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In part I of this series the general form to order ¢ ~* of approximately relativistic Lagrangians following
from classical Poincaré-invariant variational principles of the Fokker type was established for point particles
with two-body (neutral) interactions. In this paper the relativistic action principles discussed in I are
generalized to include interactions involving classical isospin and the general form to order ¢ ~2 of the
associated approximate Lagrangians is obtained by the methods developed in I. The post-Newtonian interaction
may contain up to six independent functions of the interparticle separation and of the isospin vectors of each
particle, in addition to the Newtonian potential. Unlike the neutral interactions considered in I,
nonsymmetry of the particles’ variables in the relativistic interaction can be evident in order ¢ ~! as well as

-2

¢~ The form of the ten conservation laws following from Poincaré invariance and of the charge
conservation law following from invariance under rotations about the three-direction in charge space as well
as.the corresponding approximate conservation laws are derived using Noether’s theorem. Examples discussed
include interactions allowing the definition of “adjunct fields” (including the scalar and vector meson
interactions) and an interaction leading to correction terms in order ¢ ~%

I. INTRODUCTION

Relativistic equations of motion for interacting
particles are generally multitime equations in
configuration space, and little is known about
their mathematical properties or their quantiza-
tion. Although very special examples have been
solved,! no standard methods exist for solving such
equations. However, in some cases where a New -
tonian description of a system of particles is not
adequate, an exact relativistic description may
not be necessary. Consequently, a single-time
approximation to the relativistic description can
be useful in gleaning some information about such
‘a system of particles.

Those relativistic equations of motion that are
derivable from a Fokker-type®? variational prin-
ciple have the advantage that the conservation
laws® can be established by the use of Noether’s
theorem.*% In the first paper of this series® (re-
ferred to as I) a method was developed for direct-
ly making a single-time approximation of Poin-
caré-invariant Fokker-type variational principles
describing N point particles with two-body inter -
actions depending on the particle’s four -separa-
tions and four-velocities. To second order in ¢},
this method was used to determine the general
form of those approximately relativistic Lagran-
gians that have a static Newtonian limit [i.e., a
potential V;(r,,) for particles i and j separated
by a distance 7;,]. It is noteworthy that it does
not contain any nontrivial correction terms of order
¢™'. It includes as special cases those Lagrangians
studied earlier” which arose from slow-motion
approximations to particle interactions via various
special and general relativistic fields. The gener-
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al form of the approximate Lagrangian contains
three functions of 7;; which may in principle be
independent of the Newtonian potential V;;. One
of these functions demonstrates that the effects

of a nonsymmetric Poincaré-invariant interaction
can be evident in order c™2.

Recently, the exact Bakamjian-Thomas® theory
was approximated to order ¢, classically by
Pauri and Prosperi’ and quantum mechanically
by Coester and Havas.'® For spinless particles,
the approximate Hamiltonian obtained by Pauri
and Prosperi and the classical limit of the one ob-
tained by Coester and Havas are equivalent to the
Hamiltonian obtained in L

The advantage of deriving an approximately re-
lativistic dynamics either from a Poincaré-invari-
ant variational principle or from the exact canon-
ical Bakamjian-Thomas theory is that the form ob-

- tained to a given order is determined by the assump-

tions of the exact theory; if, instead, itis computed
according to what could be consistent with certain
assumptions to a given order, then this does not
ensure the existence of nontrivial results in higher
orders.' 2 . ,

One way of obtaining approximately relativistic
Hamiltonians is to start from a realization of the
Lie algebra of the Galilei group and to add correc-
tion terms of various orders of ¢! to obtain real -
izations of the Lie algebra of the Poincaré group
correct to the order desired. This procedure was
carried out recently to order c¢*?, classically by ‘
Stachel and Havas,'! and quantum mechanically by
Foldy and Krajcik.'® If the results of these two in-
vestigations are required to be consistent with the
expansion of an exact theory, then for particles
without spin or isospin they reduce to those of I
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and Ref. 10.

In I it was noted that the approximation pro-
cedure developed there could also be applied to
exact action principles describing particles with
intrinsic attributes such as spin and isospin. Here
we determine, to order ¢, the general form of
the classical approximate Lagrangian for point
particles with isospin.

A treatment of classical isospin was first intro-
duced by Fierz'* to describe neutrons interacting
through charged meson fields. Patterned after
the quantum-theoretical treatment by Kemmer*®
and Mgdller and Rosenfeld'® of charge-symmetric
meson fields —inwhichboth charged and neutral
meson fields are combined in such a way as to
preserve charge independence for the field sources
(i.e., the heavy particles)-—Le Couteur!’ gave a
classical theory of retarded charge-symmetric
vector meson fields which was extended by Havas
to half-retarded -half -advanced fields. In addition,
it has been shown'®! that a consistent theory of
action at a distance derivable from a variational
principle is possible for particles interacting
through both scalar and vector charge-symmetric
adjunct meson fields. '

Here, a generalization of the Poincaré-invariant
action principles considered in Ref. 3 and further
discussed in I is presented in Sec. II for directly
interacting point particles with any value of hyper -
charge and isospin. The two-body interactions
are assumed to depend at most on the four-velo-
cities and isospin and as in I are not assumed to
be symmetric in the particles” variables. Only
interactions possessing a static nonrelativistic
limit are considered. Since the isospin vector is
a dynamical variable, the action principle yields
equations describing the variation in time of the
charge of the particles, in addition to the trans-
lational equations of motion.

The conserved quantities which follow from in-
variances of the action principle are derived in
Sec. III. Invariance under the full ten-parameter
Poincaré group leads to the usual ten conserved
quantities. Invariance under the three-parameter
rotation group in isospin space leads to a con-
served total isospin three-vector, the third com-
ponent of which determines the conserved total
electric charge. Since this is the only conserva-
tion law required from physical considerations,
it is sufficient to require only invariance under
rotations about the three-direction in isospin
space.

Using the approximation method developed in
I, the approximate Lagrangian is derived in Sec.
IV and in the Appendix. While, as shown in I,
the absence of terms of order ¢! is a necessary
feature of the relativistic variational principles
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describing point particles without spin or isospin
if the interactions possess a static Newtonian lim-
it, here it is found that this is no longer the case
for point particles with isospin. L

The approximate conservation laws following
from the invariances of the approximate Lagran-
gian are also determined, via Noether’s theorem,
in Sec. V. Special cases of approximate Lagran-
gians are given in Sec. VI, and Sec. VII contains
a discussion of results.

II. THE EXACT VARIATIONAL PRINCIPLE

We use essentially the same notation'as in I,
except that A; represents an arbitrary parameter
along the world line z{ of particle i, which can be
chosen to be the proper time 7, or the coordinate
time ¢;. The quantity

dz%

_L, biz(b#b{u)llzy . (1)

k=
%0,

is related to the four -velocity

dz¥
v‘,‘EdT: , v‘,‘v,,‘=1>, 2)
by
vi=05/vy, : 3)

independent of the choice of parameter.

To describe the electric charge on particle i,
a vector 7,(7,) in an abstract three-dimensional
“charge space” is introduced'®!” with the property
that its magnitude is unity:

T Ty=1, ’ (4a) .
and consequently v
7,°d7,/dT,=0, (4b)

where the center dot denotes a scalar product and
A a vector product in charge space. Vectors in
this space are represented by letters with a straight
line below them (an arrow above indicates a vec-
tor in ordinary three-space) and their components
with respect to a fixed orthonormal basis in charge
space are labeled by lower-case latin letters tak-
ing the values 1,2,3. The usual summation con-
vention applies to these as well as to the four-
space indices.

