(r — F)* (9)

i.j, k=0
with
cosy = cosf cos@’ + sinf sind’ cos(¢p — @’). (10)

We have recently found that it is possible to extend this
expansion to order (x — x/)>Y~! by using the fact that
v(x, x') is a symmetric function. If one takes (2N — 1)
partial derivatives of v(x, x’) with respect to some combi-
nation of the coordinates x* and sets x’ = x then by sym-
metry it must be true that taking the same combination of
derivatives with respect to x'* and setting x’ = x results in
an equivalent expression. Using the expansion (9) results in
the coefficients of terms of odd powers of (x — x) being
expressed in terms of the coefficients of terms of smaller
even powers. The coefficients of terms of even powers of
(x — x) cannot be obtained in this way and must be
obtained from the WKB expansion.

III. COMPUTATION OF THE SELF-FORCE

We now proceed to compute the self-force for a particle
of mass m and scalar charge ¢ falling radially from rest. We
assume that the particle has been held fixed at r = r(, § =
0y, and ¢ = ¢ from t = —oo to ¢t = 0 which corresponds
to proper time 7 = 0. Attime ¢ = 0 the particle is released,
with no initial velocity, and subsequently falls radially
towards a Schwarzschild black hole of mass M. We shall
denote the spacetime point at which it is released by y,.
Our objective is to calculate the self-force exerted on the
particle at a proper time 7 > 0 when the particle is at the

point y = (¢, r, 6y, ¢g).
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The first term in Eq. (7) can be computed using the
Hadamard-WKB expansion. The results of this computa-
tion are discussed below. The second term is more difficult.
We next show that it too can be computed using the
Hadamard-WKB expansion due to the fact that the charge
is stationary until it begins falling at time ¢ = 0.

First consider the problem of computing the field @,
at the point y due to a completely static charge g at the
position r = ry, 8 = 6y, ¢ = ¢o. The solution to this
problem in a Schwarzschild spacetime has been given by
Wiseman [8]. For the above locations of the charge and
field point, with a metric of the form (8), and taking into
account a difference in conventions, it can be written as

1 / 2M 1
Daic (v) = 4—61 1 - - (11)
w rog 1o r

On the other hand one can use Eq. (2), to write the field
due to the static charge as

D (V) = le - Gplt, r; (1), roldr'. (12)
Here and for the rest of this section we suppress the
dependence of various quantities on the angles 6, and
¢o. Dividing the integration region in the same way as
was done in Eq. (7) and using the Hadamard expansion (4)
one can write this latter equation as

[ 2M
(I)Static(y) = %T 1 - r_()'/;)t u[[; r; t/! FO]S[O'(I, r; lJ: r())]dtl
2M
-4 [1— —ftR v, it roldd
87 ro 0

0
+ q[, Gglt, r; 1(7), rold7'. (13)

In the first two terms the integration variable has been
changed from 7/ to #. The two theta functions in Eq. (4)
result in an upper limit for the second integral which is
equal to the retarded time ¢z which is given in Eq. (A12).
The time ¢ is taken to be the time that it would take a
particle to fall from r( to r assuming that it starts at rest.
Then the third term on the right in Eq. (13) is the same,
except for the gradient and a factor of ¢, as the second term
on the right in Eq. (7). The value of this term can be
obtained by computing the other three terms in the equa-
tion. The term on the left is given in Eq. (11) and the
second term on the right can be computed using the
Hadamard-WKB expansion.

To calculate the first term on the right in Eq. (13), we
note that the argument of the delta function vanishes on the
light cone of the point y. Since the charge is static
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o(t,rit, rg) = o(t, rytg, ry)

0
+ (ﬁa(t, ryt, rO))lt’:tR(tl —tp) t ...

=0, — 1) +..., (14)

where the shorthand notation o

w=0y has been used.
Then

(¢ — tR).

5
8(a(t, ritg, 1)) = 8o, (f' — tp)] = (15)

|0' tR|

Next one must calculate u(y, yg) with y and yg =
(tg, o, B9, ) connected by a null radial geodesic. By
substituting the Hadamard expansion into the equation

satisfied by the Green’s function it is possible to show
that in general [29-31]

det(_O';#,,/)

(16)

ulx, x') = AV2(x, x'), Alx, x') = —

Thus what remains is to calculate o, and o,/ for the two
points x = y and x’ = yg. Although there may be some
simple way to reason out the answer, as shown in Appendix
A, it can be obtained by solving the geodesic equations and
integrating the result to obtain the proper distance along the

geodesic. The result is
ot ritg, r9) =719 — 1, u(t, ritg,rg) = 1. (17)

