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Scattering of particles by radiation fields: A comparative analysis
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The features of the scattering of massive neutral particles propagating in the field of a gravitational plane
wave are compared with those characterizing their interaction with an electromagnetic radiation field. The
motion is geodesic in the former case, whereas in the case of an electromagnetic pulse it is accelerated by the
radiation field filling the associated spacetime region. The interaction with the radiation field is modeled by a
force term entering the equations of motion proportional to the 4-momentum density of radiation observed
in the particle’s rest frame. The corresponding classical scattering cross sections are evaluated too.
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L. INTRODUCTION

The production of gravitational waves as well as elec-
tromagnetic pulses is expected to occur in many violent
astrophysical processes, like the merging of compact bi-
naries and high energy phenomena involving strong mag-
netic fields and accelerating sources of the electromagnetic
field. Gravitational and electromagnetic waves are also
believed to interact in a variety of ways. There are many
exact solutions of Einstein’s field equations that describe
colliding plane gravitational and electromagnetic waves on
a flat Minkowski background [1]. Furthermore, several
studies in the literature have shown how gravitational
radiation affects the propagation of electromagnetic sig-
nals by modifying their direction, amplitude, wavelength
and polarization either in vacuum or in the presence of
conductive plasmas, leading also to the possibility of reso-
nances between gravitational and electromagnetic sources
which could be used either as more efficient gravity-wave
detection methods or as a general relativistic mechanism of
amplifying large-scale magnetic fields (see, e.g., Ref. [2]
and references therein).

The scattering of massive and massless neutral scalar
particles by plane gravitational waves has been investi-
gated both in the classical and quantum regime by
Garriga and Verdaguer [3]. They also defined the classical
cross section for scattering of geodesic particles in the case
in which the wave region is sandwiched between two flat
spacetime regions. The propagation of a test electromag-
netic field on the background of an exact gravitational
plane wave with single polarization has been recently
investigated in Ref. [4]. It has been shown there that
the physical effects due to the exact gravitational wave
on the electromagnetic field, i.e., phase shift, change of the
polarization vector, angular deflection and delay of photon
beams in a Michelson interferometer, could be measured
by various detection methods.

An electromagnetic wave propagating over a spacetime
region makes it not empty and not flat. Therefore, the
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spacetime curvature associated with an electromagnetic
pulse, namely the associated gravitational field, induces
observable effects on test particle motion. Unlike the case
of a plane gravitational wave the resulting motion will no
longer be geodesic, but massive particles will be acceler-
ated by the radiation field filling the associated spacetime
region. The features of test particle motion in the gravita-
tional field associated with an electromagnetic plane wave
have been recently investigated in Ref. [5]. The interaction
with the radiation field has been modeled there by a force
term entering the equations of motion given by the 4-
momentum density of radiation observed in the particle’s
rest frame with a multiplicative constant factor expressing
the strength of the interaction itself. This approach dates
back to the pioneering works of Poynting [6] and
Robertson [7], who derived the corrections to the motion
of planets in the Solar System due to the scattering of the
solar radiation in the context of Newtonian gravity and in
the weak field approximation, respectively. Particles are
assumed to interact with the radiation field of an emitting
source superimposed on the background by adsorbing and
reemitting radiation, causing a drag force responsible for
deviation from geodesic motion, known as the Poynting-
Robertson effect. The generalization to the framework of
general relativity has been developed in Refs. [8,9], where
this effect on test particles orbiting in the equatorial plane
of a Schwarzschild or Kerr spacetime has been considered,
and in Ref. [10], where a self-consistent radiation flux was
instead used to investigate such a kind of interaction in the
Vaidya spherically symmetric spacetime [11].

In the present paper we consider the scattering of massive
particles propagating in the field of a gravitational plane
wave and of an electromagnetic wave. In both cases the
wave is sandwiched between two flat Minkowski regions,
so that the “in” and “out” regions are unambiguously
determined. The particles will interact differently with the
gravitational wave background and the electromagnetic
radiation field, so that they will emerge in the outer flat
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region with different 4-momenta. The different nature of
the host environment will also be evident by comparing the
corresponding classical scattering cross sections.

II. SCATTERING OF PARTICLES BY A RADIATION
FIELD IN A FLAT SPACETIME

Let us consider a Minkowski spacetime with metric
written in either Cartesian or related null coordinates as

ds? = —d? + dx? + dy2 + dz?2 = —2dudv + dx?* + dyz,
(D

where u = (t — z)/+/2, v = (t + z)/+/2. The latter form
privileges the three Killing vectors d,,, d,, 9, which will
remain when a wave zone is introduced later where the
metric will depend on u. Figure 1 illustrates the relation-
ships between the coordinates for the case of an interaction
strip corresponding to a u coordinate interval [0, u; ].

