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Abstract

The magnetic interactions of the two electrons in helium-like ions are studied in detail within the
framework of Relativistic Schrodinger Theory (RST). The general results are used to compute the
ground-state interaction energy of some highly-ionized atoms ranging from germanium (Z = 32)
up to bismuth (Z = 83). When the magnetic interaction energy is added to its electric counterpart
resulting from the electrostatic approximation, the present RST predictions reach a similar degree
of precision (relative to the experimental data) as the other theoretical approaches known in the
literature. However since the RST magnetism is then treated only in lowest-order approximation,

further improvements of the RST predictions seem possible.
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I. INTRODUCTION AND SURVEY OF RESULTS

The overwhelming success of relativistic quantum field theory (especially quantum elec-
trodynamics) could tempt one to belief that any relativistic form of quantum theory must
necessarily include the virtual degrees of freedom of matter. Indeed it is well-known that
the virtual processes show up experimentally in form of radiation corrections, vacuum polar-
ization, pair creation and annihilation etc. [1]. If such a viewpoint would be true, it would
logically not be possible to construct a consistent relativistic quantum mechanics for inter-
acting N —particle systems whose non relativistic description presents no problem at all [2].
However it seems that there actually exists no convincing argument why such a relativistic
quantum mechanics for systems of fized particle number N could not exist. Quite on the
contrary, since the virtual processes of relativistic field theory (e.g. the Lamb shift) induce
only small corrections of the results obtained from the first-quantized quantum mechanics
theories, one concludes that a consistent relativistic quantum mechanics would correctly de-
scribe the main relativistic effects occurring in the many-particle systems (e.g. heavy atoms)
but would leave the small corrections due to the virtual processes to the impact of quantum
field theory.

In this context, one could now think that the desired relativistic quantum mechanics
should be deduced as a certain kind of limit process from quantum field theory itself, namely
through fixing the particle number by neglection of just the virtual processes. Such a deduc-
tion has been tried already long ago by Bethe and Salpeter [3, 4] but the resulting N —particle
wave equations are plagued by many deficiencies and interpretation problems [, fi]. There-
fore a new approach to relativistic quantum mechanics for many-particle systems has recently
been established in form of Relativistic Schrodinger Theory (RST) [4, I, 9, [10]. This ap-
proach is a relativistic gauge theory based upon the gauge group U(N). The gauge group
is broken down to the abelian subgroup U(1)xU(1)... xU(1) which then describes the elec-
tromagnetic interaction of N particles, whereas the frozen gauge degrees of freedom are
responsible for the exchange interactions. The non-relativistic limit of this theory coincides
with the well-known Hartree-Fock approach [11].

The present paper presents a test of the practical usefulness of RST, namely by elabo-
rating its predictions for the ground-state interaction energy of the two electrons in highly-

ionized helium-like atoms where relativistic effects play a non-negligible role. In contrast to



the two-particle ground-state energy itself, the corresponding interaction energy is directly
accessible to the experiments [12] which thus provide sufficient data for testing various the-
oretical approaches: relativistic 1/Z expansion [13] multiconfiguration, Dirac-Fock method
(MCDF) [14, [15, [16], relativistic many-body perturbation theory (MBPT) [17, [18], all-order
technique for relativistic MBPT [19]. These four theoretical approaches have been chosen
to be opposed to the experimental data; and the present paper adds now the corresponding
RST results which are found to describe the experimental data with a similar degree of
precision as these other theoretical approaches (table IT). This success is attained by going
beyond the electrostatic approximation ([20]) and taking into account also the magnetic
interactions which implies an improvement of the RST predictions by (roughly) one order
of magnitude. However one should observe here that these RST results have been obtained
in a preliminary way by a very rough approximation technique, namely by neglecting the
non-abelian character of RST through linearizing the gauge field equations (Sect. 4B) and
furthermore by treating the magnetic interactions only in their non-relativistic limit. Thus
the potentiality of RST is not yet fully exploited and further improvements of the RST
predictions seem still possible.

The procedure is as follows: In Sect. II we present a brief survey of RST in order that
the main arguments of the subsequent discussions can be understood without looking up
the whole development of the theory in the preceding papers. Here the emphasis is laid
upon the construction of an energy functional Er, namely as the integral (over all 3-space)
of an energy density Tyo(7), see equation (E44]) below. Clearly the reason is that, with such
a functional at hand, the energy level system of the bound N —particle systems may be
determined as the value of that functional E1 upon the stationary bound solutions of the
RST field equations.

This kind of solutions is then described in great detail in Sect. III with an explicit pre-
sentation of the mass-eigenvalue equations (see equations (BZa)-(B.40) below). Since this
eigenvalue problem is too difficult to be solved exactly, one has to resort to appropriate
approximation techniques (as is mostly the case in quantum field theory). Here the logi-
cal structure of RST suggests to first neglect the magnetic interactions between the parti-
cles ( “electrostatic approximation”) which leaves us with a simpler eigenvalue problem (see
equations (BGal)-([B.6H) below). This truncated system is then solved numerically for the
ground state of the two-particle system in the Coulomb field (A, (7) ) where the nu-



clear charge numbers (zex) range from ze, = 32 (germanium) up to zex = 83 (bismuth). The
corresponding ground-state interaction energy AEl(aos)T (in the electrostatic approximation)
is then compared to the corresponding experimental values AFE.y, (see table I); and it is
found that there is a discrepancy between the theoretical (RST) and experimental values
extending from 1.7 eV for germanium up to 11.5 eV for bismuth. However some intuitive
arguments indicate that the observed discrepancy should actually be due to the neglection of
the magnetic forces. When the latter forces are taken into account, there arises a structure
equation which specifies the desired interaction energy AFE in terms of the electromagnetic
coupling constant (ze.rs) and two functions €, and f2 which are only weakly depending
upon that coupling constant, see equation (B59) and the last two columns of table I.

In Sect. IV the hypothesis of the magnetic origin of the discrepancy between the elec-
trostatic RST predictions AESS)T and the experimental data AFE.y, is inspected very thor-
oughly by working out the RST field theory of atomic magnetism. Here it seems reasonable
to consider first the magnetic effects in the lowest-order approximation, i.e. we linearize the
non-abelian gauge field equations and additionally we resort to the non-relativistic limit of
the electrostatic wave functions for calculating the magnetic energy contributions. It is very
striking to observe that the magnetic and electric contributions display certain dissimilar-
ities which can however be revealed as necessary consequences of the principle of minimal
coupling and Lorentz invariance of the theory. Though one obtains a very plausible result

), see equation ES2) below, one nevertheless

for the magnetic energy contribution AE(ng
may wish to become convinced by an independent argument which supports our claim that
magnetism is correctly incorporated RST by the present approach.

And indeed, such an additional argument in favor of the RST picture of atomic magnetism
can be supplied, namely by considering the interaction of the bound particles with an external
magnetic field H,, (Sect. V). Here it can be shown that the interaction energy between the
particles and the external magnetic field H., exactly agrees with the conventional results
for the Zeeman effects; i.e. the magnetic RST energy coincides with the expectation value
of the conventional Zeeman Hamiltonian, see equation (B:2)) below.

Being thus convinced of the physical correctness of the RST picture of atomic magnetism,
one can return to the hypothesis of the magnetic origin of the numerical gap between the

electrostatic RST predictions AEI(Dfs)T and the experimental data AFe, of table I. In Sect. VI

we apply the general results of Sect. IV in order to once more calculate the ground-state



interaction energy for the helium-like ions from z., = 32 (germanium) up to zex = 83
(bismuth), but now with inclusion of the magnetic interactions. Here we are satisfied for the
moment with their linearized description in the non-relativistic limit. Amazingly enough,
this simple treatment of atomic magnetism is sufficient in order to close the gap between the
RST predictions AEI(;S)T and the experimental data AFE., up to less than 0.5%, see table II
in comparison to table I. This must be considered as a rather convincing argument in favor of
the “magnetic” hypothesis for the observed discrepancy between AEI({O%T and AE,. It isalso
very satisfying to observe that, with the inclusion of the magnetic effects, the corresponding
RST predictions AES;}g) are now as close to the experimental values AE,, as is the case
with the other approximation methods known in the literature: Relativistic Many-Body
Perturbation Theory |17, [1§], all-order technique for MBPT [19], Multi-Configuration Dirac-
Fock method (MCDF) [14, [15, [16] and relativistic 1/7Z expansion [13], see table II. (The
predictions of these theoretical approaches have been listed in table IIT of ref. [12]. Clearly
one expects that the RST predictions will be further improved by taking into account also
the relativistic effects of atomic magnetism and retaining the non-linear terms due to the
non-abelian character of the gauge group U(N) (separate paper).

Finally it should be stressed that the numerical success of the magnetic hypothesis is
mainly due to the application of the non-abelian U(2). The reason is that after the “abelian
symmetry-breaking” (Sect. 2) the frozen gauge degrees of freedom of U(2) imply the existence
of a “magnetic” exchange vector potential B (7) which plays an analogous part with respect
to the x- and y-axis as the magnetostatic potentials ffa(F) with respect to the z-axis of the
coordinate system. Indeed when the spins of the two ground-state electrons are oriented
along the z-axis, the corresponding spin-spin interaction energy AE(TZ ) (see equation (E39)
below) is well suited in order to contribute to closing the gap between AEI({O%T and AFEq,,
however only one third of the gap could be closed in this way. The other two thirds of the
gap must be filled by the spin-spin interaction energies AE(TX) (E4Tal) and AE(TY) E411) due
to the spin orientation along the x- and y-axis (see fig. 1). But the latter interactions are
described by just that exchange vector potential B (7) being due to the frozen gauge degrees
of freedom of U(2). Thus each axis of spin orientation contributes the same magnetic energy,
and this is nothing else than a demonstration of the isotropic geometry of the ground-state.
In this sense the choice of the non-abelian U(2) is seen to be necessary just in order to

guarantee the isotropy of the ground state.



II. RELATIVISTIC SCHRODINGER THEORY

In order to let the subsequent elaboration of arguments appear sufficiently self - contained,
we first present a brief sketch of the Relativistic Schrodinger Theory ( RST'), which places
emphasis on a closer inspection of the energy functional, since this will ultimately yield the
energy level system of the bound many - particle systems. For more details and deductions,

the interested reader is referred to the preceding papers, e.g. refs. ([7])-([L1]).

A. RST Dynamics

As for any field theory of matter, the fundamentals of RST consist in a basic system
of field equations, which is subdivided into three coupled subystems: matter dynamics,
Hamiltonian dynamics and gauge field dynamics.

(i) Matter Dynamics
When matter occurs in form of pure state U, its distribution over space- time is governed

by the Relativistic Schrédinger Equation (RSE)
iheD, U = M,V | (2.1)

If it is more adequate to describe matter by a mixture, being characterized by an intensity
matrix Z, one requires Z to obey the Relativistic von Neumann Equation (RNE)

1
he

Clearly, a pure state W can be considered as a special type of mixture, namely that for which

DI=—IT H,—MH, I]. (2.2)

the intensity matrix degenerates to the tensor product of ¥ and its Hermitian conjugate W,
ie.
I=UV. (2.3)

In the present paper we are restricting ourselves to the investigation of stationary bound
systems being described by pure states. Since a pure state ¥ of an N - fermion system has
4N components, we have to consider a C*" - realization of RST.
(i) Hamiltonian Dynamics

The Hamiltonian H,,, occuring in the matter field equations (1) and (E£2), is itself a
dynamical object obeying its own field equations, namely the integrability condition

i

Dty = DyHy + 5 [Hy 1] = iheF, (2.4)
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and the conservation equation which reads for fermions

) 2
D'H, — éﬂu - Hy = ihe (%) 1 —dheX Fyy (2.5)

For bosons the spin term (last term on the right - hand side) is omitted. The meaning of

the integrability condition (E41) is to ensure the validity of the bundle identities
D, D, —D, D,V =F,, -V (2.6a)

[D,D, — D,D,) T = [Fo, I] . (2.6b)

Similarly, the conservation equation (ZH) guarantees the existence of certain conservation
laws, e.g. the charge conservation

Vi, =0, (2.7)
or the energy - momentum conservation for free particles ( Dirac particles here)
Ve, =0, (2.8)

whose energy-momentum density is denoted by (S)TW.

Clearly, if the considered N - particle system is interacting with an external field (CX)}"W
(eX)]:W ] (eX)FW 1=F,, — (S)]:;w ’ (2.9)

the energy - momentum density (S>TW cannot obey the conservation law (E2§) without being
complemented by the energy-momentum density (°S>TW due to the external interaction.