Substituting Eq. (17) into Eq. (13) and computing the
integral one finds that

0 1 2M
f GR[ty r; tl(T/)y ro]dT/ =— 1 -——
—o0 8 ro

x f ol it rldd. (18)
0

With the definitions

D (y) = a4 = 2MftR vt r; v, roldr, (19a)
87 ro 0
@,0) = gL [Tule ), Ak (19
’ 87 Jo
Eq. (7) becomes
d
1u0 = q s @ - e |

Here the facts that in a Schwarzschild spacetime v(x, x) =
0 and (as shown by our expansion) v(y, yg) = 0, have been
used to interchange the order of integration and differen-
tiation. Note that this derivation only works for the time
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and radial components of the self-force. Because of spheri-
cal symmetry, the angular components of the self-force for
aradial trajectory are zero. Finally the subscript “tail”” has
been dropped because for a geodesic trajectory the local
part of the self-force is zero in a Schwarzschild spacetime
[2].

As a result of Eq. (20), the problem of calculating the
self-force reduces to calculating ®; and ®. This is an
exact result. We now calculate the right hand side of
Eq. (20) using the Hadamard-WKB expansion for v(x, x)
whose form is given in Eq. (9). For radial geodesics,
cosy = 1, so only the coefficients v;y;(r) contribute. The
result for ®; is

q 2M & 1
o, =L -4 S (5 v
S(Y) S Yo iyk_0<2i ¥ 1>v10k(r)

X[ = (= g 1(r = ). @21

To calculate @, one can use the geodesic Egs. (A7) to
convert the integral (19b) to an integral over the radial
coordinate r. One can further solve the geodesic equations
to obtain the trajectory #(r). After substituting the
Hadamard-WKB expansion for v, the integral (19b) can
be computed numerically.

An alternative is to expand all relevant quantities in both
®; and @, in Taylor series about ry. This allows one to
compute the integrals analytically order by order. The
derivation is given in more detail in Appendix B. We find

2 2M 106M\ (1o — r\3
film) = e 1= 40 - d
448007rr; o ro ro
— N4
+ 0{(’"0 r) } (22a)
o
3q° 2M 2M\ (ry — r\5/2
fralr) = ——d___ =21 - =2
224007rrg \| ro o ro
— "N\7/2
+ 0[(—”’ r) } (22b)
o
with 7+ the Regge-Wheeler coordinate defined by
r—2mM
“=r+2M1 . 23
e s

It turns out that each subsequent order of the WKB expan-
sion adds another term to the series. Using a 16th order
WKB expansion we have results for a total of six terms in
the expansions for both f, and f,.. The coefficients of these
terms are displayed in Appendix B.

IV. SPECIFIC EXAMPLE

As a specific example we have chosen the case in which
a particle begins falling from rest at r+ = 40M at time ¢ =
7 =0, with r* defined in Eq. (23). Using the series in
Appendix B, the f, and f,* components of the self-force
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TABLE I. The dependence of the temporal (f,) and radial (f,~)
components of the self-force on the radial distance r/M are
given for a particle undergoing radial infall after being held at
rest until a time ¢ = 0. The particle’s initial location is at r* =
40M which corresponds to r = 34.43M. The error shown for
each case is an estimate of the relative error and is obtained by
taking the absolute value of the ratio of the last term used in the
series for the self-force to the entire series.

r/M 10"%(M?/¢®)f,  EBrror  10'*(M?/¢*)f,~  Error
3425 346533  69Xx107°° —2.8692 34 XxX107°
34.00 60.36 4.4 X107 —48.39 1.4 %1073
33.75 308 3.4X1073 —260 8.4 %1073
33.50 1040 0.013 —920 0.025
33.25 2840 0.031 —2600 0.052
33.00 6900 0.059 —6600 0.089
32.75 15000 0.10 —15000 0.13
32.50 33000 0.14 —31000 0.18

have been computed. The results are displayed in Table I
and Fig. 1. The relative errors in the table are estimated by
taking the absolute value of the ratio between the last term
used in the series expansion (22) for a given component of
the self-force and the entire series for that component.

The expected convergence distance, obtained by mea-
suring how far the particle will fall in the time for a null
geodesic leaving the location of the particle at time t = 0
to circle the black hole and intersect the particle in a new
location, is r = 30.7M. On the other hand, an examination
of the error shows that more terms than the six we have
computed for each component of the self-force are neces-
sary for an accurate determination of the self-force when
r<33M.

While the range over which we can compute the self-
force is relatively small and the calculation is for a particle
held at rest that subsequently undergoes radial infall in a

6000 [\ T T
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4000F N\ 1
r N
[ N
L N 4
N
.° 2000 N AN ]
& i S~
o i
3 0
© I
= —2000 1
4000 F ]
—-6000 L[ I I
33.0 33.5 34.0 34.5
r/M
FIG. 1. In this figure the two components of the self-force are

plotted for the case of a particle undergoing radial infall after
being held at rest until a time ¢ = 0. The particle’s initial location
is at r* = 40M which corresponds to r = 34.43M. The dashed
curve corresponds to f, and the solid curve to f,-.