It is also useful to introduce a family of “‘static’ fiducial
observers which are at rest with respect to the spatial
coordinates (x, y,z) and characterized by the 4-velocity
vector m = 9, with the associated adapted orthonormal
spatial triad e; = 0., e; = d,, €; = 9.

A test particle with rest mass p and 4-velocity U* =
dx*/d7 (so U-U = —1) has 4-momentum P = uU,
but we will use the specific 4-momentum, namely the
4-velocity itself: P = P/u = U; we drop the tilde notation
below and the modifier “specific.” The observer decom-
position of U is then (let a, b, c = 1, 2, 3)

FIG. 1. The null coordinate relationships in the 7-z plane
(orthogonal to the plane wave fronts aligned with the x-y planes)
for a sandwich spacetime divided into three zones by the null
hypersurfaces u = 0 and u = u; > 0. Shown also is a suggestive
world line of a particle (entering zone II at the origin of
coordinates) which is deflected by the radiation field in zone II
from its geodesic motion in zones I and III.
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U=U*, =vy(m+ 1vie,),
y=(1—8,;»") 12

(2)

For geodesic motion, the constant 4-velocity U = U g can
be parametrized in terms of the conserved specific mo-
menta p,,, p, and p, (introducing as well p3 = p? + p?)
associated with the three Killing vectors mentioned
above as

1+ pi
UO = _pv<au +
© 2p;

1+ p3
_ <1+ Pi

6U> + ped, + pyo,

)6, + ped, + pyd,

Pu
V2 2p3
Py 1+Pi)

—Puf gy 9. 3
\/§< 2p2 ¢ ©)

where p,, < 0 for U to be future pointing. Then the velocity
decomposition is

2
pv( 1+ pl) R Dx
Yoo = ——F=|(1+ R v, = -
© V2 2p3 © Y 0) @
5y _ Py o D 1+ p7
o=, Yo T T By AT o)
Y0) 2y 2p?

which can be easily inverted to yield

——&(I—V

p‘l/ \/z

Choosing the zero of proper time at the u = 0 hyper-
plane, the corresponding parametric equations of the par-
ticle’s straight line trajectory are then

fo)); Px=7Y0) VECO)’ Py =70 VE)O)' (5)

1+ p3
U= —p,T, v = fLu+v0,
2p3 (6)
v p‘U

so that xo = yo = zo = O puts the initial position at the
origin of coordinates and

1+ p3
= Bl e ]
2 Pu2 (7)
1 [/1+p
= (o 1)t w]

Correspondingly, a photon following a null geodesic
path has 4-momentum

K = —K,0, — K,d, + K.0, + K,,, (8)

where the null condition is 2K,K, = K} = K7 + K?. For
the special case of photons traveling along the positive z
direction, one has K, = K, = K,, =0 and K = —K,9,,
useful for comparison with the nonflat case below.
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The observer decomposition is

K=wg(m+vg), bvr=040, vg-ox=1 (9
where wy = K' = —K, = —(K,, + K,)/+/2 is the relative
energy and the unit vector 74 = K“/K"' gives the relative
direction of propagation w1th respect to the static
observers.

Suppose now that a test radiation field representing a
coherent beam of a given frequency fills a certain space-
time region confined to the region between two null hyper-
surfaces u = 0 and u = u; as in Fig. 1. The associated
energy-momentum tensor is assumed to be of the form

T = ¢oK ® K, (10)

where K is the geodesic null vector given by Eq. (8) and ¢,
is a constant representing the associated energy flux. The
geodesic property of K makes 7 divergence free, i.e.,
vV, T =0.

A neutral massive particle moving through the space-
time region occupied by such a radiation field will be
scattered in a way which depends on the interaction. The
simplest way to model this interaction is through the
introduction of a ‘“‘radiation force,” which is constructed
from the energy-momentum tensor introduced in Eq. (10)
and is orthogonal to the particle’s 4-velocity U (just as the
4-acceleration vector), so that

FeaU)a = —aP(U)apTLU, (1n
where P(U) = g + U ® U is the orthogonal projector to U
and o models the absorption and reemission of radiation
by the test particle. This force is just proportional to the
momentum of the field as observed in the rest frame of the
particle. The equations of motion of the particle thus
become

pa(U)* = faag(U)*, a(U)* =VyUe,  (12)

or explicitly

du“ _ _A[Ka + U*(U - K)](U - K),
dr (13)
A= ody/n =3

In the case of a particle orbiting a massive source in the
presence of a superimposed radiation field, an interaction
of this kind leads to a drag force causing deviation from
geodesic motion. This is the so called Poynting-Robertson
effect (see Refs. [6-9] and references therein).