Consequently, the conservation law (E.§) has to be replaced by the balance equation
Ve (O, + ©1,,) = —&f, (2.10)
where the Lorentz - force density *®f, is given by
&)f, = —hek, 51 . (2.11)

Here, (Cx)ju is the external four-current generating the external field (CX)FW according to

Maxwell’s equations

VR, = dras™)j, (2.12)

a—e_z
S_hC’



and F},, is the coherent electromagnetic field strength generated by all the particles of the

system:

(3
F, = . 1tr{(S)]-"W} . (2.13)

This means that the source of this total field F},, is the total current j, of the IV -particle

system

VHE,, = —4rasy, , (2.14)

which obeys the strict conservation law (EZ0).If one prefers to think of a closed system, one

adds the energy- momentum density (eXU’W of the external source
Vi, = (Of, (2.15)
and then finds the desired closedness relation by combining equations (EZ10) and (EZTH)
VH (ST, + 0T, + T,,) =0. (2.16)

Finally, let us also remark that the conservation equation (EZH) is equivalent to the

following condition upon the Hamiltonian:
- H, = Mc1. (2.17)

Here, the total velocity operator I'* generates a (4N)-dimensional representation of the

Clifford algebra C(1,3), i.e.
T, T,+T,-T,=2g,-1, (2.18)

with the corresponding generators ¥, of the group Spin(1,3) being given by

1

Y = 1 r,, I, (2.19)

see the right-hand side of the conservation equation The physical meaning of I, is to

build up the total current j, according to
Ju=tr{Z-T,}, (2.20)

i.e. for a pure state (23)

K
o

= U (2.21)



Since by means of the latter form (EZI1) of the conservation equation the RSE (EZl) can

be converted to the N - particle Dirac equation
thI'"D,W = McV (2.22)

it thus becomes a simple matter to verify directly the charge conservation law (7). This
form of the charge conservation does not only work for pure states but equally well for mix-
tures, which can be proven by resorting to the RNE (Z2) instead of the RSE (E11). Observe
also that the non-relativistic limit of the IV - particle Dirac equation (E222) coincides with
the well - known Hartree- Fock equations [11].
(i) Gauge Field Dynamaics

In order to have a closed dynamical system, one finally has to specify a field equation for

the bundle curvature ( “field strength”) F,,. This is the non- abelian Maxwell equation
DtF,, = —4miasJ, . (2.23)

Similarly, as it was done for the field strenght F,,, (EZ3), the current operator 7, may also

be split into an external and a system part

Ty =7, + 67, (2.24a)
(@7, = 5, .1 (2.24Db)

so that the non- abelian Maxwell equation (Z23) can be required to decay analogously into

two parts

D“(OX)fMV — —47TiOéS(CX)\7y (225&)
D‘u(s)fpu _ —47Ti0&s(s)j,, ] (2.25b)

Here the external part (225al) gives the former (abelian ) Maxwell equation (I2), whereas
the “total” Maxwell equation (EZT4]) emerges as the trace part of (2.250) with

, 1
Ju= "y} - (2.26)
The essential point with the gauge structure of RST refers to the right choice of the gauge

group. In conventional quantum (field ) theory, the group U(1) is evoked in order to describe

the electromagnetic interactions. However, in RST the N - particle bundle of wave functions



U is the Whitney sum of the corresponding single - particle bundles which suggests to adopt
the N -fold product group U(1) x U(1) x ... x U(1) as the adequate subgroup of U(N) for
the description of the RST gauge interactions. Though the electromagnetic interactions are
thus adequately incorporated into RST by means of this “abelian symmetry breaking”, one
needs the residual structure of the embedding group U(N) in order to take into account also
the exchange interactions between the N particles.

Considering for instance the two - fermion case (N = 2), one has to deal with two “elec-
tromagnetic generators” 7, (a = 1,2) and two “exchange generators” x, x in order to span
the gauge algebra u(2). The bundle connection ( “gauge potential” ) A, may then again be

splitted up into an external (ex) and internal system part (.S)

A, = A, + B4, (2.27a)
(€0, = —i¥A, .1, (2.27Db)

where the internal part ¥)4,, decomposes with respect to the u(2) basis {7,, x, X} as follows

(S)‘AM _ Aa,ﬂ_a + BuX _ B;X . (2.28)

Clearly, the connection A, generates its curvature F,, as usual

Fuw =V, A -V, A, +[A,A)] (2.29)
and by decomposing the internal part )]:/w (Z39) in a similar way

S =F 70+ Gux — GiX (2.30)

the curvature components F

A?,, B, as follows:

“w: G are found in terms of the connection components

@), =V, ™4, -V, 4, (2.31a)
F,=v,A", -V,A" +i[B,B; - B,B}] (2.31b)
F?, =V,A* —-V,A* —i|B,B, — B,B}] (2.31c¢)
Guw =VuB,—V,B, +i[A, —Aﬂ B, —i[A', — A ] - B, (2.31d)
G, =V.B, —V,B,—i[A', —A] - B, +i[A, - A’ )] - B . (2.31e)



The total field strength F),, (2I3]) appears now as the sum of the “electromagnetic” field
strengths [, (EL31H) - (EZ31d), i.e.

Fu=F, +F,, (2.32)
and therefore F),, is generated by the “total potential” A,
A, = Alu + A2u (2.33)
in a strictly abelian way
F.=V,A, -V,A, . (2.34)

Recalling also the abelian character of the “total” Maxwell equations (EI4]) we see that the
total objects of the system A,, F},,,j, obey a strictly abelian structure due to the “total”
group U(1), just as it is the case in conventional (quantum ) electrodynamics.

In contrast to these “total” properties, describing the NV - particle system as a whole, the
“internal” gauge structure is truly non-abelian on account of the exchange interactions.

More concretely, when the current operator (S)ju (E224al) is decomposed as

BT, =i {—k"\7a+ hix — huX} (2.35)

the “internal” Maxwell equations (2.250]) read in component form

VIF',, +i [B*G;, — B*G,,] = —4ragk’, (2.36a)
VHE?, —i[B"Gy, — B"G,,| = —4rask?, (2.36b)
VHGy +i [AM — A G, —iB" [F',, — F? ] = 4magh;, (2.36¢)
VEGE, — i [AM — A% G, B [FY, — F? ] = dmagh,, . (2.36d)

Adding here both equations (36al) and (R36H) yields just the “total” Maxwell equations

(EZI41) with the total current j, now being found in terms of the electromagnetic single-
particle currents £, as

Ju=k,+ kK, (2.37)

Finally, one may also consider the non-abelian “charge conservation”. Observe here,

that the curvature F,, must obey the following bundle identity (valid in any space- time

with vanishing torsion )

DDV F,, =0 . (2.38)
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Therefore differentiate once more the internal Maxwell equations (2250H) and find the fol-

lowing source equation in operator form
DT, =0. (2.39)

Written in component form, this source relation reads

VHE', =i [B"h, — B*"h}] (2.40a)
V#k?, = —i [B"h, — B"'l] (2.40b)
Vihy, =i [AM — A by, +iB* [k, — K] (2.40¢)
Vi, =~ [AY = A h — Bt K, ] (2.40)

As a consistency test, one may add up the first two source relations (ZZ40al)- (E2400) in
order to find just the former charge conservation law (EZ7) for the total current j, (EZ31).

Clearly, the crucial point with this non-abelian gauge structure of RST is now whether
one can identify certain experimental facts which support the non - abelian hypothesis. Since
the latter aims at the exchange interactions of many - particle systems, one may consider the
stationary states of bound N - particle systems (e.g. many - electron atoms ) which occur in
form of entangled states implying the emergence of “exchange energy”. Or in other words,
verification of the RST predictions may be obtained by inspection of the atomic energy level
systems, which are determined to a considerable extent by the exchange interactions. In
order to prepare such a test of RST, it is very instructive to consider first an appropriate

energy functional ( B, say) for the RST field configurations.

B. Energy Functional

Within the context of a relativistic field theory, one would like to define the energy Er
as the space integral over the time component (T>T00 of an appropriate energy - momentum
tensor (UT,,. Equation (EI6) suggests to take for (T}, the sum of the internal part &',

of the system and the interaction part (QS)TW with respect to the external source
T S es
o7, =T, +©1,, . (2.41)

Since every N - particle system is composed of matter and gauge fields, mediating the inter-

actions of matter, one will build up the internal density (SU’W by a Dirac matter part (D>TH,,

11



and a gauge part (9T,,:
S G
®r, =01, +©1,,. (2.42)

Thus the total density (T>T,w (EZ40) of the N - particle system consists of three parts
Or,, =®71,, + 1, + 7, (2.43)

Consequently, the total energy Er

Erp = / d*7 DTy (7) (2.44)
will also be built up by three constituents

Er = Ep + Eg + Ee (2.45)
with the self-evident definitions

Ep = / 437 Oy (7) (2.46a)

Eg = / A3 Ty (7) (2.46D)

B = / A3 Ty (7) . (2.46¢)

Here the simplest part is F. (246d), because the corresponding energy- momentum
density (°S>TW is in a bilinear way composed of the the external field strength (CX)FW (Z3)
and the total field strength F,, (EZI3)):

he
4 Qg

1
(e, = {(eX)FM CEN Fly - F — 3 9 E, - F“} : (2.47)
Consequently, the external interaction energy Ees (2246d) is given by

hic

4rag

Ees / R {ECX - E + Hy - Er} =E9 +EM (2.48)

where the three-vectors E(7) = {E7} and H(¥) = {H7} of electric and magnetic field
strengths are given in terms of the components of the field strength tensor F,, (E232) by

E’ = F, (2.49a)
. 1 .
H = 55’3@’ , etc. (2.49b)

If the external fields ECX, ﬁex are adopted to be constant (as it is usually done for treating

the Zeeman and Stark effects ), the external energy E.; (2248) becomes infinite and one has

12



to substract the infinite contribution due to the external source generating the homogeneous
fields Eqy, Hex (see the discussion below equations (B3) and (ER)).
Next, considering the gauge field density (G)TW, one finds this object to appear as the

difference of the electromagnetic energy - momentum density (R)TW and the exchange density

(C)T/w
©r,, — Wy, _©p, (2.50)
with the energy - momentum content of the electromagnetic modes being given by
(R)p he 1 2 A o a1 1 20\
and similarly for the exchange modes of the gauge field system
(C)Tv he *\ * A 1 * oA\
= ~Tra GinG + GG, — §gWGJAG . (2.52)

Naturally, according to this subdivision, the gauge field energy Fq (E46H) is also split up

into two parts

Eg = Fp — Ec | (2.53)

where the electromagnetic energy FEjR is given by

h — — — —
Eg = /d3F(R)TOO(F) L /d3F {E1~E2 +H1~H2} : (2.54)
drog
and similarly for the exchange energy E¢
h S =2 oo, o
Eo= /d?’F(C)]})O(F) - /d3F {X*-X+Y*-Y} . (2.55)
4rag

Clearly, the “clectric” and “magnetic” exchange three-vectors X = {X7} and Y = {Y7}
are defined analogously to their electromagnetic counterparts (E49al) - (2.49H)

Xj # Goj (256&)
) 1 .
Y = 551’“% . (2.56b)

Now it is evident that both the electromagnetic energy Eg (E54) and the exchange
energy Ec (EZ5H) may be split up further into their “electric” and “magnetic” constituents,
i.e. we put

Ex = EY + EOY (2.57a)
Ec=EY +EY® (2.57b)

13



with the “electric” parts being defined in an obvious way through

[§] . hc - =
EY = Fas/d?’r E, - E, (2.58a)
he N
E®™ = —/d?’*X*-X 2.58h
C . 47TOéS r ) ( )

and similarly for the “magnetic” parts

he -

B - d37 H, - H. 2.59
R '47ras/ 7 Hy - Hy (2.59a)
@ . hc 3ovh U
Y =—— | d&°TY* - Y. 2.59b
©) 4m8/ 7 (2.59b)

The important point with this subdivision into “electric” and “magnetic” parts of the gauge
energy is, that the “electric” contributions Eg) and E(Ch ) will turn out to be much larger
than their “magnetic” counterparts E}(%m) and Egg), so that the latter ones may be treated
as small perturbations. The main effect is therefore due to the “electric” contributions
and represents thus by itself an acceptable first approximation to the experimental data
( Electrostatic Approzimation). In this sense we may rearrange the gauge field energy FEg
(Z53) as

Eq =B - EY + (B}’ - BY) | (2.60)

so that the “magnetic” contributions (in brackets) can be omitted for the electrostatic
approximation. This approximation is then based solely on the truncated gauge field energy
ES

ESN = EY — EY (2.61)

and thus misses the magnetic energy E(Gmg)
EX® = B —EY (2.62)

which will be considered as the “magnetic correction” of the electrostatic energy ng b) (EZ60).
Finally, the matter energy Ep (EZ4Gal) has to be considered. The corresponding energy -

momentum density (P w carried by the wave function W is given by

O, = % {UT, (D, V) — (D, V)T,V + UT, (D, ¥) — (D, )T, ¥} . (2.63)

Intuitively, one expects the associated matter energy Ep to consist of the rest mass energy

2Mc? of both particles ( take for the moment N = 2) plus their kinetic energy Ej;y, i.e. one

14



expects

2
Ep =2Mc*+ Y Ejin(a) - (2.64)

a=1
Indeed, this result can actually be deduced in the non-relativistic limit [21]. In order to
have a brief sketch of the proof, eliminate the time derivative DyW¥ from the matter energy
density Py,

Py = % {UTo (Dy¥) — (Dy¥) To ¥} (2.65)

by means of the Dirac equation (222) and find
Oy = MATT + Z%C {(D; V) W —VIVD; 0} . (2.66)

Integrating now over all three-space and carrying out the non-relativistic limit in a con-
sistent way yields just the claimed result (EZ64]), where the correspondence of rest mass
terms and kinetic energy terms should be obvious by comparing both equations (Z64) and

Observe also, that for the stationary bound field configurations ( as solutions of the mass
eigenvalue equations) the mass eigenvalues should appear somewhere in the energy func-
tional. For one-particle systems, one may even expect that the field energy FEt has to

coincide with the mass- energy eigenvalue ( M,c? say ) of the bound particle [10)]:

Er = M.c*. (2.67)

The relationship between the field energy Er and the mass eigenvalues for few - particle sys-
tems has now to be studied in more detail, together with their dependence on the “electric”

and “magnetic” interactions.

