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Equivalence between the semirelativistic limit of the Dirac-Maxwell equations
and the Breit-Pauli model in the mean-field approximation
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We demonstrate the equivalence between (i) the semirelativistic limit (up to second order in the inverse
of the speed of light) of the self-consistent Dirac-Maxwell equations and (ii) the Breit-Pauli equations in the
mean-field (Hartree-like) approximation. We explain how the charge and current densities that act as sources in
the Dirac-Maxwell equations are related to the microscopic two-electron interactions of the Breit-Pauli model
(spin orbit, spin-other-orbit, and spin-spin). The key role played by the second-order corrections to the charge

density is clarified.
DOLI: 10.1103/PhysRevA.91.012101

I. INTRODUCTION

Relativistic effects can play an important role in the electron
dynamics in heavy atoms and molecules [1,2], dense plasmas
[3], and condensed-matter systems excited with intense and
ultrafast laser pulses [4,5]. In order to model the charge and
spin dynamics, the use of ab initio methods is restricted to
systems composed of few interacting electrons. For larger
systems (such as metallic clusters or nanoparticles), one
needs to employ relativistic effective-field models based on
the Maxwell and Dirac equations in order to describe the
field-matter interactions.

A system of N charged particles interacting though elec-
tromagnetic fields can be described classically at the second
order in powers of 1/c (where ¢ is the speed of light)
by means of the Darwin Hamiltonian [6,7]. Its quantum
version is generally referred to as the Dirac-Breit Hamiltonian,
whose semirelativistic limit (also up to ¢~2) is the so-called
Breit-Pauli Hamiltonian. When other quantum electrodynamic
effects are negligible, it has been shown that the use of this
model yields theoretical predictions that are in good agreement
with the experiments [1,8].

The Breit-Pauli model can be profitably used to point
out different types of two-particle interactions involving the
charges and the spins of the particles. Such information may
be valuable to uncover new mechanisms in the physics of
ultrafast phenomena involving the charge and the spin of
the interacting electrons. Unfortunately, the exact solution
of the Breit-Pauli model for a system containing many
electrons (dense plasmas, nanoparticles, etc.) is impossible
analytically, and its numerical solution is beyond the capability
of present-day computers. In order to overcome this limitation,
a first approximation would resort to a mean-field approach
of the problem, which is usually referred to as the Hartree
approximation. Mean-field models incorporate the global
effect of the N-particle interactions into an effective (mean)
field that acts on a one-particle Hamiltonian. They are therefore
much simpler to solve, both analytically and numerically. We
will call this approach the “Hartree-Breit-Pauli” model.

As a complementary approach, we developed in the past
[9] a mean-field model incorporating quantum, spin, and rela-
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tivistic effects. The model can be derived as a semirelativistic
expansion of the self-consistent Dirac-Maxwell equations at
second order in 1/c and is based on two-component wave func-
tions. It is therefore considerably simpler than fully relativistic
models relying on the Dirac equation. Further, this model pre-
serves the mathematical structure of the Schrodinger or Kohn-
Sham equations [10], which have been implemented in many
numerical codes with great computational sophistication.

The main goal of the present study is to establish the equiv-
alence between the semirelativistic Dirac-Maxwell model [9]
and the mean-field Hartree-Breit-Pauli equations. Given the
complexity of the latter equations, such equivalence is no
trivial matter.

Particular emphasis will be put on the effect of the sources
of the electromagnetic fields in the Maxwell equations (charge
and current density), which are the quantities generally used for
the modeling of time-dependent magneto-optics phenomena
[11]. We will show that the second-order corrections to the
charge density are mandatory to recover the various spin terms
(spin orbit, spin-other-orbit, and spin-spin) that appear in the
Hartree-Breit-Pauli equations.

In Sec. II, we derive the Dirac-Breit and Breit-Pauli
models in the Hartree approximation. In Sec. III, we present
the nonrelativistic limit of the Dirac-Maxwell equations and
establish its equivalence with the Hartree-Breit-Pauli model.
Finally, conclusions are provided in Sec. IV.

Throughout this work, we shall use the relation ¢ woc? = 1.

II. THE BREIT-PAULI MODEL AND ITS MEAN-FIELD
VERSION (HARTREE-BREIT-PAULI)

A. Retardation effects on the electron-electron interactions

The electromagnetic interaction energy between two mov-
ing electrons i and j of charge ¢; =q; =g = —e (e > 0) is
written as U = 1 Y7, > 2@ ®; — qivi - Aj), where v; is
the velocity of electron i and ®; and A; are the scalar and
vector potentials created by the electron j. In the Coulomb
gauge and the quasistatic approximation, the latter expression
leads to the Darwin Lagrangian £P:
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where é° = AT;O and r;; = |r;j| = |r; —r;|. The above ex-

pression illustrates the semirelativistic character—at second
order in 1/c—of the electromagnetic interaction at this level
of approximation [6,7]. It is worthwhile to stress that the
analytical expression of the two-particle interaction up to order
¢~* is much more complicated [12].

