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We consider the gravitational and electromagnetic fields produced by a charged (or uncharged)
test particle moving in a Reissner-Nordstrm geometry as perturbations on the background
Reissner-Nordstrm geometry and its associated electric field, respectively. The gravita-
tional perturbations are expanded in tensor harmonics in the manner of Regge and Wheeler,
while the electromagnetic field is expanded in vector harmonics. Following a previously
proposed convention, we find that in the Einstein-Maxwell system of equations, electric
gravitational multipoles couple only to electric (TM) electromagnetic multipoles and
similarly for magnetic multipoles. It is possible to reduce the entire Einstein-Maxwell
system for each type of multipole to two second-order Schrddinger-type equations.

I. INTRODUCTION

The problem of gravitational radiation emitted
by moving bodies has had significant attention in
recent years (due in no small part to Weber’s
pioneering work in gravitational radiation detec-
tors). In 1957 Regge and Wheeler! outlined a har-
monic analysis for perturbations on a Schwarz-
schild background geometry. This was developed
by Thorne and colleagues,’ Vishveshwara,® and
others. Also, a suitable scheme to determine the
gravitational radiation emitted by a body moving
in a Schwarzschild field was outlined and a simple
self-adjoint (Schrédinger-type) differential equa-
tion was found to describe “electric” multipole
gravitational radiation.* Regge and Wheeler had
previously found the self-adjoint equation for
“magnetic multipoles.” These equations have since
been studied analytically® and integrated numeri-
cally® to yield results of astrophysical interest.

Concurrently, the problem of gravitational radia-
tion in a flat-space background has received signif-
icant attention and the combined problem of elec-
tromagnetic and gravitational radiation has been
analyzed.” However, much of the peculiarly gen-
eral-relativistic effects are slighted in flat-space
treatments. Thus we wish to look at the following

specific, consistent, and fundamental problem:
Consider a charged test particle moving according
to the Lorentz force law in a Reissner-Nordstrém
background geometry and find the gravitational
and electromagnetic fields produced by this test
particle as perturbations on the background elec-
tromagnetic field and geometry.

We decompose the gravitational and electromag-
netic field perturbations and their matter and cur-
rent sources into tensor and vector harmonics.
Just as there are electric and magnetic multipoles
for the electromagnetic field, there are corre-
sponding “electric” and “magnetic” gravitational
multipoles, and, with the proper choice of names,
only electric gravitational multipoles couple to
electric electromagnetic multipoles in the Ein-
stein-Maxwell equations and likewise for magnetic
multipoles. Then, for each type of multipole, de-
noted by the superscript e or m, we derive a
“superpotential” R¢;™ for the gravitational field
and a “superpotential” f&™ for the electromag-
netic field which satisfy equations of the form

dPRE™ 2 myplem
\)
arxe +(w® = VEV)RS™

=dfe™ fi&™ + grav. source , (1)
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azem (e,m)
dr*? +(w?- V(fm))f A

dRSe
=b(,,""")R(,_‘i;"')+c(L""')—d—f:— source.  (2)

These equations have been numeric y integrated
for certain specific sources: an uncharged test
particle falling radially into a Reissner-Nordstrém
black hole—this produces significant electromag-
netic radiation; a charged test particle falling
radially in, and a charged test particle in a circu-
lar orbit. The results are presented elsewhere.®

II. PERTURBATIONS ON A REISSNER - NORDSTROM
GEOMETRY

The combined Einstein-Maxwell equations de-
scribe the gravitational and electromagnetic
fields®:

Gy,=8m(T,,+E,),), (3)

(- 212 FHYy , =4n(= 2 20", (€Y

where the tilde denotes quantities associated with
the total electromagnetic and gravitational fields.
The corresponding quantities without the tilde re-
fer to the background Reissner-Nordstrém ge-
ometry

ds?py =—e’dt?+e " dr* +7*(d6* + sin®6d¢®)  (5)

and electromagnetic field

Fan=- %thdr , (6)
where
e’=1~ 2m, éz
r 7
and

~ 1 ,~..~ - - - =
Euu=E(gponuF0u "'%gqupano) .

Ty, is the matter energy-momentum tensor and
J* is the electromagnetic current. For a point
charge of mass m, and charge g,

- dz* de"
T“"=moj 6(")(x—z(s))% 25 9 (7

where z¥(s) is the world line of the particle as a
function of arc length, and

7=q [ o9zl DL s, ®)

where

ffff6(4)(x)(-g)1/2d4x= 1.