A generalized expression for the charge of par-
ticle 7 used in studies of classical charge-sym-
metric field theories'” is given by (in the notation
of Ref. 20) : :

q{('ri) = e[%Yg +I;T{3(T¢) - %L‘Z'I‘ Adi,/dTi] , (5)

where e, Y,, I,, and L, are arbitrary constants
and ¥ is a unit, isovector oriented in the three-di-
rection in charge space. For L;=0, this agrees
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with the standard description of the charge of a
particle with isospin I and hypercharge Y in elem-
entary particle physics (in units with Z=1). The
form (5) is compatible with linear fields and there-
fore with equations of motion of the type we shall
consider, which are derivable from a variational
principle containing only two-body interactions.
For L,#0, it is not compatible with equations of
motion for particles interacting via nonlinear
fields,? but we shall not consider direct-particle
interactions corresponding to such theories here.

In Sec. III a conserved total charge is defined
for a system of N particles whose interactions are
invariant under rotations about the three-axis in
charge space. If the interactions are invariant
under arbitrary rotations in charge space, the
forces between particles are charge independent.
Interactions that are invariant only under rotations
about the three -axis are charge dependent. In-
teractions that do not depend on isospin are neu-
tral. :

Very general Poincaré-invariant variational
principles yielding equations of motion for point
particles with neutral two-body interactions were
introduced in Ref. 3 and further described in I
The principal new feature for point particles with
isospin is the necessity of deriving equations
which describe the variation in time of the isospin
variables 7,. Such equations must be consistent
with the constraints (4). For the theory of action
at a distance corresponding to charge-symmetric
scalar and vector meson fields, a variational
formalism using spinors® was employed in Ref. 18.
As noted there, an alternate method is afforded
by the use of quasicoordinates,?®2%*!° which we
shall employ here. Still another approach, which
treats the isospin variables themselves as dynam-
ic variables in a variational principle, was in-
troduced in Ref. 24.

Thus, generalizing Ref. 3 and I, we consider
Poincaré -invariant equations of motion for point
particles with isospin interacting through two-
body forces which may be obtained from a varia-
tional principle

68=0, 9=9,+9,+9,, (62)

where

él=_ Z}:f: f:° cdndn o,

i< -

by v}
u i.
XUU<SN’ ?:—, v, :1“1{):

(6b)

g, ='—"Z _czf drxmyy, , (6¢c)
1 - :

. _-r 2
93:2 /4 dx,(l‘w“T‘—%L‘ ..-.—EL_>, (Gd)
-3 o Zt ;
and '
S";IEZ?(X‘)_Z;‘(}\!), .Z.(Edz{/dh‘. (Ge)

The isovectors w; are the angular velocities of the
T,’s. Since the 7,’s have fixed magnitude, we
obtain

Ty=w AT, v ‘ )

The action principle (6) differs from (I34) only
in the inclusion of isospin dependence in U,; (where
the coupling constants in I are here absorbed
into Uy,) and in the presence of the term J;, which
is responsible for producing dynamic equations
for the 7,”s which are consistent with Eq. (5). It
can be s_pecialized to the action-at-a-distance
principles of scalar and vector mesodynamics.'®
It cannot, however, describe the complete non-
linear theory of combined mesic and electro-
magnetic interactions,? because for any theory
possessing adjunct fields a description in terms
of two-body forces implies linearity of these
fields.

The 3N(N - 1) possibly distinct functions U,; de-
scribing the particle interactions may contain a
sum of several different types of interactions with
appropriate coupling constants for each type; some
of these interactions may be neutral. Each Uy,
is assumed to be Poincaré-invariant and to depend
only on the positions and velocities in Minkowski
space, as well as on the isospin variables 7,;

a more general form of Uy, depending also on "r,
and 7, is considered in Ref. 24. In addition, U,
is assumed to be invariant under rotations about
the three-direction in charge space to assure a
conserved total charge for the system. The Poin-
caré invariance will later be made manifest by
using a complete set of two-body invariants in
Minkowski space. Two-body invariants in charge
space will also be discussed at that time.

As discussed in I, in a parameter -invariant
formulation the m, appearing in Eq. (6c) are con-
stants interpreted as the inertial masses, which
facilitates the approximation of the variational
principle. An alternative approach is to use the
proper time as a parameter, using freely the re-
lation v{v,, =1, and to introduce Lagrange mul-
tipliers M;(7,) (which are not constants) to main-
tain v, 6v§ =0. ' '

Variation of 4, and 9, for arbitrary 6z} (x;) which
vanish at X; =+ yields (for details see I)

551=—Z_ f a524L,, (0,V,) (8)

and
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= d b ‘
- 2 n w_% in 9
59, Zj ¢ f.,, 02} (m; > ) , (“)4
respectively, where &£;, is the Lagrangian deri-
vative
9 d o

£

and the “generalized potential” V, is defined by
v} °
V{(Z‘:, ’6:_3_7;1)52 fm CdAijU”

>4 - )
+Zf cdrUy, . (1)
i<i -0

The variation of 4, for 24 —z{ + 62! gives
- .
693:Zf d"i(ﬂ’{rtz—bmzbi ) .
i 7w - by
An integration by parts turns this into

69, = —Zf dh,éz’,‘d—i—GL,if%> . (12)
i o0 i i

The translational equations of motion following
from the vanishing of the sum of Eqs. (8), (9), and
(12) are

d 1 ,',-12 D'iu] 1
—_ ey L, = =& .
d’\i <mi 102 L b12> v, pe: 1 (0,V)

(13)

To obtain the dynamic equations for 7; from the
variational principle, we treat the components of
the angular velocity w; as derivatives of quasi-
coordinates 2, defined by (for details see Ref. 23)

dd,/ax=w, . (14)

The true coordinates are the Euler angles, with
7, playing the role of the usual three-direction in
a hypothetical “body” set of axes. The relation

ary=dg,at, _ (15)

is then an identity, as is Eq. (7). The isospin
equations of motion result from the variation 6,
-6, +66; which induces

. 55:6&/\5 . (16)

Performing the variation on 9,, we obtain

* 9
631:—Zf dA'biéT" 14
i - -

i
I
BI,

and using Eq. (16) gives
_ ® oV,
591—};f_w dr;066; @’\l’!' an)

The variation of 4, is identically zero, while varia-
tion of 4, for arbitrary 66, yields

533=Zf dh,<[,6w,-7,+1,w,°67,
i Je e

R | )
-zl —‘). (18)
= bi .
The operators d and 6 do not commute when acting
on the quasicoordinates 6;, but satisfy
6db; —do6, =066,/ db,. (19)

Using this relation in Eq. (18), and then integrating
by parts gives

593=Ef d)\i[—lﬁ"'69i+1,68,/\w,"‘ri
i o - - TN

ood (T '
et 2ol 2) o]

which reduces to

58, = Zf x5, -[I,'n N 5L,%<L>AT,]
i - - - i

b; -
(20)

by virtue of Eq. (16). The dynamic equations for
7, following from the vanishing of the sum of
Eqs. (18) and (20) are

T, 1 d (% vV
Ittt — — (AT, =—EAT,. 21
ini+2 ibi dan, <b¢> i BI‘ i (21)

The parameter -invariant equations (13) and (21)
govern the dynamics of the system of N particles.

Using Eq. (10) together with

3(o,V) _ vuw oV, (o) b ) ,
—2iil . ey i (Zu 20w (29
op¥ v, M Bm5 v)\o; b0 22)
in Eq. (13), and subsequently choosing the arbitra-
ry parameter A; to be the proper time T, [and thus
vy~ @W§p;,)/2=1] in both Eq. (13) and (21), we ob-
tain the following for them:

d 1 dr,  dr ]
— —_— Ted o Z=i
ar, {(’”' i L T dTi>v“‘

U

and

iy g @1y, . J0Ve
IidTi +2L1 dTiz —t a_ ATis (24)
respectively.