Within the framework of relativistic quantum mechanics
[13], the Darwin Lagrangian can be used to build the Breit
Hamiltonian Hi? by replacing the classical velocity vin Eq. (1)
with the operator ca, where « are the Dirac matrices [14,15].
The second term in Eq. (1) leads to
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where G;; = _ezgrf.-a,» and J;; = —% are the Gaunt
and the gauge term, respectively. Y

This substitution enables one to incorporate the spin degrees
of freedom in the electromagnetic interaction through the Dirac
matrices. However, the wave function in the Dirac formalism
is a bispinor describing both the electron and the positron,
whereas a low-energy semirelativistic theory should consider
only electrons and neglect positrons (negative energy states).
Thus, the Breit Hamiltonian must be transformed and projected
onto the electron basis, which is described by two-component
Pauli spinors. This feat was first achieved by Breit in 1929
[15]. The derivation may be also found in modern textbooks
[8,16-18].

The diagonalization of the Breit Hamiltonian leads, in the
low-energy limit, to the so-called Breit-Pauli Hamiltonian,

i 2rij 2rl.3j H}?P, which contains all the interactions between the electron
spins:
|
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The above expression exhibits three groups of terms.

(i) The first group represents the “spin-free” interactions. In
this group, the first term is a contact term, while the two other
terms (called orbit-orbit interaction) are the quantum analogs
of the corresponding terms in the Darwin Lagrangian (1).
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FIG. 1. (Color online) Steps of the procedure to obtain the Breit-
Pauli Hamiltonian. Starting from the classical Darwin Hamiltonian
(top left quarter) and moving counterclockwise one obtains the
quantum Breit Hamiltonian (top left) and finally, at second order
in 1/c, the Breit-Pauli Hamiltonian (bottom left).

(iii)

(ii) The second is the “spin-orbit” group, which contains
the spin-orbit interaction o; - (r;; Ap;)and o ; - (r;; A p;), but
also the so-called spin-other-orbit interaction o; - (r;; A p;)
and g (rij A Pi)-

(iii) Finally, the third one is the “spin-spin” group, which
displays the dipolar coupling between the two spin magnetic
moments. Therefore, with the help of this procedure and within
the framework of the relativistic quantum mechanics one is
able to identify the microscopic mechanisms involving the
charges and the spins of the two interacting electrons.

In summary, starting from the semirelativistic and classical
Darwin Lagrangian, making use of the correspondence rule
v — co and diagonalizing the Gaunt and gauge terms allowed
us to build the electron-electron interaction Hamiltonian
including all the relevant spin terms. We also stress that it
is not possible to obtain this result simply by using the usual
correspondence rule mv = p — —ihV. The formal procedure
is summarized schematically in Fig. 1.

B. Hartree-Breit and Hartree-Breit-Pauli models

In relativistic quantum mechanics, within the framework of
the Dirac formalism, an electron is described with a bispinor
W = (¢,x), where ¢ and x are, respectively, the electron
and positron Pauli spinors. Considering the retardation effects
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introduced through the Breit Hamiltonian of Eq. (2), the
Hamiltonian of an ensemble of N interacting electrons may
be written as

N
H =Y ca; pi+mep; + ZZ( +HB)

i=1 j#i

)
where h; = ca; - p; +mc*B; is the single-electron Dirac
Hamiltonian and «; and B; are the Dirac matrices [14].
In the Hartree approximation [19], by taking the total
wave function as a product of N bispinors ¥(ry,...,ry) =
Wi(r))Ws(ry) ... Yy(ry) and applying Lagrange’s method of
undetermined multipliers, each bispinor W;(r;) = W(x) is a
solution of a single-particle Dirac equation:

~Yna by y (S

i=1 j#i ij

ad
[co - p+mc?B+ US| W (x) = ithJ(x),
where UZ(x) is a mean-field potential created by all the
other electrons. Writing r=r;; =(x—x) and r = |x —
x|, ¥; = ¥,(r;), the mean-field potential Ue’ff(x) reads as

VIEOwE)
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The above expression is composed of the usual Hartree term
(first term) supplemented by another term that originates from
the Breit interaction. This approach is usually completed
by adding the exchange interaction coming from the Pauli
exclusion principle, which is described by the Dirac-Fock-
Breit equations [18].