We wish to consider first-order perturbations,
8uv=8uy+hy, and F, =F, +f,,. Keepingterms
to first order we obtain
6G,,=8u(T,,+08E,,), (9)
o((-2)/2F*Y) ,=4n(-g)'/2J" . (10)
There are two parameters of smallness of the
perturbation: the mass », of the test particle and
its charge ¢. However, we can express the charge
as g=e€m,, where € is the charge to mass ratio
of the test particle. Given a charge to mass ratio
which need not be small, the perturbation, never-
theless, will be small if m, is sufficiently small
(so that ¢g=m € is also small). To first order,
g'v=g"" —n*?, where h*¥ =g"*g"Bhy, and (-2)'/?
=(-g)"/*(1+%g""h,,). Then, the Einstein-Maxwell
equations become
huu;a:a - (ku:v+kvzu)+2Rpuuth°l+ha°‘:#:u
- (R? ,hyo+ Ry, ) + Rhy,
"‘guu(kx: - hau; Az > 'Rashaﬂ)

=-16n(T,, +6E,,), (11)
((=g)"2f¥v) , =an(=-g)*/2(J* +5%), (12)

where k,=h,,’*. The quantities on the right-hand
side of Eqs. (11) and (12) are

OE,, =0EM +8E')
where

1
éElE,lll) =E[gpagOB(Fquov - %gu vgk)‘Fkacx)haB

+3F,0FPhy,],

1
6E§,’354—ﬂ[g"°(1«‘0,,fpu +Foufpv)

- %gu ugapgﬂo asfpo] ’

and
an(-g)*%j = [(-g)*(g " g P g +g" g P g®°) Fughypo

- %(_g)uzguagvﬂFth]' ve

We expand %, and f, in tensor harmonics. The
geometrical perturbations k,, are given in Table
I. The freedom to make infinitesimal coordinate
transformations allows us to set #, =0 in the mag-
netic multipoles and 4{? = #{¥= G = 0 in the elec-
tric multipoles (Regge-Wheeler gauge). The elec-
tromagnetic field harmonics are given in Table II.
Let f,, be derived from the potential g, i.e.,

f#v SQyu =,y -

Then, for magnetic multipoles,
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TABLE I. Tensor harmonic expansion of geometric perturbations k.

symmetry. Y., are normalized spherical harmonics.

The asterisks denote elements obtained by

magnetic multipoles:

~ Y,
0 0 -, 1 LM
siné o9
9y,
0 0 T
Il =
1
* * —_— X
ke 2sing ~L¥
* * *
-

electric multiooles:

i Y’
e"H)Y HiYpy P azéu
* -y (e) gﬂ
Nl = e"HyY y LS
* * r Z(K Y. u+G % >
* * *
L

where

8? ) 192
WL"‘(ae2 —cotd%g ~sin’e a¢’)Y“"

¥,
o sing—= T

oY
— LM
hysiné 20

—hy 3 Sing Wy,

~hy 3 sinf X,
22 Ly |

hgz) ru
o]

(le) %

o

1,.2
37 GXLH

R 8%, ,
r%sin’0|KY;,+G 07 Wik _J

TABLE II. Tensor harmonic expansion of electromagnetic perturbations f,;,,. The asterisk
denotes components obtainable by (anti)symmetry. Y, are normalized spherical harmonics.

The tilde (f ) denotes the angle-independent parts of f ,,.

magnetic multipoles:

~ 3 oy

0 0 02 1 LM

siné 9¢

~ 1 Yy

Ifwl=]° 0 25ing o¢
* * 0
* * *

electric multipoles:

)4
~ ~ . Wy
0 Sort¥ru 2 59
. ¥,
Ifwll=1|* 0 fe
* * 0

oY,

P LN
—fo2 smow
- oYy
—f128in6 20
f723 sinf YL”
0
) €3
fDZ 9¢
~ Wy
ftza_¢
0
0

|©



9 PERTURBATION ANALYSIS FOR GRAVITATIONAL AND... 863

a,=0,
a, =0,

7o )
L(L+1)sing ’

a =

——f23< oF ) sing L(L+1).