" IIl. THE EXACT CONSERVATION LAWS

Invariance of the variational principle (6) under
the ten-parameter Poincaré group leads to ten
conservation laws. One of these corresponds to
the conservation of energy, three to the conser-
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vation of linear momentum, three to the conser-
vation of angular momentum, and three express
the uniform motion of the center of mass.

Invariance under the three-parameter group of
isospin rotations leads to three additional con-
served quantities interpreted as the components
of a total isospin vector 7. The conservation of
T, corresponds to conservation of charge. Since
this is the only conservation law required from
physical considerations, it is sufficient to require
only invariance under rotations about the three-
direction in charge space.

The Poincaré invariance can be made manifest
through the use of the following independent in-
variants®S;

Si = Nuy Sij Stjs Wiy SVTV
, (25)
o KSv Sjiy Ky=05,8%.

These are a complete set of independent invari-
ants formed from the four-dimensional separation
s%; and the corresponding four-velocities v} and
vﬂ

5.

Invariance under rotations about the three-di-
rection in charge space can be built into the vari-
ational prineiple by considering U;; to depend on
isospin only through the independent quantities

Tyy=T T Ty=Sye7,,

(26)
Ty=y 1y, TSy T,AT7;.

For neutral interactions, the conservation laws

i<J

corresponding to Fokker-type variational prin-
ciples invariant up to a divergence under either
the Poincaré group or the Galilei group and not
necessarily symmetric in the particles’ variables
were derived in Ref. 3 using a method similar to
the one introduced by Dettman and Schild®® for

" electrodynamics. Here we obtain the conservation

laws using Noether’s theorem, which has not pre-
viously been formulated in a way appropriate for
application to Fokker-type action principles. Such
a formulation will be discussed elsewhere.®

We consider the principle (6) modified in the
form

ar* —Z f d)\‘(liw, T-%L, —J—s

—m,czm—%bng), (27)

where A} and A¥* are arbitrary, and V, is defined
in Eq (11). The variations leading to the equa-
tions of motion are performed with the limits
A¥ -~ —o and A ¥* -, for all i. Then for those in-
finitesimal variations :

2y ~z{+6zf, 0;~06,+56, (28)

‘that leave g¥* invariant up to a divergence, i.e.,

Wk
i dac
k= _ v ot B
g% E‘ '/7:}" ax; v (29)

it follows that®

: 7, : 72\v,, 8 |
_Z‘ag‘. . (I,1,+§L, ;—‘-Az>+z 524 [(m ¢cf=%L,; =L->—~‘-E'+W(D‘V‘)].
i i i

0%/ by

+12. 2( f‘” fh’ s f:) cdx,dh,[é,(l’;b,Uu)—6,(bib,U”)]}
N = -0 i

. d (T v V! d 7,°\v
=‘5_€£'[1i1¢+2L4 a, (4)/\3 2o,V ATi] _62“‘{d—k, [(m,c?_%L‘—;—:-é—>;i"—] _"Giu(bivi)} , (30)

where

9 ] 9
=52" — QoS 0, —_—
6;=06z; Yy +0b; T +88;° T A o7,

(31)

and £,, is defined in Eq. (10). The conservation laws follow from Eq. (30) when the equatmns of motion

(13) and (21) are satisfied.

Equation (30) together with the constant infinitesimal space-time translations

dzy=€"; 66,=0,

(32)

for which 8g%* vanishes, gives the law of conservation of energy-momentum
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4
dr;

dr;  dr; [ ( o 8Vy )}
- Viy+—5 +v V=]
P, Z( ZL—‘Q—L{ ar, dT,«) itz Z 0" in \ViTVimgp
Ti T :29)
+—2- 22 ( / f -/ )cd’r‘dfj—a;&'-, (33)
i T - J, i

where we have used Eq. (22) and subsequently chosen proper-time parametrization. The law of conserva-
tion of angular momentum and the center-of-mass theorem follow from the vanishing of 59%* due to the
invariance of g under the infinitesimal four-dimensional rotation

Pu(Tyy Taye -, Ty)=0, i=1,...,N,

62‘; =n""ey 25 /€%, €= —€pys 60;= 0, (34)

where the ¢,, are arbitrary constants. For proper-time parametrization Eqs. (30) and (34) yield

d

ar, —L"(Ty, Ty .., Ty)=0, i=1,...,N,
1 dr, 1 14 oV ]
uy e — L v i il i (nPR (P — P i [ P
L Z{:(ms iz d’T )(’U —vizy)+ P Z‘:[ = ("2 - npz{)"‘(vi Vi B,Ug>(vtzi v} 1)
Ti - cdT.dT an [ pu( v v) pll( ® u.)
S-S S e s - et
J
(Tl”“ 1= n"vf) - (n Y n”"v}‘)}, (35)
where, again, Eq. (22) has been used before letting x; - 7,;.
For the case of charge independence we have
8U;/oT; = 8U,;/oT ;= 8U,;/07,;=0, ' (36)
and the variational principle is invariant under the infinitesimal transformations
825 =0, 66,=%, } 37

where § is an arb'itrary constant isovector. The last of these equations implies the infinitesimal rotation
8T;=QAT;. (38)
Using Egs. (30) and (36), we obtain the law of conservation of total isospin:

d .
dTZ‘(Tl,Tz,;..,TN)=O, ’L=1, ...,N,

T= Z(Ii’r +3L, -—‘L/\'r>+2 ZZ(/ f —ffifw> cd‘rdfj<—U-L/\-r, %[-]_;—i:L/\IJ) s (39)
o T

i<i

in proper-time parametrization.

Q= +“charge in transit” (41)
We now define the total charge to be Zlh : ’

in analogy to meson field theories where the

eld which carries
QT Ty, Ty) e [Z LY+ Ty(r, T, TN)] ’ ir;lt::ga;tion is mediated by a field whi
Interactions that are invariant only under rota-
(40) tions about the three-direction in charge space
(in addition to Poincaré invariance) imply that
which by Eq. (39) is conserved. By virtue of the ©=Qy in Eq. (37), and Eqgs. (36) no longer hold.
definition (5) of the charge on each particle, we Then only T, is conserved, which is sufficient for

interpret Eq. (40) together with (39) to mean conservation of the total charge.
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IV. THE APPROXIMATELY RELATIVISTIC LAGRANGIAN

We take the nonrelativistic limit of the action
principle (6) to mean a variational principle

59=0, ngw dt L[T,(t),¥,(); 7,(8), w; ()]

i=1,...,N,
L=T+A-V, T=p imip2
7

Vi %i—’ A EZ(I:'W( ‘Ti=3LyTR),
— Vil T

V= Z Z Vi(ig3 Tyg Tis Ty Tyy),

i<j

(42)

ry= T -5,
Just like the corresponding limit of the neutral
case discussed in I, this is not the only possible
limit of variational principles of the form (6).
Equation (42) generalizes the traditional Newton-
ian variational principle by the inclusion of iso-
spin, but it still leads to forces which are static
and central. The two-body potential energy V
need not necessarily by symmetric in T; and T
analogous asymmetries in the neutral case con-
sidered in I appear first in order ¢
Owing to differing space-time concepts, sub-
stantial differences exist between the relativistic
variational principle (6) and the nonrelativistic
principle (42). The relativistic principle involves
2N independent variables in charge space and 4N
coordinates and N parameters in a four-dimen-
sional space-time, while the nonrelativistic prin-
ciple involves the same number of charge-space
variables, but 3N coordinates and a single time
parameter in a Euclidean three-space. The equa-
tions of motion following from the relativistic
variational principle (6) are given by Egs. (23)
-and (24), while the nonrelativistic pr1nc1ple (42)
yields the dynamical equations

m;5{=—§: 1 av, : Z 1 aVﬁ

Tiis
1 Vij 9% <t Vi Oy

(43a)
0=t
and
Iilf; +2L‘ dtz A T} <§%¥:—L+Kzi—_:-‘-> AT
(43b)
Equation (43b) implies that the magnitudes of the