The same procedure may be successfully applied in the
framework of the nonrelativistic limit of the Dirac equation,
where the electron is described by a two-component spinor ¢
obeying the Pauli equation. In this case, the Hamiltonian for
the N interacting electrons reads as

P; p; 2\, | . & BP
H= Z(ﬁ_ e +mc)+§;Z<E+Hij >
®)

where HSP is the Breit-Pauli Hamiltonian representing
the electromagnetic interaction up to the second order in
1/c, which is given by Eq. (3). By taking the wave
function in the Hartree approximation ¢(ry,...,ry) =
¢1(r))ga(ry) ... ¢n(ry), one obtains the Hartree-Breit-Pauli
model, where the spinor ¢;(r;) = ¢(x) is a solution of the
single-particle Pauli equation:

2
where UEF(x) is the mean-field potential calculated from the
Breit-Pauli Hamiltonian. After lengthy but straightforward
calculations, the analytical expression of UZBF (x) is as follows:

p?
<— +mc* + UB (X)> d(x) = lh ¢(X)

[w)000) 1z
UEP(x) = ‘ZZ/d"P )05 Z/dx¢<x)a<x—x>¢,(x)

J# X — x|
Hartree Contact
— 5 c2 Z/dx¢(x) ¢J(x)+Z/dx¢( ) ,|3)¢J( 3 op
J#i
Spin free

- C2 Z/dxqs(x) - ,I3¢,(x> AP+ HZfdw(x)a, (%Apﬁmx/)
J#i
Spin orbit Spin orbit
he?

4m22" Z/dxqs(x)( o )¢,<x>+4 b Zfdw(x)(a I ,|3>¢(x>

J#i JF#i

Spin-other-orbit Spin-other-orbit
h2 . . ..
— 550 Z/dxqb (x)< %5(){—){')— . flx’P +3|r:’_’x,r|z)¢j(x/). )
Spin-spin

The origin of the various terms of the above expression is specified under the horizontal braces, following the notation used for
Eq. (3). Let us note that the term — p* / 8m3c? in Eq. (5) has been neglected (see explanation in the next section).
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III. SEMIRELATIVISTIC LIMIT OF THE
DIRAC-MAXWELL MODEL

A. Dirac-Maxwell model in the Coulomb gauge
and quasistatic approximation

In a quantum relativistic mean-field approach, the electron
dynamics is governed by the Dirac equation, coupled self-
consistently to the Maxwell equations written in terms of the
scalar and vector potentials ($, A) [20] in the Lorentz gauge
(V- A+ clda_(f = 0), and reads

ow
[ca - (p — gA) + mc?B + g @IV = ih—— ©)
1320 gp
AP+ —— =2 8
c? 912 €0 ®)
AA + LOPA _ j 9)
C2 8t2 _ql"l‘o.]v

where the sources are expressed from the four-component
Dirac current density as

N
(pcj) = > (Wfw, vlaw). (10)
i=1
Equations (7)—(10) constitute a fully relativistic Lorentz co-
variant model for describing the quantum dynamics of a system
of N interacting electrons in the mean-field approximation.
In the present work, we prefer the use of the Coulomb
gauge (V - A = 0) along with the quasistatic approximation
(AA > Clz ‘1 :) In this framework, the Maxwell equations (8)
and (9) can be written in terms of two Poisson-like equations
[21,22]:

—Ap =1 (11)
€0
- AA = qMOij (12)

where jr is the transverse component of the current density j.
Indeed, the current density can be decomposed into its trans-
verse and longitudinal components j = j; + jr (by definition

V.jr =0and V A j, = 0), which are defined as [7]
1 d /s !
=2V ava [ 295 (13)
Ix — x|
. 1 dx'V’ - jx)
jix)=——V /—‘], . (14)
4 |x — x|

The analytical solutions of Egs. (11) and (12) can be expressed
as [21]

q dx'p(x')
dwey ) |x=X|’

/ s 1"
qito dx iV’AV'A/d" J(x")
4 x — x| \ 47 |x' — x"|
_amo dx,< i) r[r-j(x/)])

47 2Ix — x| 2|x—x)?

d(x) = (15)

AKx) =

(16)

where r = x — x'. The vector potential A(Xx) appearing in
Eq. (16) is called the Darwin vector potential. Indeed, if one
considers a classical two-electron system, the electromagnetic
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energy between two particles of charges ¢; and g; reads U =
qi®; — givi - A;j. Writing the charge and current densities for a
single classical particle as p(x') = §(x’) and j(x') = §(x)v and
plugging these expressions into Eqgs. (15) and (16), the electro-

magnetic energy reads U = 1 — A% (S 4 A r)(r ey,
which is precisely the Darwin Lagrangian of Eq (D).
Hence, within the framework of the Coulomb gauge and

the quasistatic approximation, the set of Eqs. (7)—(9) becomes

(ca-p+mc2,3~|— gfcf)\IJ :ihaa—lf, 17
Ap =12 (18)

