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Abstract

After proposing a new refined physico-mathematical frame for the
covariant application of the principle of least action, the principle
with the new frame has been applied to the persistent current classical
model of the electron, deriving all the basic kinematical equations of
the electron. By adopting the quantization procedure of the new frame,
these c-number equations transit directly to the Dirac type g-number
equations of the electron with g =-2(1 + a/2n1). The derived equations
are delicatély different from the currently accepted equations in their
highest order accuracy, with definite physical origin for the differen-
ce. The Thomas precession and the Spin—orbiticoupling are analyzed in
detail, clarifying the origin of the difference between the expressions
in classical physics and in the Dirac Hamiltonian. It has been found
that the equation for the precession is almost independent of the cont-
ribution of the external vector potencial to the spin angular momentum,
sHv , and, if it contributes with a factor, 1/2, the induced change in
the model makes the electron spin perfectly diamagnetic, indicating the
coexistence of the angular momentum and flux quantizations. The princi-
ple of the factor two is proposed at the interface between classical and

quantal physics.

8§81. 1Introduction

In 1974, we have proposed a persistent Vortex Ring model of the ele-

ctronl). We refer it as VR hereafter. Attractive feature of this semi-

classical model is that it has no adjustable parameter and has almost all
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non-wave characters of the electron, in complete conformity with the
classical electromagnetism. - An application of this model for the under-
standing of the hyperfine field in magnetic oxides was presented in 1981

2). In 1983, we have proposed a new frame in physics3).

The guiding .
principle of the new frame is that, there must be a general and analyti-
cal interconnection between the classical and guantum physics, because
the two frames are the different side views of the same object, having
the accuracy of 10—8 or more. The proposed interconnection is that the
classical physics described by c-number equations transit directly to
the quantum equations, when regarded them as g-number equations with
very simple, mostly well-known ways of the quantization. The new frame
has a great advantage for dealing with complicated quantum systems, be-
cause we can utilize the classical concept up to its limit, and, with
the use of thé concept of classical ensemble adequately, many of the qu-
antum characters of the system can be obtained classically.

Now in the new frame, in order to establish analytical continuation
between classical and quantal physics, we needed to have the best clas-
sical model of the electron for the consistent description of the clas-
sical Maxwell-Lorentz electromagnetism.b We found that the VR model sa-
tisfies this réquirement.

We know that there is an old concept of point charge electron, in
which the classical size of the electron is asSumed to be less than 10_15
m. Since we take VR as the classical electron, the classical size is in
the order of 10 12n\— 10 22;, which neces51tates to abandon the point
electron concept. This must be due in the new frame, because we have
needed to have a strictly self-consistent Maxwell-Lorentz classical elec-
tromagnetism with electrons, whereas the electrostatic energy associated

=15, reaches

with the point charge electron in the size of less than 10
to more than 10 times of the rest energy of the electron. Therefore,
this old model is self-inconsistent by itself, as the basic entities in
the classical electromagnetism of the new frame. More detailed reasons
will be given in Appendix A.

Now, there has been, however, a lack in the knowledge about the re-
lativistic kinematical equations expected from this model. We have found
that the least action principle and principles of the new frame applied
to VR can deduce strictly and precisely the desired relativistic kinema-
tical equations of the electron, which are identical to the currently
accepted equations in the usual accuracy, but contain a few higher order
terms with reasonable physical structures. Quantized wave equations
have also been obtained by regarding these c-number equations as the g-
number equations. This paper presents its outline, together with many
newly found suggestive ideas for the electron.
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It is to be noted that, since electrons and electromagnetic fields
are the two principal entities, on which our classical frame of physics
has been built up, the new frame of physics has a strong emphasis on

these two entities. It is further noted that the present analyses are

all effective for the muon. But, we are not in a position to challenge
the present day Q.E.D. By the new frame, we propose another useful app-
roximation of physics, which is complementary to Q.E.D. and is effective
for the fields, where the Q.E.D. is not easy to apply. The accuracy is
less but is sufficient for them. An example is the thermo-statistics

of the orbital diamagnetism of many electrons, where, we believe, the
new frame has corrected the previous misunderstanding3). Complicated
macroscopic quantum systems, which are important in solid state physics
and devices, are generally such systems.

Wé use the MKSP systeml)

tem, throughout. The difference in the formula from the CGS Gauss unit

, or, the MKS rationalized Gauss unit sys-

system is only in the factor of 4w or 1/4m.

82, A brief review and the basic data of the VR model
The essential feature of the model will be summarised as follows.
l). It is a tiny ring current with the ring radius of

°R = |g|x, = 2(1 + -z%;)ﬁt—c’ = 7.73185 x 10 13

(2-1)
and with a very small cross sectional radius, °n of the ring segment. In
this paper, the quantities in a proper frame will be indicated by a left

-386

superscript °. The values of °n are (1.241 or 0.967) x 10 m, for the

uniform or surface charge and current distributionsT. In the following
calculations, in order to simplify the situation, we assume a nearly sur-
face charge and current distributions. Although we do not believe that
the Maxwell electromagnetism can simply be extended to such a tiny re-
gion, the attractive feature of VR model is that its essential characters
are independent of the details of these super-microscopic structures.

2). The total energy without external fields consists of electric and

magnetic energies °U and °U

E,0 M,0 *
2 o]
ome? e o el > 2 .
Vg o T Rty = S+ Ay = SRy, 2-2)
! 8w QR l + 8-n- OR
: 27
omc? ’ ome? 1 e? 8°R
Vy,0=7 "~ T3 -2 /73~ (&R -2 . (2-3)
’ 8n“°R L1+ 7= 8m<°R n

i We had a small mistake for the values of °n = °r in the original paper.
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Please note the subtle relation between °R, o, and 1n 8°R/°n of the
electron.

'3). The Magnitudes of the angular momentum and the magnetic moment in
each single classical VR are R and 2(14—a/2w)uB , respectively, so that
an ensemble concept is used for bridging the model with the real quantal
characters of the electron. The spin state, a, or, the state having the
spin directed along +z axis, is represented by an ensemble, in which the
top of the angular momentum vectors distribute uniformly over the upper
hemisphere. Hence, the averaged charge distribution becomes spherical
with the angular momentum and magnetic moment components of

h o

3 apd (L + 52ug (2-4)
respectively. Therefore, VR has an intrinsic anomalous magnetic moment,
being in agreement with the result of Q.E.D., down to the second order
perturbation, i.e., less than 2 ppm. This figure indicates the accuracy
of our approximation for the magnetic moment.

1)

4) . A new momentum-energy density four vector is employed for the con-
venience of the calculation of its self-produced electromagnetic momentum
and energy. Therefore, the self-produced momentum-energy density four

vector in the proper frame is

(5 s gt ¢ SR = ftta, 5 ooe) + (0, 1 Bd0a)y) o
where °p, °j, °¢, and °a are the Maxwell-Lorentz charge and current den-
sities, and electric and vector potentials, respectively. A self-factor
1/2 has been introduced and, the imaginary number expression is used
here for the four space, and i is the i for this purpose4). The con-
crete representation of Eq. (2-5) will be shown soon.

5). VR is electromagnetically stable. In the Maxwell-Lorentz electro-
magnetism, the Lorentz electric force of repulsion is almost exactly can-

celled by the Lorentz magnetic force of attraction and the magnitude of

=365 of the main term.

Since the gravitational force expected is quite large, such as 10—43 of

the next term is extremely small, such as 10

the main term, we expect that the model is stable in terms of general
relativity.

6). The model keeps a quantized flux, hc/e, which is twice of the flux-
oid of superconducting circuits.

In the new frame of physics, since the quantal equations are dire-
ctly derivable from the classical equations, it is important to obtain
the self-consistent detailed frame of classital physics.

In Fig. 1, we show the relativistic geometry for the numerical cal-

culations. The coordinate system, °K, is an instantaneous proper frame
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of VR, which is moving with the velocity V and has its origin at the
center of VR. K is the fixed driginal laboratory frame and *K is an
instantaneous laboratory frame for which the Lorentz transformation bet-
ween °K and *K does not need translational adjustment. Although the VR
may make precessional motion, the velocity, °u = °wx °r (°w = |y|°H),

expected is in the range of

°u vWR = OR%%E?OH \ 10'(2m0)m/5ec ' (2-6)
for the magnetic field °H of lOyMSOe . Therefore, although this veloci-
ty itself has to be taken into account, since (°u/c) v 3 X 10_(11%9), we
can put

1
Yy © ——————-;—— =1 , (2-7)
1l - (—C—)
so that no general relativistic consideration will be made.
The four currents and four potentials in °K arel)

vRPr) + °w x °r
{°3, ic®} = {°%p°v, i c°p} = {°p TR . ic%} (2-8)

(1L - cos 0 )

c
VR(<r) + °w x °r '

lev| = R =c , (2-9)

SR°w
(L - —5—<cos 6 )

{ca(°r), i°¢(°r)} = {-

[lnSOR °v 8°R
[

e . e
- 2] — , i(- —5—1n )}
4ﬂ2°R n c "= 417 °R n

- 2, L ros  so0 2 . e , )
= (Ze)°Um,0 spel®ds ic®p) + () (°Ug Uy, o) (0, i}, (e > 0) (2-10)

and, in K, they are
{3, ico} = {pv(r), icp} = (o3, + vy, + °oV), vy (°p + —3Y)} (2-11)

. . c
{a(r), i¢(xr)} = {°a, + Yy (°a, + °¢%), iy, (o + anY)}

Yy = /1 - (v/e)?

