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We outline a systematic scheme for the derivation of relativistic energy density functionals on the
basis of the Hartree-Fock limit of quantum electrodynamics. In particular, a relativistic analog of
the nonrelativistic Thomas-Fermi-Dirac-Weizsicker model is presented.

I. INTRODUCTION

Density-functional theory has been used with consider-
able success for the discussion of nonrelativistic many-
particle systems.!~* The foundations of a relativistic
density-functional theory were established by Rajagopal®®
and Vosko and MacDonald,” who demonstrated that the
basic theorem of Hohenberg and Kohn® could be extended
to the relativistic domain. Several attempts®~!! followed
to construct explicitly relativistic local density schemes, in
particular, the form of the local relativistic exchange ener-
gy density being a point of interest and discussion since
th%seminal contributions of Salpeter!? as well as Jancovi-
ci.

The question of gradient corrections to a local scheme
has been discussed previously'# within the frame of a rela-
tivistic extension of the Thomas-Fermi-Dirac-Weizsiacker
(TFDW) model on the basis of the Dirac equation. A
number of problems, due to questions of renormalization
and due to the discussion of vacuum contributions, have
been pinpointed in turn.'’

In the present contribution we shall discuss a systematic
construction of the relativistic analog of the TFDW
model on the basis of field theory (QED).!*~!° We define
the starting point in Sec. II, review some basic relations
for the four-current in Sec. III and describe the equivalent
of the Hartree-Fock (HF) limit in QED in Sec. IV. The
renormalization problem encountered is summarized in
Sec. V. The details of the gradient expansion technique in
the present situation and explicit final functionals are
given in Sec. VI. The basic approximation involved is, in
analogy and extension of the nonrelativistic limit, a repre-
sentation of the full electron propagator by a Green’s
function of an effective field theory. We conclude the
presentation by some remarks on the practical evaluation
of the TFDW variational scheme in the relativistic case.
We use the relativistic convention #i=c =1 throughout.

II. THE GROUND STATE
OF AN N-ELECTRON SYSTEM
IN AN EXTERNAL POTENTIAL

Our starting point is the QED Lagrangian density aug-
mented by external potential terms
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using the Feynman dagger notation,
A=Ay",

while the vector bars indicate in which direction the par-
tial derivatives have to be taken. We work in the Gupta-
Bleuler formalism'® and use the convention e= |e |. The
commutator representation of the Lagrangian ensures that
the corresponding Hamiltonian is Hermitian and invari-
ant under charge conjugation.!” The photon mass y is in-
troduced to avoid infrared divergencies at intermediate
steps and will have to be removed by taking the limit
pn—0 at the final stage. The importance of including the
external field Lagrangian

1
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will become apparent when renormalization is discussed
in Sec. V. The external potential V,,, ,, which is assumed
to be time independent, is treated classically. For the sake
of simplicity, we eventually restrict ourselves to the case
of a scalar (electrostatic) external potential,
VexlxV)—yV(x), (2.2)
as we are primarily interested in atomic or molecular sys-
tems.
The Hamiltonian of the system under consideration is
obtained via

H= [ d’x 6%(x) (2.3)

in the form

3607 ©1987 The American Physical Society



3608

E. ENGEL AND R. M. DREIZLER 35

H= [ d | H{[§(—iy-V +m+eV o]+ [Piy-V+m +eym>,¢1}+§<[$,A¢]+[JA,¢])

1

If we denote the (nondegenerate) ground state of the
N-electron system, i.e., the state of lowest energy of the
Fock-space sector with

(Q)=—Ne,

by |g) and the vacuum state of the problem, the state of
lowest energy with

(Q)=0,
by |v), we can write for the binding energy of the system
Ey=(g|H|g)—(v|H|v)
=E;—E, . (2.5)

This construction leads to a finite energy value even if no
normal-ordered representation of H is used, as all contri-
butions to E, and E, from the “Fermi sea” cancel. The
energy can be expressed in terms of the full interacting
ground-state and vacuum electron propagators

Gy(x,)=(g | T (x)¥s(») | 8) , (2.6a)
G,(x,9)=(v | TY,(x)d,(») |v) , (2.6b)
and the reducible three-point functions
Gox,y | 2)=(g | Ty () (») A4, ,(2)|g) ,  (2.60)
Gx,y |2)=(v | TY,(x), (WA, [(2)|v) ,  (2.6d)
as
Eb:fd3x limg tr{[iy -V, —m —eVu(x)]
y—x
X[Gg(x,y)—G,(x,y)]}
_g fd3x l;Ti ET; tr{[Gg(?,;(x,y |z)
—Ghx,y |2y}, @7

The zero-point energy of the photon fields does not occur
in view of the definition (2.5).'"® The limits indicated in
Eq. (2.7) are defined as

limj=+5( lim + lim (2.8)

)| 2.0
—y)*>0
y—x y—»x,y°>x0 y—-x,y0<x0 (x—y)">

This structure is a consequence of the commutator form
of the Lagrangian.