We denote by f,, the angle-independent parts of
fuy- The field equations £, x+fau,y +fyr,u=0
(or equivalently, the fact that f,,, is derived from
a potential) tell us that

= 1 9

fxz=m Yot (13)
z .1  9fa
f“’"L(L+1) ot (14)

For electric multipoles we have a,==f, Y4, @,
=—f2Y,u, a3=a;=0. Thus

Fu=n_Ya (15)

ar Bt

If we now substitute in Eqs. (11) and (12) the
Reissner-Nordstrdm values for F,, and g,,, we
obtain the perturbation equations. We write the
equations for the Fourier transforms of the field
functions (8/8¢——iw). For magnetic multipoles
(note that only magnetic electromagnetic multi-
poles couple to magnetic gravitational multipoles)
we obtain

v dhy_2i0

2,-v .
-we " h, +iwe
1 ar r

e Vh,
2y -2
+e’ v+’ +——->h1+2kr hy

=2e% "%, ~der2e U, + Ay, (16)

oy diyRiv,
dar’ ar  r *

2 >h0 +2x7r~2p,

=2 "*h,—der2e’f,+A g, (17)

dh

2iwe'”h0+2é”—;1+2e” v'h =4y, (18)

d dzza -
e’ —e” ar +wfps

& ——EZ-L(L+ 1)e?foq

=—:—2L(L+1)e (zwh,+r: :f2> 4rL(L+1)e’y ,
(19)

where A=3(L - 1) (L +2) and primes denote differ-
entiation with respect to ». The quantities A,,,

TABLE III. Coefficients of the harmonic expansion of
matter and current sources.

magnetic multipoles:

1 Yy
2ging 98¢ =-161Ty,
L ¥w__serr
A0 5ing a¢ o,

1
Azz 9 ZXLH"_]'G"TZZ s

sin
1 3YL!£
Ysine oo

=J2.

electric multipoles:
AgYpy=16TTgy, ApY y=—167Tgy, Ay ¥py=—16TTyy,

oYy oYy
Aoz 90 =—161I’T02, AlZ Y =—161YT‘2,

Ay Xpy=—167Ty3,
AgpYpy+Ap s Wry=-161Ty,
vY y=dy,

uYpy=Jdy

oYy
w5 =2

A, Az, and y are coefficients in the harmonic
expansion of the matter and current sources (see

Table III).
We also have the relations
o
Fip= _ar
2 L(L+1)
and
.w"
fe=~T(1+D"

Thus the electromagnetic field is determined by
one function which we call f7 and choose to be

f(l."lll)“L(L+1)fzs

Now, solve Eq. (18) for A, and substitute it into
Eq. (16). We obtain a second-order equation for

h, in terms of the sources and fi%. Equation (17)
is satisfied identically if the energy-momentum
tensor of matter plus the electromagnetic field has
zero divergence. In the case of a point mass-
charge this is equivalent to the requirement that
the motion of the particle satisfy the Lorentz

force law
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moDut = gF* uv

where D is the covariant derivative and u* =dz*/
ds. Define the function R\ (r) = (1/7)e"h, and use
the variable r* where dr*/dr=e”?, then

2p(m) (
S - 0.5

4zwe

&Y d (e’
ef ) == A tire’ — (7/422) )

Thus the problem is reduced to the solution of two
coupled second-order Schrddinger-type equations.
The matter source terms for a point test particle
are given in Table IV. Given a solution R\, %,
the metric and field functions are

Bypu=re "RYY,

1
Roru=- s (rR("')) +( )Az2 ,

(20) For=0
01 ’
while Eq. (19) becomes _ o
fo=—twfiu
2£(m)+ [L(L+1) 4¢° ] A ” i
dar*® 72 . df
f12 ’
e(L-1)(L+2) , (m
- iwr® ¢'Rru (m)
2= L(L+1)f7% .
€ 2w, _ v
Y2 Aun-dnely. The electric multipole equations are slightly
(21) more complicated. They are as follows:
2 2 6 4 2 2) 2¢? 4 -
SR ()l Yo G B0 o s,

4i 2 2
-2e7w 2K+—;Qe"’11l ;%-<u+ )dK 228"'H2

ar ar r

2¢®

22 4 -
L(L+ l)e"’Ho+Fe"K- "’Ho-?ee"’ atAu,

(23)

d’K 2\dK 2 dH d’H, 1\dH
— 2o~ VK —pV v 13 = ; 14 =2 - -v 1 v 2
rz[ we K —-e +e (u + > +zw(v +r)H w?e"VH, +2zw +e 7—°d +ev ( y)

ar

+ev<gy +%>% +2—:2L(L+1)(H2—Ho)+e <v +yi— )(H2 K)] =4efy, +Ay ,

(24)