PHYSICAL REVIEW D 73, 064023 (2006)

Schwarzschild spacetime, the merit of this method is it
produces reliable results and thus can provide an indepen-
dent check on other (existing and future) prescriptions for
the calculation of the self-force. It is worth noting that our
calculation started with a finite result and therefore no
regularization was needed. The generalization to the cases
where the self-force is due to electromagnetism and gravity
should be straightforward.
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APPENDIX A: CALCULATION OF u AND o,

In this appendix we calculate the quantities u(y, yz) and
O-IR(y) yR) with y= (tr T, 00’ ¢0) and YR = (ZR’ ro, 00? ¢0)’
tg is the retarded time defined in Eq. (A12). The points y
and yp are separated by a radial null geodesic. From
Egs. (14) and (16) it is clear that

v, y&) [_ det(— 0, (x, x’))}l/2 (Ala)
u(y, yg) = ,
" V—8)/—g() Li—yx—yi
)
o, (v, yg) = [W o(x, x’)} / (Alb)
XV, X —YR

Although the points are separated by a radial null geo-
desic, it is necessary to assume a more general separation
before computing derivatives. Once this is done then the
specific separation can be taken. Because of spherical
symmetry the angular dependence of the quantity o (x, x’)
must be such that it is a function of cosy which is defined in
Eq. (10). To see this assume that the two points have an
angular separation of y. Since any arbitrary rotation of the
coordinate system does not change this angle, the angular
dependence of o can only be through y. Because any 27
rotation around the origin of the coordinate system should
render o unchanged, o must be a periodic function of y
with period 27. This dependence can be written as a
Fourier series in sinny and cosny. The coefficients of the
sine terms must identically vanish since o(x, x’) is a sym-
metric function in x and x” and switching x and x’ changes
the sign of . Since cosny can be written in terms of
powers of cosy [38], it is then clear that o =
o(t, r;t, r';cosy).

We next compute the angular derivatives of ¢ beginning
with

Jdo
d cosy

0';«9(9@ x!) = (

+ cos@sind’ cos(¢p — @')).

)(— sinf cos6’

(A2)
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Note that in general o, (x, x’) is a vector at x and a scalar at
x'. Next we can proceed to take a second derivative.

2o

gy (x, x') = <6(Tsy)2

)(— sinf cos6’

d
+ cosf sinf’ cos(¢p — ¢'))> + ( U )
d cosy

X (sin@ sin@’ + cosO cos@’ cos(¢dp — ¢')).
(A3)

For the special case of a radial geodesic, 68/ = 6, ¢’ = ¢,
and thus cosy = 1. As a result

Jdo
(0-;00’)cosy=1 = <a ) . (A4a)
COSY Jcosy=1
Similarly it is easy to show that
oo
b _, = sin%6 Adb
R 7 IR
and
(U;Gt’)cosyzl = (O-;Hr’)cosyzl = (0-;(7¢’)cosy:1 =0, (A4C)
(U;¢t/)cosy=1 = (0';¢r/)cosy=1 = (0';¢0’)cosy=l =0. (A4d)

Along with the other combinations of radial and time

derivatives it is still necessary to calculate (aszy))cosv:l'

If we choose coordinates such that § = 6’ = 77/2 then
from Eq. (A4b)

oo
< = (0' /) I—=d+ (AS)
(a(cos')’)>cosy—1 P e=¢
To calculate the rest of the derivatives that comprise
0., it is useful to write o in terms of the proper time 7
and to assume that the points both lie in the equatorial
plane so that # = 6’ = 7r/2. Since o is one-half the square
of the proper distance between the two points along the
shortest geodesic connecting them we have
L (A6)
o=—=7
2
The proper time 7 can be computed by solving the geodesic
equations [39]

r dr
T:_\/E,[r’(l—Ef(f)—ﬂf—z(?))l/Z’ (A7a)
r dr
t—t=— /r/ A0 — Ef(F) — @)1/2’ (A7b)
r— 7 (" dr
¢ - d) - Jj;/ 72(1 o Ef(f‘) _Lz(,:))l/zr (A7C)

where f(r) =1 — 2M/r. Note that J = 0 yields a radial
geodesic and E = 0 a null one.