7,’s are constants which we choose to be equal to

1 for agreement with Eq. (4). The system of N
‘particles described by Egs. (43) thus requires

6N +4N initial data; for the case L;=0, 6N+ 2N
initial data are required. On the other hand, the
number of initial data associated with particle
systems described by relativistic equations of
motion containing N independent parameters has
not been established even for neutral interactions.?®

To apply the approximation method of I, we first
choose the N arbitrary parameters A; in the rela-
tivistic action principle (6) to be the coordinate
times ¢,, thus relating the four-dimensional form-
ulation to a “three-plus-one” formulation; this is
appropriate because, as in I, the nonrelativistic
limit has been chosen in three-plus-one form.
Thus

z‘i‘(ti)=(tl-$-fi(t'i))9 | (44)

and
dz% -
b': - d_; =(1, V:(t.')),

d‘ri .

@, =yi=(1-7.2/c?)/3, (45)

| X ing

=vf/v;=7,(1, “71) .
Following I, we now build the restriction of the

“existence of a static limit directly into the vari-

ational principle (6). As shown in I, although not
all of the invariants in the set (25) possess a
static limit, an equivalent set which does have
this property is

0 =c?s; 2=t - 1,)% - lfi(ti) - (t) |2

=2 2 * 2
=ty -Ty,

B S AARAG
wumrer [1- TELD ]
(46)
Xis =CK= —Yi[Ctu —vc-lvi(ti) Ty, tj)],

iy =cky=vyglety —e7V,t,) Ty, 1)1,

where use has been made of Eq. (45).

Here, as in I, the approximation will be carried
out only to order ¢®. g, in Eq. (6c) can be easily
approximated using Eq. (45) and then expanding
in a Taylor series in c¢™ to obtain

9.~ }; f-:dt {—mic%%mﬁf(t)
+em ¥ 2(t)V‘ -0 ] .47

where the particle label on #; has been deleted,
since it becomes superfluous once all two-body
interaction terms in g, are written in terms of
a single time. Similarly, the approximate form
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of 9, is obtamed by using Eq. (45) in (6d) and then
expandmg in ¢™. This yields

”Zfdt[ i Ti_‘lLTi <1+1Vi >J (48)

The approximation of g, can be accomplished by a
straightforward application of the method developed
in I. The details, which are quite lengthy, are
given in the Appendix.
The approximately relativistic Lagrangian can be
. obtained from Eaqs. (47), (48), and (A19) as

1 . = . 0B s
Jon== 7 Z‘:Lj I:(Vi_'vj)' riinj+Tia_a7-—J Tja 57,
1 Z - - I |

+ =5 V;* V.V =V;o TV ;
2c® i<j [ R I "’r ar,
H(VE=T V)W, =[(V;- TP -
> > V; 274 .
—-V,;*I;T,; <——i ’) +7
i iilia 8T, 97T,

The sevenfunctions of 7;;, 7;, and 7; appearing in
Eq. (49d) are determined b—y the relativistic inter-
action kernel U;; as described in Eqs. (A17) and
(A20). If U,; is symmetric upon interchange of
the space-time variables of particles ¢ and j, then
both B;; and W;; vanish.

V. THE APPROXIMATE CONSERVATION LAWS

The approximate Lagrangian (49) is invariant
under the seven-parameter group of time and space
translations and spatial rotations, and either the
one-parameter group or three-parameter group
of charge-space rotations for charge-dependent and
charge-independent interactions, respectively.

The associated conservation laws established by
Noether’s theorem are

zE:O, EEZ (D;*V;+1,T; w)-1L ,
ar — Lt W
9L oL :
D= —— =771
D= 3‘7:' ) I_l I: a-t_l)i ’ (503‘)
dp - _ -
‘_=0’ PEZpi ’ (50b)
dt -
r'ii--{=0, EEZ T, XD, (50c)
dt y
d
Lo, =3 1,1, , (51)
dt - 5 -

2
3 22y
ia” jb 3Tia37',-;,

L=L,+A,- V+dpy, (49a)
where
>4 :
L,= Z <-m,-cz+%mﬁi2+%m,-xc‘7>, (49b)
o2
A,= Z [IiZ”_i $Ty=3L; TR <1+ 3 %’z‘)} (49¢)

V is the nonrelativistic potential energ.yvgiven in
Eq. (42), and the post-Newtonian interaction is
given by

A

—H 4 (F,-7,)2 (Vi X )+ (V=¥ ) - T, PY;

.'f',jv.-Fij]_l_%+V.-'f ELi.].%
o vy ory L M de\er, T eT,

(494)

-

corresponding to the conservation of energy, of
linear and angular momentum, and of total isospin
(for arbitrary charge-space rotations).

To order c¢™2, the charge on particle 7 is

q48)= e[ Y+ 1;7T
. 2
+%Liz-’r,~/\1,-(1+~é—c—"2>j,, (52)

which results from using Eq. (45) in (5) and ex-
panding to order c¢™2. The total charge is given by

=e<zi:%Y,+T3>, (5?)

which, by Eq. (51), is ¢onserved both for charge-
dependent and charge-independent interactions.

The conservation laws (50) and (51) are valid for
both Newtonian and approximately relativistic La-
grangians, since they result from invariance pro-
perties which apply to both Newtonian and relati-
vistic variational principles, and thus to approxi-
mately relativistic principles. However, the cen-
ter-of-mass theorem for Galilei-invariant and for
Poincaré-invariant particle systems are generated
by different transformations relating inertial
frames in relative motion. These do not corre-
spond to exact invariances of the approximate |
Lagrangian.

Instead, the approximately relativistic Lagran-
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where it is sufficient to calculate R from

gian is invariant under another three-parameter
set of infinitesimal transformations™!!:

R)=5 [ atBOE, 54T 1), wF)

RO szt 00,0, (542)
(54c¢)

Ot=

with the help of the equations of motion.

- The conserved quantities can be expressed in
Pt (54b) terms of the canonical momenta ;. We have

which leads to a center-of-mass theorem

aG ~ E -
—d—t—=0, G TR

1 2) i+_L( F2)%, _..(ZA” Z Ei)

;3 =...B_L_— L T
b= 57, = (Mimga L) Vit 5z
1 - - = =y 1 3V, >
t 32 < [vjV,-j-r,-j(vj- ;) o TmL+2(V‘—v1)(V‘j+Xif)
: 1wy,
+2F (= F)) « By ¥+ @F, = F )W+ T,(F, - Ty o a'r:j]
1 AT
z:,[vjvj,—rﬂ(v ;) ——; avj, =2(V, -V )V + X))
1 aw
= 2T, (¥, =) T,,Y;;, =¥, W,;; - T,,2¥, - F,;; =%, T;;) — v 31’“:!
AWy, 8V, 4 s (aW.,. avziﬂ
+- [Z Tis “(87 * 87,, Z:f 4T ja 9T, 8T, /1" (55)
Similarly the generalized canonical isomomentum T; equals
9 vz ~ 8B,
T.Eli'l——[-'-=1',-+%li'1Li‘7"-/\T'-(l-hZLL’Q_> <Z °B T‘.—Z 2By AT;
— ow; — - = c 1 9Ty — GO 9Ty —
It [* = <aV W,.> . %z,
t 5z ; Vit Ty “""‘az 57, ATi=Tj 57,07, /\Ii]
It [ cw [V 8W 8°Z,,
-3 ; VT2 57, +_-La'r ATy i+ Ty ———J—aijaTi /\:r_{l. ‘ (56)
Using Eq. (55) in-(50b) and simplifying gives
B=2.5,=B,+B,, (57a)
1
where
- 1L, 1 N1 L1 ey,
P,= 'Z(mi_ 7z Litir -Z—C—Zm"v'?) t 5 }:‘ ,Z: [(vi+v,)Vi,— T (¥4 7)) T, — T
Vi . 8V,
B +r”< Tia o7, Tia aT“_)], (57b)
(5c)