TABLE IV, Harmonic coefficients for matter and current sources for a point particle: mag-
netic multipoles. T'(s), R(s), ©(s), ®(s) is the trajectory in Schwarzschild-type coordinates vs.
arc length (proper distance) s. The mass of the test particle is m; and its charge is q¢. The

quantity y =dT /ds.

matter:

Ap=16mmeylL L+1)]"'e™ @R /dt)o(r — R (£))[(1/81n60) (8Y /08 )d6 /dt

Ay =16mmg[L (L +1)(L —1)(L +2)]7'6( — R (¢))

—8in® (8Y},,/080)d% /dt] ,

x{(1/s1n0)X},©, ®)[([dO /dt )* — sin’© (d® /dt)*] —2 SinOW } ,(©, &) (d© /dt) % /dt)} .

current:

y=qIL (L +1)]"(r — R (¢)){(1/5in0)(8Y },,/88) O /dt) — sind (8Y ¥,,/0©) d® /dt)}
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. dK 2iw . , 2 2y’ 2 2) 2¢?

~2iw— -+ = Hy+iw (u -;)K— ev<_r_+7é>Hl-;,—2—Hl = it Ay, (25)

-e”%‘-in—inz—e”v'Hl=—§ e’ fi+Ag , (26)
.. dH, dK 1 1 -

—iwe Hl—-d—rg+z;_-— (%V’+;>H2— <%V'—;>Ho=—'r—2€ fetAn, (27)

Hy— Hy=Ay; , (28)

1d = 1 s e d -

7 o) = F UL e o= =55 50 (Hy = Ho— 2K) + 4ne™v (29)
. = 1 vz _lwe v

~iwfor~ 5 LIL+1)e"f 1, =5 5 (H, - Ho— 2K) +47e"u (30)

—iwe ™ F oy =L (V7 ) = 41w (31)

02 dr 12 .

We also have the homogeneous Maxwell equation

ildzf"'iwflz—f-m:()' (32)
Again, Ay, Ayy, Appy Aory Ay Arsy Agsy 0, %,
are coefficients in the harmonic expansion of the
matter and current sources (see Table III).

This set of equations may be reduced to two
coupled second-order equations just as in the case
of magnetic multipoles. We outline the method.
Substitute (28) into Eqs. (25), (26), and (27), elim-
inating the function H,. This gives us three first-
order equations for H,, H,, and K. If we substi-
tute dH,/dr, dK/dr, and dH,/dr as given by these
equations into Eq. (23) we obtain an algebraic re-
lation involving H,, H,, K, and the electromag-
netic fo,, fozs f12- We solve this equation for H,
in terms of the other quantities and substitute this
result into Eqs. (25) and (26). The remaining
Einstein equations are satisfied identically (as-
suming zero divergence of the total energy-mo-
mentum tensor) by a solution of the resulting pair
of equations which we may write as

dK -

7; = QW(T)K tw IBw('r)Hl +5;, (33)
-1 dH] - -1

w dr _Yw(f)K'*' w éw(r)Hl + Sz . (34)

The coefficients @, B, v, 6, are functions of » and
w, where

a, () = a(r) + W?a,(r) ,
Bu(r) =Bo(r) + w?By(7) ,
Yor) =7or) + WPy, (7) ,
8, () =8,(r) + w?8,(r) .

The quantities S, and S, contain f,, 7o,, fi, plus

the matter and current sources. It is possible to
reduce this pair of equations to a single second-
order equation. For the moment, let us turn to
the Maxwell equations (29)-(32). Equation (30)
gives f,, in terms of e”f,,, while (31) gives f,, in
terms of e’f,,. Equation (29) is satisfied identi-
cally if the current satisfies the divergence con-
dition. If we substitute these values of f,, and f,
into Eq. (32) we obtain a second-order equation
for e'7,, (denote e”7, by f'9)):

dz (e)

Ti%* [w? - e"rL(L+ 1)]f{%
_iwe , 2v (e
9,z ¢ (A23—2Ku,)+417[e u—dr*(e w)] '

(35)

Our task now is to reduce (33) and (34) to a single
second-order equation for a “superpotential” R(,f}
and to express K, in Eq. (35) in terms of R
and the matter sources.