The equations of motion (13) then become

dpl

i = —Aw%(vz‘ - V‘;})(l -

Ve, ), (14)

whose solution is straightforward assuming 7 = 0 at the
initial null hyperplane u = 0 where »% = V?o)’
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Vi =i + o "Mk gs)
[1 + 7Awk (1l — vg,v{)]

which can be simplified by introducing the parameter
/7. = Awk(1 — VKACVfO)) to yield

yi— i 4 L0 Yk
K" 1+7/7 (16)
1+ 7/7,

Y = Y0

\/1 + 2‘y(20)(1 — VK”CVEO))T/T*

The parametric equations for the test particle’s trajectory
during the interaction with the radiation field are then
obtained by integrating the equations dx*/dr = U*, i.e.,

dr dx4 N
==y, =y, 17
o a7 v (17)

By introducing the notation

& a+ bf’ d¢

\/c +d¢&'
—=(3ad—2bc+dbgWe+dé'lE,  (18)

I(a,b,c,d;é)=

3d2

the corresponding solution can be explicitly written in the
form

t—ty= vl 1/7,1, 2)/(20)(1 -

Yo I(vy, vi/ T 1, 2y (1 =

Vg, V(éo))/r*; 7),

x*—x§ = Vg, Vf'o))/r*; 7),
(19)

where the quantities 7y g, V?O) and x§ refer to the (constant)

frame components of the particle 4-velocity at the start of
the interaction and the initial position there.

In the simplest case of a radiation field composed of
photons all propagating along the z direction, i.e., with
v = 0f and K = \/zw,(ﬁv, the radiation force is

—Awky(l = ¥){[y*(1 = ») = 1Im
+ YAl = ) (rle; + viep)
— [y = 1) + 1eg), (20)

1
;f(rad)(U) =

and the general solution (16) becomes

7(0) 5
[1+ Awk(1 — v)7],

2

_ 7(0) ) — 2
[+%, V9,1 VZ]— [(0), Vigy 1 V(O)],

where 3 = /1 + 24w} 73, (1 -
equations (19) of the accelerated orbit then simplify to

Vfo))zr. The parametric
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Ay 1=y

-1

(1=377 (12, |

(22)

1
1=ty Syoll - vfo))[ET
B -1
X—Xg= (O)Aw ')’(0)(1 _ V(O))
- 31
Y= Yo= (O)ACOK')’(Q)(I _ V(O))
1
2= 29 o= vfo))[zr

The corresponding solutions for u and v are given by
B S -1
V240 v (1 — V(fo))’
2
LA [ET _
(0))

3’)’(0)(1 — vV

2 -1
Aokl = 7))

Vv — Vg =

X (1 3 'y(o)(l - 1/(0))>:|. (23)

The parametric equations for the orbit using u as pa-
rameter and reexpressing the initial 3-velocity quantities in
terms of the initial momenta are then given by

1
u= 2vaw2 (1 =1 +4p2Aw%T),
u . Awiu? 2 5

v—vo—z—p%(l-i-pl)— - l—gvawKu,

X _ py
X — Xg —u, Y=Yy = ——u, 24)

v p'U
where

7= =11 - p,Awku) (25)
Py

relates the proper time interval of the interaction to the
interval u;. The associated 4-velocity is

U= e*s’m-)(u)l:_pvau — _(eZZur)(u) + pi)av

+ pydy Tt pyay], (26)

where we have introduced the notation (““tf”’ for test field)
el =1 — 2p,Awku. 27)

This quantity, evaluated at u = u; (7 = 7;) where the
interaction with the wave ends, should be compared with
the initial 4-velocity Uy, at u =0 (7 = 0), given in
Eq. (3). In this case, since the spacetime is flat everywhere,
we can image U (trivially) parallely transported along
the particle trajectory up to the same spacetime point
where U is located, at the end of the interaction. The
comparison then results in a boost relating these two
vectors; namely

Awkyo(1 =)

(1= 392, (1 - Vf@)%)]-

|
U=vyU UgylUgq + 1v(U, Up)II2(U, Ul  (28)

with the spacelike unit direction vector of the relative
velocity (notation: U with respect to Ug)) given by

. P(Up)d, 1
V(U’ U(O)) = _¢ = __av - U(O)
I;U Py (29)
- _41( - Uo,
\/Eprv o

where P(U(y) projects orthogonally to Uy and K =

wi(d, + 8,) = V2w, is the photon field. The relative
speed is instead

1(U, U)Il = tanh(Z)(uy)), (30)

demonstrating that {s) (1) can be interpreted as the rapidity
boost parameter for the 4-velocity relative to the initial
4-velocity. Note that this shows that U lies in the plane of
Uy and K. In other words, the final specific momentum
U is just the result of a boost of the initial specific mo-
mentum U along the direction of the relative velocity of
the wave vector of the radiation field with respect to it.