€0
AA = —pogjr, 19)
where UZ§ is the electromagnetic mean-field potential given
by Ut = q® — gea - A. (20)
By plugging the Dirac particle density p(xX)=

YN W/x)W(x) and the Dirac current density
jx) = Z,N:1 c\lliT(x’)oc\lJi(x/), respectively, into Egs. (15) and

(16), U takes the form

Ug;;(x)—'zzfd WLOOW)

|x — X/|

& Z/dx

(¥ (X )e; Wi (X)) - r))

2|x — X/| 2]x — x'|3

(WJ (x)at; Wi (X))
X

21

The above expression is identical to the one of UZ; for the
Hartree-Breit model [Eq. (4)], with the exception of the self-
interaction term (i = j). The self-consistent Dirac-Maxwell
approach presented here is therefore completely equivalent
to the usual method (based on Lagrange’s multipliers and a
variational principle) that we discussed in Sec. II B [19].

In the next subsection, we will extend this result to the
semirelativistic version of the Dirac-Maxwell system and
prove that it is equivalent to the semirelativistic version of the
Hartree-Breit model, i.e., the Hartree-Breit-Pauli equations.

B. Semirelativistic expansion of the Dirac-Maxwell model

In this section we investigate the semirelativistic limit of the
Dirac-Maxwell model, valid up to the second order in powers
of 1/c. This low-energy semirelativistic theory considers only
electrons and neglects positrons (negative energy states) and
the Dirac bispinor is transformed in a two-component Pauli
spinor ¥ = (¢, x) — ¢. Using the Foldy-Wouthuysen trans-
formation [9,23,24], the Dirac Hamiltonian in the presence of
an electromagnetic field [Eq. (7)] can be expanded at second
order in 1/c, to obtain

— gA)? h h?
Hem?y RZIA dh, g A7 g g
2m 2m 8m2c?
qh
~o5a® EAP—qA) —(p—qA)AE). (22
m?c
where the electromagnetlc fields are defined as usual as
E=-Vo -2 and B = V A A. Here, the first term on the
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right-hand side is the electron rest mass energy; the next two
terms constitute the standard Schrodinger Hamiltonian in the
presence of an electromagnetic field; the fourth term is the
Pauli spin term (Zeeman effect); the V - E term is the Darwin
term; and the last two terms represent the spin-orbit coupling.

We neglected the term —(%;12?2)4 in Eq. (22), which is the
first relativistic correction to the electron mass (expansion of
the Lorentz factor to second order in powers of 1/c). This
assumption is motivated by the fact that the latter introduces
fourth-order derivatives in the evolution equation [9], unlike
the nonrelativistic Schrodinger equation, which contains only
second-order derivatives.

Hence, in the nonrelativistic limit, the Dirac equation
(7) is transformed into a Schrodinger equation for the two-
component spinor ¢ with the Hamiltonian of Eq. (22). Further,
it was shown in [9] that the sources p and j in Egs. (8)
and (9) must also be expanded in powers of 1/c, such as
p=p©@ 4 p@ andj = jO +j?, with

¥ =¢lg, (23)

946+ 2V A (¢lag),
m 2m
24)

ih i ,
m (@Ve' —¢'Ve) —
m

@ _

o o0p) ANA]

lh2

~gaaV" [pTa A (VR) + (Vo) Aagl, (25)

2
@ _ __4h k t

ih?

+ Wa, [pTo A (Vo) + (Vo!) A 0]

+ At(plop AA). (26)

4m z 2

It would be desirable to build a model that treats on the same
footing (i.e., at the same order in powers of 1/c) both the equa-
tion of motion (Pauli) and the field equations (Maxwell). Thus,
the Maxwell equations (8) and (9) should also be expanded at
the second order in powers of 1/¢ by writing the electromag-
netic potentials in powers of 1/cas ® = ®© 4+ @ 4 and
A=AO 4+ A® 4 [25]. Since we work in the framework
of the Coulomb gauge and the quasistatic approximation, the
appropriate Maxwell equations are Eqgs. (11) and (12). They
can be expanded at second order of 1/c as follows:

A© =, 27)
— AP = %0), (28)
— AA® = Zf; (29)
_APD — ‘1'::)2), (30)

One can immediately note that the second-order correction to
the current, j®, does not play any role.
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In addition, since the vector potential is already a second-
order quantity, the terms that contain A in Egs. (24) and (25)
are actually of higher order and can therefore be neglected. We
thus define the quantities

