ANNALES DE L’I. H. P., SECTION A

L.BEL

J. MARTIN

Predictive relativistic mechanics of systems of N particles
with spin. I1. The electromagnetic interaction

Annales de I'l. H. P, section A, tome 34,n°2 (1981), p. 231-252
<http://www.numdam.org/item?id=AIHPA_1981__34 2 231_0>

© Gauthier-Villars, 1981, tous droits réservés.

L’acces aux archives de la revue « Annales de I'. H. P, section A » implique
I’accord avec les conditions générales d’utilisation (http://www.numdam.
org/conditions). Toute utilisation commerciale ou impression systématique
est constitutive d’une infraction pénale. Toute copie ou impression de ce
fichier doit contenir la présente mention de copyright.

NuMmbDAM

Article numérisé dans le cadre du programme
Numérisation de documents anciens mathématiques
http://www.numdam.org/


http://www.numdam.org/item?id=AIHPA_1981__34_2_231_0
http://www.numdam.org/conditions
http://www.numdam.org/conditions
http://www.numdam.org/
http://www.numdam.org/

Ann. Inst. Henri Poincaré, Section A

Vol. XXXIV, n° 2, 1981, p. 231-252. Physique théorique'

Predictive relativistic mechanics
of systems of N particles with spin.
II. The electromagnetic interaction

by
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Institut H.-Poincaré, 11, rue P.-et-M.-Curie, 75231 Paris Cedex 05 (France)

and

J. MARTIN
Universidad del Pais Vasco. Departamento de Fisica, Alza, San Sebastian (Spain)

ABSTRACT. — In a preceding paper we have developed the Predictive
Relativistic Mechanics of systems of particles with spin. In this paper we
apply our general results to the case of systems of spinning, electric poles-
magnetic dipoles. As a test of our formalism we derive the classical version
of Breit’s Hamiltonian.

1. INTRODUCTION

In an earlier article [/], which we shall hereafter refer to as BM, we have
expounded the theoretical foundations of Predictive Relativistic Mechanics
(P. R. M.) of isolated systems of particles with spin in interaction. The
object of the present work is to apply the results of that article to electro-
magnetic interaction. For this purpose we shall assume that the particles
in the system are electrically charged and possess a magnetic moment
considered to be associated with a spin or intrinsic angular momentum in
the standard form. Hereafter we shall use the term electric pole-magnetic
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232 L. BEL AND J. MARTIN

dipole to designate this type of particles. Furthermore the term motion,
with reference to such an object, will include both space-time motion and
the evolution of the magnetic moment.

Section 2 discusses the results obtained from Classical Field Theory
for the interaction of two EP-MD’s. To this end we shall divide this Section
into three Subsections, the first of which will be concerned with calculating
the electromagnetic field created by a EP-MD undergoing a known but
arbitrary motion. The second will consider the equations of motion of a
EP-MD subject to the action of an external electromagnetic field. These
equations involve two coupled systems of differential equations; the first,
of the 2nd order, determines the space-time motion of the particle and is
obtained by adding to the Lorentz force the force exerted by a field on a
magnetic dipole; the second system, of the first order, determines the evo-
lution of the magnetic moment and is a trivial generalization of the well-
known equations of Bargmann, Michel and Telegdi [2]. Finally, in the third
Subsection we assume that the external electromagnetic field in the previous
Subsection is precisely the field calculated in the first one i. e., that which
creates another EP-MD in arbitrary motion. We examine then the possi-
bility of obtaining equations of motion for the system of two EP-MD’s
in interaction. As in the case of two simple electric poles, we conclude that
the Lienard-Wiechert type of equations thus obtained are only useful
as « boundary conditions ».

In Section 3 we study the interaction of two EP-MD’s (assumed to be
isolated from the rest of the objects in the Universe) from the point of view
of the theory expounded in BM. For this purpose we first consider that this
interaction is described by a Projectable System in the sense of the defi-
nition 3.2 in BM. We then suppose that both the 4-accelerations and the
« 4-precessions » of the particles are developable in power series of the
parameter which is the product of the electric charges. In this way, as in the
case of particles without magnetic moment [3], it is possible, using the
« boundary conditions » considered in Section 2 to obtain unique expres-
sions for these quantities. In the present work we shall limit ourselves to the
first-order calculation of these series for reasons of simplicity, and because,
as we shall see, this is already a significant approximation. We believe,
nevertheless, that the second-order calculation, even though exceedingly
laborious, could lead to results of great interest.

Section 4 constitutes a direct application of the results obtained in the
last part of BM. To this end, we make use of the first-order expressions for the
4-accelerations and « 4-precessions » calculated in the previous Section,
to obtain, likewise in the first order of approximation, the expressions for
the total Linecar Momentum and Angular Momentum of the system of
two EP-MD’s. We also calculate in the same order of approximation the
corresponding simplectic form.

Finally, in Section 5, we carry out a development in power series of 1/c

Annales de I’Institut Henri Poincaré - Section A



PREDICTIVE RELATIVISTIC MECHANICS OF SYSTEMS OF N PARTICLES WITH SPIN. 1I. 233

(c = speed of light in vacuum) of some of the quantities relative to the
Projection (see BM) of the approximate Projectable System of previous
sections. This process leads in particular to the obtaining of the classic
version of the well-known quantized hamiltonian of Breit [4, 5]. We consider
this result as a good test of reliability for the more general ones which are
presented in this paper.