This simple analysis can be easily generalized to a
sandwich spacetime in which the plane wave zone is a
portion of an electrovac plane wave spacetime in between
two flat spacetime regions as above, either representing the
exact gravitational field due to an electromagnetic plane
wave or to a gravitational plane wave. The resulting change
in 4-momentum or 4-velocity of the test particle from u =
0 to u = u; can then be compared with the flat spacetime
case with either no interaction or an interaction with a test
electromagnetic field as just evaluated. While the scatter-
ing by a gravitational plane wave is well known, the
electrovac case is not, nor has any comparison been
made with the Poynting-Robertson-like interaction, as we
will do below.

II1. SCATTERING OF PARTICLES BY A
GRAVITATIONAL PLANE WAVE

Consider the interaction of a test particle with a gravi-
tational radiation field described by the spacetime metric of
an exact gravitational plane wave with a single polarization
state ( + state) [12] traveling in the positive z direction
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orthogonal to the symmetry planes (with the same rela-
tionship between the coordinates as above)

ds? = —d? + F(u)?dx? + G(u)2dy? + dz?
= —2dudv + F(u)?dx® + G(u)2dy?, 3D

with

F(u) = cos(bgyu), G(u) = cosh(bwu),  (32)
where @ (gw) = b(ow)/ /2 is the frequency of the gravita-
tional wave under consideration, and s = b(gy)u =
@ (ew)(t — z) is a convenient combination used below. We
continue to use the same static frame as in the flat case.

The gravitational wave is sandwiched between two
Minkowskian regions u € (—o0, 0) U (1, o), and the met-
ric would have a coordinate horizon at b, u = 7 where
the metric is degenerate but this is avoided by restricting
the coordinate u to the interval [0, u;] with bey)u; <73.
The matching conditions impose restrictions on the metric
functions F and G before and after the passage of the wave
where the spacetime is Minkowskian. As discussed in de-
tail by Rindler in Ref. [13] (see this reference for a more
detailed account of exact plane gravitational waves), a
possible choice to extend the metric for all values of u is
the following:

F G
(1) 1 1
(I1)  cos(bgwut) cosh(bew)ut)
() (a + Bu) (y + 6u)

where labels I, IT and III refer to the in zone (# = 0), the
wave zone (0 <u < u;) and the out zone (u = u,), re-
spectively. Values of the constants «, 8, v and 6 can be
completely determined by requiring C' regularity condi-
tions at the boundaries # = 0 and u = u; of the sandwich;
that is,

(33)

F(0) =1 = G(0), F'(0) = 0= G'(0),
F(u)) = a + Bu,, G(u;) =y + duy, (34)
Fl(u) = B, G'(u,) = 6,

which in this case imply
o = COS(b(gW)Ml) + b(gw)ul sin(b(gw)ul),

B = _b(gw) Sin(b(gw)ul)’

) (35)
Y = COSh(b(gw)ul) - b(gw)ul smh(b(gw)ul),

6= b(gw) sinh(b(gw)ul).

Let us consider the wave region (II), with functions F
and G given by Eq. (32). As in the flat spacetime case,
a test particle with mass wu entering the wave region
follows a geodesic path with 4-velocity U and associated
4-momentum P = pU given by (see, e.g., Ref. [14])
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1 p? p? )
U= —pyd,——[1+="5+-2)9
Pulu 2pv( Fu)?  Gu?)”™
Px Py
+ 0, + d,, 36
Fw? ™" Gu)?* "’ (36)

where the conserved specific momenta p,,, p, and p, still
allow the complete integration of the geodesic equations.
Using the explicit form of the metric functions F and G
valid in the wave zone and imposing the matching at the
boundary I-II where the geodesics join at the spacetime
point with coordinates (0, vy, xo, yo) then gives

U= —p,,

1 2 2
v= —(u + - Px tan(b gy)u) + be

tanh(b u)) + v,
2p3 b(gw) (&w) (&)

D
b(gw) Py

—_— — py

x= tan(b gy 1) + X0,

tanh(b(gw)u) + yo- 37
(gw)Pv
Clearly, these geodesic world lines should be matched with
the straight lines of the in zone at u = 0.
The geodesic 4-velocity in the inertial coordinates and
with the metric functions conveniently reexpressed in
terms of § = @ (gy) (1 — 2) is

B 1 2 2
v=-"y|1+ 2(1+ Pry pyz)]a,

V2L 2p? cos’s  cosh’s
DPx Py

+ 9, +
cos’s *  cosh?s 7
P 1 P p3 )]

SATY SO S R | P
V2L 2p12,( cos’s  cosh’s/] ¢ (38)

Coordinate and frame components of the 4-velocity are
now related by

U~ v

U' coss’

v UF
U' coshs’ U’
Using the relations Eq. (5) at s = 0 to express the Killing
constants (p,, p,, p,) in terms of the initial values Vfo) =

»%(0) at the start of the interaction, one finds with some
manipulation

U=y, — i (39)

y— YO V(s)
2(1 — yfo)) cos?scosh?s’
S - s . coss coshs
[Vx, V}, 1- VZ] = 2(1 - Vfo))w