III. ELECTROSTATIC APPROXIMATION

The relative magnitude of the “electric” and “magnetic” interparticle interactions in a
stationary bound system strongly depends on the value of the electromagnetic coupling

%), the “electric” interactions clearly

constant ag. In view of its smallness (ag ~
dominate the “magnetic” interactions, because their relative magnitude is of the order
(zestrs)?, where 2z, is the number of (positive) charge units located at the center of the

binding force, e.g. the nucleus [20]. Therefore, at least for the light atoms ( z., < 10, ..., 20,
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say ), one may speculate that the complete neglection of the interactions of the “magnetic”
type (”electrostatic approximation” ) yields a first useful estimate of the relativistic energy
levels of the bound system. The reason for this expectation is that, as a consequence of
their dominance over the magnetic interactions, the electric interactions will also contribute
the main part of the relativistic effects. If this presumption is true (to be verified readily ),
one will not only be able to treat the magnetic interactions as a small perturbation but
furthermore the non-relativistic limit of this perturbation will be all that is needed for
taking into account the magnetic effect to first order. In chapter VI we will demonstrate
that this apparently rough approximation scheme gets the RST predictions closer to the ex-

perimental data of ref [12] ending up with less than 0, 5% of relative deviation (see table II).

Thus we will proceed as follows:

(i) elaborating in this chapter the relativistic stationary field configurations as far as they

are needed for the electrostatic approximation
and

(ii) computing the magnetic corrections in the non - relativistic limit in the subsequent

chapters.

A. Stationary States

The stationary bound states are not completely time-independent but have such a tem-
poral behaviour that the observable quantities of the theory (i.e. eigenvalues and densities
of charge, current, energy etc.) become truly time-independent. Thus the wave functions
of the considered two - particle system (N = 2) vary with time as

M102

Uy (7, 1) = exp {—i

M 2
Pa(F) 1) = exp {—i ;f

t} () (3.1a)

t} ()| (3.1b)

where M, (a = 1,2) denote the mass eigenvalues. This stationary form of the wave func-

tions implies the time-independence of the electromagnetic objects, i.e. the currents £k“,,
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potentials A%, and field strengths Ea, H,:

{0, = { Ohor: Fal)} (3.20)
{4} = {4 A7) } (3.20)
E, = E,(7) (3.2¢)
H, = H,(7), (3.2d)

whereas their exchange counterparts adopt the following time dependence:

h,(7,t) = exp -iwczt] - hy () (3.3a)
(7, t) = exp -—i@czt] <Ry, (7) (3.3b)
Bu(7 1) = exp _—i@czt}  Bu(P) (3.3¢)
B(7,t) = exp }ﬂflgéﬂféé%}.<g;@ﬂ (3.3d)
X(F,t) = exp i—i4{£%%£%2024 - X (7) (3.3¢)
Y (7,t) = exp -—i@gt] Y (7). (3.3f)

The relativistic eigenvalue problem for the determination of the mass eigenvalues M, is
obtained now by substituting the stationary form of the wave functions into the two - particle
Dirac equation (Z22]) which yields the following coupled system for the spatial parts ¥, (7)
of the stationary wave functions v, (7, t) (BIa) - (BIH):

D, (F) + A7) + PAo()] ota(F) + BolPriotl?) = -0 ey (7)  (3.40)
M — Msvo

i Dya () + [ Ag(7) + WA ()] o2 () + B (7)ot (F) = co(r) . (3.4b)

h

Here the time derivatives of the wave functions have brought in the mass eigenvalues M,,

and the remaining spatial derivations ID; are defined as follows:
D1 (7) = 91 (7) — i [0A;(F) + DA (P)] 41 (F) — iB;(P)n(7) (3.5a)
D2 () = Ot (7) — i [(0A;(7) + WA (P)] o) — iB} (P () - (3.5b)

Now, by its very definition, the electrostatic approzimation consists in neglecting the inter-

actions of the “magnetic” type, i.e. one puts to zero all three- vector potentials ga(ﬂ, E(FD
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and thereby ends up with the following truncated system:

i 0511 (7) + [“A(7) + PAo(7)] 701 (7) + Bo(7) o (7) = w c(f)  (3.6a)
i 9 () + [ A7) + VAg(7)] 7ot (F) + Bg(F)yotn (7) = w ca(F) . (3.6b)

Logically, both Dirac spinors 1,(7) (a = 1,2) do couple here exclusively to the remaining
time components (YA, (7), By () of the corresponding four - vector potentials A?,, B,. There-
fore we have to complement the RST - Dirac system (BGal)- (B.6L) merely by the Poisson
equations for these time components, which of course have to be deduced from the Maxwell
equations (236al) - (236dl) by neglecting again the spatial components of the four - vector

potentials:

AWA(7) = 4mag Dk (7) (3.7a)
ABy(T) = —4maghy (1) . (3.7b)

Observing here that the currents k? , h, are generated by the wave functions through

K, (7) = Va(P)yt0a(7) (3.8a)
h,(7) = QZl(ﬁ%%(f’) ; (3.8b)

one arrives at a coupled but closed Dirac- Poisson system (B:6al)- (B7H) whose solutions
{zza(?), Ma} constitute what we consider to be the “electrostatic approximation”.
Subsequently, we want to carry out a test of the usefulness of RST by opposing its

theoretical predictions for the two - particle ground - state in the Coulomb potential

40(7) (39)

as

= Z,..—
G

to the experimental data. Since the ground - state is a member of the para-sytem with the

highest possible symmetry, we try the following ansatz for the Dirac spinors ﬁa(f’):

N NG
Do (F) = 3.10
Dy (3.10)

with the first particle having spin up, i.e. the two component Pauli spinors are chosen as

b (7) = <> c2y? (3.11a)
Mg (7) = —i OR_(r) - 7% . (3.11b)
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Here the one- particle eigenspinors Cj}m of the angular momentum operators obey the rela-

tions [22, 23]

P =+ DRt (3.12a)
J = mh - ¢ (3.12b)
2O =11+ )R- I (3.12¢)
G o % (% N 1) R (3.12d)

with the composition law for Spin- = particles

j:li%. (3.13)

Since the two spins are anti- parallel in the ground - state, we put for the second particle

Jun

N)

(3.14a)

=

1
2

“u(7) = O <> %3
o (7) = ~iPR_(r)- ¢

(3.14b)

Now, for the ground state, it is reasonable to assume that the radial parts WR,(r) of

both wave functions 1),(7) are identical

DR, (r) = PR, (r) = R.(r) (3.15a)
WR_(r)=®R_(r) = R_(r) , (3.15Db)

and similarly for the mass eigenvalues
My = My = M . (3.16)

Thus the original RST eigenvalue system (BGal) - (B.60) becomes simplified to two coupled

equations for the two radial ansatz functions Ry (r):

dRJr(T) + [Ag(r) + Ao(r)] - R-(r) = Mo+ M ; e rm (3.17a)
de_r(T) + %R_(T) . [(eX)AO(T) + AO(T)} R+( ) Lh]w c- R+(7’) . (317b)

Observe here that for the para-ansatz (BI4al) - (B.I4Ll) the time component ho(7) of the
exchange current h,, (B:8H) vanishes (ho(7) = 0) so that one can take a vanishing exchange

potential ( By(7) = 0) as solution of the Poisson equation (BXZD). Therefore the radial
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functions R (r) do couple only to the electrostatic potentials (“Ay(r) which of course now

have to be identical, too

WAg(r) = PAg(r) = Ao(r) (3.18)

and obey the Poisson equation (B7al)
AAy(r) = dragko(r) , (3.19)

with the coinciding electric charge densities (ko () (B2Zal) being given by

(B (r) + (R_(r)’

(1)]{30(’/“) = (2)]{?0(7’) = k’o(’f’) = (320)
AT
Thus the formal solution of the Poisson equation (BI9) is found to be
N2 N2
Ao(’f’) — _% d3,,7/ (R+(T )) + (R—(T )) ) (321)

dr 7 — 7]

B. Non-relativistic Limit

Since the electrostatic approximation is required to take fully into account the relativistic
effects, the coupled system (BI7al)- (B20) has to be solved numerically and then yields the
basis for the RST results AES;T (third row of table I). However, for the calculation of the
magnetic corrections we may restrict ourselves to the lowest - order approximation of the

solutions 1, (7). This means that we
(i) neglect the interaction between both particles (i.e. putting Ag(r) = 0)
and

(ii) we are satisfied with the non - relativistic approximation of the corresponding solutions

Ri(r).

Now, by virtue of the first assumption, the interactive system (BI7al)- (BI7H) becomes

decoupled and truncated to the simpler form

dR(;_T(T) + (OX)AO(T) . R_(T‘) = —L;—‘]W c- R_(T‘) (3.22&)
de;r(r) + %R_(T) — (CX)AO(T) “Ry(r) = Lh_jw c-R.(r), (3.22b)
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whose solutions are given by [24, 25]

Ry (r) = N.n/M + M, 1" exp {— Z;ﬂ} (3.23a)
B
ZeaT

R_(r) = Ny M — M, r” exp {— , } (3.23b)
B

h? .
<aB = Ve Bohr radius

N——

Here the parameter v is given by

v=—141/1— (ze05)" . (3.24)

Furthermore the mass eigenvalue M, of the coupled two- particle system (BI7al)- (BI7H)

degenerates to the well - known one - particle result M, [24, 21]

M, = M\/1— (zep08)” ; (3.25)

and finally the normalization constant NN, is computed via the relativistic normalization
condition
/ B ko(r) =1 (3.26)
as .
. < 2ren > +2v
N2 = s : 3.27
Y 2M T'(3+ 2v) ( )

The second assumption (of non - relativistic approximation ) says that the radial function

R_(r) (B23D) is neglected against R, (r) and for the latter function (B:2Z3al) one takes its

non - relativistic limit R, (r), i.e.

Ri(r) = Ry(r) =2 (z—B)g exp {— Z;ﬂ;r] (3.28)

which obeys the non - relativistic version of the normalization condition (B2Z0l)

7dr 2 (f‘{+(r))2 —1. (3.29)

Clearly, this non-relativistic limit R, (r) is the ground-state solution of the ordinary

Schrodinger equation

() — B (F)() = () (3.30)
22 e?
<EO - 20,]3 )
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and therefore it may appear somewhat amazing that the ordinary Schrodinger equation is
sufficient in order to calculate the magnetic corrections in the lowest - order approximation.
However, as we shall readily see, relativity nevertheless enters the “magnetic” exchange
energy, namely in form of the exchange current 4(7) which is built up by the radial functions

(@R (r) through the combination
R (r) = ORL(r) - PR(r) + PR, (1) OR_(r). 331

see equation ([E2H) below. Observing here the coincidence of the radial functions (R (r)
for the two- particle ground - state (BI5al) - (BI5D), one deduces from the non - relativistic
approximations (B23a) - (B223H) the corresponding approximation for R, (r) (B31) as

3
R (1) = 4 (zep08) Z% exp {_2zmr] . (3.32)

C. Mass Eigenvalues M, and Field Energy Et

Intuitively, one should suppose that the total energy Er (E4H)is related to the mass
eigenvalues M, in some way. Indeed, this desired relation can easily be obtained by inserting
the stationary wave functions 1, (7) (see the right - hand sides of (BIal) - (B1H) ), potentials
A, (B2H) and B, (B3d) - (B3d) into the matter density (®/T5, (EX65) and integrating over
all three-space. In this way, one finds quite generally the following result for the matter

energy Ep (246al) in terms of the mass eigenvalues M,

Ep = % - Myc® + 3y - Myc? — B (3.33)
+ he / 7 {WA(7) - Phio () + DA (7) - Vko(7) }

T he / &7 (Bo(i) - holi) + By(7) - ()} .

Here it is presumed that the external interaction energy of the electric type EY (Z48) can

be recasted into the following form by means of Gaufl’ integral theorem and the Poisson

equations (B7al):
EY = —hc / 7 @A (7) { Dho (7) + Pho(7)} (3.34)

This presumption implies that the external field Eex(ﬂ is well - localized; if this is not true

(e.g. by considering a homogeneous field E., ), the Gauf’ surface term becomes infinite at
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infinity and has to be omitted. The reason is that such an infinite surface term has to be
considered as part of the (infinite) energy of the external non-localized source generating
the homogencous field E,,. Moreover, the former normalization condition (BZH) upon
the wave functions 1,(7), being adequate for the electrostatic approximation, has to be

generalized in the presence of magnetic interactions to

/ A7 ko (F) = 2, , (3.35)

with the real numbers Z, still close to unity (for the relativistic normalization of wave
functions in the general case see ref.[2(, 21] ).

Now one substitutes the present result for the matter energy Ep (B33) into the total
field energy Er (EZZ3) which then reappears in the following form:

Er = % - My + 2 - Myc® + E™ (3.36)
+EY) + he / &3 { WA (7) - Pho(7) + PAg(7) - Vko(7) }

=B e [ @7 (o) - ol + B - (1)
+EY —E®.