Here, vR(°r) is the velocity of the charge in the rotating frame RK, in

(2-12)

which VR is at rest. For °K, Ve is transformed by the Lorentz trans-
formation and 0 is the angle between °w and the magnetic moment axis of
VR. 1In the major part of the calculations, we assume VR rigid. The
reason will be explained in §6, where non-rigid VR will be introduced.
It is noted that °a(r) has been derived to be parallel to the current
°j(r). It is further noted that, in K , the self-produced momentum-

energy density four vector of Eqg. (2-5) be;omes



°pa (°j-ca) Vv . 1.°p¢ (°j-°a)
{2c+Yv22 c r Lglo + vy
C
_°p . (°j-ca) V . (°j-°a) _ °p .
= 5clla, ipl + {YVF—?BE—" s i YV—~%BEf—}] = EE{b' £¢b}
°ply _ oom % . I |
> g0} = (&) = foreuy (GMY 4 ocup (X L (2-13)

Here, we have defined a pseudo vector potential four vector {bu}, and
momentum-enerqy density four vector {qu} , for the convenience of the
following analyses. {qu} becomes the total momentum energy four vector
of the electron, {pu}, when integrated by the proper volume element 4°Vv.
We have introduced the Minkowski notation. The four coordinates of the
charge element are indicated by xM, and those of the center of VR by xH.
They will be explained hereafter.

§3. Refined physico-mathematicl frame for the covariant application of
the principle of least action to VR

We believe that the physico-mathematical structure of the covariant

variation problem, which is crucial for the real application of the

principle of least action to VR has not been well-undefstood5’6'72 There-

fore, we begin with the explanation of a few general characters of the
problem.

~ Let us take the orbital motion of a point charge electron as the
example. The action integral is

ds

I= =
s C

World Point (2)
j (3-1)

World Point (1)
Yy
rangian, which is a Lorentz scalar having the dimension of energy. Ac-

Here, ds/c = d1 = dt is the proper time, and Ls is the covariant Lag-

cording to the guiding principle of the new frame, Ls is to be chosen
so as to transit directly to the popular non-covariant Lagrangian L

t
by7)
1

= L, dt , Lt = LS Yy .

£ (3-2)

As the real examples of Ls , we consider —°mc2 and —°mc2 - qA“?Eu , 1.

e., the most simple Lagrangian for the free electron, and that in the

electromagnetic fields, a¥(x9%). Here, the four coordinates,‘iu , indi-

cate the location of the center of the electron. Now, in the covariant
variation problem, presence of the relativistic constraints is essenti-
al. We propose that the Lagrangian multiplier method is most appropri-

5)

ate for this purpose”’, because, first, by this method, we can make the
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variation free, and, second, since the original Lagrangian itself has
not been given apriori, by manipulating the Lagrangian multiplier term
adequately, we can choose the most appropriate Lagrangian, Ls , which
can make the amount of necessary brain work minimum. For the analysis
of VR, since there are quite a few terms and constraints, simplification
is a crucial factor.

Then, our initial Lagrangian Lo transit to fsvwith the Lagrangian

multiplier term7),

L, (x%x" - T_(x"xY =1 + 171\_&“;“ - 1). (3-3)
The variation of the action is
(2) a (2) _
61 = J 6T, = + J LSG(%—S—) (3-4)
(1) (1)
ds, _ 1l;/57Max = -1 gx¥sax = xMsx 48 -
G(C ) CG dx dxu cas dx adxu X dqu . (3-5)
Therefore,
(2) 3L oL . .
81 = I [— sx + —Z§5§ + is§“5§ ]QE
(1) ox Hoooax e
(2) uaf " oL oL
= J {%gl——_,-_sdi + i‘s§“a§ ]+ [ - gg(ji + TxMi1ex 188 . (3-6)
1) ax H H axu axu S u-c

Then, adopting the postulates of the principle of least action, we get

the Euler-Lagrangée equation of motion as

. oL oL
ST - 8 S =0 . (3-7)
s S 2 —
X X
H U
Inserting Eg. (3-3) into Eq. (3-7), we have
. L 3L
d s+ 0% - =51+ S=0 , | (3-8)
ds s - -
X ox
H H
s = = _a g - =y OLg
-L X" - L X" - S (—=2) - AXM - A+ —SE =0 . (3-9)
S s ds .= —
axu 9xX

. ) . AL . 3L . 3L . oL
A= ol - ) =2 e x —2 = - Lx 5 (3-10)
Hax Hax 9% Ha
H ; H
Therefore,
3L, .
A =- ==X +C , (3-11)
Bxx :
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so that the Euler-Lagrange equation of motion becomes

oL

%_[(~ L -C + —vi Xx,) x" - —751 + —2 =9 . (3-12)
s s 3x, A 39X 3%

A v u
Brehme has shown7) that the exact solution of the least action from Lt

of Eq.(3-2) requests C = 0 in Egs.(3-11) and (3-12). There is a very
subtle point in physical mathematics. If the original Ls is replaced
with Ls' = LS + C , then, Brehme's analysis has shown that Eq. (3-12) is
a consistent equation for this case. Therefore, mathematically, Egs. (
3-12), (3-8) and (3-7) has no inconsistency, so that C is undetermined
from these equations alone. Physically, however, C is an absolute Lo-
rentz scalar having the dimension of energy, which should be represent-
ed solely by L , %A A

and x” in not very unusual form. The only possible

representation that we can conclude is
c=0 . (3-13)

Therefore, C = 0 is not a mathematical conclusion but a physical conclu-
sion, supported perfectly by the Brehme's analysis for Lt .
Now, it is well-known that correct kinematical equation of Eq. (3-

12) is obtainable by neglecting the last term of Eq.(3-4). This is be-
cause, if we assume that d[aﬁ(s)u]/ds is so small that each short seg-
ment of the route, ds/c or ds'/c , can be regarded as a straight line;
then, ds/c and ds'/c have no difference within the first order in gx" ,
because they are the two geodesic lines just mutually displaced. There-
fore, in this condition, ds' -+ ds in the final variation, so that this

variational calculation should afford at least necessary conditions. 1In

this case, we haves)
It =1+ % -1 (3-14)
s s 2 H
2) 2) oL aL! oL
§'1 = r 6T 45 - I( {g_ Sex ) + [—= - L(Bex }55. (3-15)
(y S € (98 5 M o, ¥, Woe
L' aLT!
—= - g‘g(—-_i) =0 (3-16)
axu 3xu ) )
S L L
d o - 51+ —S=0 (3-17)
ds = —
. 9x 9x
5)
so that we get
9L, .
At =L - 2% + Cc . (3-18)

Here, again we have the delicate problem of the integral constant C .
In this case, different from Eq. (3-8), the LS in Eq.(3-16) seems to ac-
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cept any additional constant, without spoiling the equation. This dif-
ference, however, is not essential, because we can get the correct equ-
ation, if we put C = 0 in Eq.(3-18) from the similar physical conside-
rations. In other words, the two variational proceduresgive essentially
the same correct equation of motion, if we put the integral constant

C =0 . We must be careful in this case, because, different from Eq.
(3-11), if Lg, has a constant term, it will be dropped in Egs. (3-16) and
(3-17), so that the integral constant C in Eq.(3-18) is an additional
constant than this intrinsic constant term of Ly - Since the second
method is simpler, we shall employ this form of variation extensively in
this paper, so that the superscript, " ' ", will be omitted hereafter.

Now, in Eqg. (3-14), if we use f; as the original LS in such a way as

oL_ .
S —
Ls =
- C2SN LIRS TA ,Su=
L, =1L+ » (x X, - 1) + H5-(x X, - 1) (3-19)
we get easily
1A =0 (3-20)

so that the Lagrangian multiplier term becomes a dummy term, while keep-
ing the variation still free. When the original L, = —°mc2 , we get
the new Ls as

u

We regard that this modified expression is important for the covariant
Lagrangian analyses. In addition to the essential reduction of the ef-
fect of the Lagrangian multiplier term, Eq.(3-21) allows to have a sim-
ple physical\understanding that the mechanical momentum, PY , can be de-

rived directly as

3L :
P = - 5 = emc?xM (3-22)
ox ’

which obviously originates from the fact of Eqg. (3-20).

In the process of the investigation for the most appropriate Lag-
rangian to VR, Eq.(3-22) had to be used as a guide line for assuring the
right track of the trial. Therefore, we propose that the form of Ls of
Eg. (3-21) is essentially important for the research as well as for the
final frame. It is noted that, because of Eq.(3-16), -°mc2/2 in Eq. (3-
21) looks to have no meaning at the initial stage of the anlysis, how-
ever, as have been explained in detail, it had a serious meaning in Eq.
(3-18), but, adopting the present framé, again, it becomes not important
, because ;A' of Eq. (3-18), as a wﬁole, becomes zero, at least for this
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constant. It is further noted that the situation is more complicated in
the actual analysis of VR, but, according to the physical reasons exp-
lained, we put mostly the integral constant as zero and look for whether
the solution is in agreement with the experiences or not. If the result
is in agreement with the experiences, we shall not argue further about
its mathematical reasoning.

By accepting these frames, now, we have justified to make most of
the variation free, regardless of whether constraints are there or
not. If the constraints are present, we have to add the Lagrangian
multiplier terms, but they might be dummy terms, or, at least, we look
for the Lagrangian, Lg for which the effect of the Lagrangian multi-
plier terms may become minimum, under the free variation.procedure.