1 aw oW, oW,
PW 50 ZZZ [(vi—v,)W”+r,,(v -vj) r“y ay“+ i ( 11+-r _-ilﬂ'
ij a

i<y
Thus P depends only on V;; and W;;, just as in the neutral case treated in L. Using Eq. (55) in (50c¢) gives

the total angular momentum
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xi

-

- 1
ixDF;(”"i LT 22mivi)rlxvi

. 1 8y,

+2—TZZ F X XTIV, +F X F, @ 4Ty
c Vig 97y

i<

+2T ;X (7, =V )V, + X))+ [Fy < @, —V)+ T XV, ]W,,
Ty 97y

3 ] . W, '] ‘
Z Z T XT, [ ia( iy a::“) +Tja< - V“)]: (58)
a

i< aTla aTja aTja

1 9w,
T XT,E, -V, r“——— L }

which again depends ohly on the same functions that the cofresponding J depended upon in L.
To obtain the total isospin we insert Eq. (56) into (51). This yields

. A 9 i
7=2. I‘T‘zz{I‘T”éL‘T‘” <1+ 2 >]+_ EZ<5’T e aI:' ”:)
- i - i - = i = -

i<J -3
9 SW - aV BW-
ZZ[V,-I'”<-——-’—V‘ 5 ‘)A‘r,-v,-r”<——~—1+ )/\1’,
i< ‘Z‘ 8_1 ai, —
. 98%z,. . 9%z
‘be—_‘L_ATi—Tib_‘"u“_ATj' (59)
9T 07, - B'rwa'r_J I

which does not depend on 4,,, X;;, or ¥y,
The total energy is obtained by inserting Eqgs. (49), (55), and (56) into (50a). After collecting terms we
obtain

E=D (%, +1,T, w,) - L
3
1 AT A . 7,2
= Zi: [m,cz+%<mf s L,:r_,2>v,2+§m,———c‘z - iL7 <1+ - )]

1 3V! - = - >
ZZ["; Vi =BTy — 74 @ (Vf—Vl)z(Vu“LXu)*[(‘;:f'V/)°r41]2Y¢f

1< ¥ij
1 W, -~ . . oV W,
+ (T2 =V, V)W, [T, =7V, TV, Ty — L +V,* T,,7, (———‘i+—‘1>
i =V VW s WV Tl ey 1Mia\7, Vo7,
. vV oW, « . R4
T o T I —i Rt ¥ A
7 r1174a<37: - 87;)+T"“T“’ 5767, ], v v (60)
a

F

which does not contain any terms of order ¢ which for L; =0 has the same form as for the neu-
For the conserved center -of -mass quantity (54b), tral case considered in I. It is clear by inspection
we seek an expression for (E/c®)R such that its of Eq. (57) that Py, is the time derivative of
time derivative yields P given by Eq. (57), as re- 1
guired by Eq. (54c). The appropriate expression 5T 2;02: ?,,W‘j(r”, THTy. (62)
is
E 1 . 1 The time derivative of the remaining terms in Eq.
2 R= Z <m ye e Tl —2"57”1_\7‘2);; (62) can be shown to equal P, by using the non-
! ©  relativistic equations of motion (43) to eliminate
the resulting 7,’s and &,’s which appear in order
+T,)V,,+T 61) Ty i
2 2c” z;<;[(.‘ MWt FuWyl, ¢™2; this is facilitated by noting that Eq. (43b) im-
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plies that

o[- (3 S ZB{L)] 0. )

» 9T ia
Equation (62) can also be written in the form

E = -
?R=;M,r,,

1 . 1 -
M‘Em, —?L,:r_,2+-—2—zz—miv,2 (64)

1
+ 2% [E (V11+Wu)+ Z (Vji _le)J ,
Y] <i

‘which exhibits the same general structure as in
the Newtonian case, i.e., a sum of terms each
multiplied by a single position vector.

VI. SPECIAL CASES OF APPROXIMATE INTERACTIONS

We shall consider a class of exact interactions
which allow the definition of adjunct fields,? 38?27
and give two examples of this class corresponding
to charge- symmetric scalar and vector adjunct
meson fields'®; as is well known, the nonrelativis-
tic limit of these two interactions is proportional
to the Yukawa potential.

As another example, we shall consider a special
case which does not possess adjunct fields, which
also implies the Yukawa potential in the limit ¢!
—~0, but which, unlike the previous examples,
leads to correction terms of order ¢™'.

As discussed in Ref. 3 and in I, the special case
of theories possessing adjunct fields can be ob-
tained from variational principles of the form (6)

" provided the generalized potential V,; given by Eq.
(11) can be separated into a sum of terms which
are products of two factors, one of which involves
orly the coordinates 2z} of particle ;. Then this
factor, with the dependence on z§ replaced by x*,
can be considered as an adjunct potential defined
at all points in space and determined by sources
which involve all particles other than i. If all par-
ticles are to act as if they were field sources that
are similar except for the strength of their coup-

ling, then U;; must be symmetric in the variables
of particles 7 and j.

Generalizing the form of Uy, given in I the de-
sired separation is possible when Uy, consists of
a sum of separable terms each having the form :

U§mme) = gug (L) F(T )8 (ry, =TT )90%

X Oyy... Oj wuxui ¢ mn)(c.”)’

(65)

where I,m,n,p,q,s are non-negative integers, g,
and g; are coupling constants, f is an arbitrary
function and Oy, ..., (of rank n) may consist of a
sum of terms each built up only from »}{ and
3/0z%. Thequantity7,; - T;T,is separable because

it can be written in the form

TRENIYE TuTjn+TeT s

=8, T4 T (66a)
where the Cartesian tensor ‘
A,,=diag(1, 1, 0) (66Db)

is invariant under rotations about the three-axis
in charge space, The quantity T” may appear °
only in even powers because we require U;; to be
symmetric in the variables of particles i and j,
whereas T;, = -T,, by Eq. (26).

To facilitate displaying of the separated form
of V{mme) corresponding to Eq. (65), we define

1 1
U“mn»qs) - U%jmnpqs) A (67)

since U{}™) js symmetric, and introduce the
notation

[Tla]r E7ta17ia2 o Tlc, ’

[Abcj =A, A, eceA,

byc; " baco

(68)

q’
[Umlt =Via Via,

cee

e.ov“"l’

Then choosing the arbitrary parameter A, to be
the proper time 7; [and thus v, - (vbv,,)'/2=1], in-
serting Eq. (65) into (11), and using the definitions
(46) [with (25)] and (26), we obtain

- \ 7 eoe y oo oy 5B e B
V(ilm"’qS)zgiCmf(ri)[Tia]p'.Tib]q[(z/\li)d]s[.Tle]sOiu"'ll[viocjx[viﬂ]m yar'l:aifbl'?c"bqﬁ.ldf"’;s.ef"es 5

sep, 00 v ey, Brree B _ -
¢ya1'3}'2:,'b1‘?£bq§dl oo Es.el' *teg (zup) = ;gjf Cdef(r.i)[Tia]p[Abchc]q[(Zj’\Z)e] S[Tjd]s (69)
Fi - 00

OAj‘ "'ll«[,u ] [sjt]mgtj(p(lm") (UH) .