A. Transformation of electric equations to a
single second-order equation

The idea is to find a transformation from the
functions H, and K to a new pair of functions K and
L, where K and L satisfy the following equations:

%=f4+§1 s (36)
Ll _ ., AR + 3
%-——[w -V@)]K +S, . 37

The new variable 7 is given in terms of » by d#/dr
=1/n(r). If we can find such a transformation, the
problem is solved since, letting R =K,,, we
have
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d’Ri%)
a7

+w?= VO RE =S, (38)

where S;, =8, + dS,/d?. Thus we wish to find func-
tions of  only, f(r), g(r), n(r), and k(r) such that
if

K(r) = fr)E@#)+ g (r)L(7),

W H, () =h()K(?) + k(r) L) ,

ar__ 1

ar n(r) ’

then K and L satisfy (36) and (37). Fortunately,
the problem has a unique solution. Let us use a
matrix notation for compactness. If we make the
definitions

([ K [aB _[S
lp_(w”lﬁ)’ A-<)’ 6), s'—(S:):

then Eqgs. (34) and (35) can be written

%‘f =AY+S. (39)
Let

wE) (5
then

Y=Fj . (40)
Thus

@_pd) d
=Fols dyz/) =Ap+S=AFj)+S

so that

g% = —n(7) F-*(‘fl—l: - AF) p+nlr)F's .

Thus, to satisfy our requirements, we want

n(r)F"(AF—Z—f) ( w9+v ;) (41)

Condition (41) gives us four equations involving f,
g h, k, n, Vinterms of @, B, y, 6. If we equate
separately the coefficients of w° and w? we obtain
eight equations plus the condition &f — gh #0 for

six functions f, g, h, k, n, V. The system is
overdetermined, but the functions «, B, v, 6 are
such that the system is consistent and has a unique
solution:

L(L+1)/2r ~ e*(3mr — 4¢€°)
g r(\r? + 3mr - 2¢°) ’

(42)

ZERILLI 9

glr)=1, (43)
k(r)=-ire™?, (44)
_ | 1=e""r(mr—€®) = Bmr - 4€°)

h(r)—-zl: A2+ 3my - 262 } ’
(45)
n(r)=e" . (46)

Thus our new variable # is just the variable r*
that we used previously for the magnetic multi-
poles. The effective potential for gravitational
perturbations is

L(L+1) 6m 8e?
V(z.‘)(r)=e"[—rz -5 tE

4 (3mr = 4e®)mr - €2) + e*7r*(3mr — 5¢?)

r A2+ 3my - 2€°

2 e’Bmr - 48)2]
7 (A2 +3mr-2€%)?%] °

We then have

(47)

dR ~
KLU =f(7‘)R (Lel)+ dr&*” - Sl ’

TABLE V. Harmonic coefficients for matter and cur-
rent source for a point particle: electric multipoles.
The Fourier transforms of these quantities must be used
in Eqgs. (16)—(50).

matter:
Agg =—16T mgye®r~25(r - R 1))YE (Q()) ,

Ag1=16TmeydR /dtyr~6(r - R (1)) Y, (Q()) ,
Ayy=~16mmyye™ @R /at)'r~*o(r - R (1)) YEu(Q(1)
Agp=-16Tmey[L (L +1)]7'e"&(r - R (t)) @/a)Y,(Q(1)) ,
A =—16Tmgy[L (L +1)]"%e™

X(@R /at)o(r — R (1)) @/dt) Y £, (Q(t)) ,
Ay =—817 tmgydlr — R (t))

x{@e/dt) +sin’e @s /@) Y}, Q1)) ,
Agy=—=16Tmgyr?[L (L +1)(L —1)(L +2)]"'6(r - R (¢))

x{2.x% (Q(t)do /dt)(@d%/dt)

+[Qe/dt)z - sinfe & /at) ) w ¥, ()} .

current:
v=—gqe’r~25(r - R 1)) Y (Q(1)),
u =ge™ dR /dt)r %@ — R ())YF,(2(2)),
w=q[L (L +1)]7'6(r - R (¢))d/d)Y},(R(2)) .
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where