We may add that, when the original L_ = -°mc? - qA“§u , the new

Lagrangian, Lg o+ becomes

2
o .
Lg = - 50— (xX'%, + 1) - qa¥%, (3-23)
which gives
. °mcz TN
= Gk -1 =0 (3-24)

It is noted that, by accepting this principle, we have to distin-
guish clearly between the algebraical expressions and their constrained
values. Even if the constrained value is zero, if the zero is in the
first order, it can have a great significance in its variation. This
principle also requests to disregard the distinction between the terms
in the original Lagrangian and the terms coming from the Lagrangian mul-
tiplier terms. We have to remark that no one knows the original Lagran-
gian of VR. We are in a position to look for the best Lagrangian for
our purpose, and, in order to make the analysis simpler, we have set up
the explained prescription of the mathematical procedure. According to
the principle of the new frame in physics, the analytical continuation
to the established classical physics should be strictly maintained, but,
besides this, we don't know the results, because they are in an unknown
field where no well-established investigation has been present. It will
be mentioned in advance, that, actually, we have obtained our best Lag-
rangian, Es , at the analytical extension of the Lagrangian, Ls., of
Eq. (3-23). ‘

Let us start the explanation of the proposed Lagrangian of VR. We
focus our attention to an invariant part of the electric charge

°D(a)d°V(a) (3-25)

with its four coordinates x%a) , Where (d) indicates a specific portion
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of the charge+5).

The original action integral that we propose is

: (2) .U LM
World Point () b J°A
N ST R
World Point () s ¢ )
(2) ciuq Ma
= j Jﬂ(_ 5 u_ 2 Hygoy 98 (3-26)
Q c c

in which ju and AY are the four currents and the externally given four
potentials, respectively, so that the last term indicates the well-known
mutual interaction between VR and the external electromagnetic fields.
Here, L' 1nd1cates the effective parts of L without the additive cons-
tant of —°mc /2 of Eq.(3-23) and the Lagranglan multiplier terms. We
shall show soon that the orbital self-energy part of Eq. (3-26) is iden-

tical to —(°mcz/2)§“§ﬁ of Eqg.(3-23). -Since j"d°V can be understood as

cx¥ = dx?a)
(a) 7" (a) (X(a) = 3s ) (3-27)

.U
daev = ° °
J p(a)d v

the integral can be rewritten as

)
= o - H 1
I.= Li By [=°P (@)% () (817 B Ix{ ) (8), Xy (815x%,) ()] + A (xB ) (s1)}]

ds ds
‘{‘c“ J‘Z — . (3-28)

U s U <o
Here, x(a)(s) and x(a)(s) represent the trajectory of °p( )d°V( X and

b [x(B)(S), X(B)(S); x? )(s)]indicates that b at xP )(s) is a functio-

u (a
nal of the whole functions of x?s,(s) s and x(B)(s) s. It is to be no-

ted that, by assumption, the velocity of °d°V is always c, or, the
light velocity. Therefore,

oy oyl) (@)
. W - Vi Vo °v,
Xa = trg@ + cz' D), Yy (="

+ ¥
C

o wY, (1?) = 0. (3-29)
By using Eq. (3-28), the invariant four space integration form of Eq.(3-
26) becomes implicit, but, this form is necessary in order to trace
%%)(s) in the integral.

By assumption, at points(1l) and (2), x&)'s and i&)'s are all fixed.
Assuming that the solution x?a)'s for the least action integral have

been obtained, the general expression of x ¥ )(s) after the variation is

(a

¥ Here we refer the work by Barutb). Altﬂough it was not possible to understand

the details of his pioneering analyses, the notation (&) comes from this earlier work.
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x M(s') = xM (s) + e"Vis)xD (s) + sx¥(s) (3-30)
*(a) (o) v '

where ¢!V (s) defines general Lorentz transformation including pure rota-

tion. Putting the coordinates of the center of VR as X", we get

(a) (s) = xH(s) + ax (a) (s) (3-31)
so that u u
x(lg])—l(sn) = ;('U (S) + 6'}?“ (S) + Ax((!) (s) + (SAX(a) (s) (3-32)
sx¥ (s) = oxM(s) +eMVUs)X (s) (3-33)
sax(, (8) = e“"(s)Ax(\f’) (s) (M"Y = - ¢y (3-34)

where Ax%a)(s)'s are the radial four vectors of VR. §x"(s) and ¢MV(s)
are the proposed two kinds of variations since e¢"V(s) includes Lorentz
boostss) which are related to 5?“(5), V(s) and §x"(s) are not comp-
letely independent.

Since we have

o {0)

*iu = {‘chot, 'vaot} ’ AX(L;) = {YV_E.g_X ' r,(LO) + YV I“O)} ¢+ (3-35)
. oy el o (0)
v °
o=y vy g ), My = (Y, Ty (3-36)
C

and each point (q) moves with the velocity of light, presence of the

following five constraints is obvious for the variation of 6x' (s) and
v
e (s).

LT ...u (a\ e (@) _
(1) XX, = 1, (2) Ax 0, (3) X Axu o, (3-37)
u B _ _o 2 o s Hope () -
(4) Ax(a)Ax = R7cos q,(ae) . (5) Ax(a)Axu = -1,
with
T (@)
2us Lo C) I L (¢ B Suafa) sy (3-38)
u =0 , X AxlJ . u 0(; X Aéu Axu # 0 ,
v e@) _ u ) U By _ ~
(a)Ax( =0, Aﬁa;Ax + Ax()Ax o, (3-39)
T V.
()Ax = Aﬁa)Ax 1
Constraints (2) - (5) are special for VR, the presence of which can ea-

sily be checked in °K by using Egs. (3-35) and (3-36). The variation of
constraint (2) gives

oV (o)

(@ | = Voo (ezM vz -
+ X EuvAﬁa) = (dx + ¢ xv)Axu . (3-40)

0 = 6x"ax

§x" A u

Since AX%J has all the necessary freedom, Eq.(3-40) requests
Vi pv=

§x" = - ¢ X, = € X, . (3-41)
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indicating the presence of strong correlationg) between the four dimen-
sional rotational variation, ¢"V, and the Lorentz boosts, 6%“. Constra-
int (3) gives the same relation. Constraint (3) and (5) are relevant to
the situation that each point (o) moves with the velocity of light, 1i.
e., '

i % “S" = ¥+ 2468 4 Bl s < o (3-42)
Constraint (4) indicates the mutual angle 0%03) between (a) and (B) un-
changed. In the following calculations, we are careful to place exces-
sive constraints than necessary, because, since our variation calcula-
tion is very delicate, we may get erroneous conclusion easily, if logi-
cally complicated and confused. It is noted that, except constraints
(1), (2) and (3), most of other constraints will be not used as the Lag-
rangian multiplier term, because our variation of 6x" (s) and e“v(s) will
not violate these constraints.

Let us explain the mathematical implication of the self term of our

Lagrangian shortly. Since

{j(g)} = pc[{x } + {Ax }] (3-43)
° (° U + °U ) . °U

My 2 %P E M Y .

fay! (_e)( S {x"}+ {Ax( )}) (3-44)
we have

X )q(a) 1 22 2 (a) 2 2 (a)
__E____ -1 °0 rep?T¥s °‘mc” e B o (o ° °mc”, =1 .« (a 3245
= 3 (-e)[ mc x Xu + mAx(a) Axu + ( mc + (—_ET) X Axu ] .( ; )

Therefore, if integrated, we have

C%F)&b) ) 2 ‘
_ a) Tu oy = - L 002 U= _ 1 9d°V °mc TR () 3-46
JJJ( —2—‘_ ydaev 2 mc X Xu (2)7 —(:-E-)— -(-_—gTAX(a)AX . ( )

Iaais noted(;hat the summation (3) for the term with odd number of

AXﬁ or Ax vanishes, since it includes sin®°¢ or cos°¢ in odd pro-
ducts, where °¢ is an Euler's angle arround the ring. Mainly from this
reason, the last cross term of Eq. (3-45) has no effect in the variation
procedure, as we have indicated in the second equdation of (3-46), being
an interesting finding for the unnecessity of the cross term in thié
covariant Lagrangian. Eq.(3-46) shows clearly that our Lagrangian has
the structure of Eq.(3-21) in its main term. In order to match the re-

qulrement from Eq. (3-21), we replace xuxu and Ax()Aéu) of Eq. (3-46) with

(% + 1) and (AX( )Ai(o" + 1)

46), our L for the orbital motion becomes identical to Eq. (3-23), glv-

respectively, from now. Then, from Eq (3-
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ing the value of -°mc2 , Which has been well established for the Lagran-

gian of the orbital motion.

§4 . Lorentz invariant derivation of the kinematical equations of the

electron by the new frame

Since we have Eq.(3-41), §X"'s are dependent on ¢"Y(s). Further-
more, the equation which determines the orbital motion of VR is several

orders of magnitude larger than that for the precessional motion of the

spin of VR. Therefore, we shall solve the least action problem first

for the precessional motion, i.e., for suv's, accurately with taking
into account Eq.(3-41) directly. Then, after that, by using this solu-
tion, the Lagrangian multiplier method will be adopted to obtain the
equation for the orbital motion in the necessary accuracy.
§5, it has turned out that the Lagrangian L
effective for the precessional motion.