While the question of the existence of suitable equations determining the ¢;...(xf) directly from the
source distribution is of no concern for a theory based on a variational principle of the form (6), it is pos-
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sible to establish a connection with known field equations in some cases. As in I, this is possible if m =0
and if the ¢{'?™, considered as functions G; of x” - z? rather than sf;, are Green functions satisfying some
linear partial differential equations

LG [c*ny (¢ - 25)(x” —z”)]— T 5i(x? —27) (70)

where L is a linear differential operator and &* is a four-fold product of Dirac 6 functions. Then we obtain

peso-v,0p0t OL; peee v, 0,00y
Loyt Gp byt 0gsdy " d s ceeog (XP) = AT LG gy eagieyooves

j‘:‘""""l'
ia3%7 b,
J#i

where j;.7.(x") is the source density of the adjunct
field of the ith particle. Special cases of neutral
(f=1, p=q=s=0) theories of direct particle inter-
action which allow such association with known
field theories are discussed in I. The variational
principles of charge-symmetric scalar and vec-
tor meson theories'® are discussed later in this
section.

Here we shall only consider the approximate La-
grangian corresponding to field-theory related in-
teractions which canbe describedby a sum of terms
of the form (65) with =0, i.e., O;=1." This case,
however, also allows the consideration of interac-
tions for which /= =0 but for which the applica-
tion of 0,,...,04™"" to ¢ leads to a sum of #
terms each of the form (65) but with =0, I=n -7,
and m =7,

n

U(iOJPMIS) = Z U(i'}-""o’MS) ; (72)

r=1

the interaction corresponding to the charge-sym-
metric vector meson theory, considered later, is
of this form.

Thus we consider

U(lmopas) "g,g,F("“)w“x“g,,qb(”"") , (73)
where

F(ifw =f(L)f(T)Th(1;; =T,T,)° 155 .

e @)= g, [ anF O AT T A DT 0F (051,062 =200

(71)

The calculation of the functions defined in Eq.
(A17) for U;; given by (73) proceeds exactly as in I
and yields

V(ImONs) =F(»as)U(iJJpzo) =),

W(I mopas) _ =0,

ij

X {mores) —(1+m)F{pedimo) (74a)
m(m —1) F(pa9 1 gt

: %
2m -1 ¥y dry;

G ) —
Yvijr.nobas =

b

where

VO (r, ) Egig,(—l)'"/ dg 2m IO (22 =) |
(74b)
The functions defined in Eq. (A20) reduce to
Ay;=By;=0, -
(74c)

. 7ij
_Z("meNS) =(2m + I)Ff(f“)f ¥;474 (""0)(7’“) .

The relation between Z;; and V;; follows by differ-
entiating Eq. (A20c) with U;; given by (73) and com-
paring the result with (74b); this relation is valid
provided that

{ [ rarfgmig e -«72)]},” =0. (75)

g=me0

Inserting Eqgs. (74) into (49d) gives

g(zmopcs) — 1 ZZ F(pos)[[(l 1= m)(v; _V) +Vi uV iljmo)(,rij)

i<j

e moe w omm=1) o o\ 1 dfir )
—<vi-r,-,vj~r,~j+ v [(F; =%,)-Ty;] = —‘-’-——dr”
ZZ R oF (pas) _ QY- 7 oF (pas) (lmo)
Vi uTJa oT V ijlia T i
i<j ja ia
.. 82Fes i )
+(2m+1)7ia’r-,,-——“—-——f 7, dri;dfj"'") , (76a)
T 0T0T .
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where Equation (77) is a special case of (73) with f =1,p
=1,gq=s=1=m=0. To obtain the approximate La- ’
V= 2 D F ey, ) (76b) grangian we need only
i<j
is the nonrelativistic potential. 9y contains no U=-g,8,7;°7,G(£*=7%) . - (79)
correction terms of order ¢~ for relativistic in- _
teractions of the form (73), but this does not nec- Then the only nonvanishing functions in g, are

essarily follow for the more general interactions
(65) ‘which allow the definition of adjunct potentials w s
because operators O; ..., can be constructed such Vii==8:i8iTi° T f_wdgc(g =7, (80a)
that U;; is not time-reversal invariant. _

The action-at-a-distance variational principle of o
charge-symmetric scalar mesodynamics!® is given Z;;==8:8;T;" T f dr %G (g2 =77 . (80b)
by Eq. (6) with : e

Uy;= - 8,70 75G45(0,) These integrals are evaluated in Ref. 24. Equation
: (77) (80a) reduces to the Yukawa potential
G;;(04;)=06(0;,) - %9(%1)7‘:’&172_(71(""“1/2) , ‘;K“
¢ . e £
where k is a constant having dimensions of recip- Vis==8:8i0" 1 T . (813)
rocal length (corresponding to wc/7 in quantum
theory, with . being the meson mass); J, is the and Eq. (80b) integrates to
Bessel function of order 1, and . ] i .
Z;;=818;T; T K€L (81b)
1, o'”>0 . ; L :
80:)= Y0 4. <0 (78) Thus, since Egs. (81) represent the only nonvan-

ishing functions in 9, Eq. (49d) takes the form

1 T > =q € T L oL e 1
SPN:—ZCZ Z;ng;gj{zj'Ij["[(vi-vj)2+vi-vj]————_ —VeT;V;e Ty > Stk

- > S e Tij .. e KT
—(v‘-rn‘r‘-r—v,'r.-r-‘r.)—+T--7-—J}, . v (82)

which is of the form (76) with I=m=p=5=0, p 1, and

e KT : v , [ ., :

V(QQO) =-g, g]_ , F(IOO) =TT . . : . ; (83)
7 ==

The action-at-a-distance variational principle of charge-symmetric vector mesodynamlcs18 is given by

Eq. (6) with (choosing proper-time parametrization)

U,.=g;8:T°7,[v'+ 1 P o + 1 & G;; | (84)
ii=8i8iTi° T\ Vs Kk2c? i azfaz” Uiy K2c? U: 3z)‘32 ii >
where G;;(0;,) is given by Eq. (77). This is of the form (65) with f =1, p=1, g=s=1l=m =0, and
32
- P
O; + 2c? V3 aZfaZ“‘ . (85)

Carrying out the indicated differentiations in Eq. (84) using

90, ; 90, ; o 90, ; : -
—id =Tl 9028 s il ) Lo o , 86
azv as;’j ‘JVU . az;J ’ AN S e ( )

and subsequently employing definitions (46) w1th (25) y1e1ds _
4 8 '
U;;=8i8T;° T w,J{G(0)+T[G+ 5 (4G +20’G00)] } -z g‘g]T T,x,,gh[c+ (4G4 +2(IGOU)] ’

(87
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which is a sum of two terms, each of the form (73).

The integrals in Eqs. (A17) and (A20) for U;; given by (87) together with (77) are evaluated in Ref. 24.

The results are

e K7ij
Vii=8:i8iTi* T~ Xiy==Vi;»

ij

W;;=Y;;=A;;=B;=0,

Z45= =887 T K '™ i+ 2672V,
for which Eq. (49d) takes the form

Lry TR
8i8;T;*T; V V —+V;°Ty;

i<j ¥ij

ZZg g][(\*z, T T =V Ty T ~T)

The interaction kernels of the charged scalar
and vector meson theories can be obtained from
the charge-symmetric ones given by Egs. (77) and
(84), respectively, by replacing 7;+7; by 7;; ~I';T;
[see Eq. (66a)]. The corresponding approximate
Lagrangians can be obtained by employing this
substitution in Eqs. (81) for scalar mesons and in
Egs. (88) for vector mesons.