5O = ﬂ((pvqﬁ —¢o've) + %V INCELD)

o
= Jon + 10 (31)
and

2

P = g3V V(p'e)

lh2
- 8m2c2
~(2 ~
= fupy + A (32)

V- (@'a A(V)+ (Vo) A ad))

where the subscripts “orb” and “spin” denote, respectively,
the orbital and the spin part of the sources. The modified
sources are associated to the mean-field potentials ®® and
A® expressed as

(]

ax'p;
<D(()) / i , 33
47'[6() Z |x — x/| (33)
N ~(2)
- dx'p;
e - 1 f i 34
4mreg Z |x — x/| (34)

i i)

47teoc2 Z/dx <2|x—x| * o /|3>' 33

Finally, a self-consistent mean-field theory at second order
in powers of 1/c is given by the following equations:

A® —

)
—A0® = 12 (36)
€0
) 4©
—AA® = =L, (37)
€oC
y 52)
—Ad2 =12 (38)
€0
. ad) p2 2 sc
lha = % +mc + Ueff ¢, (39)
where
Usi = q®© +qd? — iA(” p—Is v AR®
2m
I LSS L 6 VOO Ap.  (40)
8m?2c? 4

The transformation of Eq. (22) into Eq. (40) is performed using
the identities (A1)—(A3) given in Appendix A.

The next step is to obtain the integral form of Eq. (40) by
plugging the expressions for the sources [Egs. (23), (31), and
(32)] into the equations of the potentials, given by Egs. (36)—
(38). This can be done as follows.
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(1) For the three terms involving ®©(x) in Eq. (40), we just
need to insert Eq. (23) into Eq. (36), leading to

N T
ax'¢; ¢;
o0 = / i 41
q e ; o (41)
g o PR dx¢ ¢,
8m2c? APT = szc2 Z (42

qho ©) eho ha /dxqb o;
.V — .
am?c? AP = Z X — x|

(43)

Equation (41) is the usual Hartree mean-field energy. The right-
hand side of Eq. (42), originating from the Darwin interaction,
is a kind of mean “contact term,” while Eq. (43) represents the
spin-orbit interaction with the mean electric field created by
all the electrons.

(2) In order to determine & (x), we must plug Eq. (32) into
Eq (34). In addition, in order that the space operators act on
Tl the expressions of the two terms of p(z) are transformed

using the identities (A4) and (A5) given in Appendix A. This

PHYSICAL REVIEW A 91, 012101 (2015)

leads to the following expression of ¢ ®®(x):

&’ h? e’h
8m?2 sz/dx¢¢’ X’|_ 2

4m2c?

‘bla, - ! |
xigl:/dxq&ia, (V|X_X/|/\p¢,). (44)

The first term in the above expression is also a kind of mean
contact term. The second term represents a mean “spin-orbit”
interaction for which the electric field is the mean field created
by all the electrons of the system.

(3) Finally, the last two terms involving the vector potential
A® ., the paramagnetic term — <A@ (x) - p and the Zeeman
interaction — z—ha V AA®(x), are obtained by plugging
Eq. (31) into Eq. (35). Each of them will generate four

30
contributions. Indeed, A® is made of two terms ﬁ and
r(rj©

P x’|3 , which are themselves composed of the orbital current
gg) (¢V¢T ¢!V ) and the spin current,]Eg{n = h 3= VA
(quaqb). Their analytical expressions have been obtalned by
using the identities (A6) and (A7) given in Appendix A, and
may be expressed as

P —

qP

|
26/ po;
45> .p= / i PPi
m 4m2c2 Z |: |x — x| +

a0

i=1

I - 2¢, po;
o . 50 V/\Z[f (X_x/|+

b - [Py To.b) -
2x9lpoix) | IV A Gloid) IV A (@loi) r))} b (S)
[x — x| |x — X/| |x — x/|
2r(plpgi ) | WV A@loig) | hr(V A (@loip) 1)
Ix —x'|3 Ix — X/| Ix — x'|3 '

(46)

In the paramagnetic term of Eq. (45), the contribution of the orbital current leads to mean “spin-free” terms involving the
coupling between the electron momenta, whereas the spin part of the current produces mean “spin-other-orbit™ terms. For the
Zeeman interaction operator [Eq. (46)], the orbital current contributes to another mean “spin-other-orbit” term and the spin
current generates mean ‘“spin-spin” interactions.