Now, in Egs.(3-32), (3-33) and (3-34), we have six euv(s)
, which can be all 1ndependent at least locallya)
ever, 6x is a function of eu , sSo that 6x must be a functional of

euv(s). Since VR starts at world point (1) and arrives at world point
(2) without any change,

As shown in
, thus obtained, is also

=-e"V(s)
. From Eqg.(3-41), how-

uv(s) can not be completely independent. We

have developed the mathematically formal variation as
2 . (2) . 3L 3L oL
ds ~ (@) s (@
§I =_r SLg— = f {———éx + ———6x + { G(Axa y + 8§ (Ax ﬂ
m ¢ o T (“% a(Axt”d
(2) oL oL oL .
-%? = (ds f?——ds)éx + ——[zi——iT-T aAQGT] + {-33- ———ds} XV o+
(1) (X3 (ax ) 3%, 3%, v
3L aL
+ T [ s _d { s ]S(Ax«n))gg
@b s (a®) T 1o (58, w'je
(zl{ [saL . 9L 3L .
= = - —ids}:?" d{ s H ax e 98 0 (a-1)
I(1 2% 3, (a) (Ax” 3(Ax( W e e e

and, as a refined Ls , we have

- 1 P Y@ o 2, 2u> U o)
Lg (};)(2 - [mc (x Xu + 1) + —T( Ax Ax + 1)]

- ©° < Uy A0) -
P &V B+ AthAu) .o w2
Since
oL °p A%V, | o 2
s = @) @) °mc” um o ° U -
> @) . 97 “*a) 7 Py Ve By (4-3)
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oL .
S =A M)u
= -° .d°V, , (x + Ax )A (4-4)
2 ) @ Ve (@) ,
s oL s .
s _ o o =A (o)u _
I ;E—u— ds = f [ P 3V &+ Ax( IRy st , (4-5)
9L .
s 23 U
—_ = =°mc°x - I %, ,d°V ' (4-6)
%3 o Per? Ve o)

we get from Eq. (4-1)

o (-] (-] 2
d - p@)d Vioy "¢ - lu v]}
- e

e 25U o 0 [u Sr . RORT RN
{* e R R f[ ooy 8Vy O* + a1 AT Has }"
. Y RN Y vl .
tE 0 By Ay G+ A"(a))Ax(a) - (4-7)
Here,
VLU A Fuv aAVrHo z)A\(’m) | ‘
(@) () (0 ’ (@ ~ ;;Fﬁ '
H
[u vl _ R " > (4-8)
Bk ig Ax'gy = ARGy ax = A axly .
J

It is noted that fs(aLs/ai )ds has a freedom of a constant term, which
will be left undetermined, for the sake of convenience.
Now, let us introduce the definitions of the angular momentum and

magnetic moment of VR briefly. According to the fundamental assumption

of VRl), the otiginal definition of the angular momentum of VR is

stV = 1 ep, . dov *mc? axbH Ayl (4-9)
@) (o) (0)c(ge) (m X () . '

From constraints (2) and (3) of Egs.(3-37), it will be evident that

u\)L _ 'u\).'__ _ u\):
S Xv =0, S X, = S X, . (4-10)

For the magnetic moment, the definition is definite by electromagnetism,

as
[u V]
MV =y 0 oy bx (o) Ax {a)
(a) (U.) (0.) 2 . (4_11)

Therefore, we get
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‘ o
MW ge (1t e
ghv 2°mc °mc : (4-12)
We should note that
12 _ 12 _ _
" M = - MZ ' ’S = Sz . (4-13)
and this definition is in conformity with the relation B = H + M and
E=D-P 9). Here, we have to note that there are another non-antisym-

metric tensors *MM"V and *sHV difined by

saMHY = ¢

°p daev
) (d

. u AY] = e * u\) -
6) M) % = Zong S - (4-14)
It is easily shown by direct calculation that, when VR is at rest, *MV

= M"Y |, but when it is precessing, *M'V # MYV in the order of (°R°/c)

sin°®® , or, 10_(9N11), and this small difference becomes the principal
components in a few cases, such as c$V or Mkvik . For instance,

WS _ Ly Avs MV =0 .

M™%, = FMUE, MU (4-15)

In the new frame of physics, when quantized, since the c-number ex-
pression of MMV and *MYV or SHY and *SHVY should be regarded as a
single operator MMV or sHV | this difference creates a delicate stru-
cture for the quantization. From the procedure of the least action pri-
nciple of Eg.(4-7), [uv] will appear, but not [Au] nor [Av]. This will
be one of the essential defect of the least action principle, which has

to be improved for the quantization. Of course the quantization should
be made so as to describe the experimental results correctly. Fortuna-
tely, howéver, the quantization is almost unique as we see soon.

Now, returning to Eqg.(4-7), the left side is identical to cSHV
and the last term gives the torque given by the exterhal fields. The
first term of the right side gives a very small correction. which will
be shown soon. A possible contribution of the external vector potential
A to the Suv_will be. discussed in §6.

Since the analysis of Eq.(4-7) requires the knowledge of the orbi-
tal motion, we derive the kinematical equation of the orbital motion

next. For the orbital motion, we utilize the Lagrangian multiplier me-
thod. Then, we have

A - < .

Ly = Lo+ — GM%u - 1)+ 2,0 @500 o 5 @i (46
s 8 | () u @) W

There will be no doubt for ;A term. For 2Aa) andgA(a) , we know from
Eq. (3-40), that one of them may be sufficient, but, since the problem is

so delicate, we have introduced two conditions initially. Then, we have

—16—
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from the initial equations of Eq. {(4-1),

L AL oL
- a‘i.(éfi) —S = L(ep)r = =0 ., (4-17)
S\ax 3% 3%
H H H
Here, we have introduced the definition of orbital momentum, pu , ac-

cording to the usual definition. Then, utilizing Egs.(4-6) and (4-5),

we have
d [/opmn2 _ W o ° no_ (o) (@) » u
g [tome® - M+ o 2104 e A (’;( XDy + oh i) |
= o ° =A * A (o)
= (Z(;) p(a)d V(a)( X"+ ux( ))A . (4-18)

Therefore, we get

° 2=u o ° | L )y
me b Plo) 4 V(o) r’:) Py 4Vt )(x + A"( )18y, ds
= AxY + (X)(zA(a)Ax(‘;) + 3A(a)A>'<(‘:l)) ) (4-19)

a.

Replacing Eq. (4-19) in Eq. (4-7), we get

Go(est) = (5[l + )5

v]

o (a)[u (u, A
+ I @) (A A(a) )\)f(x + Ax( ))Ax(a) . (4-20)

o) d°V
m)(’

It is noted that, since the left side of Eq. (4-19) is almost zero in

the currently accepted equations of the electron, the terms with ;A,

zA(a) and 3A(a) are expected to be very small, such as 10-(9v11) , as

compared with the main term, °mc2§“. This result is anticipated, be-
cause, as explained in §3, we have set up our frame in such a direc-
tion.

Multiplying §u to Eq. (4-20), we have

< amv_ = I (o) ()
xucs = xllcs £a£ A Ax() +3A Ax@))}

° - (a)u A A _
+ (i;) D(a)d V(a)xu( A(a))\)Ax(a) Ax(a) . (4-21)
Therefore, we get
SHY )= Alp o . . ((1)0' X v)
cS = {X}\ .+ (Xa) D(a)d V( )X A( A ) Ax(cx)Ax(a)}
° (01) [u [u, )\ v] ) :
+ %00y d%Vgy (BT = Ay Ty) + Ax(a))Ax(a) . (4-22)

(o)
Fxfom Eq. (4-21), we have
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(0) @ v omc? . [u
I (2A Ax + AV AxY.) = L °p(a) (a){ Ax(u)Ax(a) u

() (0) (@) @ ge )
&) u -
+ x ( A(!) )\)Axa)Ax(oo} . (4-23)

Therefore, ,we get

2 . .
(o) _ mc A= = u)o
2 A = °p(a)d°V(a){ Ax(a) A + X g A( >\)Ax(
2 (4-24)
(® _ o = -
3A " p(a)d V(a) g ( Ax(a))xu 0 .
Here, we can see the subtle structure of the 3Ma) term Let us approxi-
mate éa)o - ﬁa)x = anl[x + Axw)] by FOA = A[X 1. Then we have
(a) (o) _Z AV, = 0 ge . AV ’
T AT Ax + I 3A £x’. = %, cS + x F ) 55—=*S . (4-25)
(@) ( ) @ (@) A o 2°mc
Therefore, we get finally
- = A e =~ O A v Alv_u A [u ov]
csHV ={xxcs ey S F ) *S [“}x Iy g ] +xF Y 0

X k2 ' K3 - LB ov
= chsk[ux\)] + *MA[V{FU])\ - XO_FO)\X]J]} + X F[uAIO-Q ] ’ (4_26)
where we have expanded the torque term, i.e., the last term of Eq.(4—22),

and defined the electric quadrupole moment tensor of VR, QOv , as

p,. @° V Ax . . (4-27)
Gy Pl @ Ve ¥y & *a) |

When we put *S)‘[u = S}‘[u R *MA[v = MA[v , Eq. (4-26) is identical to
the BMT equationloh excepf the last term. The first term of the last
equation of Eqg. (4-26) includes the Thomas precession as a main compo-
nent, but it includes also the higher order torque term with the same
magnitude. 1In this covariant least action analysis, it is not possible
to get the Thomas precession term isolately. (If it could, the expres-
11).) In addi-
tion, as shown in the middle equation, this term is almost cancelled by
another higher order torque term, to the factor of (1 + g/2)~ -1.5 x

10—3. These terms are directly related to the Spin¥orbit coupling, in-.

sion must be quite a complicated tensor transformation

which we believe that there has been an incomplete undérstanding._ The
structure will be analyzed in detail in §5.
Let us. clarify the physical meaning of the additional last term.