2. INTERACTION OF TWO EP-MD’S
IN CLASSICAL FIELD THEORY

A. Field created by a EP-MD.

Let us consider Minkowski’s space time .#, referred to a Galilean sys-
tem of coordinates { x*} («, B, 4, , ... = 0, 1, 2, 3), where x° = ct repre-
sents the time coordinate and { x* } (i, j, k, ... = 1, 2, 3) the space coordi-
nates. Let there be then a EP-MD performing a known but arbitrary motion,
whose space-time part is described by the following curve of #,:

Xz = D7) 2.1
where the subindex a’ serves to individualize the object and where we
choose 7 in such a way that:

s = —mic ., (=%) @.2)

1. being the metric tensor of .#, and m, the mass of the particle consi-
dered [6]. Let us assume also that che evolution of the magnetic moment
is described by the following functions:

M = Qi(v), (2.3)
where M* is, for each value of 7, an antisymmetrical tensor orthogonal
to the trajectory of the particle [7], i. e.:

Q¥ ., =0 , Vr (2.4)

Thus M} is in a one to one correspondence with the following 4-vector,
which will play the role of magnetic moment,

*

. 1 B2
MZ' = Qi""q)a'}. = — 2’7"1 ﬂq)a'}.Qa’aﬁ’ (25)

#**# being the Levi-Civita tensor [8]. Note that, according to (2.5), the
4-vector M}, is trivially orthogonal to the trajectory and so space-like.
Let us now see what is the electromagnetic field created by the previous
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234 L. BEL AND J. MARTIN

EP-MD. For this purpose we first consider the associated current, of which
the expression in any point (y*) of .#, is as follows:

J0) = e f 63 81 - 04 — mie f Qi)
0
5300 = UL 2.6

Moreover, using the Lorentz gauge and taking into account Maxwell’s
equations, the electromagnetic potential A, is, as is well known, determined
in each point (x2) of 4, by the following expression:

AL(xEs &) = f My Deof(x% — ¥°).J5(5°), @.7)
where:
n,=dy° A dy' A dy? A dy? (2.8)

represents the volume element of .#,, and where:

D(z)(xﬁ —)°) =2.0[— &(x] — yo)]-5 { (xar — J’;.)(xa/1 - y;') b 2.9
represents the retarded (¢ = — 1) or advanced (¢ = + 1) Green’s propa-
gator, 0 being Heaviside’s step function. Let us also remark that the sub-
index a serves to distinguish between the field point and the source points.
So, substituting (2.6) in (2.7) and carrying out the integrations in the
standard manner, we finally obtain [/0]:

a’ ' aa’ "“aa

3 p ea’ -17-17
AS(XPs8)= Zmy 1 g — - I
c 4
-~

Mo — Lt 1R n2 2 4 G T 2.10
& aa’_Ema’ ¥’ aa'(ma"c + aa’p aa') ’ ( . )

where the following notations have been used:

1%, = Xt — ©%(z,) @.11a)

m = 0i) , 0% = 9, (2.11b)

M = Qi(r) , MM = Q) @.11¢)
~ 8 -~ -~

Foor = nnnaa’plga’ > 0’ (led)

a’

7, (¢ = + 1) being two values of the parameter 7 defined as:

Twd2n =0 , &2 <0, (2.12)
that is, the values of the parameter corresponding to the points of inter-
section between the curve (2.1) and the half past (¢ = — 1) or future

(¢ = + 1) light cone with vertex at the point (x9).
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PREDICTIVE RELATIVISTIC MECHANICS OF SYSTEMS OF N PARTICLES WITH SPIN. II. 235

Observe that if the particle describes a straight line of space-time and the
spin remains constant, the expression (2.10) is reduced to the following
in the appropriate referential:

A%, = e r;}! (2.13)
A = — i-r;,?l',,’,,, AM, (2.14)

where TM, is the three-dimensional vector joining the source point and the
field point and where the symbol A denotes here the usual vector product.

Furthermore we have put r,, = \/ 75,, In formulae (2.13) and (2.14)
we identify, respectively, the classical scalar potential and vector potential
created by a EP-MD at rest.

From expression (2.10) we obtain the electromagnetic field tensor
F%(x®; ¢) with the usual formula:
OAl.  0AL

af —
Far(xa; ) axaﬁ 0X,p "

(2.15)

In calculating these derivatives we should bear in mind that from (2.12)
and (2.11d) it follows that:

or, _& _1o Po1pe

Iy ¢ m, 2a’s (2.16)
with which we obtain from (2.11 @) and (2.11 d):
alza’ -7 & _ —-1 a ﬂ
5}—%—”——11 —Zma,r A 2.17a)
a;;a € 1 ﬁ 1 =21
=-my T + m raa (m aap aa)l (2I7b)
0X,p

Thus, deriving (2.10) taking these results into account, we obtain [/0]:

aAa' e. _ 1 AN A
ax" = — -C—f'i m, ,2r -2 sn n « — 80a - ;ma’lraa'lLaa’nZa laa'
ap
1~_ 1 _~_ 1 i~
+ cr z(stg - Em 1 1L Maﬁ + 5 c 3 My 1ra 3 Taa nMg:lga

1 T TP 3 _qAS_ g A~ ~
+ c"_zma’lraa?laa'u Mudoﬂ ( M‘m - cma'lraa'lLaa’Mg:')nfa'
1
na —1 -1
(Maa - scm aa’ ona plp M‘m lga'
+ z mg: raa’Laa’ EML‘;’ - Ema' raa’Laa’Mz:’)lfa' ’ (2 18)
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236 L. BEL AND J. MARTIN

in which we have used the following notations:
Low = m2c® + Oy )10 (2.19)
0 =05z) , Mi = Q). (2.20)

By substituting (2.18) in (2.15) we arrive at the desired expression of

the electromagnetic field tensor at point (x%). Observe that in this expression
we encounter as new elements with respect to the potential (2. 10), the super-

acceleration 9';‘, and the « superprecession » ML‘Z, of the EP-MD in the
retarded (¢ = — 1) or advanced (¢ = + 1) position.