III. THE FOUR-CURRENT DENSITY
The four-current density of QED is defined as
jY(x)=—elim; tr[y*G(x,y)] .

y—ox

+ (VVo )+ S(VVED? |+ 714738924, —(3%4,)(8°4)]
k

(2.4)

The definition applies for both the ground state |g) and
the vacuum state |v). As a large number of manipula-
tions that follow are identical for the two states, we
suppress the index except where needed for additional
clarity. Using the fully reducible vacuum polarization in-
sertion IT**, which is related to the full photon propagator
D by

Dy (x,9)=D(x —p)+ [d*zd*u DY (x —2)
XI¥(z,u)D)(u—y), (3.2)
one can rewrite Eq. (3.1) as
jUx)=i fd4y 00, p) Ve, u (1)

Now, as usual, one expresses the reducible function IT*¥
by the irreducible vacuum polarization w*”. Working in
momentum space,

4 4
I‘[IW(x,y)zfiL d k

(3.3)

(2m)* (2#)4e—ipx+ikynuv(p’k) ’ (3.4)
this implies
*¥(p,k)=w"*(p,k)
4
+f (‘21 ‘§4 0**(p,g) DX (P (g,k) . (3.5)
T

In the presence of an external potential o*¥(p,k) separates
into two parts, the first containing all contributions to "
without any connection to the external potential, the
second containing the remainder. As a consequence of
momentum conservation the first part has to vanish for
pFk,

o*(p,k)=(2m)*8%p — k)" (p)+ 0¥ (p, k) .

The diagrammatic representation of o{*(p) and w5*(p,k)
is indicated in Fig. 1.

If one separates IT*"(p,k) into a momentum-conserving
part and a remainder similar as for o*(p,k),

I*(p, k)= (2m)*8*(p — k) IT{*(p) + 15¥(p, k) ,

(3.6)

(3.7)

the connection of IT{"(p) with wi*(p) is simply established
by inserting Eq. (3.6) into Eq. (3.5),

4" (p)=a/"(p)+ (P DY (P} (p)+ -+ . (3.8)

This is exactly the reducible vacuum polarization of QED
without external potential terms. Using current conserva-
tion,

of¥(p)=—i(p*g* —pHp")w(p?) , (3.9)

the series in Eq. (3.8) can easily be summed to
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FIG. 1. Low-order contributions to the irreducible vacuum
polarization.

It

1
—_— 1, (3.10)
(p? ]

I (p)=i(p*gh”—p¥p®)
PP =ilp7e™ =p"p") | T

where Landau gauge has been used.
We thus finally obtain the equation

1

i#(p)= —(p2g"*"—p*p*) | —————1 [Vexr, (D)
J*p P =) | T ()
+if —2—%““" DV ext (@) (3.11)

for the exact electron current.

IV. THE HARTREE-FOCK APPROXIMATION

In order to extract an approximation similar to the HF
limit of nonrelativistic many-particle physics,*® we consid-
|
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er the irreducible three-point function I'®’ (further denot-

ed by I')
(x,y |z)=1“;,°)(x,y |z)
+(—ie)¥(s | TY(2)y (z)
X A YY) AP |5 )¢ irred »

(4.1a)

where the reference state |s) represents either |g) or
|v) and the subscripts indicate that only connected, one-
particle irreducible graphs contribute to I'.  The lowest-
order (in @) term is a simple vertex.

F;,O)(x,y |z)= —ieyp8(4’(x -8y —2) . (4.1b)
The relation between I' and G** reads
G;,”(x,y |z)=Gc<,3,ﬁ(x,y |z)
+ief d*u D;,%)(z—u)G(x,y)
X limg tr[y*G(u,v)], (4.2a)

vV—u
where the connected part G.*) of G*' is given by
G (x,y |z)—fd4u,d4u2d u3D,,(u,2)G(x,u;)

XTI Uy,Us ‘lll G(u3,y) . (4.2b)

If we approximate I' by its lowest order and if we use
the free photon propagator D ) instead of D,, in Eq.
(4.2b), we obtain, as shown in Ref 21, a set of equations
for the electron propagator, which is analogous to the
Hartree-Fock limit of the nonrelativistic theory.