However, the gauge objects emerging here (namely the potentials (YA, (7) and the charge
densities (V%o (7)) are not independent, but rather are connected by the Poisson equations
(B7al); and this establishes the following relationship among the electrostatic energy con-

tributions
By = - hz / 37 {MA(7) - Pho(7) + PAg(7) - Vkio(7)} . (3.37)

This result again comes about by applying Gaufl’ integral theorem to the internal energy
functional B\ (E5Ra) and using also the Poisson equations (B7a). Clearly, there exists

an analogous relationship for the “electric” exchange energy E(Ch ) (2.580), namely

7B hal) + ) W) + oy [ CFBE) B, (339)

Bm _
C a3y

he
2

which will be discussed in greater detail below. By means of these relationships the total

energy Er (B36) can now be simplified to the plausible result

Er =% -MA+ % - My + EY — AES™Y 4 EOF8) (3.39)

23



Here the “magnetic” contribution Egng) (E2) reads in terms of the vector potentials A, ()
and B(7)
1 — — — — — — — —
B = —he [ @7 (B0 A(0) + R0) - A7) + 57 - B + ()5 (7 }(3.40
he = ~
———— | &*FB*()- B
o [ 7 E @) B,
and similarly its “electric” counterpart is defined through

hic

AESY = ESM 4 / 437 B*(7) - B(7) (3.41)

2
2masay,

_ _% 3 { WA (7) - Phio(7) + PAG(7) - Wko(7) + Bo(7) - ho(7) + B (F)h () }

Jﬁ%ﬂ /d3F§*(F) B

This now is a very interesting result, because it provides us with much insight into the
difference between the “electric” and the “magnetic” interactions. First observe that either
of the two mass eigenvalues M, (a = 1,2) already completely incorporates the “electric”
plus "magnetic” interactions of one particle with the other, respectively.This can be most
clearly seen from the original form of the eigenvalue equations (BZal)- (B:4H), namely by
multiplying those equations by 1 or 1y, resp., from the left and integrating over all three-
space and finally resolving for the eigenvalues M,. Therefore the sum of the mass-energy
eigenvalues 2, - M,c? occurring in the total energy Et (B39), counts the electromagnetic
interaction energy between both particles twice whereby the “electric” parts enter with a
positive sign and the “magnetic” parts with a negative sign. Now, one of the pleasant
features of the RST energy functional Er (B39) is that this double- counting is corrected
by subtraction of the “electric” interaction part AEgh) and addition of the “magnetic”
interaction part E(Gmg).The relatively good agreement of this theoretical picture with the
experimental data ( see table I and I1) may be taken as a support of both the RST philosophy
and of its practical consequences which will be considered readily.

As far as the method of electrostatic approximation is concerned, it is self-suggesting
to omit the magnetic terms in the total energy Er (B39), quite similarly to the way the
electrostatic eigenvalue system (B.Gal) - (B.60) was obtained from the general sytem (B.4al) -
(BZH) by omitting the “magnetic”’ potentials A,(7) and B(7). This leads us to define the

electrostatic approximation Er of the total Erp by
BEr = My + Mye® — AES™ (3.42)
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where the mass eigenvalues M, are the eigenvalues of the truncated system (B5al) - (BGH)

)

and the “electric” interaction functional AEgh is to be taken upon the solutions 1, (7) of

this truncated system:

AEEY = 2 [ @ {DA6(7) - Pho(7) + PAo(7) - Dkol7) + Bol) - ho(7) + B*(7) - hy()}

(3.43)

_he
2

The corresponding numerical results for the ground-state interaction energy AEI(;%T are

presented in the third column of table I.

D. Numerical Results

Within the framework of the electrostatic approximation all prerequisites are now at hand
in order to test the quality of this type of approximation. The numerical solution of the
electrostatic eigenvalue system (BITal)- (BITH) provides us with the radial ground - state
functions R4 (r) together with the mass eigenvalue M,. Consequently, these results may
now be substituted into the electrostatic energy functional £y (BZ2), whose value upon the
calculated ground - state solutions {Ri(r); Mo} appears then as

Er = 2Myc* + he / d37 Ao(r) - ko(r) (3.44)

where the electrostatic potential Ay(r) and the charge density ko(r) are given by equations
(BZ0) - (BZT). Observe here also that the exchange potential By(r) as a solution of the
Poisson equation (B.7H) vanishes because the exchange current h,, () (B8Hl) has a vanishing
time - component (ho(7) = 0) for the stationary field configurations being defined through
equations (BITal)- (BIIH) and (BIZa)- (BI40).

Now the problem is how to judge of the present RST prediction By (BZd) for the two-
electron ground - state energy when this is not directly observable. However, what can be
directly measured is the interaction energy AFE.y, between the two electrons in the ground-
state. This was done for six highly ionized elements, ranging from germanium ( z., = 32) up
to bismuth (z., = 83), see ref.[12]. On the other hand, this interaction energy of the two
ground - state electrons arises within the framework of RST as the difference AEI()fS)T of the

ground - state energy B (BZ4) and the double value (2M,c?) of the single- particle energy
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eigenvalues (B2H), i.e.
AES), = Ep—2M,& (3.45)

= 2 (Mo — M*> c+ hc/d?’FAo(r) ko(r) .

The comparison of this RST prediction AEI({O%T with the experimental values AE,,, displays

some very instructive features of both the electric and the magnetic interactions ( see table ).

Element ( zez )| AEexp [€V] AES%T [eV]|A = A&%if& %] 2 | e«
Ge (32) 562,5+1,6 553,0 1,7 0,297| 16,8
Xe (54) 1027,2+3,5 974,3 5,1 0,295(16,58
Dy (66) ||1341,6+4,3| 1232 8.2 0,294|16,36
W (74) | 1568415 | 1423 9.3 0,247/16,18
Bi (83) 1876+14 1661 11,5 0,223]15,92

'y

TABLE I: Comparison of experimental values AFcy, (second column ) [12] with the RST predic-
tions AE%T (BZ3) (third column) for the ground - state interaction energy of helium - like ions.
The last two columns display the geometric factor f2 (B58) for the magnetic interactions and the
reference energy e, (BHI) for the electric interactions. Both limit values fg = 0,4 (EZ3) and

gx ~ 17eV (B22) for small values of zexag(< 1) appear to be consistent with the numerical data.

For an intuitive interpretation of the results of table I it is important to first observe
that the relative derivation A of experimental data AE,,, and electrostatic RST predictions
AEI()?S)T (fourth column) increases from 1,7% up to 11,5% when the nuclear charge z., ranges
from z., = 32 (germanium ) up to z., = 83 (bismuth ). This effect can easily be understood
in terms of the different relativistic behaviour of the electric and magnetic interaction en-
ergies. Considering first the electric type, one should recall that the single - particle energy

Er (EED) equals the mass eigenvalue M,c? (B2ZH) which splits up into the matter energy
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Ep (E46a) and external interaction energy Fos (Z46d) according to

M.,* = Mc? \/ 1— zemas = Fp + Ee (3.46a)

(3.46b)
\/ 1-— Ze:caS
]_ o
Bu = (zests)” Eeos , (3.46¢)

Mc =
\/ Zean 1 - (Zean)2

see ref. [21]. Here the non-relativistic limit Ees of the external interaction energy in the

Coulomb field ¥Ay(7) (B3) is given by

o

Ey = < ¢0|(em)140|1/10 > (3.47)
~ he / P 20 () = — (zeaas) M

where the non-relativistic ground - state function (%) of the single- particle Schrodinger

problem (B30) coincides of course with the radial wave function Joi’+ (r) (B29)

i) = <= Rulr) = %(—)xp - (3.15)

From this result for the external interaction one may conclude that also the internal elec-

trostatic interaction energy Eg) (Z58al) of both ground - state electrons is of the following

form

e ]' o e e
EY = EY ~ AEY), (3.49)

1— (Zeszs)2

where EI(; ) is again the non - relativistic limit ( ze,as — 0) of the internal electrostatic inter-

action energy ES)

. This non - relativistic limit may be simply determined by considering the
electrostatic interaction energy of the two charge clouds due to the single - particle ground -
state 1o () (B4) of the ordinary Schrodinger problem (B30):

o . 2y |2
E}(%e) — //di’)—'d?’—»/ |7vb0( )‘ |1_b)0(71 )‘ (350)

|7 =]

5 e
= —Zex— ~ 17,00725 - 2., [eV] .
8 an
Combining this result with the former hypothesis (B:4d) for the electrostatic interaction

energy AERST says that the “reference energy” e, defined through

1 — (zeg0rg)” ©
£ = CAEY, (3.51)

Zex
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should adopt the value of (roughly )17eV for all values of nuclear charge z.,. Now it is just
this estimate which is confirmed by our numerical calculations (table I) within an error of
a few percent when the elements from z., = 32 (germanium ) up to ze, = 83 (bismuth ) are
considered. Indeed, the value g to be obtained by a combination of both equations (B49)
and (B50)

5 e?

g0 = —— = 17,00725...[eV] (3.52)
8 an

appears as the upper limit for our RST calculations of e, (BA]l), see table I if the nuclear
charge 2 is adopted to become smaller (up to zex = 2 for the neutral helium; see a separate
paper ).

A similar estimate enlightens also the mechanism of the magnetic interactions, whose
energy - momentum content is characterized by E}(%m) (ZR9al). In order to get the magnitude
of the internal magnetic fields H,(7), we observe that when a point charge (emitting an
electrostatic field E at rest ) is moving with velocity ¢/, then there arises a magnetic field of

magnitude

v
c

1= ()

For an extended charge, one would include here some geometric factor f, being characteristic

H| ~

(3.53)

— ‘

for the special charge distribution, and thus one would arrive at the following relationship

between the magnetic and electric field strengths
2
|~ p B 2

1= (2)

Now the kinetic energy part Fp (B4GH) of the single- particle eigenvalue M,c* (B246al)

(3.54)

suggests to take for the particle velocity in the ground - state

v

E ~ Zex QS , (355)

and this yields the following relation between electric and magnetic energies AEI({C%T ~ Eg)

(E58d) and AEL™®

(ZexOéS)2

AE™ ~ f2 - AESL (3.56)
1—- (Zoan)

)

Here it is very natural to assume that the magnetic interaction energy AE(ng is responsi-

ble for the discrepancy of the experimental value AFE,,, and the electrostatic RST prediction
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AESS)T, i.e. we rewrite equation (BX2fl) as

(zoxas ) 2

AEY® = AEp, — ABS)y = f2—"0080
1— (Zean>

AES). . (3.57)

This then leads us to the expectation that the geometric factor f2

1= (2ex0s)’ ABey — AES)
(zoan> AERST

will depend only very weakly , if at all, upon the coupling constant (zexag). And indeed, if
we insert the experimental values AF.,, and our electrostatic RST results AEI({O%T into the
right - hand side of equation (B58), one just finds the expected weak dependence of f2, see
for this table L.

Finally, combining both estimates for the electrostatic part AE%T (BX1) and the mag-
netic part AE(ng) (B:50)), we arrive at the general form of the interaction energy AFey,

ABey = MBSy + ABR (3.59)

Zex 2 (ZexOéS)2
- 142 o) b
1 - (zecas)? 1 — (zexas)

This general result contains two slowly varying functions of the coupling constant (zexas),

which adopt their maximum values for small nuclear charge numbers (zx — 2). The
maximum value of gy of the reference energy ¢, has already been determined in equation

(B52), but for determining the maximal value ( fZ, say ) for the geometric factor f2
fi=0,4 (3.60)

one has to go deeply into the details of the magnetic interaction mechanism (see the dedu-
cation of equation ([E43) below ). As we shall readily see, the crucial point here is the fact
that the magnetic exchange forces do not vanish since there exists a non- trivial exchange
current i_i(F’), producing the magnetic exchange effects such as the magnetic exchange energy
Egg) (2.59H), whereas for the ground - state there is no electric exchange energy Egl ) (E5RH)

)]

on behalf of the vanishing of the scalar exchange potential By(7)

IV. MAGNETIC CORRECTIONS

The preceding estimate of the magnetic energy contributions hinted strongly upon a

magnetic explanation for the discrepancy between the experimental values AE., and the
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electrostatic RST predictions AEI(;%T (table T). Therefore it appears now mandatory to
explicitly compute the magnetic corrections, thought to be responsible for the observed dis-
crepancy. Through this procedure one will then obtain also more accurate RST predictions.
In the course of such an elaboration of the magnetic corrections it should also become clear
in which way the upper limit fZ (BE0) of the slowly varying function f? (BA8) comes
about. Furthermore, the role of the magnetic exchange effects , being induced by the “mag-
netic” exchange potential B (7), has to be clarified. Indeed, it will readily turn out that this
“magnetic” exchange potential B (7) cannot vanish for the reason of ground - state symmetry
(i.e. isotropy ), which is in sharp contrast to the missing of the “electric” exchange potential
éo(f). Actually, the “magnetic” exchange energy due to B () will turn out to be twice the
magnetostatic contribution due to ffa(F), which yields a higher precision of the RST pre-
dictions by roughly one order of magnitude (compare the RST results of tables I and II).
Consequently, the experimentally supported inclusion of the “magnetic” exchange effects
due to B(7) must be viewn as a strong confirmation of the non - abelian RST construction.
Thus it becomes now necessary to work out the field theory of atomic magnetism in great
detail.

The desired magnetic corrections do emerge in two places:

(i) as a small change M{™ of the mass eigenvalues M, (BZa)- (BE40),

(ii) as an additional contribution E(Gmg) (Z62) of the interaction energy Fg (EG0).
Therefore the magnetic perturbation scheme must consist in first expressing the mass

changes M{™ and energy change E(Gmg)

in terms of the wave functions ,(7) as solutions
of the relativistic eigenvalue problem (BZal)- (B4H), and then substituting for these solu-
tions their electrostatic approximations 1, (7) as solutions of the truncated system (BBal)-
(B6H). In other words, one computes the value of the total energy functional Et upon the

approximative solutions ¢, (7) in place of the exact solutions 1, () of the original system

(B2al) - (B.4Hl).

A. Magnetic Mass Corrections M(gmg)

The point of departure for obtaining the “magnetic” mass corrections is the original exact

form (BZal)- (B.4D) of the two-particle problem. The corresponding eigenvalues M, are
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splitted into their electrostatic approximations M, and their magnetic corrections Mémg)
M, = M, + M9, (4.1)

Quite generally, the exact mass eigenvalues M, can be expressed in terms of the correspond-
ing eigenfunctions 1, (7) by multiplying both sides of the eigenvalue equations (BZal) - (B4H)
by 1,(7) and integrating, observing also the normalization relations (B33). The mag-
netic mass corrections will then be due to those terms containing the vector potentials
A7) = {®AI(7)} and B(F) = {B?()}, which have been omitted for the electrostatic ap-
proximation. However, for discussing these magnetic terms it is instructive to reunite them
with the electrostatic interaction terms and thus to consider the interelectronic interactions
as a whole. This admits us to resort to the covariant Maxwell equations for carrying out
the magnetic perturbation procedure where afterwards the separation of the electric and
magnetic effects for obtaining the desired result M will present no problem.

