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The differential cross sections for scattering and photoproduction of gravitons by elec-
trons are calculated in the Born approximation. A technique is developed which is neces-
sary for determining on the basis of the pole graphs the contact diagram of an arbitrary
process involving gravitons with an accuracy to terms linear with respect to the graviton
momentum, The method is applied to the process under consideration. Low energy

theorems for the reactions are discussed.

1. INTRODUCTION

The scattering of a graviton by an electron and the
transformation of a photon into a graviton when it col-
lides with an electron (graviton photoproduction) were
considered within the framework of the usual scheme of
quantization of the gravitational field'™ in the lowest
(Born) approximation in x, where k = Y167G and G is the
gravitational constant. Mironovskii [2J has discussed
the photoproduction of a graviton on an electron, but the
expression he gave for the cross section does not agree
with the formula obtained by us. The t-channels of the
considered processes constitute annihilation of an elec-
tron-positron pair into two gravitons and into a graviton
and photon. The Born approximation for the last two re-
actions was calculated earlier by Vladimirov®). we
note that int?’%) they used a different procedure for ex-
panding the Lagrangian density in powers of k. How-
ever, as was verified by us, both procedures lead to
identical expressions for the matrix elements. An
analogous statement was made inf*] for the scattering of
a graviton by a scalar particle. The formulas obtained
by us for the cross section, after going over to the
t-channel, did not coincide with the analoguos results of
Vladimirov.

In a number of papers, the condition of gauge invar-
iance and certain assumptions concerning the analytic
properties of the amplitude of a process in which a
graviton takes part were used to prove the correspond-
ing low-energy theorems. Jackiw [5) has discussed the
low-energy theorem for the scattering of a graviton by a
scalar particle and has shown that the result obtained by
this approach is equivalent to the low-energy theorem
proved with the aid of dispersion methods. Zakharov
and Kobzarev(® considered the radiation of a graviton
upon collision of n particles with spins 0, 1/2, and k,
where K is an arbitrary integer. It was shown that the
gauge invariance makes it possible to reconstruct the
amplitude of the process accurate to terms linear in the
graviton momentum. In the present paper, the low en-
ergy theorems for the gravitational Compton effect and .
for the production of a graviton on an electron are dis-
cussed from this point of view.

We list briefly the necessary definitions and sym-
bols?’. The scattering matrix S is connected with the in-
variant amplitude of the process A by the relation

(27) %6 (2/, Pr= 2 pl)

S=1+i :

11 @] @per®

1 i
where pg and p; are the momenta of the final and initial

A,
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states. In the case when a graviton takes part in the
process, the amplitude A can be rewritten in the form

or A=Aska’(q’),

(1)
depending on whether the graviton is absorbed or emit-
ted in this reaction. Here h;,,(q) (hf(qa’)) is the polar-
ization tensor of the entering (emerging) graviton with
momentum ¢, (q{), having the following properties:

Bun(@)gn=0, PRmun(q) =0, Fhna(g)hna'(q) =1

A =Anhna(q)

Bonn(q) = hum(q),

(b}, (@) is the complex conjugate of the tensor hp,,(q)),
by n(a) determines the deviation of hy, ,(x) of the metric
tensor gy, (x) from the flat tensor

gMn(I) =6m,.+7€hm,.(1) (2)

(where 6,5, is the Feynman 6-symbol), in accord with
the expression

honn (2) = VEZ ( a6 h,,.(q) !

V2g0

+ate P ha. (q) é) .

VZQo (3)

We shall henceforth use only the chiral polarization ten-
sor hﬁm(q). It is convenient here to introduce in its
place the isotropic vector e, ":

)
The tensor Ay, (1) @s well as Ajy) is symmetrical and,
by virtue of gauge invariance of the amplitude A, it is
transverse[®J;

B (@) =€mEry  EmEm =0.