B. Action of an external field on a EP-MD.

Let us now consider a EP-MD subjected to the action of an external
electromagnetic field which we shall designate F*. The object of the present
Subsection will be to expound and comment on the equations of motion
of this object for such a situation.

Regarding space-time equations of motion, we shall use the following:

dx;, "
e 2.214)

dnﬁ €, ap 1 ap -2_a_pf P o'aF"v
;; = '(:__ F Tap + 2:2 (11 + 7, Ttana)r’pauvnaMa axg

where x; represents the position of the particle and e, its electric charge,
and also make use of the notation n} = — n%r,,. Furthermore the vector M
represents the corresponding magnetic moment, which is assumed to be
orthogonal to the object’s trajectory, in other words,

Min,, =0, (2.22)

whereby it has no time component in its own instantaneous referential.
Note that, in view of the structure of the second member of (2.21 b), the
quantity n? is trivially a first integral of system (2.21), to which we shall
always assign the value:

(2.21b)

72 = m2c?, (2.23)

m, being the mass of the particle. This choice of value for 72 is equivalent
to interpreting the parameter t so that the product m,t is the proper time.

The justification of equations (2.21) offers no difficulty once the rela-
tions (2.22) and (2.23) have been imposed. In fact, writing (2.21 b) in the
particle’s proper referential, we obtain trivially:

dv 1 0B’

m, G = e+ My 5= (2.24)
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PREDICTIVE RELATIVISTIC MECHANICS OF SYSTEMS OF N PARTICLES WITH SPIN. II. 237

where v’ represents the velocity of the particle and where (E’, BY) are the
electric field vector and magnetic field vector respectively; as can be seen,
the second member of (2.24) coincides with the classic force exerted by an
electromagnetic field on a EP-MD at rest. Thus the second member of
(2.21 b) is, except for one factor, the sum of the usual Lorentz force and
another term representing the covariant expression of the force exerted
by a magnetic field on a magnetic dipole.

Now let us deal with the equations of motion relative to the magnetic
moment. Here let us assume that the EP-MD considered possesses an

intrinsic angular momentum or spin described by a vector S%, to be related
to the magnetic moment vector M”% by the standard formula:

e
b=1, 28" 2.2
M =, oS 2.25)
A, being the giromagnetic coefficient of the particle. We shall use then as
equations of motion the so-called equations of Bargmann, Michel and
Telegdi [2, 11], which can be written as follows:

dsa = Aaea —l‘znausavF”vTCZ - Sa"FW‘) + 7.[a_zsﬂﬂ;.cf:‘r‘:a“:’ (226)

— = 2(n

dr 2¢c

o

where, naturally, 7.1,, is given by the second member of (2.21 b). Let us
observe that (2.26) allows us to deduce immediately that the quantity
(n,S,) = 58S, is a first integral, and this result fits in with hypotheses (2.22)
and (2.25). What is more, in consequence of this, it turns out that the quan-
tity:

s2=S,,5! 2.27)

is also a first integral of (2.26), i. e., the modulus of spin is a constant of
motion as was to be expected. For this reason from here on we shall not use
the spin vector S; but the corresponding unitary vector 7%, so that:

So = 5,95 (2.28)

Let us point out, finally, that by writing equation (2.26) in the particle’s
own instantaneous referential the following is obtained:

d§,, Aa 2z
E;'—'Z—;nTCSaAB, (2.29)

which is the well-known classical equation of spin evolution.

C. Lienard-Wiechert equations for two EP-MD’s.

Let us now consider an isolated system of two EP-MD’s in interaction
and analyze the « equations of motion » given by Classical Field Theory.
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238 L. BEL AND J. MARTIN

To obtain these equations it is enough to assume that the electromagnetic
field tensor F**, which appears in equations (2.21) and (2.26) in the previous
Subsection, is precisely the tensor F%'(x,; €) calculated in Subsection A,
making subindices a and a’ necessarily take the values (1, 2) with a # a'.
The formal result thus obtained, taking into account expression (2.18)
and equations (2.21) and (2.26), is the following:

~ -~ ~
) .

dn -~ -~ -~ -~ .. .o
EC- = wu( aa’ 5> Ta> Taa’ 5 Ya> Vaa’ 5 oaa’! Aaa’ 5 0aa s Aaa s au > Aaa’) (230 a)

% = ZZ(laa’ 5 Tas Tag 5 Yas Yaa’ eaa” Aaa' > oaa" Aaa’ 5 oaa" Aaa’)’ (230 b)

)

where W; and Z; are known functions of their arguments, in which the
4-vectorial Greek index has been omitted to simplify writing. What is more,
the following evident notations have been utilized:

Vie=¥i) , AL =W¥i() , AL =¥ik) , AL =W¥ig)

(2.31a)
62, = $%(), (.31b)
where, in line with (2.28), (2.25), and (2.5) functions ¥;.(t) are such that:
€4'Sa’ \ga — _1_ aBuv ¥
A . Yo = = 51 P Qurs (2.32)
or inversely:
€,Sy i
Qiw = “ e Muras D% WE.. (2.33)

~
.