In this sense, the united mass corrections AM, may be deduced from the eigenvalue

problem (BZal) - (B4H) in the following form:
2 - AM? = —hc / &7 { Dk, (7) - BDA(F) + hy,(F) - B*(7)} (4.2a)

%y - AMyc? = —he / &3 { Pk, (7) - WA () + B (7) - BP*(P) } (4.2b)

Obviously the mass corrections are built up by an electromagnetic part M™ and an ex-

change contribution M.

AM, = M™ + M) (4.3)

with the self-evident arrangements
2 MEE = —he [ &BF Wk, (7) - DA (F) (4.4a)
Zg - MQ(em)c2 = —hc

7 @k, (7) - A7) (4.4b)

- MY = —he | &F W7 - BY(7) . (4.4d)

2 - MM = _he / &7 by, (F) - B*(7) (4.4¢)
Here, the electromagnetic mass corrections M™ can be further split up according to

M = M© 4 M (4.5)
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with the electric part MO being given by

2 - M9 = —he / 37 Wko(7) - DA (F) (4.6a)
20 MO = —he / 7 o (7) - DA (F) (4.6b)
and similarly for the magnetic part M&™
2 M™E = —he / A7 Ok, (7) - DAY (7) = he / Bk (7) - As(F) (4.7a)
20 M{™ = —he / A7 Ok, (7) - DA (7) = he / B k(7) - Ay (7) . (4.7b)

In a similar way, the exchange corrections M{" (EEZd) - (E4dl) can also be subdivided

into their “electric” parts Méh) and “magnetic” parts Még)
M9 = MW 4 M) (4.8)
i.e. we put
/ &7 ho(F) - BY(F) (4.92)
2 MM = —he / 437 hi(7) - BY*(7) (4.9b)
2 - M9 = —he / 437 hy(7) - BY(7) = he / &7 h(7) - B(7) (4.9¢)
20 MP* = —he / &7 hi(F) - B () = he / &7 1*(7) - BX(7) . (4.9d)

The physical meaning of these mass corrections becomes now evident when they are

written in terms of the curvature components /', , and G,,. Such a reformulation of the

mass corrections can easily be attained by eliminating the currents k., and h, from the
original definitions (EZal)- (E4d]) in favour of the curvature components, namely just by
means of the covariant Maxwell equations (EZ36al)- (2.36d]). Now, at this point we resort
to an additional approximation which considerably simplifies our magnetic perturbation
approach, namely the linearization of just that gauge field dynamics (EZ36al)- (236d).

This linearization means concretely that

(i) the cuvature components F,, G, (E3Tal)- (E3Td) become truncated into

Fo, = 0,A% — 0,A°, (4.10a)
G, =0,B, — 9,B, (4.10b)
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by simply omitting the non-linear terms due to the non-abelian character of the

original gauge group U(2);
and

(i) the non-abelian Maxwell equations (EZ36al)- (2236dl) become similarly truncated to
their linear form

oMre,, = —4mras kY, (4.11a)

"G =4mag h, . (4.11b)

As a consequence of these simplifying assumptions, one finds for those four - vector prod-

ucts dertermining the mass corrections M{™™ and M"Y (E4d) - (EZd):

1 B 1 )
(l)ku(f‘) . (2)Aﬂ(f‘) — _47Tasaﬂ{(1)F“V(f‘) . (2)Au(,,,)} + 87‘-_0(8(1)}7#”(7;) . (2)F,u (7;4) (412&)
1 B 1 )
(2)]{;u(f‘) . (UAH(F) — _471-0[88#{(2)}7’“”(77‘) . (I)Au(,,,)} + 87‘-_0(8(2)}7#”(7;) . (l)F,u (7;4) (412b)
1 1
. R — o * (2 RV o -
hulP) - B () = e { G () - BY(7) | = oG (1) Gl () (4.12¢)

When this is substituted back into the correction formulae (EEZal)- (EE4dl), they appear in

a new form by means of Gauss’ integral theorem, namely as

h
2 MEE = gy M2 = - O / &7 OF,,(7) - OFm () (4.13a)
8mag
h
2 MU =z, MM 2 = 8—0 / &7 G (F) - G () . (4.13b)
yers

This result explicitly demonstrates that the mass corrections AM, (EZ2al)- (E20) for both
particles (a = 1,2 )are actually identical (21 - AM; = Z5 - AMy).

But once that “Lorentz invariant” form (EEI3al)- (EI3H) of the mass corrections is
known, it is self-suggesting to split them up into two contributions, which are offered by

themselves through the introduction of the electrostatic and magnetostatic field strengths

E,(7) = {®EI(7)} and H,(7) = {@H/(7)}, i.e. we put

@WEI(7) = WF,(7) = —0; WA (7) (4.14a)

) = 5 ORI = 004, (4.14D)
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or in three- vector notation

Eo(7) = =V WA (F) (4.15a)
H,(7) =V x A,(7) . (4.15b)

Now by this arrangement, the Lorentz invariant product of curvature components deter-

mining the electromagnetic mass corrections MEm™ (EET3al) reads in three- vector notation

O (7) - OF(7) = 2 [ Ay (7) - Fa(7) = By(7) - Ba()| (4.16)

and clearly this yields a natural splitting of those electromagnetic mass corrections (EI3al),

namely just the former equation (EEQ) with the following identifications for the electric part

e ~ e h - 73— -
5o MO =3 MOE= " /d3r E\(F) - By(7) (4.17)
4oy
and similarly for the magnetic part
he

5o MM =2 M{M P =

/ &7 Hy(F) - Ha() . (4.18)

_47ras
Observe here the curious fact that the magnetic part (EI8) enters the electromagnetic mass
correction M™ (EER) with the opposite sign in comparison to the electric part (EET) which
is a consequence of the Lorentz invariance of the product of the field strenghts (EEIG)!
Clearly, it is self-suggesting now to treat the exchange corrections M) (EI3H) in
a quite similar way. This means that one introduces an “electric” exchange vector field
X(7) = {XI(7)} (as the exchange counterpart of E(7) (EIZa))and also a “magnetic”
exchange field Y (7) = {YJ(7)} (as the exchange counterpart of H(7) (ELIZH) )through

]

XI(7) %= Goy(7) = —=0;Bo(7) — o B;(r) (4.19a)
, 1 . ;
Y](f) = §5Jlekl(F) = 5]kl(9kBl(r_) 5 (419b)
where the exchange length parameter ay; is given by
h
R — 4.20
an = (Ml —M2)02 ( )

In three- vector notation, the relations (EET9al) - (ET90) read

X(7) = —VBy(7) + ﬁé(?) (4.21a)
Y(7) =V x B(7), (4.21b)
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and thus obviously represent the exchange analogue of the corresponding electromagnetic
relations (ELIhal) - (ELI50), however with the difference that there emerges now a typical
length parameter ay (EE201) which gives an inherent measure for the spatial range of the
exchange effects. In terms of these new exchange fields, the Lorentz scalar for the exchange

mass corrections M\"? (LI30) reads
G () - G (7) = 2 |V (1) - Y (7) = X(7)7 - X(P)] (4.22)

which is of course again the exchange analogue of the corresponding electromagnetic relation
(ECIH). As a result, the exchange mass corrections M (EI3H) can ultimately be written

as
he

- (hg) 2 S (hg) 2
21 M7t =2y My 7 ¢ =
! ! 2 2 drog

/ CrVE YO - X0 X)) @)

Though this result looks formally quite analogous to the electromagnetic case, one never-
theless cannot relate here the “electric” exchange masses M (EE9al) - (E91) to the “elec-
tric” exchange vector X (7) and analogously the “magnetic” corrections MY (E9d) - (Ead)
to the “magnetic” exchange vector }7(77) as it was done for the electromagnetic situation
(EETD) - (ET18). Instead, the correct relationships for the “electric” exchange mass must

look as follows:

. h . h he L D O he 1 B B
2 MM 2 = 2 M2 = ~Tras Br X(7)*- X (7)+ Trogal 7 B(F)*-B(F) . (4.24)

Thus both “electric” exchange corrections are again identical, as it is the case also for the
electromagnetic subsystem (EEI7). However, they do not coincide with the “electric” part
due to X (7) of the total exchange corrections M (EZ3).

A similar effect occurs also with the “magnetic” parts M of the exchange mass cor-
rections M{" (E23). Starting from the original definitions (EE9d) - (E.9dl) one finds again
that both “magnetic” contributions are identical

h Lo he 1
2 ¢ / &EF V(@) V() — <

— [ &7 B*(7)- B(7), (4.25)

D2 s @2 _

4rag
but they do again not coincide with the “magnetic” part (due to Y (7) )of the total exchange
masses M"Y (EE23). However, if both the “electric” and the “magnetic”, contributions
(EE241) and (E2H) are added up separately for either particle (a = 1,2), one just finds the
total exchange corrections M) (EE23)). Thus the electromagnetic and exchange subsystems
are found to differ in the way in which the total corrections are distributed upon the “electric”

and the “magnetic” subsystems.
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B. Linearized Gauge Field Equations

Obviously, the introduction of the three - vector notation enables one to separate uniquely
the electric corrections ( being already included in the electrostatic approximation ) from the
magnetic corrections which will be treated subsequently by use of an adequate perturba-
tion approach. Consequently, one would like to write down now the gauge field equations
(Z36al) - (2.36d)) in three- vector notation where one simultaneously restricts oneself to their
linearized form (EEITal)- (ELIIL]). This implies that the magnetic corrections will be taken
into account only in their lowest - order approximation. However, the consistent lineariza-
tion of the gauge field equations represents a certain problem which requires now an extra
discussion.

First consider the electromagnetic subsystem, for which one concludes from the linearized
Maxwell equations (EITal) that the three- current ko (7) = {@k7 ()} must have vanishing
divergence (a =1,2)

V k() =0, (4.26)

Thus the linearization of the (non- Abelian )Maxwell equations (236al) - (2.361) must im-
ply the neglection of the right - hand sides of the source equations (EZ40al)- (2.40H). Fur-
thermore, when the curvature components F*,, are expressed through the connection com-

ponents A®, (EETal), that equation (EETTal) yields the corresponding Poisson equations

ADAN(F) = drag - Vko(7) (4.27a)
AAL(F) = Amas - ko(F) (4.27D)

provided one subjects the magnetic vector potentials /_fa(f’) (a =1,2)to the Coulomb gauge
condition

V- A () =0. (4.28)

Observing here the usual boundary conditions at infinity (r — oo ), the solutions of the

Poisson equations (EZ27al) - (L270) are easily found as

CLk, =/
@A4(7) = —as/dgr' \F’i(:;’\) (4.29a)
A7) = —as [ a7 |’;{T7§| , (4.200)



where the spatial part (E29H) is easily seen to meet with the gauge condition (E2J).
Thus it is evident that the linearized electromagnetic subsystem is governed by the usual

( Abelian )Maxwellian structure, which may be expressed also through the field equations

for the field strenghts E,(7), H,(7) (EI5a) - (EI50):

V- E,(F) = —Aras - Dko(7) (4.30a)
V.- H,(7) =0 (4.30b)
V x E,(7) =0 (4.30¢)
V x Hy(7) = —47as - kqo(F) (4.30d)

However, the exchange subsystem has a somewhat different structure. This became
already obvious through the introduction of the “electric” exchange field X (7) (E=2Id)
which is not simply the gradient of the “electric” exchange potential By(7) but contains
also the “magnetic” exchange potential B (7)! Nevertheless, one finds from the linearized

equations (ELITH) again the ordinary Poisson equation for By ()

ABy(F) = —Amaght () (4.31a)
. h* 7:’/
Bo(fj = as/d3r |7—,'0_( F)/| , (431b)

which is thus revealed as not being affected by taking into account the magnetic corrections
(similar as for the electric potentials (YA, (7) (E=ZZal) ). Observe also, that for the deduction
of the exchange Poisson equation (E3Tal) we imposed a Coulomb - like gauge condition upon

the “magnetic” exchange potential B (7)
V-B(f) =0, (4.32)

in close analogy to the magnetic counterpart ffa(F) (EE2]). Strictly speaking, such gauge
fixing conditions as (EZ28) must not be imposed upon the fields B,, because they lost their ge-
ometric status as gauge potentials in the process of Abelian symmetry breaking and therefore
obey a homogeneous transformation law [21]. However, it is easy to see that the requirement
(E32) is consistent with all the other static field equations for the exchange variables By(7),
B(F).

It is true, the “electric” part of the exchange field equations (EE3Tal) - (EE31H) is not too
much different from its electric counterpart (E-27al)and (E29al); however, for the exchange
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vector potential B(7) one finds from the linear equations (EITH)

AB(F) + % - B(7) = —drash*(F) — éﬁBO(F) . (4.33)
As a consistency test of this equation one forms here the divergence of the left- and right -
hand side and arrives just at the Poisson equation (EE3Tal) for the exchange potential By(7),
provided the divergence relation for B() (E32) is respected together with the following

—

source equation for the exchange current A(7)
V() = —hi(F) . (4.34)
amM

However, this is nothing else than the continuity equation for the exchange four - current A,

o'h,(7) =0 (4.35)
which itself is a consequence of the linear exchange field equations (ELI1H) and, on the
other hand, coincides with the former source equations (240d) - (2.40d]) if the right - hand
sides vanish (to be justified below). In this way, one actually attains a consistent linear
approximation of the non- Abelian (and therefore non-linear) gauge field equations.