Ann=Amm, Amagn=0. (%)

In all the expressions where the expansion (2) is used
we use the Feynman summation rule, whereas in the
general-covariant expressions we use the ordinary rule.
The tensor index following the comma denotes the par-
tial derivative, and that following a semicolon denotes
the covariant derivative with respect to the correspond-
ing variable x1,

The plan of the paper is as follows. The Born ap-
proximation for the scattering of a graviton by an elec-
tron is calculated in Sec. 2. Similar calculations are
carried out in Sec. 3 for the photoproduction of a gravi-
ton. In Sec. 4 we verify the transversality of the ampli-
tudes obtained in Secs. 2 and 3, and in Sec. 5 we discuss
the low-energy theorems for the considered processes.

2. GRAVITATIONAL COMPTON EFFECT

The Lagrangian density of the interaction of the elec-
tron with the gravitational field is equal, as always, to
the sum of two terms: the Lagrangian density yg of the
gravitational field, and the density %, of the general-
covariant Lagrangian of the electronl®];
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Lin=2L+ 2.,
2= %"Y—gg* Ta'Tin™ — Ta"Thn'), (6)
L. =V—gl'i(By'Vep — $V.r'y) — my).
Here g = det|gjll; »! = )\%a)y(a), where )\(la) is a certain
reference, and ‘y(a-) are ordinary Dirac matrices;
V;w =1, i— I'ﬂp; ‘ﬂ’)’v. = {E, ot %I‘h
P—— av k

where Ty ng( )Y(b))\(a.);ik(b)k
is convenient to choose the reference in such a way that

it is uniquely connected with the metric tensor. This can
be done as int'?, and the result is

. For our purposes it

Mare = Vgas,
the square root being taken to mean in the matrix sense.

Substituting further (2) in (6) and expanding in powers
of k, we have

Po=L+ v+ LI+ ...,
L == (2hin, tha, v — 2k, b, i+ Rk — B B,
Lot =" (Bmn— /o8 nk) 8:abst + 8 nbihin 7)

+ kaﬁm ﬂhj!] (2hkm, jhln, i 2h)k !hm n, i
+ hm, nhj!, m h.ik, mhi!. n) ’
.Vzg is a certain polynomial of fourth degree in h;, and
h= hikéik'
For the Lagrangian density of the electron we have
analogously

P.=L+ P+ LI+,
L ="0i(Prod, i — B qwp) — mbp,
Lt ="hL. — ihia P @Y, i — D, YD),
L2 ="1s(h* — 2haha) L.+ / 16i (Bhahrs — 2hhi)
X (B, i — B, V@) + /1ei (hihai, x — hain, 1) PV 0P
+ sai (Beihsi, a — Roiftcs, o) DY @Yo Y1y
where ¥ @ = y ), (@) = ~Y(a) (@=1,2,3).

®)

The scattering matrix can be represented in the form
S=Texp [;j .?,-..z(z)dz] ,
and that part of the S matrix which is responsible for
the process considered by us is equal to
S = [l 22 @)+ 22@)0 )
— o'l [ dzdy[: 2 (2): +: 2.1 (2):1 126 (0): + L2 (0):)-

Applying Wick’s theorem to (9), we obtain the ampli-
tude for the scattering of a graviton by an electron in

the form
A*=Ar+ A+ At (10)

in accordance with the three types of diagrams I, II, and
III (see Fig. 1), which they represent:

Rl LGy TR N S
A= 2(psgq2) u(Pz)S,[ (e2'ps) 2 q2€2 ]u(pl)
2 (espy) (e2°p2) _ . VRPN
e ) [(eoptoeca]sue),  (102)
A= ®? 71 A( 2 ( ” [A_ P
" —mu(pZ) {ql €182") (pugs) — (e1877) [¢ ((e2'qy) (e4p1)

+(51q2) (51:'1?1))"' El (h'q:) (Pi‘]l) + Ez.(eiq:) (Pin) ]
+lei(e2'qn) + &2 (e1g2) 1 [ (81p1) (e2°q1) +(e1g2) (e2°p1) ]
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—(e182") (¢192) [;x (e2°py) + E:'(SiPl) + %al(slel.) ]} u(lh), (10b)

AI;I = l/z'xz(hﬂz.) ﬁ(pz) [2&;(82'171) + gl(sz.QI) + Sz'(sipi)

- ’/161(5182')"' ’/zgl;z'azlu(pl)v (loc)

where €1, €1, and q1y, are the initial polarization and
momentum of the graviton, €3;¢3), and qg; are the final
polarization and the momentum of the graviton, py; and
pg;j are the initial and final momenta of the electron.
The amplitude AC is gauge-invariant; a proof of this
statement is given in Sec. 4.