It should be pointed out that the supersuperacceleration éaa’ and the super-

superprecession .A.aa, in equations (2.30) arise from the derivative of the
tensor field, which appears in the right-hand member of (2.21 b) and
consequently also in (2.26). This derivative was not explicitly calculated
in Subsection A, since it gives rise to an expression of excessive length.
Nevertheless it will be calculated in the next Section to a certain approxi-
mation.

Equations (2.30) are not equations of motion in the ordinary sense,
but rather a differential system with retarded (¢ = — 1) or advanced
(e = + 1) arguments and also of the so-called neutral type, for which the
existence and uniqueness theorem is not verified. This situation is not new
as it already appeared in the case of simple electric poles, but the compli-
cation is now greater due to the presence of first and second derivatives
of §aa, and K,m,.

The interest of equations (2.30) arises, however, as in the case of spinless
particles [3], from their utilization as « boundary conditions ». That is to
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PREDICTIVE RELATIVISTIC MECHANICS OF SYSTEMS OF N PARTICLES WITH SPIN. II. 239

say, for the determination of ordinary equations of motion whose solutions
will satisfy these equations of motion. It is in this way that they will be used
in the following Section.

3. FIRST ORDER PREDICTIVE INTERACTION
OF TWO EP-MD’S

As before, let us consider an isolated system of two EP-MD’s in inter-
action. We will now assume that this interaction is governed by a Projectable
System in the sense of theorem 3.2 of BM, that is, by a differential system of
the following type (with obvious notations):

dx; ] dﬂ?: LB un v
\ E[' =T, dt - ea(xb’ Tes ?d) (3 1 a)
(a, b,c,d=1,2)
Ba _ s v
( zly? = Aa(x’;9 TC’:, J)d)’ (31 b)

where functions 67 and A; must satisfy the two following groups of equa-
tions:

Tap00 = 0 (3.2a)
275,,‘,Af,’ + 7,08 =0 (3.2b)
Yol =0 (3.2¢)
a0, a6’ 00,
— 0 —-+ Al =0 3.3
ox** on* + oy*”* (3.39)
(@' # a)
oA, 0A;, 0A;
e — + 00—~ + AL, —2 = 0. 3.
| Ta 6x"”+ 6n“”+ “ oy (3.3)
As we know, equations (3.2) imply that the six quantities 77 = — ToMaps

(m70) = 7,,¥5 and 92 = 99y, are first integrals of system (3.1). Regarding
the last four, we shall always assign to them the following values:

(n,,y,,) =0 , VZ =1, (34)

so that the number of independent initial conditions is reduced to 20.
As for the first two integrals 772, these will be interpreted a posteriori so that
the quantities:

m, = ¢ 'n, 3.5)

will represent the masses of the particles.
We shall also assume that functions 8 and A are developable in power

Vol. XXXIV, n° 2 - 1981.



240 L. BEL AND J. MARTIN

series of the product g = e.e,. of the electric charges of the two EP-MD’s,
i. e,

00

0; = Zg”ﬂﬁ("’ (3.6 a)

n=1

AL =

N\s

gAY, (3.6 b)
n=1

where both functions have been made to be zero for g = 0.

We will limit ourselves to the first order calculation of series (3.6),
making use for this purpose of the supplementary condition that the solu-
tions of system (3.1) should verify the « boundary conditions » (2.30)
of the previous Section. To this end we shall begin by writing out these
equations (2.30) to the first order of approximation in g, that is, obtain
functions W%* and Z* (with obvious notations).

In accordance with (2.18), (2.19) and (2.23) we have:

0A;.
0x,p

-2 /\ﬂ ~ /\_1/\” ~,
~ = ea'n“a’raa’(snaa' + Moot aa’laa')naa’
Taq uyaa v

-~
— -3 aﬂ,u
ila’ea’sa’naa aa'll

-~

3 - ~
+ 3 )' €q'Sqa’ Tcaa’raa (gnaa + Toq! raallp )?] # plaa unaa’v’}’aa’p’ (37)

where the symbol ~ denotes equality excepting higher order terms in the
electric charges. Now, substituting (3.7) in (2.15) we get:

~

~— T8 T -27°-3 aﬂpv
Faﬂ ~ = €y Tl.' aa’ (l aa‘naa - lﬁa’naa’) + )' 'e § ‘naa’raa n Taa u?aa v
3 -4 17 Buvp
+ ;[' 'e S, 'naa’raa {(ETCM + naa raa l )’1

(anaa + Tcaa r aall ﬂ )’vap } laa’unaa’VYaa'p’ (3 . 8)

Let us now calculate the derivative of (3.7) with the same order of approxi-
mation. Taking (2.16) and (2.17) into account, we find:

%A%,
0% ,50X .

~_ 3 Aﬂ -3 _ 1 ﬂ ~ /\Bﬂ' /\a
~ 2ea'naa’ r aa’waa waa’naa + e, naa (r (1) l - 7Iaa’K:aa')ﬂ:aa’
3 -~ -~ -~ -~ ) -~
-3, -4 afuv B aocuv
+ '2' /‘La'ea’sa’naa' [PPL (waa'rl + (/) )naa'u‘))aa'v

~ ~ ~ ~ -~
-4, -5 -0 B apny, p
- 6}' ’e ‘8, ’naa’raa’waa'waa n aa’'p Taa v'yaa’p

~ -~
'1 €q8q naa S(r aa’ (D lﬂ — Mg’ Kaa )nauvplna unaa’vvaa’p’ (3 . 9)
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where, to simplify writing, these notations have been used:

-~ ~ -~ ~ ~
c i -17e
Wy = EMoy + Mgt gur l ogr (3.10a)
“Bs __ _Bo 17178 Te
Kga’ = 11 —_ Eﬂaa,raa:naa;l aa'* (3. 10 b)

We could now simply substitute (3.8) and (3.9) in the second members
of (2.215) and (2.26) to obtain the desired functions WXV and ZX".
Note that the presence of the tensor 7,,,, in the second term of the right
hand side of (2.21 b) makes the antisymmetrization of (3.9) unnecessary.