Of course, the solutions B (7) of the exchange field equation (E:33) must have a somewhat
other shape than their magnetic counterparts A, (7) (E290):

. 1 > ~ . .
B(7) :as/d?’F’i cos ('T r |) -{h*(ﬁ’)+#-V'Bo(f')} . (4.36)

F—7] A asay

Thus the effect of the exchange length ay; is to suppress the magnetic exchange vector
potential B(7) if the exchange current i(7) is smoothly spread over a spatial domain much
larger than the exchange length ay;. But if E(F) is well - localized within such an “exchange
domain”, the vector potential g(f} is non-zero, but fades away as r~—! - cos <QLM) On
the other hand, for ay; — oo the “magnetic” exchange equation (EE33) degenerates to an
ordinary Poisson equation of the kind (EE3Tal) or (EE27al)- (E27H) with the corresponding

behaviour of the solutions. Thus the “magnetic” exchange effects are found to be of a rather

different type which may again be expressed more concisely by the following “exchange
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equations”:

V - X(7) = dmwagh(7) (4.37a)
V x X(7) = —Y(7) (4.37b)
an
V.Y () =0 (4.37¢)
. - 1 - o
V x Y () = dras - h*(7) + = - B(7) + — - VBo(i) , (4.37d)
Qg am

which adopt the ordinary Maxwellian form (E30al) - (E30dl) for infinite exchange length
(aq — o0). As a consistency test for the linearization procedure, apply the divergence

operation to the last equation (E.37dl) and find just the source equation for the exchange
current A(7) (EZ3) by use of the Poisson equation (EZ3Ial).

C. Mass Corrections and Densities

Once both the electromagnetic potentials {(“)AO(F) ; ffa(F)} and the exchange potentials
{BO(F) . B (F)} are known in terms of the charge and current densities, it becomes possible
to eliminate these potentials completely from the mass corrections and to express the latter
objects exclusively in terms of these physical densities. Clearly, this then represents a
considerable technical simplification because one can express the desired mass corrections
directly in terms of the wave functions whose link to the current densities is well - known,
see equations (B:Ral)- (B.8N). Thus to begin with, reconsider the electric corrections M
(EGal) - (EBH) and substitute therein for the electrostatic potentials (YAy(7) their general
form (EE29al) in order to arrive at
(1)]{0(77) . (2)]{;0(7?/)

7= 7|

2 MO = 5 MO P = ¢? / / PrdPr! (4.38)

Of course, the charge densities (Vko(7) may here be further expressed in terms of the Dirac
wave functions 1,(7) according to the former relations (B8al). Observe also, that the
present result of the electrostatic interaction energy 2, - M now admits two different
interpretations, namely either as an instantaneous Coulomb interaction between the two
charge clouds “ko(7) or as the interaction energy (not self-energy!)of the electric field
modes E, () emitted by the charge clouds, see equation (EI7). This bilinear (instead of
quadratic ) construction for the electromagnetic interaction energy of the particles has a cer-

tain tradition in the literature and emerges also quite naturally in the RST formalism [26].
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A similar effect is obtained also for the magnetic corrections M\™ (EZ7al) - (EZZH) which
by means of the vector potentials A, () (EE29H) may be recast into the following form

ke (7) - ko (F)

‘—»_ —»/|

25 M™M=z MM = —¢? / / PPF AP (4.39)

Thus the magnetostatic interaction energy 2, - M{™¢2 can also be interpreted as being due to
either an instantaneous direct interaction of the currents Ea(fj or as the interaction energy
of the magnetic field modes H,(7) (EIR). It is also interesting to remark, that the the sum
of the electric and magnetic corrections appears as the integral of a four- vector product,

namely by adding both equations (E38) and (E39):

2 MO 4 2, MM = 3, ME™ 2 (4.40)
_ 62 // d377d377/(a)kﬂ(f) : (a)kH(F/)
|7 — 7|
(a = 1lor 2) .

Now it seems natural to expect that the exchange field system will display an analogous
structure. This however is true only for its “electric” component, but not for the “magnetic”
one. In order to see this more clearly, first recall that the “electric” exchange potential By(7)
(E3Tal) - (EE31H) is of the same structure as its electric counterpart (YA (7) (E29al) and
therefore yields for the “electric” exchange mass M." (E9al) - (E90])

oMW =z, M = —¢? / / g7 g o) - ho() (4.41)

Gz

Indeed, this looks very similar to the electrostatic corrections M (E3]) where the charge
densities (“k,(7) play the part of the exchange densities ho(7), hi(7) and a change of sign
does occur additionally. This lowering of the electrostatic interaction energy (E38) by the
exchange energy (EEZT1) is due to the fact that the present RST formalism is equivalent to
the antisymmetrized product states of the conventional Hartree- Fock approach.

However, the “magnetic” exchange system appears in a somewhat different shape which
traces back to the modified Poisson equation (EE33]) for the “magnetic” exchange potential
B(7). More concretly, introducing the solution (EZ38) for B(7) into the exchange correction
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formulae (E9d)- (EAdl) yields

cos (=0 () - h* (F")
24 M9 =¢? / / PrdPr! < ) (4.42a)

cos (1) () - B (7)
20 MY P = ¢? / / Pr AP (4.42D)

. 7 % . =1 ok (=1
ihc //d?’Fd?’F’COS am )h (r) - V' B (1) |

4ran

Obviously, the presence of the terms containing the gradient of the “electric” exchange po-
tential By(7) does not allow us to recast this result again into the form of an integral over
the four-vector product hj, () - h#(7), as it was the case for the electromagnetic analogue
(EZm).

After the energy contributions of the electric and magnetic type have been discussed
in detail, one can now render more precise the meaning of the “magnetic corrections”.
Obviously, the purely electric corrections MM (to be included into the electrostatic ap-

proximation ) are given by all the mass corrections of the “electric” type (E38) and (EZT])

M = M) 4 v (4.43)

whereas the magnetic corrections (to be superimposed as perturbations over the results of

the electrostatic approximation )are given by the correction terms of the “magnetic” type

(E39) and (E22al) - (E420)

M9 = M) M) (4.44)

a

The lowest - order approximation of such a perturbation scheme consists then in inserting the
solutions 1, (7) of the electrostatic approximation system (BBal) - (B6H) into these magnetic

correction functionals (EEZ4]).
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D. Magnetic Energy of the Gauge Field

Besides the magnetic contributions M™ as part of the mass eigenvalues M,, there
occur further magnetic constituents of the total energy Er, namely those being due to the
gauge field energy Fg (Zh3). Since the gauge field energy Fg (EZh3) itself splits up into
the electromagnetic part Eg (EZ54]) and exchange part F¢ (50), one may separate again
both parts into the electric and magnetic type (EZ57al) - (E2570). Here the electric part Eg)
(EZ58al) is naturally included in the electrostatic approximation and is found now to agree

just with the electrostatic mass corrections M." (ET]):
EY =2, MO | (a=1or2). (4.45)

This is the reason why the subtraction of Egh) from the sum of mass eigenvalues rescinds the
double counting of the electrostatic energy Eg) for the total energy Er (B3d). Similarly,
the magnetic part El(zm) of the electromagnetic gauge field energy Fgr (EZhT7al) reads in terms
of the magnetic field strenghts H,(7)

m he I -
B = / &F B\ (7) - () (4.46)

and thus is the negative of the magnetostatic mass corrections M (1Y)

Egn) _ _Zda . M(m)CQ (a =1or 2) , (447)

a

in contrast to the corresponding electric counterpart (EE45]). Therefore the addition of E(Gmg)
to the sum of mass eigenvalues rescinds the double counting of the magnetostatic energy
E™ for the total energy Er (B39).

In an analoguous way, the exchange energy F¢ (EETD) may also be split up into the
contributions of “clectric” and “magnetic” type according to EX (EE8H) and £ (E500).
The “electric” part Egl ) however cannot be identified here with the mass corrections M.
(EETal) - (E9h), as it was possible for the electrostatic approximation, but the exchange
vector potential B (7) has to be retained so that one first finds

he — -
E(h)zi/d?’*B* 7). B(7
= Trasd, 7 B*(r) - B(r) +

he
4rag

/ A7 VBE(F) - VB(7) . (4.48)

Clearly, when the exchange vector potential B (7) is neglected here, one returns to the

truncated form due to the electrostatic approximation. On the other hand, eliminating the
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“electric” exchange potential By(7) from the present result for Egl ) (E4R) in favour of X (7)
by means of its definition (EEZIal) yields now the generalization of the former electrostatic

approximation, namely for both a = 1 or a = 2:

BY - / &7 X (7) - X (F) (4.49)
= —2,- MW 4 szd?’Fé*(F)-é(f‘).
dmagay,

h . .. o
é) receives an additional contribution

Thus it is seen that the “electric” exchange energy E
in comparison to its mass correction counterpart M (ETal) - (E9h) when the “magnetic”
exchange potential B(7) is not zero. This additional contribution (i.e. the integral on
the right - hand side of (EE49) ) must be taken into account for building up the “magnetic”
energy correction AEémg) below; whereas the first contribution, i.e. the “electric” exchange
mass M." (EA), is already contained in the electrostatic approximation of Er (B22) and
must therefore be omitted for the magnetic part of AE(Gmg).

In a quite analogous manner one can treat the “magnetic” exchange energy Egg) (E2590)
which is nothing else than the exchange analogue of the magnetostatic field energy El(zm)
(EE48). Comparing this again to the “magnetic” exchange masses MY (EE23) yields the
relationship

E® =z, . MY +

a

hc — —
——— | &*F B*(7) - B(7) . 4.50
o [ @B B (4.50)

Here it is interesting to observe that the energy corrections of the electric type, namely Eg)
(EEZH) and E(Ch ) (EEZ9)), contain the corresponding mass corrections M and M with
opposite sign so that they actually become subtracted from the sum of mass eigenvalues M,
in order to build up the total energy Er (B39). As a result, the double counting of these
corrections of the “electric” type is actually avoided, as explained in connection with the
electrostatic approximation (see the discussion below equation (BZT]).

However, in contrast to this, the corrections of the magnetic type, i.e. Egn) (D) and
Eéig) (EER0) both contain the “magnetic” mass corrections M™ and MY with the “false”
sign; but since Egng) (EZ62) has to be added to the same terms occuring in the sum of
mass corrections M, for building up the total energy Er (B39) the double counting of the

“magnetic” energy contributions is rescinded in just the same way as it is the case with the
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“electric” contributions. For the magnetic energy correction AEémg we therefore find

he
4 Qg

AE@W)::EEM——Eg)— /}pfgq;yzﬂm (4.51)

he N S
5 /d?’rB (7) - B() .

= —3, - MM — 3, - MY — ——

¢ “ 2magay,

Observe here that half of the integral on the right - hand side emerges for both the “electric”

part Egl ) (EE29)) and the magnetic part Egg) (EER0)) and thus must enter the energy correction
AES™ (EET) with its double value.

Summarizing, the total energy correction AE(ng) of the “magnetic” type is now found

as the sum of all those terms in the total energy Er (B39) which were omitted for the

electrostatic approximation Eyp (B42), i.e.

2 M9 - AEG

]

AE™® =
1

)
Il

’ M(m9) 2

a

(]
N>

he / BB - B(7) . (4.52)

2magay,

N —

a=1

) are the proper sum of the magnetostatic mass M

(E39) and its exchange counterpart M\ (EZZ)- (EA2H), see equation (EZ). Clearly,

Here the “magnetic” masses M.™

the expectation is now that, when the magnetic energy correction AE(ng) (EE22) is added
to the electrostatic approximation Ey (BZ2) one will arrive at a more precise numerical
prediction for the atomic energy levels Er. However, before this expectation receives its
validation, it is very instructive to convince oneself of the physical correctness of the RST
picture of the atomic magnetism by considering the interaction with an ezxternal magnetic

field (Zeeman effects).

V. EXTERNAL MAGNETISM

It may seem somewhat strange that the magnetic contributions Eémg) are entering the
total energy Fr (B3d) with the opposite sign in comparison to the electric contributions
AEgh). This is the more amazing as the magnetostatic energy content El(qm) (Z09al) is
also given by the positive product of the magnetostatic fields ﬁa(F), quite analogously to
the electrostatic counterpart ES) (Z5Ral). However, the formalism of minimal coupling

(B5al) - (B2h) together with Lorentz invariance inevitably leads to that minus sign for

44



the magnetostatic corrections as part of the total energy Er; and therefore one may wish
to have some additional supporting argument that the magnetic interactions are actually
implemented in the RST dynamics in the right way. Such an additional argument can be
put forward by considering the interaction of either of the two electrons with an external
constant magnetic field H,,. Indeed, the covariant derivatives (BJal)- (BBH) most clearly
display the fact that the corresponding vector potential ffem(F)

V x A (F) = He, (5.1)

acts upon the a-th particle in just the same way as does the vector potential ®A(F) (b # a)
due to the other particle. Therefore, we can test the correctness of the magnetostatic inter-
electronic interactions by simply inspecting the interaction with an external source emitting
the constant field H,, ( Zeeman effect, see e.g. [21] ).

Now it is well well known that the interaction of a bound electronic system with an exter-
nal magnetic field is phenomenologically described by including into the (non - relativistic )

Hamiltonian H an interaction term f[mt of the following form
Hint = _/]:J : ﬁew . (52)

Here the operator of the total magnetic moment fj j of the system is composed additively of
the orbital and spin parts
fy = fiL + fs , (5.3)

which themselves are proportional to the corresponding angular momentum operators L and

S resp., l.e.
fi, = —’%BE (5.4a)
fis = —2’%07 (5.4b)
«h
(MB = 26—]\40 , Bohr magneton) .