Expanding the integrand of Eq. (A7a) in powers of E and
J, computing the integral, and then substituting into
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Eq. (A6) gives

2
o= —g(r/ — )2 - %F(r/ —r)+ O(E®) + O(EJ?)
(A3)

with

. /

= - f dFf(F) = 1 — r — 2M 1n<i>. (A9)
r r

The values of the constants £ and J can be found by

solving Egs. (A7b) and (A7c). The integrals can be com-

puted by first expanding the integrands in powers of E and
J. From Eq. (A7c) one finds

r'r

J= (¢ — @) + O[E(p — ¢")] + Ol(¢ — ¢')°]
(A10)

Keeping terms in the expansion of the integrand in
Eq. (A7b) to O(J?) and O(E?) and using (A10) yields

r—r

2l =) o 3 = 1)*F
B T o
+ Ol — 1)1+ OL(t' — 12)(¢p — ¢')*]
+ 0[(¢ — ¢")*] (ALl)
with
r dr L r'—2M
tg=1+ ,r%:t_(r r) 2M1nr—2M
(A12)
Substituting into Eq. (A8) gives
o= ) = 1) = e ()
+ 506 = 62+ OL( — 1))
+ O — 1p)(d — 9’1+ Ol(¢p — )] (A13)

Computing the various derivatives of o and then setting
' = tg and ¢’ = ¢ gives

g, =" —r) (Al14)
and
F
Tt = =
F
o = T R =y
P R (A15)
" =7
Oy = —L— ! + F
7RG T AR =
Tpp = 17
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Using Eqgs. (A4) and (A15) it is easy to show that

det[—a;w/(y, yr)] = (rrg sindy)>. (Al16)
Substituting into Eq. (Ala) then gives
u(y, yg) = L. (A17)

This is an exact result.

APPENDIX B: POWER SERIES EXPANSION FOR
THE SELF-FORCE

In this appendix an expansion for the self-force in
powers of r — rg is derived. The coefficients of the expan-
sion depend on the mass M of the black hole, the radius 7,
at which the particle begins falling, the radius r which is its
present location, and the charge g¢.

To begin, consider @, in either Eq. (19a) or (21). Its
contribution to the self-force is given in Eq. (20). From
Eq. (A12)itis clear that 9, = 9,,. Because v(x, x;) satisfies
the equation L1, v = 0 and because of the time translation
and time reversal invariance of the metric (8), v is a
function of (¢ — #,)?. Making use of this fact one finds that

2M
[ ECL

at 8 7o

tr 0
- —vlL, r; 1y, dt
ﬁ) ot u(t, r; 1 ro) 1}

2M
=41 1 ——uv(, r;0,rp).
8 V 7o

Here as in Sec. III we suppress the dependence of v on 6,
and ¢,.

Next consider ® ¢ in Eq. (19b). The geodesic Egs. (A7)
can be used to change the integration variable from the
proper time to the coordinate time. In this case J = 0 as the
geodesic is radial. Since it starts from rest at r( it can be
seen from the geodesic equations that E = (1 — 2M/ry)~!.
The result is

] ( > )(
v l))‘lyj

77 ' 2M

— 0

Noting that in a Schwarzschild spacetime v(x, x) = 0, one
finds

(B1)

2M
1 - —)dtl. (B2)
rn

e

1 ft<6v(t, rity, r1)><1 B
ot 8 /1_2r_1[‘)'1 0 ot T

(B3)

Since the particle is freely falling, r; = r,(¢;) and one can
write

PHYSICAL REVIEW D 73, 064023 (2006)
du(, 2M\_d[ ( 2M
3t1< r1> dtl[ ( Vlﬂ

drl 0 2M
1=\ B4
dr, a”1[v< Ty ﬂ B

-2

ro

with the result that

130, 19)( 1
5 80 1__M{v(tr0r0)<

ro

r 9 2M
+ f —|:v(t, rt, r1)<1 — —)}drl}. (B5)
ro arl r
Thus

S| r 2M
ﬂ=—i————f—ip@mmm@——ﬁkm
87 [[ —2M Jr, 01y r

o
(B6)

The computation of f,, is straightforward. Taking the
derivative of Egs. (21) and (19b) and then using the geo-
desic Egs. (A7) and (23), one finds

q 2M 2M i 1 dviOk k
" 1—- 1—— X -
fre= 8 o < r >ikz_0{2i+l |: dr (r=ro)

+ kviok(i’_ rO)kil i|[t2i+1 - (t_ [R)2i+1:|]'

2 r
+i< 2M> 7o f Gv(trtl,rl) I drl

(B7)

The next step is to expand ¢ in powers of r, — r and #; in
powers of rg— r;. This is done using the geodesic
Eq. (A7b). Then making the change of variables

F

(B3)
2M M
ro ’
gives
3
t:[Zs +<2—wg><s) +} (BY)
X0 LWo 3 Wo

Substituting this and the corresponding expression for ¢,
into Eqgs. (B6) and (B7) , expanding in powers of s and s,
and computing the integrals gives

Ay, 8", (B10a)

>

I
B

8]
M

B
I
w

boys 2L, (B10b)

=
I
B
8]
Me

3
Il
™)

Using a 16th order WKB expansion for v(x, x') we find
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