It is most convenient to calculate the cross section
with the aid of helicity amplitudes. To construct them,
we consider the two vectors®:

eu=[(a—3) (g1 + ¢q2)s
—t(py+ p2):] / 2[t(su—m*) ],
€21 = 2&imP1idudn
/ [t(su—m*) "™
s=(p+q1)?
t= (pn — 1-72)2 = z¢11 - 112)‘7
u= (P1 — lh)z.

(11)

€1j and ez have the following properties® [*!:
(e &) =By,
(84, p) =—((su—m*) /t)"™,
(e, pu) =0, (ew gv) =0
(p,v=1,2).
The last equation enables us tg construct from €y; and
€9 the polarization vectors e{" for both the initial and
the final graviton. We note, however, that €;; is symmet-
rical and €g9; is antisymmetrical relative to permutation
of the momenta qy; and qg;. Therefore, if we define the

polarization vectors for the initial graviton by the equa-
tion

e =(emien)/V2, (12)
then the analogous vectors for the final gravitons are®:
er” =(ewFien)/V2. (13)
We introduce the notation
O ! e mz;"(tu — (e (s m)
+2i(g2 + m) e wPrgugu]u(p), (14)

84++(q15 2 p1)

= ———31— a(p.)[(s—u) aa +tm — 2igy oPrgngulu(p).
(s —m?) (u—m?)
We then have for the helicity amplitudes of the graviton-
electron scattering
mz
4
, (su—m*)
4t
We confine ourselves to the scattering of only un-
polarized particles. Therefore in the calculation of
|AS_|* and |AS, |* we average over the initial electron
polarizations and sum over the final ones. As a result
we get

[A_1*=x

A =w? S~ (g1, g2 P,
(15)

c
Al =—x

84+(g1, g2 p1)-

(su—m*)?
8t* (s — m*)*(u — m?)

s[2(su —mt)—¢],
(16)

. og2
sl =t m (2m? —1).

(s —m?*)*(u—m?)*

In accordance with the general rules (seel'™), the dif-
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FIG. 1. Gravitational Compton effect on an electron The dashed line
represents the graviton.
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ferential cross section is expressed in terms of the
moduli of the helicity amplitudes in accordance with the
formula
! dt

o = e (1AL AL 1),
In this expression, we have already summed over the
final graviton polarization and averaged over the initial
ones. Substituting here (16), we obtain ultimately

do® (17)

% at {(su — m*)*[2(su — m*) —£2] +m®t* (2m?—t) ).

T8 £(s —m) (@ —mi)"
Let us express, finally, this cross section in the labora-
tory system (p, = (m, 0, 0, 0))

2 V) Ly Ly
G do I:mz (ctg‘Tcos‘—ﬂ- sin‘—-)

do* =
O T+ 0.(1—cos 0)/m]° 2 2

18)
L i) ) L) ) (

2 6_ inb 2 6 ___ snb_
+2mm‘(ctg ) cos 5 =+ sin' 2)+2m. (cos 3 =+ sin 5 )],
where ¢ is the graviton scattering angle and w; is the
energy of the initial graviton,

At low energies of the initial graviton w, < m, Eq.
(18) goes over into the expression

do* = szz( ctg % cos* % + sin* %) do, (19)
where expression (19) coincides with the nonrelativistic
formula for the cross section for the sca.t‘termg of a
graviton by a scalar particle. Westervelt[ 27 derived
(19) classically, assuming that the scattering of the
graviton is the result of the deviation of the isotropic
geodesics in the field of an immobile pointlike mass.