This approximation corresponds to the summation of
selected subdiagrams in all orders of a and can be shown
to amount to the standard factorization of the two-
particle density matrix in terms of one-particle density
matrices.

With the approximation indicated the energy E of ei-
ther |g) or |v) can be written as

E= [ d’xe(x)
= [ & lim, tr |[iy -V —m —eV (0)]Gup(x,9)+ = |[[VV o) P+ S[VVE (x)]
y—x k
_z— fd x [ d*2 D) (x —2){lim, tr[y*Gyp(z,u)]lim tr{yPGyp(x,)] —tr[ ¥ Gue(x,2)y*Gur(2,%)]} , 4.3)
u—z y—x

with Gy being either G, yr or G, yr. One readily identifies the kinetic energy, external potential energy, and external
field energy as well as the direct and exchange energy densities

€(X) = €4in(X) + Eext(X) + Efie1a( X) + Egir( X) + Eex(X)

We shall use (4.3) as the starting point for the discussion of our relativistic energy density functional.

V. RENORMALIZATION

A look at the four-current or the exchange energy, represented by the diagram shown in Fig. 2, indicates that renor-
malization is necessary. We thus should have started with the renormalized Lagrangian
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rather than (2.1). The quantities Z,=Z,, Z3, and 8m are
the standard renormalization constants.

The renormalization procedure directly modifies the
momentum-conserving parts of the vacuum polarization,
the electron self-energy, and the irreducible three-point
function. All diagrams with more than three external
lines are overall convergent—only divergent subgraphs are
renormalized due to the modification of the three func-
tions above. Thus, for example, the Lagrangian (5.1) leads
to the renormalized form of IT{"; (p),

1

H,uV( )=i( 2,4V __ pH V) - -
1,R\DP p'g PP Z3+(D§eg(172)

—ll , (5.2)

with

Z;=1—0Tp?=0), (5.3)
where the constant Z; is expressed in terms of the renor-
malized (or physical) parameters e and mg. We will,
however, not display the index R for these parameters as
well as for the renormalized fields Ag, g, and Ve r
with the understanding that only renormalized quantities
occur in the following discussion. With the usual defini-

tion

i
one obtains finite expressions for I14% (p),

1

% (p)=i(p’gh—ptp") |———————1|, (5.5)
L,R\P P8 p 1+w1,R(P2)
and the current
1
ik(p)=—(p*g"’—ptp¥) | ————— —1 |V, (p)
jkp p’g" —php o) extv(P
_d'q_
+i | 2 TBRPV ex (@) (5.6)
In the lowest order of a one finds
JE"H(p)=(p’g"* —p#p* )R (pP?)V e, (P)
4i [ -2 (D, g W (@),  (5.7)

(2m)*

which is indicated by the series of Fig. 3. Here

WP v(p, ) is not changed by renormalization and

w(lo}q (p?) is given by

2
(0) 2 (0) reg, 2 e
o r(p)=w (p)———T |2
bR P

(O)V :

if dimensional regularization®? is used. Finally, j{

wl,R(Pz)zwrleg(Pz)—wieg(P2=0) s (5.4) given in x space by
|
== [ d o’k (x —y)g"™d, 13 — B} W ext ()
2
e v N
=Jreg 1272 2—— (g pax,pap —9 aﬂ)chty . (5.8)

Concerning the exchange energy, it is sufficient (for our purpose) to consider the lowest order contribution £2’, ob-
tained by replacing Gy in Fig. 2 by G'©. This diagram is modified by three counterterms?* corresponding to the diver-
gent subgraphs shown in Fig. 4. The term resulting from the last diagram vanishes. The remaining two insertions into
the free-electron propagator represent (as indicated in the figure) exactly the counterterms for the lowest-order self-
energy =%, If we express the exchange energy in terms of divergent, unrenormalized self-energy,

gV =—1 [ d% r[ZQ0x, )G Vp,x)] (5.9
it is obvious, in which fashion the renormalization of X,
2Q0x,p)=20x,p) —6m & x —y)—i(1—Z7 H[Gx, )], (5.10)

changes €.,(0). In the context of Eq. (5.10), 6m and Z, are understood to represent the lowest-order contributions of
these quantities, which again can be made explicit by the dimensional regularization technique. Of course the ground
state and the vacuum self-energy have to be renormalized by the same counterterms leading to the use of the inverse vac-
uum Green’s function when renormalizing the ground-state self-energy. The resulting renormalized exchange energy
density is (compare Ref. 24)
er(x)=—7 [ d¥[—ie?D)(x —ptr[¥PG O (x,p)y"G Ap,x)]
—2tr({8m&x —p)+i(1—Z7 H[Gx,)] 1} G'

y,xN] . (5.11)
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FIG. 2. The exchange energy graph in the HF approxima-
tion.