8, =€’ (M2 +3my — 26%) 71 fi5) + Spatten

Sgmaten = _(1/5w)er*(\r?+ 3my — 2€®) ™ (344, +7 Ay) -

We may substitute this value for K, , in Eq. (35) to obtain the second-order electromagnetic equation.
Thus we obtain the following system:

dZR(e)

_dr—*Lz—! +(@? = VR == (A2 +3mr - 2¢8%) eV r "2 + m) + (207 + 3m)(\2 + 3my — 2€%) Y] (8e/iw)f ey
+ S{matten) (48)
azrie) L(L+1) 4e? 1 zwe dR{8 7 iwe
i {“’2 - e"[ P v P Ve ]}fﬁ T [f(r)R(e) +_L] 2% ¢ Aes
+1%€ S, +4ne” [e u—ﬁ(e w)] (49)
where the matter source term S ig
SEae0 =— i E% [e"7* (A% +3mr = 2€%) " H(3Ap; +7 M Agp) ] + €V T Ay,

-?"r (\r? + 3mr - 262)"(1/2iw)[ 7™ - 2ar +3m)(\r2 + Bmy - 2€%) M) Ay,
+(1/iwr)[ 2/7 = @Ay + 3m)(A2 + 3my — 2¢%) " — e"Vr " (A + 1) A e}
-e"r™Byy , (50)
where
B u=3e"7* (M2 +3my = 263" A,, + (2/7) A, + (8e/iwr®)dmw + (4e/iwr?)4nu] .

The other metric functions are

dR(e) R
Hypu=wh()R S‘,el} —iwre™” (—U—' - Sl> ,

dar*
i A2’ + mr(r = 3m) + 2me® — w’r® +(>L+ 1)nr - &) - w2r®
oLu (7% + 3mr — 262)e” LU G or(W? + 3mr - 2€7)

d - .
_?—z-r()xrz +3mr - 2e2)“<7’;%+ f(")> = By + (e’ v'r*/4i0)(\r2+ 3mr — 2€°)7'A,,.

The electromagnetic field functions are fourteen equations to a pair of second-order Schro-
2 ey o) dinger-type equations for two functions—one which
Fe=e"fru determines the gravitational field and one which
Fo= 1 dfis 4n w determines the electromagnetic field. We have

=TT T T ’

iw dr* iw found the effective potentials for each case. Nu-
- . merical integrations of the equations for certain
For== (1/iwr®) LIL+ D)fa+ (e/r)K L cases of interest—charged and uncharged test
—(e/2r¥)A,; - (4n/iw)e’u . particles in various orbits are being carried out.
Note added in proof: Vincent Moncrief points
out that the magnetic multipole equations may be
decoupled by a simple linear transformation.

The matter source coefficients for a point mass-
charge are given in Table V.

III. CONCLUSION
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This paper will deal with the high-energy tip of the synchrotron spectrum. Specifically,
we consider exact relativistic wave functions of an electron in a transverse magnetic field
as the basis for the calculation of the transition rate to the ground state.

I. INTRODUCTION

Several articles!™® and at least one text® have
been written dealing with the quantum-mechanical
description of an electron undergoing synchrotron
radiation. The general picture” is that an electron
moving in a transverse magnetic field occupies
a definite set of energy levels with energy eigen-
values

E,=mc*[1 +2n(H/H,) +v?]''?, (1.1)
where
n=n,+S+§, (1.2a)

n, =principal quantum number (0,1,2,...),

(1.2b)

S =spin quantum number (+3), (1.2¢)

H =magnetic field strength, (1.24d)
2.3 )

H,= "’eﬁ” =4.414X 10" gauss, (1.2¢)

Y3 =ps/mec, (1.2f)

ps=component of electron’s linear
momentum along H, (1.2g)

and m, ¢, e, and # have their usual significance.
Spontaneous radiative transitions are allowed
between these energy levels. These rates have
been computed in first® and second* order by time-
dependent perturbation theory. The matrix ele-
ments which enter in the calculation of the transi-
tion rates between initial state » and final state
n’ are essentially Laguerre functions, I,,(x),
where the argument

x = A sin®6 (1.3)
contains the following parameters:

0=polar angle in the system of spherical
coordinates where H is parallel to the
z axis and the electrons initially move
in the x-y plane (the component of the
emitted photon momentum along His
proportional to cosé), (1.4a)

A =(Hy)/2H) (v, = vp Vs (1.4b)