At high initial-graviton energies (w, > m), fairly
simple expressions are obtained in two limiting cases:

N V-
do*=G'm sin*(9/2) o< o (20)
G*m* m L) ‘VT
do* ——4——(1+ctg 7) do, ®> - (1)

We proceed now to consider two-graviton annihilation
of an electron-positron pair. Using the invariant form
of the cross section (17) and the cross-invariance of the
amplitude AC (10), we can write down immediately a
formula for the differential annihilation cross section

uk

do" = —
%= 128

@2)

ds {m®t* (2m? — t) + (su—m*)*[2(su—m*) — ]},

e—m) @—m) (-

4m?) ¢
The kinematic invariants in this channel take on the
values
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s=(p-—q)? t=(p-+tp)=(0:+ ) uv=(p-—¢),
where p_; and p, ; are the momenta of the electron and
positron, while qy; and qg; are the momenta of the out-

going gravitons. To compare the obtained expression
for the cross section (22) with the analogous result of(?d,

- we change over to the c.m.s., in which the annihilation

cross section is expressed. We obtain

dc"—«Gz do m®(e*+ p*)+ p®sin® 0 (e* + m* + p*cos® 9)
4 ep (m* + p*sin®0)*

where 6 is the angle betweenp_and q;, p = [p-|, and € is

the energy of one of the gravitons. Comparing (23) with

the corresponding Vladimirov formula, we see that they

do not agree. In the nonrelativistic approximation

(p = mv < m) we have

@3)

G*m* do

4 v’
In the relativistic approximation, just as for electron-
graviton scattering, we confine ourselves to only two
limiting cases:

do — (24)

2 2
do, G«Ln—,
2 p

GZ
do® = T p*sin® 0(1 + cos® 0) do,

do® =

o>
P

' 3. GRAVITON PHOTOPRODUCTION

For the photoproduction of a graviton we have
ginl=gl+g\'+ge(/l)y

where ¥, is the Lagrangian density of the gravitational
field (6),

Le(4) = V=g (il By (Vi— — B(Vit ied) yy] — mbe), (27)

and ¢, is the density of the Lagrangian of the electro-
magnetic field in Riemann space:

ied;)P

Y—g . u
= —— g FyF .
£y wngg wd’ it

(28)

Since the graviton photoproduction in the Born approxi-
mation is an effect of first order in «, it suffices to take
into account in ¥j,t terms up to those linear in k inclu-
sive. We have
ZL.(A) =L+ ePympd: + x Lt +  ane (hdiw — hm)iﬁ'Y(a)llJAi +...,

Ly=Ly +uLy +. .., 9

1
[
-?1 7FF“1IA'
L= al«‘i,ﬂ, iy hZ .

The calculations that follow are similar to those in Sec.
2. Without stopping to dwell on them, we present immed-
iately the amplitude AP for the photoproduction of a
graviton, an amplitude that can also be represented in
the form of three terms, each of which corresponds to a
definite type of diagram shown in Fig. 2:

V2m ex

(p:ke)

1~ -~
+?e'q] (p=£*) eu(py)

Ar=

@ (pe) [ (p2&°)

V27 ex _ ~ i .
gy B BIE @) [ e
1 ~n~
—798'] u(ps), (30a)
V2mex . ~ s
Au?=— ) @(p.) [e(e'k)
+2(eq) (k) — k(e'k) (ee*)
N. A. Voronov 955



— & (ee”) (k) 1u(ps),

An® = —‘Vﬂexﬁ (ps)
xe (ee)u(p),

(30b)

(30c)

where k; is the photon momentum, e; is its polarization
vector, and e.*ef; and g, are the graviton polarization
tensor and momentum.

The helicity amplitudes for the polarization vectors
(12) and (13) take the following form in the notation of
(14)®:

As? = —Vhnex ((su —m*) / 1), (k, g, 1),

_ (31)
Asy? = —Vanex((su—m*) [ 1)*S, . (k, g, 1),
and their moduli are
4.7 |2 = ———ﬂz—m’t(su —m) (2m® —t),
(s —m*)*(u—m?)*
(32)
142,12 = e (su =M o su— mt)— 1.