X [w, coshs, Vfo) coss, (1 — Vf'o))
X coss coshs], (40)
where
V(s) = [2(1 = v{)cos’s + v sin’s]
X cosh?s — Vfg)coszssinhzs. (41)
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Finally, the parametric equations for the particle’s geodesic orbit are

2 92 2 92
g — 1 A [( 3 Vfo) + VA(O)> 1/“(‘0) tans + V(AO) tanhs]
(o) (1 — V(ZO)) 2(1 — Vfo)) 2(1 — Vfo))
2 92 2 92
f— 2= 1 I:(V2 3 on) + I/(O)) V?o) tans + v{, tanhs]
R 0 z 2 i
(1 = 7)) LV 201 =) 2(1 = vp)
o Vfo) tans
X—Xg=—— ——>,
@ gw) (1 = 7)) 42)
R V’fo) tanhsA
@ (gw)(1 = 7))
5 = @Yol — )T
v'vhere (.to, X0, Yor 20) d§n0te tl_le coordinates of the space- a = cos(bemtty) + biemtty sin(bemyty) = 7,
time point where the interaction between the test particle 45)

and the gravitational wave starts.

IV. SCATTERING OF PARTICLES BY AN
ELECTROMAGNETIC PLANE WAVE

Now instead let the test particle interact with a photon
radiation field in the gravitational field generated by an
electromagnetic plane wave propagating along the positive
7 axis exactly as in the flat spacetime case in Sec. II. The
corresponding conformally flat line element found by
Griffiths [15] is given by Eq. (31) with functions

F = cos(bemu) = G, (43)

differing from the corresponding gravitational wave case
only by a trigonometric rather than hyperbolic cosine
appearing in G, so that the above analysis with the addi-
tional interaction with the radiation field is easily repeated
as done in Ref. [5], allowing a comparison between these
two cases as well as with the flat one. However, the present
case corresponds to a nonvacuum spacetime which is a
solution of the Einstein equations with energy-momentum
tensor

T=¢K®K, K = biemydy = V20 emdy,  (44)

where ¢ = 1/47 and ) is the frequency of the wave.
This corresponds to the flat case of Sec. II with K, < 0 and
K,=K, =K, =0 and oy = wg, which makes the
energy-momentum tensors agree. For convenience we in-
troduce the parameter § = D(gy)U = @ (em)(f — 2).

As in the previous section, the metric would have a
coordinate horizon at by,u = /2 but this is avoided
by restricting the coordinate u to the interval [0, u;] with
u; < 7/(2b ). Similarly let the electromagnetic wave
spacetime be sandwiched between two Minkowskian re-
gions u € (—0,0) U (i, ), again as in Fig. 1. The
matching conditions (34) at the two null hypersurface
boundaries now imply

,8 = —b(em) sin(b(em)ul) = 0.

Again consider the behavior of neutral test particles in
such a spacetime with the additional interaction with the
radiation field deflecting them from geodesic motion.
However, now the radiation field is not a test field super-
imposed on a given gravitational background, so that the
treatment is self-consistent.

The observer decomposition of the radiation force of
Egs. (11) and (12) is formally the same as in Eq. (20), with
wg replaced by (e, and the parameter A defined as in
Eq. (13). The flat spacetime equations of motion (14) with
v = 8% acquire an extra term proportional to @ .y, which
explicitly depends on the coordinate u through s,

dv’ 2 2\ ,4 +
e —Aw(em)(l = V)V — @) YV tans
X (v2 4+ 92 + 12 — 1),
dv* s o .
d—l; = —Aw%em)(l — V)1 = @(em) YV tans
X (2 + 92 + 2 — 1),
do? 2 £\2 52 2 2
i Aol (1= V°)? + @(em)y tans(v7* + v2)(1 — 7).

(46)

These must be completed with the evolution equations for
t, x, y and 7 [see Eq. (39)], i.e.,

dr dx  yvt

dy y»¥ dz
dr

dr

Y dr coss’ coss’ dr
which can be integrated exactly, first reexpressing the
derivatives in terms of s through ds/d7T= @y y(1 — 7).

This simplifies the velocity equations to
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dvt A . vt . . R

i —;w(em)vx 1o ]UZ(V"2 + 152 + »* — 1) tans,

dv? A . y

a=——w(em)v>—1 I/Z( v + 92 4+ % — 1) tans,

dvt A s N .

di == Wem(l — %) + (»* + v?)tans. (48)
s

The corresponding solutions are then easily obtained:

_ v 10O~ Vi) (W(s)cos’s — W(0))

cos’s 1+ Ayq(l—
coss

Vf'o))(W(s)cost — W(0))

>

Vfo) )@ (em)S

vip9 11— 18] =
[ ==

X [vf), vy (1= vy )coss], (49)
where Vf’o) = »%(0) and
1 1(]+A7 (]_V2 )wems)2
W) =3+3 o — e (50)
Yol = 7p)