Summing up Eqs. (41)-(46), we get the integral form of U5 (x), which represents the mean interaction at second order in 1/c,
with the following physical interpretations for each term:

d ; _2h2 d ; —2h2
Ugfcf(x)__zZ/ x¢(X)¢(x) (Z/ X¢>(x)¢(x)> . ZZZ[d)up(x)qﬁ,(x)Al <

Sm 2c2
Contact [Eq. (42)]

4222/dx¢(x)0, < P—

Spin orbit [Eq. (44)]

Hartree [Eq. (41)]

&2h dx’ (15 (x)gi(x')
tima 4m 6‘2 (Z/ |x — X/| )

Spin orbit [Eq. (43)]

& K[ lxpsix) , (v x)pdi(x) - 1)
e & _/dx ( r R e | K

Spin free [Eq. (45)]

e LT V A [g]x)o1i(x)] [TV A 18] (K)o i (x)] - 1)
i fdx( x = x| +fas x—xP ’

Spin-other-orbit [Eq. (45)]

Contact [Eq. (44)]

A Ppgi(x ))
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B Ty ! Trg! () .
/dx/<¢i(x)p¢’(x))+/dx/(r(¢"(x)p¢’(x) r))}
x— x| x—xP

—2 h2

Spin-other-orbit [Eq. (46)]

2 C2tr V/\Z

B T e\ . o (
/ﬁ(VAm@wm@n+

Ix — x|

r(V A [¢ (x)oi¢i(x)] - r)>:| (47)

|x —x'|3

Spin-spin [Eq. (46)]

The physical interpretation of each term and the relevant
equation number are given under the horizontal braces; for
instance, “Hartree [Eq. (41)]” means that this is the Hartree
term derived in Eq. (41). A summary of the nature and origin
of each interaction term is provided in Table I.

Now, the crucial point is that each term in Eq. (6) can
be shown to be identical to the corresponding term in the
Hartree-Breit-Pauli Hamiltonian of Eq. (6). The mathematical
procedure to show this equivalence is tedious but straightfor-
ward and can be found in Appendix B. Therefore, we have
proven that the semirelativistic limit of the self-consistent
Dirac-Maxwell equations is completely equivalent to the more
standard Hartree-Breit-Pauli mean-field approach.

An important advantage of the above procedure is that
one can point out the precise origin of the different kinds of
interaction terms (spin free, spin orbit, and spin-spin). Indeed,
each term comes from a light-matter interaction operator
(Coulomb, Darwin, etc.) and a source term (p©, jgﬂl)j, etc.), as
is illustrated in Table I. For instance, we can identify that the
spin-other-orbit terms are related to two different mechanisms:
the paramagnetic coupling between the electron momentum
and the spin current, but also the Zeeman interaction involving
the orbital current. Instead, the spin-spin interaction originates
from the Zeeman effect where the electromagnetic field is
produced by the spin current. Finally, another important result
is the role played by the second-order correction of the density,
which leads to a contact term and a spin-orbit term. The
Hartree-Breit-Pauli equations could not be recovered without
this contribution.

IV. CONCLUSIONS

In this work, we demonstrated the equivalence between
the Hartree-Breit-Pauli model and the nonrelativistic limit (up
to second order in 1/c¢) of the self-consistent Dirac-Maxwell

(

equations. We also explained how the charge and current
densities that act as sources in the Maxwell equations are
related to the microscopic two-electron interactions of the
Breit-Pauli model (spin orbit, spin-other-orbit, and spin-spin)
via the one-electron light-matter operators appearing in the
mean-field Hamiltonian. In particular, the spin current and the
second-order correction to the charge density [9] are crucial
for obtaining all the spin-dependent terms.

The self-consistent Dirac-Maxwell approach may prove
useful to study the ultrafast electron and spin dynamics in
nanometric devices (nanoparticles, thin films, quantum wells,
etc.) excited by ultrashort and intense laser pulses in the femto-
or attosecond domain, particularly for the interpretation of
time-resolved magneto-optical experiments. Other possible
areas of applications involve dense plasmas and astrophysical
systems under extreme conditions of density and pressure [3].
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APPENDIX A: MATHEMATICAL COMPLEMENTS

In this Appendix we present some mathematical details: (i)
the transformation of Eq. (22) into Eq. (40), (ii) the derivation
of Eq. (44), and (iii) the derivation of Egs. (45) and (46). In the
following, for the sake of simplicity, the summation symbol
> has been neglected.

TABLE I. Origin of the different types of interaction terms in the semirelativistic mean-field Dirac-Maxwell equations.