(s—-m*)?*(u — m?)? t

From this we get the differential scattering cross sec-
tion for this process

do? — et (Lt su—m* [( m* n m* )z
2 t (s—m?)? s—m? u—m?
m? m? 1 (s—m* u—m? (33)
M R e 1§
s—m* u—mt 4 \u—m* s—m?
In the laboratory system we have
? 2(6/2 il L L
d0P=GL cos* (8/2)do [mz(ctgzﬁcosz ——+sinz—)
m* [1+w{(1—-cosd)/m]? 2 2
(34)

+2me (cos‘; + sin“%) + 20° sinz%],
where ¢ is the angle between k and q, and w is the pho-
ton energy. Formula (34) differs from Mironovskii’s
result'®], At low photon energies (w < m), Eq. (34)
takes the form

(35)

do? = Ge* ctg® 23 (cos‘ % + sin* %) do.
Inf?? , the cross section for this case is equal to zero.
The reason is that no account has been taken of that part
of the amplitude (corresponding to diagram II of Fig. 2),
which determines the behavior of the cross section in
the nonrelativistic region.

At photon energies that are large in comparison with
the electron mass, there are two limiting cases, when
the expression for the cross section becomes simple:

) do m
dor = Ge o) MVQ,’ (36)
Ge* m ctg?(8/2) m
p— DAY i o>y —. 37
do 4 o sin?(9/2) v ® ( )

In the t-channel, i.e., for the process of graviton-photon
annihilation of an electron-positron pair, the s-channel
cross section (33) goes over into the expression

dot = exn? ds su—m' ( m? m? )z
2t t—4dm*l\s—m* u—m’ (38)
+( m? + m? )_i(s—mz_i_u—m’)]'
s—m* u-—m? 4 \u—-m* s—m?
Finally, in the c.m.s. (of the t channel)
Ge* p sin® 0 do ) 2 *sin'0
oS¢ P SMO® ey p(1+sin’e ——'———], 39
4 e mz+p’sin29[8 pi{1+sin’6) “m? -+ p*sin®0 (39)

where 6 is the angle between p_ and k, p = |p_|, and € is
the photon energy. This formula does not agree with the
formula obtained int* for the cross section of a similar
process.
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V4

FIG. 2. Photoproduction of a graviton on an electron: the wavy line
represents the photon, and the dashed line the graviton.

We consider the limiting cases for formula (39). In
the nonrelativistic approximation, whenp = mv < m, we
have

Ge*

do* = v sin® 6 do. 40)
In the relativistic approximation (p > m)
dor = 22 Lzz-sinzﬂdo, pcl, 1)
m P
Ge* m
do“=—z—(1+cosz(’))do, (-)>>—l;. 42)

4. RECONSTRUCTION OF THE CONTACT
PART OF THE AMPLITUDE

The gauge invariance means that the amplitude is not
altered by the transformation

e€5 — e85 T €05 T £:g: — fOr the graviton, (43)

(44)
It can be verified by direct calculation that formulas (1)
and (30) are invariant relative to the transformations
(43) and (44). For more complicated reactions, however
(e.g., with participation of hadrons), we can no longer
obtain an expression for the contact diagrams in all
cases. In such cases it becomes necessary to recon-
struct the contact part of the amplitude from the pole
part, using gauge invariance. This question was consid-
ered in'®, and also int®?,

.e;,—~ e;+ k. — for the photon.

In the present section we develop the technique neces-
sary for an unambiguous reconstruction of contact dia-
grams, accurate to terms linear in the graviton momen-
tum, and apply it to processes considered in Secs. 2 and
3. The agreement between the formulas obtained in this
manner for the contact part, on the one hand, with formu-
las (10c) and (30c) calculated in the Lagrangian formal-
ism, on the other, proves the gauge invariance of the
amplitudes, and demonstrates the effectiveness of the
method of reconstruction in the given approximation.