When A = 0 (geodesic case) the solution is still given by
Eq. (49) with W(s) = W(0). As in the previous section the
integration of the equations of motion has been carried out
by assuming that the interaction starts at a proper time
7 = 0 associated with s = 0, and that before the interac-
tion the test particle moves along geodesic lines described
by Egs. (6) and (7). Again the values 1/(0) refer to the
particle’s initial spatial velocity at the start of the interac-
tion, whose relation with the Killing constants (p,, p,, p,)
is still given by Eq. (5).
Using Eq. (49), the equation for s then becomes

1-7)w
ds _ Y0 (0)2 (em) ’ 1)
dr 1+ A’)’(O)(l - V(O))a)(em)s
whose solution is
1+ 2402 3 (1 — viy)?r — 1
¢ = \/ (em) 7 (0) (0) (52)

Aw(em) ')/(0)(1 - Vfo))

Equation (47) can then be integrated to obtain the solu-
tion for the accelerated orbit (see Ref. [5] for details)
leading finally to the parametric equations for the orbit in
terms of the coordinates (u, v, y, z) with u as the parameter
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s

= - _ 272
u Do Ap,,bfem)(l 1+ 2Ap3be. 7).
1 ri
— vy = + tan(b
VoY= 2<u b an( (em)u))
Ab?: u? A
~ e (1= S b,
zpv 3 em)
X—Xxyg= — bitan(b(em)u)
(em)Pv
YYo=y tan(b em)u), (53)
(em)Pv

with associated 4-velocity

U= e_f(em)(u){—pvau — [62§(em)(u) + p—i]

c08* (B emytt)

v

px pV
+ 0, + - d,t, 54
cos*(bemu) * cos?(bemu) } 54

where we have introduced the notation

elen®) =1 —Ap b2 u. (55)

V. TEST PARTICLE MOTION AFTER THE
INTERACTION WITH A RADIATION FIELD

Let us now consider a test particle emerging from its
interaction in region II with a yet unspecified radiation field
(including the flat case with a test radiation field) entering
the flat spacetime region III [see Eq. (33)] at the point P
with coordinates (i, vy, x;, ¥;) associated with a proper
time value 7;. Although the spacetime in region III is flat,
the metric functions F(u) and G(u) for both the case of
electromagnetic and gravitational wave do not have the
value 1 associated with flat coordinates. In fact, they can be

represented by
F(u) = a + Bu, G(u) = v+ du. (56)

Clearly, this representation also holds in the flat case with
a=1=1vy and B =0= 6. Standard Cartesian coordi-
nates must be obtained by two successive coordinate trans-
formations, namely (1, v, x, y) — (U, V, X, Y),

U =u, X = F(u)x, Y = G(u)y,
Voot %F(u)F’(u)xz + %G(u)G’(u)yz, 57)

for which 9y = 9, and then (U, V, X, Y) —

Uu+v Vv-U

V2 V2

Let us denote the specific 4-momentum in region III and
in (U, V, X, Y) coordinates by

(T) X) Y) Z)’

T= Z=

X=X Y=Y. (58)

2
1 av) + Qyiy + Qydy, (59)

\%4
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where Qy, Qy, Qy are constant. The emerging particle
4-velocity and the parametric equations for its trajectory
are then explicitly obtained (in both coordinate systems) by
imposing matching conditions at the boundary II-1II where
7 = 7, and will be discussed below in the three different
cases.

Finally consider a collection of particles labeled by their
initial coordinates x, and y, along the transverse directions
x and y to the wave propagation. Particles scattered by the
wave pulse will have different outgoing momentum
4-vectors, depending on their initial data. The matching
at the boundary II-III of the wave-zone and out-zone
4-momenta provide a map between the transverse compo-
nents of the 4-momentum in any spacelike plane associated
with the static observer’s rest space in the final Minkowski
region and the initial location of those particles in a similar
plane in the initial Minkowski region. Therefore, one can
define a classical differential scattering cross section asso-
ciated with this transverse scattering map in terms of the
outgoing momentum components as follows [3]:

d Oclass — dedyO = |J|dQXdQYr (60)

where J denotes the Jacobian of the transformation be-
tween (Qx, Qy) and (xo, yo).

A. Flat spacetime with test radiation field

In the simplest case of a test radiation field superim-
posed on a flat spacetime we find [see Eq. (26)]

QY = pye_g(lf)(ul).
(61)

Oy = pve—fm)(ul)y Oy = pxe—é"(nf)(ul)’

Thus the transverse differential scattering cross section
vanishes in this case. The effect of the test field on the
particle’s 4-velocity has been examined in Sec. II, consid-
ering the initial and final 4-velocity vectors, as given by
Egs. (3) and (26), in flat spacetime. In the case of a test
radiation field the vectors are related by a boost,

U—Ugy =AUy = (e é0lm) —1)
1

XI:_pv u_2 (_eg(‘f)(ul)_‘_pi)av

v

+pxax+py8y:|. (62)

The effect of the wave on the particle’s 4-velocity can be
also summarized by a boost if one considers both the initial
and the final 4-velocity vectors in the same flat spacetime.
We can write

U= vy(UUgwlUg + v(U, Ug)] (63)

with

PHYSICAL REVIEW D 86, 064016 (2012)

YU, Ug) =1 = U - AUy,

P(U()AU 64
v(U, Ug) = #, &)
where P(U(g)) projects orthogonally to U and the scalar
product here refers to the flat spacetime metric.