Defining the space coordinate (u = 1,2,3) by k,% and m, we get in °K ,

Qo\) = QIJO =0 , ka =0 when k # 2 , and °x—k = 0 , so that
- -
w=0, or v=0, c°G&r" o™ =0 (4-28)
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1 602 2 ol ol on22 2
w=1,v =2, °Fg 2 - ep? eg¥l - epl eg®f - ep?  eght
°E °E
22 X 11 Yy

— © - O -

= °Q -y Q Tt . (4-29)
Therefore, if °022 = °Qll , this indicates

_ onkk , _ o _ onkk/1 3°H -

Q ( Vv x E)z Q c -'é? . (4 30)

Eq. (4-30) indicates that, when °H changes, VR, or, the finite size ele-
ctron must experience a circling electric field, which should introduce
a torque to the spin angular momentum of VR. Although the expected mag-
nitude is very small, further beyond the limit of the present experimen-
tal technique in the usual situation, this is a new effect predicted by
the new frame, which is not present in the o0ld frame where the size of
the electron is assumed to be less than 10_17n1.

For the ofbital motion, Eq.(4-18) becomes

2 4 U U (ayu, A A
o - - o o 4 -
(°mc 1A)x 1AxXT + (i) p(a)d V(a) (Am))\ A)‘, Y (x© +4 x(a))
_d {: Au e = 0 ,Aul _ _
Is X,CcS + 2°mcon 3 *8 J =0 . (4-31)
Multiplying §ﬁ , we get
-4 B A {1 A ge = .0 'MJ}; | -
1A+ quA .G M xu xXcS + 2°mcx0F A*S o . (4-32)
. ~ = *)\p ‘ Y VT ‘
It is easy to show Xuxks =0 , xu*s = 0 , therefore, we get
s = U, - u Ao _ _= U Ao _ _pod :
R A O LI N 5 Er |
_ 1 .cd _ : .4 ,1 Ac _l:lo _
=IM T (B T R, TEETW R - aM By - (4-33)
Since we know in °K from Eq. (4-26)
s A0 d°m
o o - . © = -
M F)\o ca°t H o , (4-34)
we have
_ .1 2o _ _ 2 -
1A—+2M F)\o—+uH + d-E = - Amc . (4-35)

Thence, finally we get the orbital equation as

A
(4-36)

The derived equations of Egs.(4-26) and (4-36) are identical to the

d o2 _ 1 AC - 2 A =07 _ _ foayAp U _ yAOgp WM .
Sz lome® - 5M% %P, )M+ (£ + L F, %] = - (-e)x'p ¥ - MO Mo

accepted equations in the usual accuracy, but, contain additional terms

in the higher order accuracy. Eq.(4-36) indicates the presence of addi-
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tional term, (2/g + LIM'E, %% , w
smallest term, i.e., —(1/2)MA0FA0§
it as "anomalous orbital momentum", which may be checked in future. Our
Lagrangian for the orbital motion is fs with ;A and zﬁd) terms. With L
; we can make %" and Axaﬂ independent for the variation and constraints

(1), (2) and (3) of Egs.(3-37) should be placed after the variation.
()

9 , which is about 1073 smaller than the

u' in the usual accuracy. We may call

The derived representations of ;A and ;A can be safely placed in Es ’
because they have no effect for the variation procedure, owing to the
constraints imposed after the variation.

Now, we have solved the classical dynamics of VR in the necessary
accuracy. The internal structure of the results will be further discus-
sed in the next section with emphases on the detailed mechanism of the

spin-orbit coupling and the quantization.

§5. The general Lagrangian of VR, the spin-orbit coupling and the

quantization

The Lagrangian, is , thus obtained is

T = _l o2 (THT - ¢o0 o ;u ‘LU (o)
Lo 5 °mc” (x X + 1) ,(za) p(a)d V(a) (x¥ + Ax(a))Au
s 1PV eme? oy () 1 dop (Sus
5Z T e Ty WXgex ¢ D) o+ MR Gk - 1)
- ___2_ ° ° =0 WA U = -
( (-9) * 1)(§L)( p(cx)d V(a)x FAoAx(a)Ax(a))xu : (5-1)

We should note that the magnetic self-energy term in this expression
looks just like as one Lagrangian multiplier term. This mathematical
structure may be utilized in general for representing hidden variables
in a relativistic analysis of unknown composite particles, such as the
nuclei. The variational equations are

3L 3L Py 5L
- _ d s s - d s S @)
L, = [- z=(——) + — 16x + L [~ Z=(—= ) + — lsax
S ds 3§ a;{- U ‘a) 3_5 aA'xb) JAX (1) H
u u u M
= 0 . (5"2)
3L
cp? = (- =) , (5-3)
Bx
af o) 0
E\ raatl = , (5-4)
oxX 9X
o ¥
d [ {‘ oLg ) v]}} ( afS ) - vl st vl
d 5 {{- 25 ) ax = g |- 2 )V - p —2 ax (5-5)
a5 g L\ an[“z’ @ (0 aAi[(";) e an[“:‘J’ Sl
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Eg. (5-4) is identical to Eq. (4-17) and becomes Eq.(4-36) finally, Eq.(5-
5) leads to Eqg.(4-20) and becomes Eq. (4-26).
Since VR has an essentially relativistic special structure, usual

conventional way to construct Hamiltonian, such as

oL
-1 t
L= L_Y ' p, = — (5~6)
t sV £ 2
. £
Fo=pa, - L, (5-7)

can not work. The constant of the motion, however, is obtainabie from
Egs.(5-3), (5-4) and (4-18), such as

d 0, _ ° o 5—A (a) _
gslepl = (2) P 3 Vi) X ))cat A . (5-8)

Therefore, if Ak is not time dependent, we have a constant, cpO , hav-

ing the dimension of energy,

v
o2 _ wem — . d.-(E + = x H)

Cp0 _ °mc M-H - d-E (-e)p + (g + 1) i! , (5-9)

v.2 g \Y%

1 - (=) . 1-0

C .
where
d = % X | (5~10)
.1.

is exactly the relativistically induced electric dipole moment of VR.

Since

2
- u- H -~ d.E\V ° o (a)
( / )C + é) ph)d V(Q)A

1 - —)

1
+ (g-"l' 1) ————ee
g ‘ v, 2
/“E’

it is not difficult to eliminate the factor 1/71 - (V/c) from Eq. (5-
9). Writing cp0 = E , the result is

v \'/
QawE)d + p x (E + = X 39 R (5-11)

E = Jr(°mc2 - p*H - doE)z + (cp - L "p(m)d°v('_)_1\(°‘)72 + (-e)o
©) a
v Jom2c? + (cp - 3 Py 3V 21+ (oo
o)
- (p-H + d-H)°mc2
T Jen2od AW - (5-12)
/°m c* + (cp - é)°p@)d°Vh)A )
f (w, -p) = (OU" + YVQHL, ‘%'XYVOHL) = (u, -g X n)
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In Eq.(5-12), the term with - (d-E) represents the spin- orblt coupling.
In the non-relativistic approximation, if V/c « 1 , (cp) « °m2c4 , we
have -d-E for this coupling, but, in the Dirac Hamiltonian, this term
has a factor 1/2. We have concluded that the absence of the factor 1/2
is due in our frame, and, here, we found one of the typical interfacial
structure between the c-number equation of the new frame and the Dirac
Hamiltonian. Since we believe that the physical understanding of the
spin-orbit coupling in the current physics is incomplete, we shall ana-
lyze the involved structure in detail by means of the new frame, here-
after.

Neglecting the last Qov term, Eq.(4-26) can be rewritten as

"V = ¥ s’ MRV 4 x 70, 50T st VMl (5-13)
Assuming *M = M , Eq.(5-13) can be rewritten as

sV 2 = 0 A[uzv] < 0 Aluv] 0[v_u] k{voul -

cS —_—g—on)\M X + X F M7 Tk +MUFT )+ M Fk.(514)

Here, different expression is used for the first term, and, the

last torque term is decdmposed into time related component and purely
spacial component. As we show soon, each term of the right side of Eq.
(5-14) has nearly the same order of magnitude. Therefore, the first and
second terms cancel mutually, reducing the magnitude to (2/g + 1) ~ 1.5
X 10_3 . which can be neglected. 1In order to make clear the structure
of this term, however, we analyze this term briefly. Defining the usual

vectors S§ and u, as

_ 32 13 21 _ ge ‘
S=1(s,,8,,8)=(°",8°,57) , u_igms, (5-15)

we have

2 & g0 yAM221) | 2 [v LoyL2( V2 v )
g,ch =-3le x (BE x y) + (— p)yv{(a) E, + S x H; ]
- _2 21 v, _ 21 .V v
= —g-[vfu x(ExE) YVQ-[(EXH)XEJ-+ EX(UXE.L)]
1. v v
-—'[(Exu) XE” + E‘x(uxE”)] + 'YV(""]J)—XH} (5-16)
Let us take a 3d electron, and assume that the electron is making a cir-
cular motion at about 0.4A from the nucleus whose effective charge is
+Z'e v 20e . Then the velocity should be 8 x 10%ms™1 with v/c'n 0.3,
so that V/c « 1 can not be assumed. 1In this specific situation, the
third and forth terms of the last equation of Eq.(5-16) are zero. As we
show soon that, although the second term has the same magnitude with the
first term, it gives only a rippie motion, whose integrated effect is
neglegible. Therefore, Eq.(5-16) indicates that the effect of the Tho-
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mas precession in this case is equivalent to the presence of a magnetic
field, H, , of

2
_ 2 Y v, __ 2 Yy ., _

Here, H' = E x (V/c) is the magnetic field as seen by the electron,

Yy
or, in °K. We can see that the Thomas precession just reduces the ef-
fect of H' into approximately half.