Now let us consider equations (3.3) to the first order in g. In view of (3.6)
we have the trivial result:

1 1)
p 002 p OAY

Tox¥e T 7 T g
Our object, then, is to solve these equations (3.11) with the « boundary

conditions » imposed by functions Wi and Z*V). Now, as is already
known [12], there exists a unique solution of (3.11) satisfying these « boun-
dary conditions », which is given by:

= 0. (3.11)

* *
0200ty 7 i) = W, AR, w9l = 250, (3.12)

* *
where Wi and Z;® are obtained from W*® and Z*" respectively
by making the following substitutions:

?j’a, = Xoge = T2 { = (XoarTar) + EMGT 4y } g 3.13a)
T — (3.13b)
Viar = (3.130)
where we have made:
Xoar = Xg — Xgr (3.14a)
T = + { X2 4+ 172 (x0m,)? Y2 (3.14 b)
Note that, in particular, we have:
/r\aa"—_>raa' (3.15(1)
ZD\:a’ - 7za’ra_a} [x:a’ + 7'5,;—: 2(xaa’na')n:’] (3 . 15 b)

raa’w:a’lfa’ - naa'K£:’ - = Tca’(r’ﬁa- + Ty ﬂg:ﬂ:»
-2 -2 -2
+ na'raa'[xZa’ + na’ (xaa’na')n:’][x£a' + na' (xaa'na’)nf'] (3 15 (,')

whereupon, looking at (3.8) and (3.9), we may assert that functions (3.12)
do not depend on ¢, i. e. in the order considered the result is independent of
whether we have taken retarded or advanced potentials.

Carrying out the substitutions (3.13) and (3.15) in (3.8) and (3.9),
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242 L. BEL AND J. MARTIN

and bringing this result to (2.21 5) and (2.26), we finally obtain, after a

tedious calculation, the following expressions for 62" and A%®):
1
9z(1)= c

o o (khi, —z,t%) + - ). ST 2 e T TV

. —4 42 -5, appv
2_6’ la’sa'na’ A Zglaa’ N (han’p + Zanap)na’u'ya’v
_ 3 A. -2_-5 ho‘ h o
Z: a'Sa' Ty rua"lo‘puv TE Tty ya( aa’ +7'E Zata)

3 aAPUV
AaSalty T o P T )T Y

2
- Z}'asana_lna_’lra_a’sno'puvhza'npnu YZ(haa "—713 TE zkz t )

3 1 -2y -
+ Z‘é A'a)'a’sasa’na 17.".a' 2kraa's [(haa"ya’) + Za(na))u')]vz

3 1 -2 - -
+ 4:.' )'a}“a'sasa’na 17.ca’z raa§ [k(haa"))a) - nzza(na'ya)] . ['))Z' + T, Z(na‘))a’)naa]

3 -1 -
+ % Aala’sasa‘na l7.Ea’ aa5 { (na‘ya )(TC ’))a) + k(?aya ) 5r [(haa Va’ )+ Za(naya )]

. [k(haa’ya) - ”3Za(77a'?a)] } (h:a' - na— Zn;'zkzatz’) (3 .16 a)

A =] 2y 00— A A 1o = 7 g 1))

1 - apuy
- i' j' A’ Sq' T, 27’ 3" o a’p}’au’ya’v

- 4; )“a}'a’sa’na_’ zr;as' [(haa’ya) - TEa_’ zkza(na’ya)]napﬂv(haa’p + Zanap)na’uya'v

-2 2 M,V a
- i_c', ;La;['a’sa’na 7! aa'napuvn 71' aYaYa’ -

3 - - o
+ ‘rc')'a'la’sa’na 2 a’2 5[(haa ya) T, Zkza(n Va)]napuvh TI 7."'tz'ya

3 v (pa -2 _- «
+ 4'_(:"1aj'a"s‘a'7t Faar nopuv(haa’+z T )TCP ?ﬁ?a (haa’_“a zna’zkzata’)’ (3‘ 16b)

where the following definitions have been used:

k=—(nm,) , A*=k*—nlnl (3.17a)

2o = A7 (M3 XaaTg) — k(X)) (3.17d)
W = X5, — z,m0 + 2,70 3.17¢)
12 =ninl — knl, (3.174d)
(AB) = A*B,, for every pair of 4-vectors. (3.17¢)
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Note that with these new variables quantity (3.14 b) is written as follows:
Fagr = + { W2y + N?m) %2, Y2, (3.18)

We should also point out that in the construction of #** and AX? we
have already taken into account relations (3.4) in order to simplify writing.