Thus, e.g. when the Russell - Saunders coupling occurs, the total magnetic moment ﬁ 5 (B3)
can be written as

fiy=—g; " M—;j, (5.5)
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where the gyromagnetic ratio g; is given by the Landé g- factor. In any case, the interaction

Hamiltomian Iffmt (22) implies the existence of an interaction energy Fiy

By = < ¢|ﬁmt|¢ > (5.6)
— %B <Y|LP > Hoy + 2%3 <|S| > H., ,

which is experimentally confirmed very well by atomic spectroscopy. This says however
that, when the magnetic interactions are correctly incorperated into the RST dynamics, the
non - relativistic formula (B0) for the external magnetic energy Ei, must be also deducible
from our RST results.

Indeed, such a deduction can easily be attained in the following way: restricting ourselves
for a moment to a single particle (¢ = 1) with normalized four - current k*(7) (B2H), its
external magnetic energy (Mim)cz, say ) is deduced either directly from the one- particle
equation (BZal) with A2 , = By =0, or from the one- particle version of the energy func-
tional Er (B39):

Epr = M, + E™ . (5.7)

Indeed, if one could omit here the external term E&" (EZ28) (see below ), so that the field

energy Er equals the mass energy M, c? [21], both methods would yield the same result:
M™ ¢ = he / BFE(F) - Aey(F) . (5.8)

This is exactly the way in which the considered particle would also magnetically interact
with the other (not considered ) particle, cf. (ETal)- (H1H), so that there is actually no
difference between external and internal magnetism. However the presumed omission of that

) in equation (1) is actually justified for the presence of a homogeneous

external term E&"
external field H,,. The reason for this is that in this case the magnetic volume integral
in equ. (E48) may be converted to an (ill-defined ) 2-surface integral at spatial infinity
(r — oo). This surface integral has to be conceived as the (infinite ) energy content due
to the (infinite) external source emitting the homogeneous field H,,; and therefore that

) is to be omitted when one considers the energy of a localized particle.

external term EJ"
Now the vector potential A,,(7) (F) due to a constant magnetic field H,, is given (apart
from a gauge transformation) by

) = 3 (Fx Aa) (5.9)
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and therefore the external magnetic energy ([E8) is found to be of the following form
M™ e =~y HPW (5.10)

Here the magnetic moment /ij is given by

1 -
iy = _56*/d3f<f*>< k(F)) , (5.11)
where e, denotes the elementary charge unit and the physical field HP is related to our
geometric notation ﬁez through
Ex

H., = hcﬁg“ : (5.12)

Next, recall that the Gordon decomposition of the four- current (Dju of a single Dirac

particle reads [21]

o ih - _ iho -
b = P = 0t = 51 [00) = (0) 0] + 17200 ($0,70) . (5.13)
where the objects o, are the Spin(1,3) generators, i.e.
1
O = 1 [Vuvfyu] . (514>

Observe here that we are allowed to resort to the Dirac current (EI3]) of a free particle,
because the magnetic energy (BI0) already contains the external field H,, linearly and we
are satisfied with the deduction of that first-order approximation (E). Obviously, the

(D)

Gordon decomposition (BI3) splits up the Dirac current ‘7, into a sum of two parts,

namely the drift part (d)k:u

ih - -
Dy = 2= [60) = (9,:0) ] (5.15)
and the polarization part (p)k:u
ih -
W, = Mcau (wgqu) , (5.16)

where both parts obey a separate continuity equation, i.e. for the free particle:

", =0 (5.17a)
Pk, =0. (5.17b)
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For the Gordon decomposition of a composite system see ref. [21]). Now insert the splitting

k, =Dk, + Pk, (5.18)

into the definition of the total magnetic moment ji; (BEI1l) and find its analogous splitting

as
fy = fiL + fs , (5.19)

with the orbital part ji;, being given by

1 -
i = —ie*/d?’F (Fx kd(f*)) : (5.20)
and similarly for the spin part jig
fis = ——e, | &*F (Fx Ep(f)> (5.21)
(Fal@ = {“W'} Rol(7) = {PW7}) .

But clearly, the splitting of the total magnetic moment /i (EET9) induces an analogous

splitting of the magnetic energy (BEI0), i.e.
MM = By, + Es (5.22)
with the orbital part Ey, being found as
B = i oo = el / @7 (7% Fal) | (5.23)

and similarly for the spin part Eg

—

. 1 -
By = —jis- H., — §e*Hm/d3F <F>< kp(F)> . (5.24)

Now it appears as a matter of course that when the RST correction M™ 2 (BE22) is to
be identified with the external magnetic energy Ei, (E.0]), the orbital part £y, (E2Z3) must
be identified with the first part of Ejy, i.e.

B2 h, @ (50 Lv@) (525)
and similarly the spin part Eg (EE241) with the second part of Ej:
Bs = 2—Hew /di”* B(7) - S - zp(F)) . (5.26)

48



Indeed, this claim (B2H)- (BE26) can easily be verified: first consider the orbital part Ef,
(23 and observe that the drift current kq(7) reads in three - vector notation (to be deduced
from its four - vector version (BIH) )

o) = e [0+ (590) = (396) 0] (5.27)

Substituting this into the definition of the orbital magnetic moment /iy, (E220) and observing

the Hermiticity of the angular momentum operator L yields immediately

L = —2;20 /d3F (& : f-w) . (5.28)

But with this result, the orbital magnetic energy Ep, ([223) is easily seen to coincide with
its expected form ([.2H) and thus the orbital part of the magnetic interaction energy FEiy
(E28) is in perfect agreement with RST.

By a similar reasoning it is also possible to verify the expected correspondence of the
spin part (E28), albeit by means of a somewhat more subtle argument. For this purpose,
observe first that the space part /Zp of the spin polarization current (p)k“ (EETd) reduces to a
three- curl if the stationary field configurations (BIal) - (BID) are considered:

ky(7) = V x Pg(7) . (5.29)

Here the spin polarization density Pg(7) is defined by

~

Bo() = - 0(7) - 5 4(7) (530)

where the spin - operator S is introduced through

h
—0
2

(c? = {aj} ik = %Ekjlal> .

Now, when that polarization current EP(F) (229) is inserted into the definition of the spin

S = (5.31)

magnetic moment fis (EEZ11), one ends up with the following final form ( by means of inte-
grating by parts ):

- Ex L&

usz—m/d?’rw-b’-@b. (5.32)
But clearly, with this result the RST spin magnetic energy Eg (E224) is again identified

with the spin magnetic part of the interaction energy FEi,; (.6l) and this verifies the claimed
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correspondence (B20).

Summarizing, the RST proposal (E8) for the external magnetic interaction energy is
found to be in full agreement with the non- relativistic description of the (experimentally
well - established ) Zeeman effects; and this in turn may be taken as confirmation that also
the internal magnetic interparticle interactions are correctly taken into account by the RST

energy functional Er (B39).

VI. GROUND-STATE INTERACTION ENERGY

For a demonstration of the results obtained so far, one may choose the simplest member
of the para-system, which is the two-electron ground-state in the Coulomb field (B).
Clearly, the arguments do apply also to all those excited states which own the same symme-
try as the two particle ground - state, i.e. the highest possible symmetry. The simplification
originates here from the fact that for the electrostatic approximation the mass eigenvalues
M, and the spatial parts of the wave functions (@R, (r) become identical, see equations
(BI5al) - (BI8); and furthermore the time components By(7) and hgo(7) of the exchange
vector potential B, and exchange current h, do vanish, which is consistent with the Pois-
son equation (B.70). Furthermore, the identity of both mass eigenvalues implies that the
exchange length ay; (EE20) becomes infinite which then annihilates the “electric” exchange
field X (7) (EZTd) (~ X(7) =0). As a consequence there are no “electric” exchange cor-
rections (Méh) = 0, see equation (EE24])), and thus the “magnetic” exchange corrections
(EEZH) simplify to

he

5 MWe2 — 5 92 —

l/&V?%ﬂ-?ﬁy (6.1)

However, since the “magnetic” exchange field Y (7) and its vector potential B(7) (E21H)
do persist, they give rise to the emergence of exchange corrections for the para- system which
are beyond the electrostatic approximation. The exchange vector potential B (7) obeys now

the ordinary Poisson equation (cf. equ. (E33))
AB(F) = —4ragh*(7) . (6.2)

with the corresponding simplification of the solution (E30l)

E*(F/)
P

r—r

&ﬁ:%/&ﬁ (6.3)
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Observe also that the exchange three- current E(F) must become sourceless on behalf of the

vanishing of its time component ho(7) (E34)
VR (/) =0. (6.4)

Thus the Maxwellian exchange system (E37al)- (E37d) becomes truncated to its “mag-

netic” part

VY (F) = (6.5a)
V x Y(F) = drag - B*(7) . (6.5b)

Summarizing, the lowest - order corrections beyond the electrostatic approximation are
described by the magnetostatic fields H,(7) (EZI8) and the “magnetic” exchange field Y (7)
(E0) so that the total correction AE(ng ) (EER2) becomes for the ground - state of the para-

system

AE{™ —

Z (6.6)

1
2
1 1. m @) 2

= 34 <M1 + MY ) 2z2-<M2 + M)

Since this energy correction consists of the proper magnetostatic contributions (Mém) Jand

the “magnetic” exchange contributions (Még) ), both subsystems have to be inspected now

separately.

A. Exchange Corrections Még)

Obviously, it is merely a technical question whether one prefers to compute the exchange
masses MY in their original form (E9d) - (E9d]), being based upon the simultaneous use of
the exchange current /(7) and the exchange vector potential B(7), or in the form (EZZal)-
(E42H) which makes use of the currents alone (a = 1,2)

2 - MW P =2 / / dErd>r M : (6.7)

“ |7 — 7|
or whether one prefers to deal with the above form ([611) relying exclusively upon the “mag-
netic” exchange field strenghts }7(77) In any case one must know explicitly the functional

form of the exchange current ﬁ(F) Therefore one first inserts the general stationary form of
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the wave functions ¢, (7, t) (BIa) - (BILl) into the general definition of the exchange current
h,(7) (BBH) and then finds the following form for the three- current h(7):

H(7) = =Ra(r) - Wy (0, ). (68)

Here the three- vector Wp depends on the spherical polar coordinates 1, ¢ in the following
way

W, (9, 0) = — cos 9 (€, +i€,) + ¥ sind) &, , (6.9)

where €, €, €, are the basis vectors due to a Cartesian parametrization ( z,y, z ) of Euclidian
three-space. Futhermore, the radial function R, has been defined in terms of the ansatz
functions (PR, (r) for the Pauli spinors (U, as shown by equation (BZ311). Since we are
satisfied for the moment with the lowest-order approximation for the exchange masses
M we can resort to the non-relativistic approximation for the function R, (B32).
With the exchange current A(7) (ER) being at hand now, one can in the next step look for
the solution B(7) (B3) of the Poisson equation (B2). Clearly, the desired vector potential

B(7) will have the same symmetry as its source 1*(7), i.e. one tries the product ansatz
B(f) =i-rB(r) W,(d,¢) , (6.10)

and then one deduces the following differential equation for the radial ansatz function B(r)
from the Poisson equation (E2):

d2B(r) +%d37(”:as.&. (6.11)

dr? r dr r

The solution of this equation is easily worked out as
B* exr s exr - exr - exr
wr=5 () 2 |G) +(5) o (232)
3 \ap ag ap ap
Zeat\ " ZexT
() () ]y
as as
Obviously, this solution decays as =3 at infinity (r — oo) but is regular at the origin

(r=0) 3
o5 () e 013

The constant B, is related to the normalization constant N, (BZZ7) through (non-relativistic

(6.12)

limit)

3 ! 3
B, = S (a—B) +zex0§ (2MN?) = 5@%&3 . (6.14)
Z@x
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But once the exchange vector field B(7) is known, one can consider its curl Y (7) (E2IH),

which appears in the following form
r+iydB(r) _

Y(7) = —B(r) [é, + i€ 1
() = ~B(r) 6. +i6,) + L) (6.15)
with the radial function B (r) being given by
~ dB
B(r)=r d( ) +2B(r) . (6.16)
T

When this result is used in order to compute the exchange corrections MY (E0), one is
left after the the angular integration with the following radial problem (a =1,2):
4 he

30(5
0

dr r? [B(T)2 + 23(7“)2] : (6.17)

However, observing here the specific functional form of B(r) (BI8) and repeatedly inte-

grating by parts yields

é’a-M

OJI)-»B

hc/drr )-Ry(r), (6.18)

where the differential equation for B(r) ([EI11) has also been used. Now it is just this latter
form (BEI8) for the exhange corrections M which can also be recovered by starting from
their original form (E9d)- (E9dl) and using hereby the previously found results for the
vector potential B(7) (BI0) and the exchange current A(7) (G3R).