Operators

Coulomb Darwin Spin orbit Paramagnetic Zeeman
Sources q® 822; AD 4m2£20' Vo Ap —-ZA.-p —%a -(VAA)
p© Hartree [Eq. (41)] Contact [Eq. (42)]  Spin orbit [Eq. (43)]
o Contact [Eq. (44)]
P2, Spin orbit [Eq. (44)]
o Spin free [Eq. (45)] Spin-other-orbit [Eq. (46)]
i, Spin-other-orbit [Eq. (45)] Spin-spin [Eq. (46)]
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(i) The transformation of Eq. (22) into Eq. (40) is performed by using the following three identities:

V.-Vd?D = Ap©®, (A1)
AP -p+p-A®)p =24 . pp — iV - A®)p =247 - pg, (A2)
(VOO Ap—pAVIMNY =2VDD App — ikV A (VOD)p = 2VDD A pg. (A3)

The identity (A1) is obvious and concerns the Darwin interaction — 8"2 . = —V®©. Then, the paramagnetic term

(p- A + A - p) originating from the kinetic-energy operator % is transformed thanks to the identity (A2) (where A = A?®)
and the property of the Coulomb gauge V - A = 0. The operator % was neglected because it is of higher order in 1/c. Finally,

the identity (A3) is needed to transform the spin-orbit interaction —%a -EA@P-qgA) — (P —qgA) AE) with vod©® = _E
and p — p — gA.

(i) Let us now focus on the derivation of Eq. (44) where g ®® is computed by plugging the second-order density 5 of
Eq. (32) into Eq. (34). The main idea is to transform the vector expressions under the integral sign in Eq. (34) so that the derivative
operators act on and not on the wave function. This step is performed by using the following identities (see also Ref. [9]):

X by _ I f

\x —x/|

dxX'(V - [V(¢' ¢)]}—

Ix —x/|  8m2c? Ix — x|
h? 1
= —— d ¢ T V N V ’ A4
gz [ #x097v (7 25) -
dx' p2 | h? .
o /dx’[V (plo AVP+ (Vo) Aag)] ,
X — X/| 8m2c [x — x'|
in? /d ‘! \v ! AV—-VAV ! ¢
= —— X g - -
8m?2c? |x — x'| |x — x'|
T [axoio- (vt ave (43)
 4m2c? [x — x| .

The identity (A3) was used to determine the last part of Eq. (AS5).
(iii) Finally, Egs. (45) and (46) are obtained by transforming the orbital current with the help of the following identities:

T T 't
h/ <¢[V¢ AL ) _, [dxelee A6)
|x — X/| |x — x/| |x — xX/|
T. f Do -
ih/dx’(r(¢v¢l r) r@'ve- r)) /d ,X(@'pd r). A7)
Ix — x| x —x'|3 Ix —x'|?

Indeed, writing p = —iAV and pT = ihV, the left-hand side of Eq. (A6) can be written as
- / o (21T ¢TVe N _ / i (P96 #'pe
Xx—x| [x=x] x—x| " |x—x]

dx'¢'pe

)+ ¢ ) =2 y=2 [ TEER

_ P p p
|x — x| |x — x| |x — X/| x —x/|
———— ———

The same procedure is used to obtain Eq. (A7).

APPENDIX B: TRANSFORMATION OF EQ. (47) INTO EQ. (6)

In order to prove the equivalence between Eqs. (47) and (6), we recall here some mathematical rules. The derivation operator
V that is outside the integral sign acts on x (noted V) whereas the operator situated inside acts on x’ (noted V).

1. Total spin-free terms

In Eq. (47), the total spin-free terms are represented by the operators subscripted “spin free” (interaction between the momenta)
but also by the “contact” terms. One clearly sees that no transformations are required for the spin-free terms, since we have

012101-8



EQUIVALENCE BETWEEN THE SEMIRELATIVISTIC ... PHYSICAL REVIEW A 91, 012101 (2015)

directly
2 $1poi r(¢/p¢i - 1)
(47)spin free = _W /dx/ m-ﬁ* —{-/dX/ W ‘P= (6)spin free-
The two contact terms can be transformed using the property A(1/r) = —4m§(r), which leads to
&2 n? dx'¢) ; &2 n? " 1
(4D)contact = +WAX X— x| T S22 /dx ;i d’iAx’m
&2 n? e’h? ot ,
+W dX¢ oil— 4715(X—X)]+8 22 dx'¢; ¢i[—4mwd(x — x)]
h2 52
=— /dxd)d),S(x—x)
= (6)Contact~

The total spin-free terms of Eqs. (47) and (6) are therefore equivalent.