We start the reconstruction of the contact diagram
from pole diagrams with the simplest case—the photo-
production of a graviton, We express the amplitude of
this process in the form

AP = A7 penties.
The contribution to the divergence of the amplitude from
the pole diagrams is then

(45)

It is easy to obtain from this the contact part, since each
term in (45) contains q; raised to the first power:

G (A2 4) potetm = V200 e (P2} [—gie + 2 (eq) Y T /age]u(ps).
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Aboni= — V2m exii (p2) e* (ee*) u(p,),

which coincides with (30c), obtained by the Gupta
scheme. We note that (Am ik)cont®m s automatically
symmetrical. As shown by Zakharov and Kobzarev(®),
this is ensured by the momentum conservation law in
scattering. It can also be shown that AP ik‘:;elf: is
transverse in the photon momentum. ’

We proceed to consider the scattering of a graviton by
an electron. We introduce the definition

A= Amn #E1mE1nBa2i Ean’ .

For the divergence of the pole part of the amplitude,
corresponding to diagrams I and II of Fig. 2, we obtain
the expression

Qn(Ath )pale = /szﬁ(pz) [3/292181““ P + Ih)

— /2 (esp1) (Y(:)Qz + ‘Iz'Y(:))M — (pu+ p2): b1(‘3142)

- s;.e.(p. + pz, QZ) — Equ(S:PA) — “{(-)(81171) (Gin
+ uga(e:g) + V2 (84g2) 102y 0 11 (p1) ;

- (46)

¢
= Amq.ﬂlelmelu-

The reconstruction of the contact part of the amplitude
from the divergence (46) is not trivial. We need a cer-
tain statement, which we now proceed to prove.

Let the contribution to the divergence from the pole
diagrams be of the form

(47)

then the corresponding contact part is determined from
the formula

Ky=—"/.q (K + Kpa —

Kuguqy;

Ko — Koo+ Ko + Ku). (48)

In fact, Ky is symmetrical and has the correct diver-
gence. In addition, (48) takes automatically into account
the fact that q; and q; are on a par in expression (47):

Ky = ‘/z (Km + Kun') qi— A (Km + K.u) q— l/z (Km + KM:‘) q.

We shall prove the uniqueness of formula (48). Let Kjj
and Kj, be two different contact terms. Then their dif-
ference is symmetrical and transverse:

Ky — Ko =Ta,
It follows from (47) that
To=T, g,

Tugq.=0.

where Tl ik is a certain linear combination of Kjj;, hav-
ing the followmg properties:

T a=Tiw=—Txa.

The series of equations given below proves that these
properties of T; jx are contradictory:

Tha=-Trna=Tou=-T,u=-Ta
i.e., Ty ik = 0, which proves the uniqueness of (48).
Application of (48) yields

anlz(Eﬂz) Ing —Sn‘&‘»u&z,
- . . 49)
(81Qz)81qﬂ(4) - & (inem + q:».ul*lu) - 81‘]2(9“'{(&) + 31k'Y(i))~

The final expression for the contact part of the ampli-
tude coincides with formula (10c) for the non-pole dia-
gram obtained in Sec. 2. This means that A¢_is trans-
verse in the momentum of the outgoing graviton., From
the obvious equality

Ar:n.ih.(qu 92) = A:A.,mn('— qz — q:)

and from the preceding result follows the transversality
of AC min, 1k€21€2k with respect to the momentum of the

incoming graviton.
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5. LOW-ENERGY THEOREMS

We assume now that the divergence of the amplitude
acquires from the pole diagrams terms of the following
(third) order in q;:

Kim3rq:qme

Similar expressions can appear also in the divergences
of pole diagrams if (Amp)pole (1) depends in a compli-
cated manner on g; (for example, a graviton is emitted
following hadron scattering), and we expand the ampli-
tude in a series inq;. In this case the corresponding
contact part is no longer uniquely determined by its
divergence and by the symmetry condition. We can write
down several different formulas that satisfy these re-
quirements, for example

Km = —’/zd:Qm (Kmlm + Kkum - Klihm - thim + Khlim + Kilhm) '

Ko = *‘/zq;qm (Kim + Knitm — Kmllh - Kmm + Kt + Ku‘mlh) .