Clearly, the general equivalence of both forms (EE9d) - (£.9dl) and (E23) for the exchange
corrections M\? has thus been exemplified merely in the lowest order (beyond the electro-
static approximation ). But this can just be taken as a successfull consistency test of the
applied approximation technique, which consists in a combination of linearizing the mag-
netic interactions and additionally taking the non - relativistic limit. Indeed, the remaining

radial integration of equation ([EI8) can easily be done by use of the known functional forms

of B(r) (BE12) and R (r) (B32) which yields

1

- 2 Ze:ce 4 2 (e)
6 (Ze:caS)

2 o
o 15 (zezrs)” Ep . (6.19)

This result verifies the expectation that the “magnetic” interactions are typically smaller

ZA’l . Ml(g)CQ — 22 X M2(9)62 —

than the “electric” ones (BR{) by a factor (zexas)2 and therefore may be approximated
here by their non-relativistic limit. But observe on the other hand that the magnetic
corrections (BETA) vary as 22 and therefore will become more important for the heavy

atoms in comparison to their electric counterparts E( °) (B20) raising only linearly with ze.
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B. Relativistic Normalization

It must be remarked that the value of the renormalized “charges” z, (B3A) do not
enter explicitly the result (EI9) so that the values of the corresponding renormalization
integrals (B38) are not explicitly needed. But clearly, the renormalized charges Z, do enter
the results in an implicit manner, namely through the proper relativistic normalization
conditions [20, 21]. However, it is easy to demonstrate that for the presumed linearization
(EET0al) - (E100) the renormalization of the charges is trivial, i.e. one can identify: 2, = 1.
The reason for this is that the deviation of 2, from unity is induced by the integral of the

entanglement vector G, [11, 20, 21]

G, = [B'G;, — B¥G,,] (6.20)
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over the time slices t = const which gives for the stationary field configurations

21 — 29 = 22 — 22 / G dS* — /d3 0 (621)
t=const

= —727mlsaM / d*F B*(7) - B(F) .
However, for the ground state the exchange length ay becomes infinite (ay — oo) and
thus the difference (E211) between z, and Z, vanishes: z, = 2, =1,(a =1, 2).
This coincidence of the charges 2, and 2, is not only a byproduct of the applied lineariza-
tion, but for the ground state it has a deeper origin. Indeed, it is closely related to the
symmetry of the two - particle ground - state. Observe here again that, when the normaliza-

tion integral is done over a time slice (¢ = const ) of the Minkowskian space- time, it is only

the time component Gy of the entanglement vector G, (E20) which is relevant:

Go(F) = — [B*(7) - () - B - X*(7)] . (6.22)

drog
This component however vanishes, because the “electric” exchange vector X () must be
put to zero when its source hy(7) vanishes, see equation (EE37al)- (E3TH). The latter fact,
however, is a consequence of the symmetry of the ground - state ansatz (BIal) - (B3).

C. Magnetic Corrections Mém)

In order to complete the magnetic part AE(ng ) (Ed) of the interaction energy, we have
to consider the magnetostatic mass corrections M{™ (EZZal)- (EZZH). This will be done by
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explicit computation of the magnetostatic vector potentials A, (7) (E229H), however through
solving directly the associated Poisson equation (EE27H), instead of computing the integral
(E29H). The reason for this is that both magnetostatic potentials A, (7) (a = 1,2) are of
a similar functional form as the “magnetic” exchange potential B(7) (EI0), so that one
can take over the functional form of the corresponding solution for the desired potentials
A, (7). Clearly, this similarity of the vector potentials B(7) and A,(7) has a deeper geometric
meaning to be discussed readily.

The close relationship between all three potentials B(7), A,(7) (a = 1,2) is recognized
most immediatly by demonstrating that the Poisson equations for the magnetic potentials
A,(7) (EXTH) are effictively the same as for the exchange potential B(7) (E2), i.e. the
right - hand sides of both Poisson equations effectively do agree. This does not mean that the
currents k,(7) are identical to the exchange current /() (ER), but when one computes the
three - currents k,(7) (BRa) by means of the stationary field configurations (BIal)- (BIH),

one finds the following form:
ka(7) = ka(r) - V(0. ) - (6.23)

Here the vector field 1_/;, is given by

—

Vp(¥, ) =sind - [—sinp - €, +cosp - €] =sind - €, (6.24)

and thus is to be conceived as the magnetic analogue of its exchange counterpart Wp(ﬁ, )
(E3). Furthermore, the scalar prefactors k,(r) in equation ([E23) are found to be of the
following form

1

Bi(r) = 5= R () - UR_(r) (6.252)
Fo(r) = —%@m(r) @R () | (6.25b)

However, since the radial functions of both particles do coincide for the ground - state (i.e.
DR, (r) = PR, (r),WR_(r) = ®R_(r) ) one has

k() = —ko(r) = %Rm«) | (6.26)

and therefore both single - particle currents kq(7) (E23) flow in opposite directions around

the z-axis (see fig.1)

k() = —ksy(F) = K(F) . (6.27)



N

FIG. 1: Isotropy of the Ground- State
Each coordinate axis is encircled by the same kind of circular flow k (BT (D), ¢ (6280 (E280) and 77
(B28d) which yields the equipartition of the magnetic interaction energy AE( &) (E3]) into the

identical contributions AE(Z) (633), AE( *) (GATal) and AE(y) (E4TH).

Now recall the expectation that the ground - state symmetry has to be the highest possible
one, so that the z-axis cannot be singled out in any way as compared to the x-and y - axis.

Indeed, this is really the case if one takes also into account the exchange current (%) (BER)

which splits up into its real and imaginary parts £(7) and 7(7) as follows:

h(7) = &(7) + i) (6.284)
£(7) = Rzi;:) [—cos? - €, +sindsiny - €] (6.28b)
m(r) = RL(:) [—cos? - &, +sindcosp- e, . (6.28¢)

Evidently, this result says now that all three axes are encircled by the same type of flow,
namely the z-axis by &(7) (BE28H), the y-axis by 7(7) (E28d) and the z-axis by k(7)
(E20); see fig.1. Here it must be stressed that this isotropic geometry for the ground - state
could only be attained by completing the magnetostatic potentials ffa(F) by the exchange
potential B(7) into a triplet of vector potentials. Since B(7) owes its existence to the use
of the non-abelian group U(2) instead of the abelian U(1), which is generally used in the

conventional approach to the electromagnetic interactions (classical and quantum) , the
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"magnetic” exchange interactions are now seen to equip the RST with a truly non - abelian
character!

For the explicit construction of the magnetostatic potentials /Ta(F), one tries an ansatz
which has the same symmetry as their sources k,(7) (223, quite similarly as it was done

for the exchange potential B(7) (BEI0), i.e. one puts

—

AL(F) = r A (r) - Vo (9, 9) (6.29a)

Ay() = rAs(r) - V(9 ) (6.29b)

Inserting this into the Poisson equations (L27H) yields the following differential equations
for the radial ansatz functions A,(r):

EAW) | 4dA) _, OR() DR (1)

0 = 2arg . = dmk(r) (6.30a)
d2A 4dA @R, (r) - ®R_
djz(” +- dzr(r) = 2ag +(T)r (") k() (6.30b)

Since for the ground - state symmetry the radial parts of both wave functions 1, () do agree

(ie. VR (r) = @R, (r) ,WR_(r) = @R_(r)), one arrives at

d2A(r) n 4dAi(r) —  Ry(r)

= 31
dr? r dr - (6.31a)
d2A 4dA R
2(r) L 2(r) — —og +(r) : (6.31D)
dr? r dr r

which is effectively the same equation as for the radial exchange function B(r) (BEII).

Therefore, one can directly take over the solutions as
Ai(r) = —Ay(r) = B(r), (6.32)

where the radial function B(r) has already been specified by equation ([E12).

Clearly, the identification (E32) of all radial functions A,(r) and B(7) is a further in-
dication of the ground - state isotropy and it is instructive to elucidate this effect also from
another point of view. For this purpose, reconsider the source equations (E40al) - (E240d)
and insert therein the general shapes of the currents k,(7) (E223) and () (BR), together
with the vector potentials A,(7) (B2 ) - (E290) and B(7) (EI0). The right - hand sides
of the first two equations (40al) - (22400) then turn out to be zero

B'h, — B¥h:, =0, (6.33)
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and therefore the currents k,(7) are found to be sourceless
ko(7) =0 . (6.34)

Observe that this property is also shared by the exchange current h(7), cf. (BZ). The
remaining two equations (EZ40d)- (2.40dl) yield the relation

A1(r) = Ax(r) Ri(r)

B(T) - k’l(’f’) — k‘g(’r’) 471'

(6.35)

Now recall here that, because of the ground - state symmetry, the denominator becomes on

account of equation (B.20)

R
(1) = ka(r) = ;“ (6.36)
T
and furthermore the numerator appears by virtue of equation (B32) as
Aq(r) — Ay(r) = 2B(r) (6.37)

so that the relation (35) degenerates to an identity. Therefore the source equations
(240al) - (240d)) are automatically satisfied when all RST objects {/ZCL(F), h(7), Ay(7), E(F)}
own the symmetry properties of the ground - state, irrespective of the precise functional form
of the radial parts R (r) of the wave functions!

With these prerequisites at hand, we are now able to test a further consequence of the
ground - state isotropy: if it is true that, on account of the isotropic geometry, all three
spatial directions are equivalent, then the corresponding currents k(7) (B221), £(7) (E281)
and 77(7) (E228d) have to contribute equal parts to the magnetic energy AE(ng) (E4l), see
fig. 1:

AET — AEY + EY + B (6.38)

Now the contribution of the z - direction is given by the currents k,(7), cf. (E39)

' -
AE(TZ) = 3 <21 : M1(m)02 + 2y - 2 =e // &Prd’r ;_;) —(. ) . (6.39)

|

Next, the contributions of the x-and y-directions are given by the “magnetic” exchange

energy , - M2, see equations (AAZa) - (EA2H) for infinite exchange length (ay — 00 ):

AE® 4+ ABW = (zl MO 4 2 - MPP) = e / / rati ! hﬂ( ), (6.40)
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i.e. for either direction separately

Sl =

AES) = ¢2 / / pra S0 (6.41a)
|7 — |

AEY = ¢? / / 37 d“% (6.41D)

But since the three currents E(F), £ (7), 7(r) differ only by their spatial orientation, not by
their intrinsic pattern of flux lines and strength, all three contributions are identical, cf.
(619)

9 zeer 2

m; x z ]‘ o (&
AES® — AEY + AEY + AE() = 7 Geras) = = (zeps)® - B . (6.42)

This is the definitive result for the magnetic corrections; and can now to be used in
order to check our preliminary estimate of the magnitude of these magnetic contributions
which has been made within the framework of the electrostatic approximation (see end of
sect. IIT). Namely for small values of the coupling constant (ze,as < 1), the preliminary
picture of the magnetic interactions did identify the electrostatic RST prediction AE&@T
with the non-relativistic interaction energy 5}(;), see equation (B4d). On the other hand
the discrepancy between these RST predictions AEl(aos)T and the experimental data AFE.,
was attributed to the magnetic energy AE;mg), see equation (BXM). Therefore the limit
value f¢ of the geometric factor f2 (B58) for (zexas)2 < 1 appears now as

1 AE™® 9
fi= o 0(7;) == (6.43)
ex XS ER

which appears to be in acceptable agreement with the values of f2? as presented in table I.
Clearly, for a more precise test of the limit values gy (BE2) and f& (E43]) one would have
to extend table I to smaller values of the coupling parameter z. «g, possibly up to neutral

helium ( zex = 2, see a separate paper ).

D. Theory vs. Experiment

Apart from such an internal consistency test for the RST predictions, it is of course highly
interesting to compare the complete RST predictions AERST , i.e the sum of electric and
magnetic contributions

AESHE) = AR+ AE(®) | (6.44)
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(emg) AEexp—AE(Cmg) c e . .
Element AFEexp [AFERer |— xp—3%| Relativistic MBPT|Rel. all order| MCDF |Unified
exp
(Zex ) [12] (E241) [17, 18] MBPT [19] |[14]-[17]| [13]
Ge (32)| 562,5+1,6 | 564,9 -0,42% 561,9 562,1 562,1 | 562,1
Xe (54)(/1027,2+3,5| 1031 -0,37% 1028,1 1028.,4 1028,2 | 1028,8
Dy (66)|1341,6+4,3| 1336 0,41% 1336,6 1337,2 1336,5 | 1338,2
W (74)]| 1568+15 1570 -0,11% 1574,6 1574,8 1574,6 | 1576,6
Bi (83) | 1876+14 1868 0,43% 1882,7 - 1880,8 | 1886,3

TABLE 1II: Comparison of the theoretical predictions for the ground-state interaction energy
with the experimental data [12]. All energies are measured in [eV]. Already after the inclusion of
the magnetic interactions in the lowest - order approximation, the RST predictions AEgéng) (third
column ) meet with the corresponding predictions of the other theoretical approaches (right half

of the table).

to both the experimental data and to other theoretical predictions, such as the relativistic
1/7Z expansion [13], the multiconfiguration Dirac- Fock method (MCDF') [14]- [17] and rel-
ativistic many - body pertubation theory (MBPT) [17]-[18], or the all-order technique for
relativistic MBPT [19]. The predictions of these four theoretical approaches are collected
in table I together with the experimental data [12] in order to oppose them to the present
RST predictions AEf(féng (E441). As it can easily be seen from a comparison of table I and
table II, the RST predictions appear now to be very satisfying: after the magnetic interac-
tions have been included into the RST results to yield the interaction energy AES?TQ (E24),
third column of table II, the deviation from the experimental data AFEe, (second column
of table 2) has decreased to less than a half percent which does no longer depend upon the
nuclear charge 2. This means that the discrepancy between the experimental values AE¢y,
and the electrostatic RST predictions AERST, ranging from 1,7% for germanium(32) up to
11,5% for bismuth (83) (see table 1), is actually caused by the magnetic interactions with a
remaining uncertainty of roughly 0,4%. This supports the RST picture of the simultaneous
action of electric and magnetic forces in the electronic orbits of an atom.

A further, very satisfying feature of the RST results AEI{)SH%g (E44l) refers to the com-

parison to the other four theoretical approaches, see the last four columns of table II. Here
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the RST predictions appear to be of the same order of precision as the corresponding pre-
dictions of the other four theoretical approaches, see table III of ref. [12]. Summarizing,
one can therefore judge that the RST predictions can compete succesfully with these other
approaches, even when the magnetic interactions are treated in the lowest-order approxi-
mation! Clearly, in the next step one will study the higher-order approximations of the
magnetic RST interactions, which may be expected to lead even closer to the experimental

data.
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