B. Gravitational wave radiation field

In order to obtain the values of the constant components
of the emerging 4-momentum, we first apply the inverse
coordinate transformation (57) to the 4-velocity (59). Next
we require the latter to match at the boundary II-1IT where
T=1, = —u/p, ie. at the spacetime point P; with
coordinates (u;, vy, x;, y;), with the wave-zone 4-velocity
(36) with functions F and G given by Eq. (32). By iden-
tifying the components there we finally get the result

QV = Pv
QX = Pv Sin(b(gw)ul)b(gw)xo + Px Cos(b(gw)ul)’ (65)
QY = "Dy Sinh(b(gw)ul)b(gw)yo + Dy COSh(b(gw)ul):

where the following relations have been used,

1[+p’2“t(b A", )]
v =—5|u +-—tan u,) +-—— tan u,
2p; b (gw) (&) b (gw) (e
+ 'U(),
X = — Px tan(b(gw)u]) + X0
b(gw)pv
p
1= — - tanh(b(gw)ul) + yo, (66)
(gw)Pv

to reexpress the coordinates at the boundary P; in terms of
those of P, associated with 7 = 0, where the interaction
between the test particle and the gravitational wave starts.
Note that also the flat spacetime coordinate frames
{0, 9y, dx, dy} and {d,, 9,, 9, 9,} have been identified
to make the comparison and that the momentum p,, is
conserved here.

The differential (transverse) scattering cross section (60)
is then given by

do®) — dQxdQy

class Dby Sin(b(gtty) sinh(bigyu)”

(67)

The effect of the wave on the particle’s 4-velocity can be
also summarized by a boost if one considers both the initial
and the final 4-velocity vectors in the same flat spacetime.
In this sense, by using Eq. (59) and its analogous for U
before the passage of the wave (i.e., with Qy, QOx, Oy
replaced by p,,, p,, py), we can write

064016-8
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U= Uqg = AUy

1
== 2pv (Qﬁ_ - Pi)au + (QX - px)ax
+ (QY - py)ay: (68)

as in Eq. (62), so that the relative decomposition U =
YU, Up)(Up + v(U, Uy) is accomplished with

Y(U; U(O)) =1- U(O) : Al](gw);
P(U()AUgw) 69)
1=Ug) - AUqy’

V(U’ U(O)) =

as in Eq. (64), where P(U(y)) projects orthogonally to U
and the scalar product here refers to the flat spacetime
metric. The direct evaluation of the relative velocity
v(U, U(y) follows straightforwardly from Eq. (65). Note
that Eq. (69) is the curved spacetime counterpart of
Eq. (29) of the flat case examined previously. For instance,
assuming x, = 0 = y,, from Eq. (65) we have

QX = Px Cos(b(gw)ul)’ QY =Dy COSh(b(gw)ul): (70)

and hence AU/, becomes

1 . .
AU(gW) = —g[—pﬁsm%b(gw)ul) + pismhz(b(gw)ul)]av

+ px[cos(b(gw)ul) - l]ax
+ pylcosh(bgyyu;) —1]0,. (71)

C. Electromagnetic wave radiation field

In the case of the spacetime of an electromagnetic wave,
the matching conditions at P; with coordinates
(uy, vy, x1, y1) give the following value of the proper time:

ug 1 2 )
=——\(1—=Ap,b . 72
Ti pv( 2 PuOemUi (72)

The relation between “in”” and “‘out” momenta in this case
is

Qy = pve—f(em)(ul)’

QX = [pv Sin(b(em)ul)b(em)xo + Px Cos(b(em)ul)]e_gtem)(ul)y

QY = [pv Sin(b(em)ul)b(em)yo + Py Cos(b(em)ul)]e_g(em)(ul),
(73)

where the following relations have been used:

PHYSICAL REVIEW D 86, 064016 (2012)

1 [ + —pi tan(b )]
vy = U Uy
2p3 b em) (em)
LAR2 2
5Ab? u 1
2 (em)™1
B (1 — §Apvb%em)ul> + vy,
__ Dx
x| = tan(b(emytt;) + Xo,
b(em)pv
Dy
yr=— : tan(b(em)ul) * Yo (74)
b(em)pv