An example of a relativistic interaction which
does not allow definition of adjunct fields is given
by

Un' =8i8;T;° T ""’ [ a!,-jg(g“)
+e”™ii0(x,;,)]6(0;;) (90)

where a is a constant having dimensions of recip-
rocal length and the 6 function is defined in Eq.
(78). This interaction is symmetric and lightlike.
From Egs. (46) it can be seen that ¢;; is propor-
tional to the time difference ¢; —¢; in the rest frame
of the jth particle and that x;; is proportional to {;
—t,; in the rest frame of the ith particle. Conse-
quently, since the sign of {;; is an invariant for
null separations, Eq. (90) 1s equivalent to

e %iid(0;,) , 4>t

= ;X
U,;=8:8;T:i°T; ‘w! {e-axuﬁ(oﬁ) , ti>t

(91)

To obtain the approximate Lagrangian corres-
ponding to this interaction, we need

|

=g,8;Ti T [e770(8) + e**0(- ) Jo(L* ~72) ,
Uc=g:8,T: " T ,(—a)e™**6(£)d(£% - 7?)

=£:8,7;° T (~a)e**6(=0)8(c* - 77) , (92)
g

=l Qﬂ Bl
u

xx =8i&iTi" 1jazea§9(_g)5(gz -7%;

(88)

\
. eq(‘r,'j < 1 >]
V,*r;.; —+K
Heor Vi;

]

KT,I

_J]. -

+T ;0T K% i) (

ij ij

r

the terms proportional to 6(¢) =d6(¢)/d¢ have been

omitted because the arguments of 5(¢) and 6(¢*—72)
cannot be zero simultaneously. Insertmg Eqgs. (92)
into (A17) and (A20) yields

e—arij
Vii=8:i&iTi T s
¥ij

X;;=(ar,; =DV,; , (932)
Y,;=3a’V;; , Wi;=0,

and

A==3aVy; , Byj;=0, Z;=vV;; , (93b)

respectively. The post-Newtonian interaction for
this case is given by Eq. (49d) together with Egs.

(93). This example serves to emphasize that re-

quiring U;; to be symmetric in the particle vari-

ables is not sufficient to exclude the possibility of
nontrivial correction terms of order ¢~

VII. DISCUSSION

In Sec. II of this paper the neutral Poincaré-in-
variant variational principles of Ref. 3 have been
generalized to describe point particles with iso-
spin. The method developed in I for approximating
such principles was then employed in Sec. IV to
obtain the general form, to order c¢2, of the clas-
sical approximately relativistic Lagrangian de-
scribing point particles with two-body interactions
depending on isospin as well as the particles’ vel-

. ocities and interparticle separations. Only those

relativistic interactions that possess a static non-
relativistic limit have been considered. The
charge on the ith particle is determined by Eq. (5),
which reduces to the standard relation for the
charge on a particle when L ;=0. The application
of this approximation procedure is straightforward
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and results in Eq. (49) with the charge given by
Eq. (52).

Unlike the neutral case, effects of order c™ are
not excluded for point particles with isospin if
their relativistic interaction is not time-reversal
invariant, a fact which may be of interest in nu-
clear and elementary particle physics. In the neu-
tral case, as shown in I, terms of order c™ in the
approximate Lagrangian constitute a total time
derivative and thus can be omitted. For interac-
tions involving isospin, this is the case only for
special classes of interactions; however, these do
include the time-reversal invariant interactions
corresponding to charge-symmetric scalar and
vector meson theories,*® for which the post-New-
tonian interactions are given in Sec. VI. Relati-
vistic interactions that are symmetric in the par-
ticles’ variables imply B,;= W;;=0 in Eq. (49d),
but do not exclude effects of order c¢™!; an example
of such an interaction is included in Sec. VI. The
appearance of ¢ terms is also not restricted to
interactions of a non-field-theoretical character
because operators O;,..., can be constructed so
that Eq. (65) is not time-reversal invariant.

The form given in Sec. VI of relativistic inter-
actions for which adjunct fields can be defined is
a generalization beyond the inclusion of isospin
of the form given in I. In special cases, this
more general form reduces to a sum of terms
each of the form considered in I, multiplied by
the appropriate isospin factors; the approximate
Lagrangian has been obtained here only for this
type of field-theory related interaction.

The exact conservation laws following from the
invariance properties of the relativistic variational
principle (6) are given in Sec. III. Invariance under
tne Poincaré group leads to the usual ten conser-
vation laws. In addition, invariance under rota-

|

tions about the three-direction in charge space
leads to a conserved total charge, while invari-
ance under arbitrary rotations leads also to a con-
served total isospin vector, whose third compo-
nent determines the total charge as in elementary
particle physics. The approximate conservation
laws obtained in Sec. V follow from the invariance
properties of the approximate Lagrangian (49). As
in the neutral case, the center-of-mass theorem
derived by the method of Ref. 7 contains a center-
of-mass coordinate which is a sum of terms each
proportional to a single position vector. These
approximate conservation laws have also been
derived in Ref. 24 by direct approximation of the
exact conservation laws. :
The approximately relativistic system of N par-
ticles with interactions possessing a static non-
relativistic limit is described by 6N + 4N initial
data, while the nonrelativistic system is described
by 6N+ 4N initial data for L;#0 and 6N+ 2N initial
data for L;=0 (the standard description of charge).
Thus, unlike the neutral case, the specification
of initial data to order c¢™? for the approximately
relativistic system differs from that of the non-
relativistic system when L ;=0, under the assump-
tion of a static nonrelativistic limit. The construc-
tion of the Hamiltonian for the case L ;=0 must be
treated separately from the case L;#0, and the
canonical formalism associated with the approxi-
mate Lagrangian (49), discussed in Ref. 24, will
be presented elsewhere.

APPENDIX

To apply the approximation method developed
in I, we use Egs. (45) in (6b), with the space-time
dependence of U;; restricted to the Poincaré in-
variants (46), and then make a monotonic change of
of variable from {; to ¢;; as in I to obtain

w

g,=— ZZ fw dt,?;Tlfw ac,, U045 Wijs Xags Saj3 T T5) , (A1)

i<j - iy

+

where |+ means that the expression is to be evaluated with

>

1 Vo T (t,t
= — - __l_____.j_
i t‘i+ c [giiyi 1+ ’é’( = )} ’

(A2)

following from the last of Egs. (46). Equation (A2) is an implicit relation for ¢;, which is handled by

employing a Lagrange expansion as follows:

c'n! ot

Fltat)= Fltpt) s — a"-l{[n;‘;‘*’f‘f""u&ﬂ"3f(tnt,)}
n=1 4

for any infinitely differentiable function f(¢;, ¢;). Here

at; (A3)

ti=tj
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9 d >
— | — . (A4)
ati <dti ¢, ¢ jconstant

We shall follow the convention used in I of omitting particle subscripts on quantities where confusion is
not likely to arise. The integrand in Eq. (A1) depends explicitly on ¢™ through ¢|,, w|,, and x|, [see (143)],
and implicitly on c¢™ through Eq. (A2). Since an approximation is desired only to order c2, this integrand
is first expanded in a Taylor series to second order followed by a Lagrange expansion to the same order.