Subtracting one from the other, we have
(K; — Kz)ih =—qqn (Killhm] + Kh'[mh] - Klll[mi] — Km[.'m])

(the square brackets denote antisymmetrization with
respect to the indices). The amplitude corresponding to

this expression can be rewritten in the form
2R|‘klmKik[lm] = ZRmmemv (50)

where Ry, is the Riemann tensor, calculated with ac-
curacy O(q?). It is clear from the construction that (50)
is gauge-invariant regardless of the form of the tensor
Kikim >3- The same result can be obtained also from
other considerations. We stipulate that the expression
Kik€i€k be automatically gauge-invariant. The simplest
form of the tensor Kjy, satisfying this condition, is

Ko = Kiim1tan@mgns

where K, is arbitrary. Then
Kueier = Kiimynm€dmerdn = /i Kimnal in (q) Fra(q),
where Fy (@) = (€5, —
Ruin (q) = —'/-Fa(q) Fin(q) +0(g),
i.e., the final result coincides with (50).

€mdj)- It is easy to verify that
(51)

We have found that the uncertainty arising when the
contact term is reconstructed from the divergence of the
pole diagrams takes the form KikimRikim> Where Kjpym
is arbitrary. The presence of another graviton or a pho-
ton in the reaction enables us to refine the form of the
tensor Kjx;m (50). Let us discuss first the photoproduc-
tion of a graviton. The requirement of transversality
with respect to the photon momentum leads to the follow-
ing form of the residual term (50):

Fl‘;b (k)Ruum (q)Knb iklmy
am (k)Rmm (q)K ikly . (52)
ab(k)Ruw.(q)Kn
We have thus obtained that the nonsingular residual term,
which is automatically transverse in the momenta of the
graviton q; and of the photon kj, is quadratic in q; and is
linear in k.. This means that the Born approximation
(30a)— (3003 describes the photoproduction of the gravi-
ton with accuracy O(q®)O(k).

For the gravitational Compton effect, the residual
term (50) is equal to one of the following expressions:

R (q:)Rmm (q:)K
lem(ql) len(q.’.)

m, ny

. . (53)
abcd(‘la) Rmm (QZ) Kabcd ihlme
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Repeating next Jackiw’s arguments [5], which are based
on the assumption of cross-symmetry of the residual
term in the momentum conservation law, we find that for
‘the scattering of a graviton by an electron, Eq. (53) is of
the order of q‘i. It follows therefore that the Born ap-
proximation (10) describes with accuracy O(q3) the scat-
tering of a graviton by an electron. A similar statement
was derived inf**} with the aid of dispersion methods.
The classical cross section for the scattering of a gravi-
ton by an electron (19) corresponds to the part of the
amplitude that does not depend on the graviton energy.

We can formally make the arbitrary functions K in
(52) and (53) singular (singularity of type 1/(kq) or
1/@.9:)), i.e., we introduce the uncertainty (52) or (53),
where K, is already nonsingular into the vertex of the
emission of the a graviton by particles with spin
s = 1%, However, the accuracy of our predictions con-
cerning the Born approximation is then lowered, to O(q)
for photoproduction and to O(qzl) for the Compton effect.

The author is grateful to I. Yu. Kobzarev for useful
discussions and interest in the work, and to V. L
Zakharov for discussions.

D1t was assumed, following [!], that v -8 glk =ik _ Kylk, unlike (2),
where the deviation of the metric tensor from a flat one is considered.
D The notation used here coincides, in the main, with the notation of [7],

where the scattering of a graviton by a scalar particle was calculated.
) We assume thaty/xZ=|x |.
“Here & w is the Feynman symbols, and

therefore (e, ,€,) =(¢,,€,)=1;(¢,, €,) = 0.

91If we calculate the helicity amplitudes for the scattering of a graviton
by a scalar particle with polarization vectors (12) and (13), then we
obtain the following relation with the results of [7].
Ay = —A4, Ay = —Ayy,
where A, _ and A, , are expressions from [7].
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1t is interesting that the helicity amplitudes of photon-electron elastic
scattering are also expressed in*terms of the functions (14):
A= = 4ne?Si—(ky, k2, p1), A+ = 4ne?Siy (ky, ke py),
where kli (k2i) is the momentum of the initial (final) photon.
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