The differential scattering cross section (60) is then
given by

(em) . ezg(em)(ul)dQXdQY

s p2bgsin*(bemyir)”

(75)

The effect of the wave on the particle’s 4-velocity can
be similarly summarized by a boost if one considers
both the initial and the final 4-velocity vectors in the
same flat spacetime, identifying {9, dy, dx, 9y} with
{94, 9y, 05, 9,} in order to make the comparison.
Expressing U in region III the same form as Eq. (59)
[but now taking into account Eq. (73)] and comparing it
with the original U, before the passage of the electro-
magnetic wave, we can now write the final difference as
U— U(O) = AU(em) with

1
AUemy=—(Qv = p,)d, + =———[(1 + p3
(em) (QV pv) u 2vav [( pL)QV

- (1 + Qi)pv]av + (QX - px)ax + (QY - py)ay'
(76)
Similarly, the relative decomposition U = y(U, U)) X
Uy + v(U, Uyy))) is accomplished with the equivalent of
Eq. (69). Here, the direct evaluation of the relative velocity

v(U, Ugy) follows straightforwardly from Eq. (73). For
instance, for x, = 0 = y, the difference AU, becomes

[(efeml) — 1)

1
AU(em) = _pv(e_{(em)(ul) - 1)au - )

v

+ pi(Cosz(b(em)u)e—;(em)(ul) ~ 1)]a,
+ (e_f(em)(ul)cOS(b(em)Ml) - 1)(px('9x + py()y)‘
(77)

VI. DISCUSSION

Let a massive test particle be scattered by a radiation
field filling a spacetime region and imagine that the source
of radiation is unknown. For the purpose of the present
investigation we have considered three different kinds of
radiation: a photon test field in a flat spacetime back-
ground, an exact solution of the Einstein field equations
for a strong plane gravitational wave (with single polariza-
tion state for simplicity), and an exact solution of the
Einstein-Maxwell equations representing the curved
spacetime associated with a plane electromagnetic wave.
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The effect of the interaction in all cases is a change in the
linear momentum of the particle from its initial state before
the scattering and the final state transferred to the particle
by the radiation itself. We have considered the comparative
scenario in which the interaction has a finite duration; i.e.,
the spacetime region containing the radiation field is sand-
wiched between two Minkowskian zones, so that the initial
state of the particle is assumed to be the same in all cases.
The final one depends instead on the properties of the
different radiation fields. In the case in which the radiation
field is represented by either a photon test field in a flat
spacetime or the self-consistent field of the exact electro-
magnetic wave, the interaction has been modeled by in-
cluding a force term a la Poynting-Robertson into the
equations of motion given by the 4-momentum density of
radiation observed in the particle’s rest frame with a multi-
plicative constant factor expressing the strength of the
interaction itself. The resulting motion is therefore not
geodesic in both cases. On the contrary, in the case in
|

PHYSICAL REVIEW D 86, 064016 (2012)

which the radiation field is represented by the gravitational
field of a single plane gravitational wave, particles propa-
gate along geodesics.

We have computed the boost (related to the simpler
specific 4-momentum difference AU) relating the initial
and final 4-momentum of the particle, Uy, and U, both
understood in the context of the flat spacetime zones which
sandwich the interaction region in between. For the various
cases and with the notation considered above, we have
found for the projection of AU on the transverse x-y plane

AUL, = (e~ %) —1)(p,d, + p,d,),
AUéW) = p.lcos(bgwyuy) — 1]9,

+ pylcosh(bgyyuy) — 119,
AU(ng) = (e~ 4em ) cos(bemu) — 1)(p,d, +p,d,),  (78)

whereas for the projection on the transverse u-v plane

1
AUy, = = 3 Lef ) = 1) & pi(emfo) = 1]a, = py(efo) = 1a,
1 . .
AUygw) == g[_p)zcsnlz(b(gw)ul) + p%snlhz(b(gw)ul)]aw (79)
1
AUllm) S g[(egem)(ul) — 1) + p2 (cos?(bemyu)e @) = 1)]a, — p, (e fem@) — 1)a,.
v

In the limit of small electromagnetic field compared to the
duration of the wave |bepy)lu; = \/ilw(em)lul <1 in the
final case of the exact electrovac solution field, one obtains
the same result as in the first case of a test field with the
same frequency wx = w() and therefore the same radia-
tion field energy-momentum tensor. In the gravitational
case the transverse change in the momentum involves a
rotation due to the deformation of the plane wave direc-
tions by the wave, while in the electromagnetic cases only
an overall scaling is involved. For the longitudinal changes,
the gravitational case lacks a component along 9, because
the motion is geodesic and 9, is a Killing vector field,

while in the other cases the force responsible for the
change in momentum itself has a covariant component
along 9,,.

This comparative analysis shows how the nature of
the interaction of massive particles with radiation fields
of different kinds strongly influences the scattering
process, in principle leading to detectable observational
consequences.
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