2. Spin-orbit and spin-other-orbit terms

(i) We first start with the spin-orbit terms. The equivalence is also easy to prove since we have V% = —7 which leads to

@7) L . G DA ) / ixglor (Ve Apo
spin orbit = o - X¢lo;- | Vy ;
spin orbit 4m>c? ¥ Ix — x/| P™ e ' Y x — x| P

hé? A he* o x—x
a2’ dx'¢, wd’i /\P+m dx'¢;o; - |X_X,|3/\Pi o

= (6)spin orbit-

The spin-orbit terms of Eqs. (47) and (6) are therefore equivalent.
(i1) The proof of the equivalence between the spin-other-orbit terms is less trivial. Let us split the four terms of Eq. (47) into
two groups, those factored by the spin ? (47)other orbit and those factored by the momentum P(47)omer orbit:

22 Tob ok .
6(47)other orbit = h —F—=0 - V VAN |:/ dax’ ( ¢i p¢l + r(¢i p¢l r)):| 5

 4m2c? |x — x| |x —x'|3
hé* Vy A@loig)  r(Vy A(@loigi) 1)
p(47)other orbit = — 7>+ /dX/ + 3 -p
dm?c |x — X/| |x — X/|
o
Let us first focus on the former. By using the identity a A (b A ¢) = (a - b)c — (a - ¢)b the second term r(“i "_pj‘P ) becomes

22h fog,  Toipg; T
7 (47 )other orbit = 550 Vi A / dx’ ¢z p¢ + (¢1 P9 : )
dm2c Ix — X/| X — x|

22 T, T,
__@n [/d v, A(Z $1po: +rA<rA¢,-p¢l>)] ®1)
4m C2 |x — x| Ix —x'|3

Then, by applying the derivative rule V A (f(x)p) = Vf(x) Ap+ f(x)(V Ap) = V f(x) A p to the first term of Eq. (B1) and
by using the relation V A (b A ¢) = (V - b)c — (V - ¢)b to transform the second term of Eq. (B1), one obtains Eq. (B2), which
leads directly to

0 0
. e’h , 2 : . r n
(4Tother orbit = —7—550 - | dx |V A PP+ V(X AP pdi) ——= — 4nd(r)(r A ¢, pd;) (B2)
4m?2c Ix — x| [x — x'|
il / X XX ing. (B3)
= 2m c2 | bdE P%:-
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A similar procedure is used to transform P(47)other orbit, l€ading to
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o he* , 1 i
(47)0ther orbit =— _W dx | =2V |X — X/| A (b,’ 6i¢i P
hée? x—x) 4
S ax 2" X\ sigipi |- p. B4
szcz[/ x|X_X,|3A¢,0¢} P (B4)

Finally, summing Eqs. (B3) and (B4), the spin-other-orbit terms of Egs. (47) and (6) are proven to be equivalent:

-2h ¥
e—o* . /dX/X—X/S A¢jp¢l

0(47)olher orbit + p(47)0ther orbit = 2m2C2

Ix — x|
hé? (x —x)
~ 533 [/ dx’|X - A ¢>jai¢i] p

= (6)0ther orbit -

3. Spin-spin terms

Starting from (47)spin-spin and using again the relation a A (b Ac¢)=(a-b)c—(a-c¢)b to transform the second term
r(VA@oi4)T)

X the spin-spin terms are modified into the following:

&2 h? Vy A T,‘,‘
S G.Vx/\/dx’< Y NGi0ig)

foo
(47)spinespin = r(Vy A (@00, r))

Bl 8m?2c? |x — X/| x —x/|3
—2h2 VX’ T Qi Vx/ T b
:—86226'/dx/|:2Vx/\( |/\(¢,(,T|¢)>+VX/\<r/\(r/\l /\,|(3¢lo'¢)) . (B5)
m-c X — X X — X

Then, applying the mathematical rule V A (f(x)p) = Vf(x) Ap+ f(x)(V A p) to the first term of the above expression and
using the property V A (r A A) = 2A allows us to cancel out the two bracketed terms of Eq. (B6). The remaining term of Eq. (B6)
is transformed into Eq. (B7) by using the vector identity V AV A f = V(V - f) — Af. Finally, the procedure permitting us to
obtain Eq. (B8) from Eq. (B7) is detailed in many textbooks [8,17]:

22h? 1 —2r
(47)spin-spin = — 550 - / dx’ (2V AV A (@loidi) + AV A (Dot
pin-sp 8m2c2 ! |x — x| Ix — x| ' =24
+ [V A (r AT AV A (¢jai¢,~)))} ) (B6)
[x —X/| =VArAA)
e*n’? , ; 1 ; 1
= 122’ /dx (V[V Qo) —— — (9;0:di)A - ) (B7)
m?c |x — x'| |x — x'|
G a8 % sk — & LT IR A VA B8
__Wa./ X¢i(_ n? (X_X)_|x—x’|3 |x—x’|5>¢l (B8)

= (6)Spin—spin .

The spin-spin terms of Eqs. (47) and (6) are therefore equivalent.
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