Now, in Eq. (5-14), however, this term is just cancelled by the se-

cond term, or, the higher order torque term and the remaining equation

is
cé=(‘E’Xu)XE+ux.H
1, v 1, ' ,
= ux(gExg + H) + S xu) XE + Lx(uxE)] . (5-18)

As we see, again the torque can be decomposed into essentially the same

components with Eq. (5-16) with different sign,
Let us make a numerical calculation, in which the nucleus is locat-

ed at the origin and the electron is making a circular motion in x-y

plane with the angle y = worbt . We have

V=V ( —Slnworbt ’ cosmorbt , 0,
E =E ( cosworbt ’ s:.nmorbt ,0), H=20, (5-19)
p=yu (sinbcos¢ , sin@sin¢ , cosd) ,

here, we have represented the spin magnetic moment, u , in the same
space by 1, 6, and ¢ . It is noted that we have to assume du/dt # 0 .
Then Eq. (5-18) becomes

°‘m¢ ¢« _ HEV _. a3
e ——2—c—51n6[(51n¢,con¢,0)+

(-—sin(2worbt -¢), cos (2worbt -¢), 0)]

-] . .
= rr;c (p[sine (-sin¢ , cos¢ , 0)d + (cosbcos¢d, cosOsing , -sin 6 )08]
+ u(sin®cos¢, sinb sing¢ , cose)} .
5-20)
Eq. (5-20) gives
k °mc d¢ _ EV ’
Py E = 2—5[1 + cos(2worbt 2¢)] .
‘ (5-21)
°mc d6 _ _EV _. . _
= gt = ZES].H 26 51n(2morbtr 2¢)

In Egs.(5-20) and (5-21), we can see the real form of the ripple torqueQ
Again, using the aforementioned numerical figures for the 3d electron,

we get
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w o oonvoax 101857 SBY a4 x 101471, (5-22)
orb o y
2°mc
where from Eq. (5-21), w, represents the averaged precessional frequency
of the spin. Therefore, we can assume w_, > w, » SO that from Eq. (5-

21), we get

© ,
TR _ 14 -3_. _
¢ mut + 33 bSLn(Zworbt 2¢) v 2.4 x 1077t + 3 x 10 31n(2worbt 2¢),
. W, ot -3 (5-23)
N 3 - 3 -
m rbs:mze cos(2worbt 2¢) v 1.5 x 10 “sin 20 cos(2worbt 2¢) .
o , (5-24)

Therefore, the aforementioned ripple torque gives only the ripples of
0.003 radian for ¢ and, 0.0015 radian for 6 . This means that, since
the orbital motion is quite rapid, the ripple torque in the spin-orbit
coupling, although its magnitude is comparable with the main torque#,
has a very small effect for the integrated motion of the spin.

In conclusion, we have confirmed that only the first term of the
last equation of Eqg.(5-18) is effective, and our equations describe the
spin-orbit coupling state with the Thomas precession correctly. There-
fore, the expression of Eq. (5-12) must be correct classically. Of cour-
se, since Egs. (5-9) and (5-12) are the relativistic expression, coming

from Eq.(4-36) of

1l Ao
§-M F

Yy = Yv(-u-H - d-E) ' (5-28)

Ao
there is no possibility of having the factor '1/2 there. Now, Dirac the-
ory has predicted the factor 1/2 for this coupling of -(d-E). There-
fore, we have a problem of disagreement. First, we may point out that
the Dirac electron should get the factor one, if the treatment is exten-
ded to the large scale orbital motion of the electron in macroscopic
electromagnetic fields. Second, in quantum physics and for a stationary
state, the ripple terms, such as the second term of Eq. (5-18) has to be
averaged out, as thé ripple term is space dependent and, if averaged
over the orbit, the net effect becomes zero.(If averaged by % in the
first equation of Eq.(5-20).) There is a possibility that the effective
range of the Heisenberg uncertainty and the problem of measurement in
quantum physics, being similar to the case of the Stein—Gerlach experi-
ment23), may be involved, which may differentiate the energy of the or-
bital motion of a wave packet of the electron in an electromagnetic fie-
1d and that of a stationary state in an atom. In this connection, there
is a possibility that we may get the factor 1/2, if we extend our treat-
ment to include the emission and absorption of light by the intra-atomic

electrons, and to quantize properly. Exact evaluation of the energy
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transfer by induction in this very critical situation with the Thomas
precession may present another point to be studied in future. It is pos-
sible to regard H' as being induced by the motion of the positive char-

ge of the nucleus in °K. Since °K rotates by the Thomas precession,

# We found an essential fault in known literatures, which claims that the ripple
terms are small in their magnitudes already. 1In order to show the tricky structure of

the relativistic calculation, we explain this. Using Eq.(5-18) and (4-36), we have

v ‘ oo ‘n2 !
("é')a-,f-—u XH-—(Exu)XE , d—T(‘E)——[Bl + E,; (1 - B") + — x H] » (5-25)
T =eT/°mC =es/mC2 ’ E =E"L+E"=—%XH { ( )} —]T—-?_{g'l(c } s
2 2
v 8 v 1 d B
E=-wExn) - pdy - Ll ¥ Vp---L 48
M (uc ) ch) 1 - BGJN{ ()}”)’ c 1_BZdTZ
We' have an identity of
1d v 1ld 2
?,_'T[—— (ZXu)]—gﬁ ll-(ll*)]-'—f—(Bll),
3 dB W= 15 ot ?’E%% fu- dT(E))—+ - “) 701 - .
Then, we get completely analytically
2,du _ -1 v
(Pac X H - Sux(ExD)
. 2 :
¥ xm¥ o LY 1 a8’ 20w, dy _
+ 2@ X B - (Y X'H+1 Y Wt BGp, - . (5-28)

Then, one had concluded that, when V/c «1, and d82/dT is not large, the last ripple
term of Eq.(5- 26) is at least in the second order in 8= V/c , so that it can be neg-

lected as compared (-1/2)u x (E x v/e). ThlS was a serious mistake. vAssummg

v _ Vv d v - o -

Pl —Vc z ., E’f(c) a(sin GE , 0, cos SE) , U Lu(sinecoscb , sin®sin¢, cos ),
dy _ . ' ' At ' [ .
T - V(sin 0' cos ¢', sin B'sin ¢', cos 6"') ,

we show easily

\' d V¥
dwy o, b+ j‘;AT]'[Z * ot c
= = — -~ pcos 8 = vcos 0' + —pa sinBcos ¢sin 0, .(5-27)
aT AT \'/ d "V, .. A ; E
I+ a8l | |

Therefore, (du” /dT) contains B ,- 80 that —(1/2)8 (du"/dT) is in the same order with
( 1/2)u x(E x V/c).
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which, as an average and neglecting the ripple motion, is equivalent to
the precession of y in a magnetic field of -(1/2)H' , so that the °K*
the instantaneous proper frame which, as seen in K, has no Thomas pre-
cession, should see the nucleus moving by a half speed, V/2 . There-
fore, the magnetic field °H* will be H'/2. The new frame regards this
old picture as a second guessing, since the °H* will be still H'. It
prefers another old picture, in which the factor 1/2 comes from the es-
sentially quantal averaging character of the quantum state, in agreement
with the major character of the integrated classical solution. '
Let us compare the Lagrangian density in the Dirac theoryl‘”,oﬁel

and our original Ls . They are

_ S (= L (-e) :
L= - Jme? - 1elely - A Ny (5-29)
el (-e) i5% c H
2 o 2 .U
_ °me” _ 1l°mecT; _ 3j (-e) (-e) , o
L= B - 335 - [ e, ¢ Cla ey

ome2 1 c:’:“qu juAu

In Eqgs.(5-29) and (5-30), since, in the field theory'®), ic(-e)y" repre-
sents the total electric current density(orbital plus spin currents),
the interaction terms are both )

-1, -
s iAo , (5-31)

Besides this, there are many similar points. Definite difference will

be in the representatidn of spin. Namely the structure of spin is only
WH

, )
’ ju and qu in Eq.(5-30). We propose that our

in yu in the Dirac theory and we have a very detailed structure by A
, which is located in x"
Lagrangian has at least one advantage with respect to its simplicity,and
its clearness in the internal structure with g = -2(1 + d/2n) .

The quantization of Egs.(4-9), (4-26), and (4-36) should be made as
follows. Since it is known that the Y-matrix representation by Dirack
is the simplest covariant representation of the electron spin, we have

to take the Dirac four Schrodinger wave functiohs, w(n and @(n

) )
(n =1, 2, 3, 4), and should follow the Dirac procedure. Then, the
orbital momentum, pu or Egs.(5-1), (5-2), and (5-3), should be replaced.

by the operator

" F 5 _n 3 3 2 3,
B o= e e = e (= —— = o= += . -
P 1 9x 1 ( cot , +ax, oY » Bz) (5-32)
u
and, relying on the Gordon decomposition of the y“ Operatorls)'17),
we should regard the spin angular momentum stV o= (2°mc/gé)M“v as an
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operator
HV luY - Y Y
S = " . {(5-33)
41 ,
When we neglect the higher ofder terms, we have
pu = mcx"+ i%glA“ , : (5-34)
—U_l_ﬁ.a_(‘E)u_lu
x'= a5l T %, c Al ’ (5-35)

where P 1is called as the mechanical momentum.

We have to make the necessary considerations on $ also. Of course

the operator (dA/dt) must be understood as representing the operator

having the identity3)
dA _ d - -
<F T F < A > . ‘ , ’(5 36)

Then, in principle, we have obtained the quantized relativistic kinema-
tical equations for the ’el(ectron with g = -2 (1+ a/27).