Because the isospin dependence of U;; embodies no explicit factors of ¢!, the Taylor expansion of
U, /“’UL proceeds exactly as in I'and results in (I54), which has the form

~ g 1 > \2 1 ->2:|
91~—2i<12[”dtj[1— éc—z(‘;i—vj) -— -z—c?Vj

Xf”d§<°v(§)+ i—[z;‘)vﬁ,ohoux(a,_vj).;]

1 - - - - ->
+ W{Z U, (F;+ F)2 = 202U, V2 + 482 U [V, T ¥, T = (7, - 7))

FOUL =T U =T+ - ) T (a5)
+
where
_ U _ U _ U
Uo= 557 Vo= 55 U= 5 (a6)
The superscript zero represents explicit ¢™ =0, so that
OU(g)EU(gz—?z(tnt]), 1, -¢, g;z;(t{),b(tj))=U(oo', °w, %, & Tiss ri,rjy Tij), . (A7)
which differs from (149) only in the dependence on isospin.
The Lagrange expansion of the term of order c° is
- 1[ 1, . aou(g)” 1 [ azvv(g)]
o ~ . T — ¥, 2 27
U({)l, U(f, r’I”Ij)+ c <§+ c VJ' I‘) ati ti=tj=t * -2?5 E 315;2 fg:tjst, (AS)
where
ﬁ(gy 7;11’_7;) =07 (%) |t{=tj=t =U(g% - *2(1‘; t): 1,-¢, §;_T,(t), L(t)) . (AQ)
To evaluate Eq. (A8), we need
U(g) _, > = 0OU .
o, - Uy(=2V;°7)+ 57, Tias
929yu(¢) : - oy = e am - 3U,» = oty ., . U
iz " =2[U,@; s T+V,) +7; - T(-27; + T)°U, ,]-4 5, e, T, +m Tialin + 57— Fias (A10)

whereby Eq. (A8) takes the form

. — 1 1 - > T > > g
U@, ~T(e, 7575, 7,)+ c—(§+ c—vrr) (-ZUon' T+ &7 T*a)

92U

87;,8T;,

1 v 7 - > >\oFF aﬁ (] - -
+507 {—Zgz[Uu(zii CT+V,2)-2(¥,; 1)U, ,] - 4&2 a7 Tia Vi T+
ia

, oU
fiaT;b+§2 57—?}“}; (All)
ta

it should be understood that all expressions which are coefficients of a barred quantity are evaluated at
t;=t;=¢. Similarly, the Lagrange expansion of the terms of order ¢! in Eq. (A5) yields

1 > -z - -
S1267, T U+ @, - V) 1T

e Coitem e s . — o
+ ATV U, = 8LV o TV o T =4 (Vo T2 =V, o TV, o F] Uy + 2@, - T4 V2 -V, 7)) Ty

> > aﬁa 3 - .-—877)( .
+4¢Y, P o Tia+2(; -¥;) For Tia}. (A12)
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The Lagrange expansion of the terms that are already of order c¢™® requires only the substitution #,~¢;=¢.
Thus, inserting Eqgs. (A11) and (A12) in (A5) and simplifying, we obtain
Tia]

g ~—ZZ/ dtf dé{U(c, 3TisTs) += [(’,—v,) Ty —2w)+g
+1—[(vi_vj)2<u U4t 20T, 7,20 427, - 9T, ~47,- 7, - 10,

i<

+[@;=F,) F2T,y - 46 Uy + 4220, + 8, F22 Uy - 262 T,)

wyms [, 80y 2aﬁa>
+2(¥;-V;) r'ria(g o -2¢ T

s w. U _, 83T . - , 08U ]
. — e —% . 13
+2V; T Ty, 57, +& L TiaTin+§ o, i (A13)
In this expression, uhlike the neutral case of I, the terms of order ¢™' do not constitute a total time
derivative and thus can not be omitted. We can write them in a form which also includes IJ by adding to
the time integral of Eq. (A13) the total time derivative '

d TdeeT ° 8T ,
_%<%£wd§§U)=_§f_”d§[ 26T, -7) Fot o ‘r,a+§ - T,a}, (a9

which is irrelevant for the variational principle. The acceleration and E‘ dependence of Eq. (A13) can be
removed by integrating by parts and omitting the irrelevant integrated term. We have

R PP - 8T .
[tz teeT 2w ) g - 'ria]

-0

=/ dt{(—v,%?i-%)(z;ﬁx-2§2U‘0)+[-(\7‘,- BT, T, H 2 @eT, - 2627,)

_%,1 'l"iaa @ Ty 26°0,) -9, F 1, 2 (24 T, —20°T,)+ 2@, - F,) T 7,02 2le
820 . . aztf Qo
2 ——— s : — 2 S ———— '
-~ 57,07, TiaTin—¢ TR ‘r,a-r,b}‘, (A15)

Using Eqgs. (A14) and (A15) in (A13), we obtain

N AR P 1[e oy 2 o7y 1,00 . . 00 .
91~_Z‘<§‘: /:”dt/:wdé{v(c,'r,_z,,zjh Z[(xa_v,) FO - £00) +38 gr—Fiam 3t -r,,,}
1
T 2c?

(077 + 0= TP - Ty = £ T+ 260) + B =%, 9@ Ty - 26T

- - = - -> > e > 10 = -
+2[ (V; =V,) T2t Uy = 282U, +[ (2 T)2 =V, TV, - F] = W(Z; U, -262T,)

+2[2x‘zi-ﬁ.4?_(x7,~?)2]ﬁ -[G;-F,) T2T,

= o o 9
+V, 0 F T, —— a (2;17 —2§2 o= 20) 4o F 75— (24 Ty - 28°T)
Ja
02T . . B -
2 .
+ ¢ mriaTﬁ]}‘ - (AIG);

The terms of order ¢® and ¢"2 that do not contain 7; or 7; have the same form as in (163). Consequently,
they can be simplified just as in I, so the nonrelativistic two-body potential energy is given by

V”('V; Ii’Ij)Ef ag ﬁ(:;”’;zi: IJ) ’ (A17a)

and we define the functions
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Wi t1)= [ age@+T,)
'X,-,-(r;zs,z,)a—f_ dc (U, +t£T,),

Yij('r;zi_,zj) "f d§ XX 2

(A17D)

(Al7¢)

(A17d)

as the natural generalization of the corresponding neutral functions introduced in I. The identity

[ e @eT,-262T,) =V 4 Wy,

(A18)

proved following (I67), is also valid here provi'de,d U and its derivatives vanish sufficiently rapidly as’
¢—~+w, Then, also using Eq. (A18) to simplify the: terms linear in 7;, and 7;,, Eq. (A16) reduces to

N_ZZI dt{V,,('r TisTi)+ —((’i—vj) rA,J+

iKj e
1

+H @ =) TR Y+ G2 =V )W, = [y TP =7, 79, 7] ;-—‘1

Tia aB ’;-ja 882' >
ja

- F(V‘-'VJV” -V;* rvj‘ T ;W +(V,- —Vj)z(V,r;-X”)

ar

- > 9 - . ] . 3 322”
+HV; 0T Ty, '&.‘;—(Wij = Vi) + ¥ T 1y, E‘(Wu'* Vi 4T T ——_>] , (Al9)
a a . )

where

Aij("’;ZiaIJ)E%f_ ¢ (U +Ty)
aj('y’__iafj)' f d§§U

Zrsr,T))= f ar e U.

A;; is identical to the coefficient of (V; -~ V;)+ T in order c¢™

[ ae@-£T)=1 [ ac@+ Ty,

- which follows from

and the assumption that U~ 0 as -+,

»ar,.aa-r,b

(A20a)
(A20Db)
(A20c)

in Eq. (A16) because

(A21)

(A22)
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