4. CONSERVED MOMENTA
AND FIRST ORDER SIMPLECTIC FORM

As we stated in the introduction, the purpose of this Section is to construct
the Linear Momentum, the Angular Momentum and the Simplectic Form
corresponding to the dynamical system defined by expressions (3.16).
As this involves a direct application of the results and methods put forward
in the last Section of BM, we refer the reader to the said article for any
matters of theory or detail which may remain unclear in the present work.
We would also point out that the final explicit results are excessively long,
for which reason we shall limit ourselves to writing them out in the most
compact possible form. To be precise, we shall write the final expressions
in a simple integral form, a table of the integrals involved in the expressions
being given in Appendix 1. Thus the reader will be able to analyze the
behaviour of the required quantities without great difficulty.

A. Linear momentum.

Let us suppose that the total Linear Momentum or Energy Momentum
vector P* of the system being considered admits of a development analogous
to (3.6), that is:

o0
Pt = Zg"P“("), @4.1)
n=0
where the zero order corresponds to the Linear Momentum of free particles:
PO = g* 4 7, 4.2)

Then, using (4.2) and formulae (4.45) and (4.46 b) of BM, order one
of series (4.1) is written as follows:

pr) _ fo—wdt.(of()ﬁ“) + f T dr . oD, 4.3)
(1]

where @] represents the « reciprocal image » transformation [73] of trans-
formation ¢, defined by:

G —> 1 (4.4)

X5—> X% + nit
?.
! a a
\ Ya g 'Ya‘
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To carry out the integrations in (4.3) it should be remembered that, in
general, if ¢ is a transformation of a manifold V onto itself and f(y) repre-
sents a function on V, the function ¢*f is defined as follows:

@*)» =fle»] , VyeV (4.5
Consequently, the integrands of (4.3) will be obtained from (3.16 a) by
carrying out the substitutions indicated by (4.4). Now, since the variables
(7%, 7%) remain unchanged, only the quantities in (3.16 @) containing the

variables x; will change, that is (z,, 4%,., r.,.)- But according to (3.17 b, c)
and (4.4), the following is trivially obtained:

0¥z, =z,4+1 (4.6aq)
@i Hr = Wiy 4.69)
and consequently, following (3.18),

O aw = + { iy + A1z, + 1)* 112 = 1y (o). 4.60)
It turns out, then, that if we designate symbolically the second member

of 3.16 @) by 02z, r,,), expression (4.3) of total Linear Momentum
to the first order is rewritten as follows:

P = J'—GOGZ“)[za + 1, ree(7)].dt + f_wﬂﬁfl)[za, + 1, rpa(0)].dz.  (4.7)
0 0

It would now be sufficient to carry out the corresponding integrations in
order to obtain explicitly the required result. Observing (3.16 a) it can be
seen that these integrals are all immediate and converging, yet we shall
write them out in Appendix 1 for a rapid visualization of the behaviour
of P,

Note, finally, that at the order under consideration the calculation of

Linear Momentum does not require the knowledge of the « precessions »
(3.16 b).

B. Angular momentum.

As with Linear Momentum, let us assume that the total Angular Momen-

tum J*# = — J** of the system of two EP-MD’s admits of a development
in series of the following type:
I = S\g”J’l"("), (4.8)
v

where J*© represents the Angular Momentum relative to a system of
free particles, which, according to formula (4.20 ¢) of BM, is written as
follows:

y) A i —1p4 i A —1pAn
JHO) = yhph _ shpd o sms ST 4 xEat, — Xk + s,ng TR, (4.9)
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with: T = "1, Y ao- 4.10)
In view of this, and of the techniques developed in the last part of BM [14],
we conclude that the formula analogous to (4.3) for Angular Momentum
is the following [15]:

2
JHD = “Cdr.oF {x20rD — x20MD 5 nT 00Dy, + 1AL )
v (pt a“a a
=’ 4.11)

If we now utilize (4.4) and the results in (4.6) as well as the considerations
previously made for Linear Momentum, we find the following expression
for first order Angular Momentum:

2
J = Zf ® {x2. 0" D[z, 41, 1,0 (0)]— x4.00V[z,+ 71, r,0(1)] } d
0
a=1

2
+ ZJ‘_QO {nﬁ'ez(l)[za'*'r’ raa’(T)]_nZ‘O:(l)[za'*_T: raa’(r)] } Tdt
0o
a=1

2
+ zsana— 1”)'"vaf ) { Yac - 01(1:)[Za+ T raa'(t)] + Tay 'Az(z\lr)[za+ ) raa'(t)] } * dT
e ¢ 4.12)

Again we only need to carry out all the integrations in order to obtain
explicitly the required result. Here too, observing (3.16), it is seen that
all the integrals are immediate. However, there appears a small difficulty
respecting the convergence of the second term of (4.12). In fact, some of
the integrals in this term are divergent if considered one by one, but the
sum over the two particles leads to a finite result. To illustrate this pheno-
menon let us consider the following expression extracted from the second
term of (4.12):

el
I = ng (myts, — whta) J Uz, + Dkl + A2z, + 0% e
0
— oo
+ n; (ke — nf,‘/ti)f Wz + DhZ + A27; 2z, + 1)) 73 2dr. (4.13)
0

It is obvious that each of the integrals by itself is divergent, yet a simple
calculation shows that the whole expression takes the value:

2
7Ta/\za + TaTalaq . (4 14)

Apo__ 2_2 A—=3/ A _p A
1" = — momg A (namg, — mamg).In =
na’Aza’ + Talalara

C. Simplectic form.

This time we start out from hypothesis (4.41) of BM adapted to the
present situation, namely, the assumption that the simplectic form Q asso-
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ciated with our dynamic system admits of a development in series of powers

as follows:
Q- Zg"Q("), 4.15)
n=0

where Q(? is the simplectic form associated with a system of free particles,
given by expression (4.16) of BM, i. e.:

2 2
QO = deﬁ A dn,, + %Zsan; T, dT5 A dTE,. (4.16)
a=1 a=1

Now using trivially equation (4.44) of BM, we get the following expression
for the simplectic form to the first order of approximation:

2

Qv = Z f i p* (HW)QO, @.17)
0

a=1

where #( ) represents the Lie derivative operator and HX") the following
vector field:

- 0 0
HID = gt _Z_ 4 Ap(D _Z
a a a nap a ayap
Let us first calculate the Lie derivative appearing in the integrand of (4.17).
Taking into consideration (4.18), (4.16) and (4.10), as well as the fact
that the Lie derivative commutes with the external differential, we have the
following result [76]:

(4.18)

LHDQ = dx? A oY) + %sana'sBa,ludI"j” AdT}t,

+ 8,7y T, dBY A dTF,  (4.19)
where the following notation has been used:
B = LHOITY = 0" (00 + 1A, (4.20)

In accordance with this, and considering that the transformation ¢ also
commutes with the exterior differential [/6], we find that the expression (4.17)
of Q" can be written as follows:

2
Qb = deg Ad f 0Dz, + 1T, rap(@)].de
a=1 ¢
2

+ Zdnfj A df_w'r.()f,},)[z,, + T, Fe(7)].dt
0

a=1
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2
+ %Zs,,n,,‘3 é f—wBaM[za + 1, re(v)].dt § dr* A art,
(4]

a=1

Adr}

a p>

2
+ Zsana‘z'rmd; f “Burulze + T Faal®)].de 4.21)
0

a=1

where, in according to (4.20), the following obvious notation has been used:

B:”[Za +71, ”a“r(l')] = "luvd { 05,},)[2,, +71, raa’(T)] Yao + Tay 'Afzé)[za +1, raa’(r)] }'
4.22)

As previously, we need only to carry out all the integrations appearing
in (4.21) to obtain explicitly the required result. Again, as in the previous
Subsection, the convergence of the second term of (4.21) is assured if taken
as a whole, that is, the sum over the two particles.

5. DEVELOPMENTS
IN 1/c. BREIT’S CLASSICAL HAMILTONIAN

Let us use F to designate an arbitrary function of the arguments
(x2, mh, y?) relative to the two particles of the dynamic system being consi-
dered. Following the terminology and interpretations of Section 3A of BM,
we shall call projection of F, designated F, the restriction of this function
to the following values of its arguments:

x? = x% =cte (5.1a)
ny = 7wl =mue(l — v2fc?)™V ) wl =7 = mpl(1 —2/c?) V2 (5.1b)
.
0 —0 -1 —1— i . - Ny Vi .
Ya =Va =E M, lc lnaia:! ’ )):1 = y:l = bf] + — 2

mac(”lac + ;t—g) ‘
5.1¢)
where m, represents the masses of the particles considered, and where

(vl, af) represent the velocities and instantaneous spins respectively of these
particles (see Section 2 of BM). So we shall have by definition:

F(xl, vf, af 3 m)) = F(x? = x3 =cte, xl, nt =7, > = 7). (5.2)

The basic purpose of this Section is to show that the results of the pre-
vious Section lead, in particular, to obtaining the non-quantic version of
Breit’s well-known Hamiltonian [4]. To this end we shall consider first the
projection P = PH(® P according to definition (5.2), of the Energy
Momentum vector at the first order, given by formulae (4.2) and (4.7). A
somewhat laborious but direct calculation shows that if we carry out a deve-
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lopment in power series of 1/c of this projection P*!), the following results
are obtained for the time component and the space components respectively
(see Appendix 2):

= 1 1 3 3
c.P?M—(m,+m,)c*~ 5 mp2+ 5 myvZ + 82 mavs + 32 mg v

B 1 _ — D W I e
187 2T {0+ a0 Faa ) }

1 1 1 -3 - - 1 1 -3 - -
- 2-02g aSdlg T (xaa’/\va)‘aa"' '2_'czg'1a'sa’ma’ r (xaa'/\va’)'aa'

1 —> — - > > =
+ Z‘c’z' gla}“a’sasn’ma_ lrna_’lr-'3 { (O‘aaa') - 3r_2(xaa’aa)(xaa’aa’) } (5 3 a)

— . . 1 . 1 i
1
PMampl +m, vl + fcﬁm“v:v:'—l- z—cimarvi,v;»
1 _ . . _ - - - - .
+ 5—(,'2 gr ! { U;'l' U:z’+r 2[(xaa'va)+(xau’va')]x:1a’ }
1 o -, 1 a2 - .
+ i?z'gj‘asama 1" 3(xaa' A aa)l— chgla'sa"na’lr 3(xaa’ A aa'),’ (5 3 b)

where the symbol = represents an equality up to higher order terms in
1/c and where the standard three-dimensional vectorial notation has been
used. We have also taken:

i = i —_ i
Xggr = Xg — Xgr 5 = + \/xaa’xaa’i (54)

The expression (5.3 a) represents the Energy of the system to the order
being considered, and in it may be observed the kinematic contribution
and the interaction contribution. The latter is composed of an independent
spin part [17] and another part due to the presence of the spins, in its turn
composed of a spin-orbit contribution and a spin-spin contribution. Ana-
logous considerations can be made in relation to the expression (5.3 b),
which represents the Momentum of the system to the order considered.
Note, however, that in this case there is no spin-spin contribution.