It is to be noted that most of the calculations in §'s 4 and 5 are
effective so far as the electron consists of persistent currents. The
special character of the VR model is only used in the numerical coeffi-
cients of Egs. (4-9) and (4-12), where the expression of the electromag-
netic momentum of VR has to be used. ' '

§6. Quantized magnetic flux of the electron spin

An important purpose of the new frame in physics 1s to present new
ideas or new concepts in physics, whlch may stimulate new investigations.
In this section, we continue to‘present a discussion along this llne.‘

In °K, the VR model has a quantized flux th/e in the absence
of external electromagnetic fields. ~What would happen when an external
magnetic field is present. Let us apply the same procedure as that
employed in finding the original medel} Then fhe first question is the
amount of contribution of the externally applied vector potential to the
self angular momentum of VR.

First, we should note that this contribution does not affect the

kinematical equation of Eq. (4-7). Because we have
2
a ° o °mc” . [u [u \)]
astE P ¥Vl g 8 %a) * @) Ax) )

o 2
(Ime” , [quv]})

d
=L (g
as( P Vi) Tge A ¥y ¥t

(Ax ax¥) 4 ax Akv])

fu, °
+ uA A(X ) L °p ) (a) (a) " (a)

(a) (a)
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2
-4 . o ‘mc [, v] (6-1)
ds((ﬁ) p(c:z)d \{o:){ ge A% ( )Ax(a)})

in which we have neglected the quadrupole interaction term. (see Egs. (4-
9)-(4-15)). This means that the addltlonal torqgue which should be add—

ed to the right side equatlon of Eqg. (4-7) is really negleglble
We found that the most attractlve physical structure of the system

can be obtained by assuming the contribution as

0 8V Ay /26 o (6-2)

The basis of the justification is that the angular momentum of VR
is electromagnetic and, for the internal degree of freedom, °A(a) and
(a) can not be distinguished. = The self factor 1/2 is already used
in aiq) with justification and this is an extension. As shown in
Eq.(2-9), since the situation is really relativistic, similarly to the
Thomae factor, there is no apriori reason to adopt the factor 1, which
has been effective in the orbitel motion, as represented in Eq. (4-18),

1)

having justification mathematically and verified experimentally.

Then, the angular momentum quantization becomes

oy Pa) on o )
[[] omey = z2tomgy + Bgy1avg | = 1 T (6-3)

From Eqg.(6-3), a calculation whieh uses Eq,(2—10) gives

2

-] -
(2-3 [lr'.g‘,nR - 2] + —°H °chos 6. =H”H ... (6-4)
81° ¢
Next, as shown in Appendix’B, in the new framé3), the Zeeman energy

-(°u2.°Hl) is regarded as the effective Hamiltonian of the total
system, such as

5*[-(°u2'9H)] = 6°Gl + 6°Um + 6°G2 . (6-5)

3 ) ] ) .
Gl and G2 are

the self energies of the source of the magnetic field, °Hl, and the

Here subscripts 1 and 2 refer to the source and VR

magnetlc moment, uz , respectively, and Um is the total magnetic field

enerqgy. 6°Gl and 6°G2-are introduced through the energy transfer by
induction. §* indicates that the variation should be with respect to
the mutual configuration. Detalls are shown in Appendlx B. From Eq.

(B7) of the same appendlx, we expect that the self energy of VR has to

experience

. . ‘2
(S°G2 = 6*°G2 = 6*[-(""“2-0}11)]) = (S(AmC) . (6-6)
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Then, from Egs. (2-2), (2-3) and (2+=10), we get

2 °
cosg = g [lnirF - 1] . : (6-7)

47 °R

o 2 — o0, 0
mc U Hl
Eqs. (6-4) and (6-7) are enough to determine °R and °n, for the new sit-
uation, or, under the applied magnetic field, °Hl. Striking result is
that

OR -
iR, =0 , , (6-8)
§°n _ _ 4n2°R o .o _ 4n2°R " Va ) | (6-9)
oy 2 8(=°u, Hl) = -:;y~— 6 TRY '

so that only °n will experience a change

Qo Oy o O
_ 1 5?. 6(-4u2 H)

+
° 2
n 2 me

nip”(8VE)  (6-10)

i
for the °H, of 10" ce.
The magnetic flux in this case has two contributions. The °©a due

to the vector potential °a is, from Eq. (2—10)

OQa = f[°h-ds = §°a-d2 = é%:[ln%%? - 2] ' ‘ (6-11)
so that , , _ L
500, = S1-51 = - por’oncoso : (6-12)

which is just cancelled by the 8°¢ due to °Hl of
n°R2°chos I . ‘ (6 ~-13)

Therefore, the magnetic flux quantization is strictly maintained and VR
behaves like as a superconductor, rejecting the penetration of the ex~
ternal magnetic field completely, by means of the induced diamagnetic

change of the current loop. The result is obvious since the flux °9%

°¢ = §(°a + °A)-d°e ' (6-14)
where d°% is the line'element‘of the loop, whereas Eq. (6-3) can be

transformed to

h = §°r x 7%(°a + °A)d°g L : (6-15)

in which °X is the line»density of the charge. Since, in Eq. (6-15),
the ratio of the components of (°a + °A)} i.e., of vertical to of paral-

lel against d4°%, is very small, and only the square of the ratio has an

— 29—
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effect, the vertical component has no contribution in Eg. (6—15)-- Then

Egs. (6-14) and (6-15) become identical, indicating the coexistence of
angular momentum and magnetic flux quantizations.

Since we have the Meissner effect for the orbital diamagnetism
and, here, we have the same for the spinning motion of the electron,

'we may conclude that perfect diamagnetism is a virtue of any physical
system with persistent currents, so far as the system is large enough or
the currents are strong enough to realize it. This is a new concept
obtained by the new frame. If the system is not large enough nor the
current is not strong enough, the diamagnetism may be incomplete, such
as the case of the Larmor diamagnetism of atoms, ions, and molecules.
The concept may have an application in the structure of nuclei or in
astronomical entities.

We have tried to find out the semi-classical derivation of the
anomalous magnetic moment in the forth order perturbation, i.e.,
—0.328(a/w)2, 13) from our scheme, but, was not successful. As has been
shown already, a part of the Lagrangian, —(j“Au)/c, in Eq. (5-31) is
essentially equivalent to the interaction term of the electron with the
external electromagnetic fields in the field theorylA). A part of this

term gives the effective Hamiltonian of Eq.(6-5). Therefore, °G1, °Um,

and °G2

1A term introduces a change in °m, it is still a zero term in the

have already been included in the original Lagrangian. Although

Lagrangian, and, if we introduce the action of 5°Gz in Ls by §°n/°n of

" Egs. (6-7) and (6-9), then we have to include 6°Um further, otherwise the
interaction will be counted twicef But the inclusion of 6°Um exposes
the whole scheme to an entirely new reconstruction, which is not easy.
Probably, in order to get this term, the reacting electromagnetic fields
must be included and quantization and renormalization procedure may be
needed. Accordingly, récalling the case of the spin-orbit coupling, our
approximation in the present stage seems to have its limitation in this

range.

§7. The principle of factor two

Here, we propose the principle of the factor two, stating that, in
the new frame, if we had a difference of a factor of two between a clas-
sical c-number equation and the corresponding quantized g-number equa-
tion, we should accept the difference as granted, and lieve the clarifi-
cation of the discrepancy as the next problem to be studied in future.
We have such a situation already in the cases of the self-electromagne-

1)

tic momentum™’, the angular momentum as shown in Egs. (4-14) and (4-15),

the spin-orbit coupling term of Egs.(5-12) and (5-18), and the flux
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quantization problem in §6. As we know, although the explanations have
been found in these cases, it might be a wiser way to accept such a dif-
ference as a.principle, i.e., as one of the general characters of the
interface between classical and quantal physics. Of course, explanation
must be found out, but, it could be quite a tedious problem in some
cases.

The relation between the total spin angular momentum of VR and
the eigen value of the angular momentum component of the quantized ele-
ctron spin is another example of this principle. The difference will
not appear in the fields where the classical experiences are plenty,
such as the orbital motion of the electron, but, it may appear in a fie=
1d where no classical experience is present. ‘Electron spin is the ‘item
where no classical experience is present. Therefore, we generally ex-
pect the necessity for the adoptation of this principle for spin related
phenomena. The presence of this principle, however, presents just a
small caution in the quantization procedure of the new frame, i.e., for
the conversion of the c-number equations into g-number equations, so
that no essential change in the structure of the new frame iS‘required.
We propose that the essential statement of the new frame that the clas-
sical c-number equations transit directly to the quantal g-number equa-
tions by a suitable quantization procedure is quite effective. The only
lesson that we have learned in the present study is that we must be very
careful for the quantization procedure, if the c-number equations are
quite in detail and deal with the physics where no classical experience
has been present. We note further that the concept of classical experi-
ence may need a certain reconsideration in some cases. The size of  the
electron is one point of this sort. Admission of the presence of persi-
stent currents may be another example. The arrangement of the Stern-Ge-
rlach experiment looks classical, but, the interpretation is essentially

3)

quantal2 , being deeply involved the problem of measurement. There-
fore. a possibility always exists that we have to change our classical

frame slightly in the c-number representation of the new frame.

§8. Conclusion

" We have refined the mathematical frame of the covariant application
of the principle of least action and have succeeded in deriving the dy-
namical equations of the classical electron from the first principle,
precisely, without introducing any’adjustable'parameters. The equations
have been quantized easily, giving the Dirac type quantal wave equations
for the electron with g =-2(1 + .0/27m), without having the complicated
renormalization procedure. Thus, thé new frame in physics has acquired

a sound quantal basis for the kinemetics of the electron, supporting VR
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as the best classical moudel of the electron. Although, in-a few cases,
we have found certain detailed structures at the interface between the
c-number classical equations and the g-number gquantal equations, the
differences are mostly due to the improper use or incompleteness of the -
classical physics itself. The difference in the factor of two has ap-
peared several times, but, the origins of these differences have been
well clarified. We conclude, therefore, that the new frame can work ve-
ry well down to the’spin-orbit coupling in atoms.

Since VR model is so simple and reasonable, regarding the electron
as a quantized electromagnetic soliton, the success of the present study
may, inversely, justify the procedure of the Dirac electron, because the
two approaches gave essentially the same equations in very high accura-
cy. We hope that further progress of the new frame will be made in fu-~
ture in many other directions. It is noted that it is easy to derive
the Fermi contact term from VR modelz). Although it may be somewhat too
ambitious, the Pauli principle for the symmetry of the total wave func-
tion is also derivable from our scheme, by taking into account the mag-
netic interactions of the approaching two VR electrons and requiring
that the total orbital wave function should mathematically be regular
when the two VR electrons approach to the range of °R. VR model con-
sists of a persistent current having the velocity of light, which has
been essential for the relativistic calculation. We may suggest that
these relativistic persistent currents may play a role internally in
other elementary particles and nuclei.

' In the last, we may say that we had a definite one step forwards
towards the extension of the new frame to the quantal physics of both
macroscopically large inhomogeneous systems, such as biophysical func-
tions, composite electro-optical elements, and logical circuits for high

speed computations, and possibly, basic particles, such as nuclei.

Appendix A. The classical size of the electron

Although the electron is definitely a quantal existence, in the new
frame of physics, in order to get the analytical continuation between
quantal and classical physics, a requirement exists to find out the best
self-consistentvclassical representatio; of the electron, which can be
used as the basic element in the classical frame of the new physics, °*
especially in its Maxwell-Lorentz electromagnetism. It has turned .
out that our VR mbdel satisfies this requirement. With VR, we have to

accept that the classical size of the electron is in the range of the

Compton wave length, which, in terms of the~:adius, be ‘ch = ghli/mc A,
107%A = 1071%m. We know that there is an old concept, in which the
v , , 15 -

electron is assumed to‘be a point, Less’than(10—4 m , and the enormous
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electrostatic self-energy associdated with this point charge has been
just, without reason, disregarded. This concept can not be used in the
new frame, because we look for a strictly selfconsistent electromagne-
tism and, in this old representation, the problem of the electrostatic -
self-energy itself affords definite selfinconsistency. Therefore, the
only choise for the new frame is VR, and, the question is whether VR can
represent the classical electron adequately or not.

Let us compare the old and new concepts. For the electron, the mi-
nimum Heisenberg uncertainty in the location, Ax, and the de Broglie

wave length, A in the proper frame are

B 4

AXNE—:'K' ’ —h

mc = o e (a1)

B mc ‘¢

i.e., its two Compton wave lengthes. Therefore, in the old concept, the
point electron is assumed to make an iteneration in the range of the
Compton wave length, being called the "Zitterbewegung", and4intrinsic
spin magnetic moment of the electron is ascribed to the rotational orbi-
tal motion of this Zitterbewegung, leaving the g-factor problem(Why g =
2) unsolved. 1In the new concept, the electron itself is a persistent
current, having the radial extension of gAC ~ 10'2£ and the spin angu-
lar momentum, ¥ , as its intrinsic virtue of the model. It is noted
that, since the electric charge has relativistic invariance, although
the ring charge is assumed to rotate with the speed of light, c ,k(being
identical to the velocity of the Zitterbewegung in Q.E.D.) this order
comes about decisively as the minimum size, belng supported also by the
Q.E.D. through its Darwin termls)

Now since Egs. (Al) exist, the question of whether a person takes
the new or old model in his brain may be a matter of taste, but, in the
new frame, we have to take VR model, because only this model gives a
classical electron with its all non-wave virtues, enabling to construct
a consistent Maxwell-Lorentz electromagnetism, and to establish an ana-
lytical continuation between quantal and c1a551cal phy51cs3).

It is noted that, different from the a—partlcle, no cla551cally ex-
plainable quantitative Rutherford scattering data exists for the elect-
ron. Although the quantum mechanical calculation of the scattering of
the electron by an idealized electrostatic Coulomb potential gives a
formulus whose leading term is identical to the Rutherford classical
scattering formuluslg’zo)
lable in nature for the electron scattering, so that, the observed scat-

, no such idealized Coulomb potential is avai-

tering data of the electron by materials are rather utilized quantally
to determine the electric charge dlstrlbutlon of the nuclei in the tar-

ge 21). The electron beams of less than 10 MeV give only the electron
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diffraction by the target, and the beam of very high energy, having the

21.22)' still gives diffraction by the

velocity of light, e.g., 0.5 BeV
-15

nuclei of the target, since its de Bloglie wave length of 2.47 x 10
m is yet in the range of the size of the nuclei.

‘It is further noted that although the high energy electron-positron
or electron-electron collision experiments have given the cross sectio-
nallgata of the electron, from which the size is said to be less than
10

although the theory had assumed the point charge electron, the diver-

m , the experiments are of essentially quantum mechanical, and,

gence problem was left unsolved, and, under the allowance of the super-
position and Pauli's exclusion principles, the obtained cross sectional
data do not necessarily be related directly to the classical electro-
magnetic size of the electron. Classically, the two'particles in these
experiments, and also two VR's, may behave like as two electromagnetic
solitons, which can penetrate or overlap mutually, without introducing
any particle reactions. In this case, therefore, the word "size" may be
the replacement of the probability of the quantum mechanical reactions,
for which, the classical frame has nothing to do. Of course, in the new
frame, we are mostly interested in the physics of materials, in which
the relevant energies are very low, and electrons are regarded eternal.
In conclusion, we state that no classically explainable Rutherford type
simple data, which can appoint for the size of the electron to be less
than 10_23, has been presented.

The charge distribution range of 10-23‘, given by VR model can not
only describe most of the classical properties of the electron but also
describe the hyperfine field to the nucleus precisely2). The instabili-
ty of high Z number nuclei, which is known to be partly due to the cap-
turing of their 1s electrons, might also be explained by the féct that
the mean radii of 1ls orbital in these nuclei approach to the range of

-]

10728 .

Appendix B. Exact meaning of the Zeeman energy

Let us assume two persistent current systems Cl and C2 with °jl(r)
and °j2(r), being at rest in the frame °K. We assume that Cl is large
and is the source of the magnetic field °Hl(r) , and c, is a magnetic

moment, °u2 . Then the total magnetic energy can be represented as
oz .
J (r. )3 (r.)
_ 1'71 1'79
c,Um - f.r.rfff K 2 dVide
8nrijc

°3, (r. )%, (xr.) °j. (r, )°F,(r.)
e 22 J av;avy + [Erffp 24 22 ] av,dv, . (B1)

nrijc 8nrijc
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Its variation will be

oz (-3 oz -}
j.(r.) 8°3,(r.) 6°3,(r.) °3I (x.)
° _ 1717 1'75 279 279 1
8 Un = i c {4nr..c Y Zrr..c | c 6(4nr..)}
1] 1] 1]
o . o o
C°i (r.)  §°F (xr.) &3,(r.) “J,(r.)
+ 2° 73 . ; 2 1C . 4ﬂ1r :I.C + 1 - i 5(41”1 )}
© {RES ij ij
o . (xr.)ej (r.) _
B > 21 5y )]dV.dv., (B2)
nr. . i 5
c lJ .
Here, by fixing the point i and j relatively in Cl or in C2 , (1/4ﬂrij)

's for °jl(ri) and °jl(rj) or for °j2(ri) and °j2(rj) can be put as zero
by assumption. This assumption does not violate the generality of the

analysis. Since the vector potential is represented as

° = J :
A(r,) = [If T, e dvj , (B3)
we get
°j,(x;) °j,(r.) o
° = T4+ 1 co < 1 o0 K K
seu_ = []f —— §°A(rav, + [[] o EA(x;)dvy + 6 [u, “H; 1 . (B4)

Here, * indicates that the variation must be with respect to the mutual

geometrical configuration between Cl and C2 . Further, by considering

the actual process of the variation, we get (See Eq. (6-5).)

. ' sty FA(r. ; sty FA(r,)
$°U = JIfe3 eIy g —5p— adavy + [IR, e ¢ —p o dtlav,

¢ 8% =ou, °H, ]
= - 6°G) - 8°G, + 8*[ -°w, “°H;] | (BS)

Hence, we get.the exact meaning of the Zeeman energy

5*[_%% ﬂHl] =6°G2+6°Um+ 6°Gl

o [+]

j, -°A °5 . .
s*[ - [f 22 avl = e+ - [ff 22 av]

(B6)

§*[ - [ffu) °H,av] = §*[ -7 1 |
In VR, asbshown in Eq. (2-9), since the current flows with the speed of
light, ¢ , the relative change induced is very small, we can assume thét
§°G, comes from the action of §°A; , while the direction and magnitude

of °p, have been képt constant. Then, we get from Egs.(B5) and (B6)

2

§5°G. = §*°G. = 6*[ -°y ,'°H1] N (B7)

2

Accordingly, we expect



R

§°G, + 8°U_ = 0, - (B8)
m ‘

1
indicating that we can neglect safely both 6°Gl and 6°Um , as is the
case of the present Dirac frame of the quantum theory for the electron
spin. It will be noted that this relation does not hold for the Meiss-
ner effect, i.e., for the huge orbital diamagnetism of many electron

systemsB).
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Fig.1l. Relativistic geometry of the laboratory frame K, an instantane-
ous laboratory frame *K, and an instantaneous proper frame °K.

*K and °K are related by a pure Lorentz transformation.