Let us consider the restriction, in line with (5.1), of the simplectic form
Q' = QO 4 ¢QM given by formulae (4.16) and (4.21). A calculation
similar to that which has allowed us to obtain (5.3) shows that up to the
order 1/c? a possible subset of canonical coordinates (see Section 4A of
BM) of the said restriction O] is given by:

— — 1 >
qawxa+2?samalva/\a,, (5.5a)

-

2 -1 -2
pa a4 mava + 202 mavava + 8r {va' +r (xua'va’)xaa’}

2¢2
_ 51_2 Qs ¥Ry A 0y)  (5.50)
C
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where once again the standard three-dimensional vectorial notation has
been used. Note first that (5.5 a) does not contain the coupling constant g,
that is, it is an expression independent of the interaction. It is in fact the
development of the corresponding expression for a system of free particles
[see formula (4.24 b) of BM]. Note also that if we add (5.5 b) for the two
particles of the system we obtain the Momentum (5.3 b).

Let us now write out Energy (5.3 a) in terms of variables (c};, ;,,). Up to
the order considered, we get from (5.5):

- - 1 > -

xamqa—'z__czsamazpa/\aa (5-60)
R R S B S S v

fm, 2mdTY 2mgm,.c? ‘ e

1 A -
+ 2 gla’sa’q 3(qaa' A aa’) (5 .6 b)
2m,m,.c

where we have taken
Qo0 =49 — 49 » 4= \/q fa" (57)

Now substituting (5.6) in (5.3 a), and designating this expression H, we
finally obtain:

H= Z%apf + 2n11,,,p‘3'— 8m13c2p: - 8m‘13'c2p.,'
+eg™t - 271-:;—; 00 { Bup) + 4 2o D) e P }
- ﬁ (= 185 o A P2)- 00 + 5;17 (Rar = 1850 o A Pur)
- ana;;gq* Db e A D) S = Aol A D))
+ m Rear$a5080 ™ { () =30 Grogt) e ) }- (5.8)

As can be seen, if we here make A, = 2 and s, = %ﬁ(h = 2n7 is Planck’s

constant) we formally obtain Breit’s Hamiltonian [4] except for Darwin’s
contact term [/8]. Note that in this context the classical equivalent of the

quantum mechanical position operator is not the classical position x,

but the canonical coordinate g, given by (5.5 a). This fact fits in with the
quantification program proposed by one of us [/9] for the case of spin zero
particles in interaction, where the classical positions are not canonical
coordinates either.

An extremely interesting aspect of hamiltonian (5.8) is that in principle
it is valid for particles with arbitrary giromagnetic coefficient.
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APPENDIX 1

Below we give a table of the fundamental integrals involved in (4.7), (4.12) and (4.21):

@)t = — Bzt A7) Al.1)
Jo r@.dt = —h_(zr 0 + T, (Al.
—0
L (2, + 1)o7 (@) dT = A7 mlr ) (A1.2)
* -5 - - 1 2.3 — 2,
fo Fo(0).dt = — ha:/(zaraa, — 3 N gy T A na,) (A1.3)
= “5(7).dt = L AP (A1.4)
. (za + D). () .dT = 3 Tt g’ .
- - 1 _ _ _

[y 0t b de = - 3G+ AT (AL.5)
® - —6 - 2,0 23-3 1,4 455 8 AL (A1.6)
. Poa (D) .dt = — h i\ Zorpe — 3A T2 e gA n itz + s T, .

= -7 1 —-2.2 —5 Al 7)
. (z, + 1) .r (7) .dT = 3 A mr (Al.
it —afl 3 1 a5 — 2, _
J.o (z, + z')z,,-;;,(‘r)_dr = — hwf’(é zZra:« - éAznazzzZra:’, s A 37:2/) (A1.8)
- “().dr = A (5t - R (A1.9)
° (z, + T)‘raa'(T)‘ T = % graa' 5 aa’ aa’ :
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APPENDIX 2

Here we write the developments in series of powers of 1/c of the fundamental quantities
involved in the calculation of (5.3) and (5.5):

7y mmac(l +2iczu§+ s—i;v:) (A2.1)
;i"; ~ mavi(l + Elc—z v:‘;) (A2.2)
k =~ mama/c2(1 + il—czﬁ + glcza) (A2.3)
;z A~ % mamzlc 3 v:‘; - vzl - B+ 4—1-(‘2 (30; — 305 — Zﬁv:, — ) g (A2.4)
B~ mm 3 =ty + ey (03, — oy — Bol) g (A2.5)
K* ~ mimd o' } Ut g B+ 0 (A2.6)
Fowt ST ; 1+ 21? r2(x 0, % (A2.7)
o T o, ~ B O | (A2.8)
by ~2—10 Tu{vy — o+ N0, —0)} + 0(%) (A2.9)

Fag = Yoot = B0} 1+ 15 (268 + 0280, — i + 1) e,

BN+ o ke + BBy — B O |y (A2.10)

_ _ 1

R ~r® — B+ 0(0—2) (A2.11)
~0 1 »— 1

Vo = ;(08) +0(5 (A2.12)
s . 1

Ya =0+ O(cz) (A2.13)

where the following notations have been used:

B =0+ 0% — 20,0, (A2.14q)
_ 2 ——>
S =3, + 05 + 20505 — 4o )0} + 0%) (A2.14 b)
— = —> =
Bo= () — (X,,0,) (A2.14 ¢)
> =>4 — - 2
@y = (x,,0)0, — (X,,0,)B + v,7) (A2.14d)
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