Finally we write down the renormalized Hamiltonian
computed from £, Eq. (5.1),

Z _ —
Hr=" B iy T +m —8m +e¥ ¥
+[$(zyv+m —8m +eVext)7¢]}

zZ, -
+ e [B.AV]+[D4, )

Z,
_+_~v__

> (5.12)

(V)2 +z VrED?

Note that the energy of the external field contains a term

o2
— —wﬁeg(o

2 (5.13)

) (VP &)+ 2<VVm

which will compensate a divergence in the kinetic energy
of the electrons as will be demonstrated in Sec. V1.

VI. THE GRADIENT EXPANSION

The main idea, which we use in order to make the tran-
sition to a density-functional representation, is the ap-
proximation of the full interacting propagators G, as well
as G, by Green’s functions of effective field theories,
where the external potential and the interaction of the
electrons via photons are represented in terms of an effec-
tive classical potential. As the ground state and the vacu-
um differ essentially, one can not expect to compute both
G, and G, from one effective potential. So again the fol-
lowing discussion has to be carried through separately for
the two cases.

The Lagrangian of an effective system,
|

G,(x,)=0(x°—y*)O(H, —S) T ®,(x)B,(y)e

—iE,(x0—y0)

j(o)'”'(p) = wa- + +

FIG. 3. The four-current density in lowest order of a.

L er=Pid—m —eV i) — T FiiF gty » (6.1)

as well as the corresponding field (Dirac) equation,

[—ia-V+Bm +eBV i(x)]P,(x)=E,P,(x), (6.2)
and the Green’s function,
—iE. (x0—p0
Gy(x,9)=0(x"—y%) 3 @, y)e Y
E,>S
_ —iE (x0—y0
—8()°—x% 3 @, (x)B,(y)e T,
E,<S
(6.3)

can be specified directly. The energy value S in Eq. (6.3)
divides the one-particle spectrum of Eq. (6.2) irto occu-
pied electron states (or unoccupied positron states) with
E, <S and unoccupied electron states with E, >S. With
respect to the ground state of the system, S equals the
Fermi energy €r, for the vacuum state S is chosen to be
—m.

It is obvious that the Green’s function of the effective
(local) theory cannot reproduce all properties of the full
propagator. Nonetheless, we expect, in analogy to the
nonrelativistic case, that the approximation suggested will
yield a reasonable energy density functional.

In order to express the energy density as a functional of
the charge density

ps(x)=7d(x) ,

we need a representation of the electron propagator in
terms of the charge density. This connection can be es-
tablished by the gradient expansion technique.?> =%’ Using
the definition (6.3) of G, and the Dirac-equation (6.2) one
can write

~ —iE, (x0—y0)

—0(°—x%0(S—H,) S ®,(x)D,(ye

n

—[0(x*—y*)OH, —S)—O(y°—x0(s — Al = " 2<1> )@, (y)
—[0(x°—yO) —O(S— A, )]e =" A (X, (y) . 6.4)

The index of A » indicates that the Hamiltonian
ﬁx =—ia-V+Bm+eV(x)
=7, +0gr(x) , (6.5)

where the effective potential is assumed to be purely elec-
trostatic (thus neglecting all magnetic field effects), acts

f

on the coordinate x. Introducing the effective local Fermi
energy

E(x)=S

and using the completeness of the solutions ®, of the
Dirac equation (6.2), one finds

—ﬁeff(x) (66)



3612

O~

@ @
& - O

FIG. 4. Counterterms for the exchange graph.

G,(x,y) =€ =¥5(0(x°—y°) —O[E,(x)—1 ]}

ei(xo—y")[és(x)_?x]

8 x—y)y°. (6.7)
The Green’s function of Eq. (6.7) can be represented in
terms of Dirac plane waves, constituting a complete set of
eigenfunctions of the kinetic energy operator 7,

2 3
8(3)()(——)'):2 f dp ip-(x—y)[ur(p)ﬁr(‘p)

e
=Y @2n)?

—v(p)o7(p)], (6.8)

where u%(p),v"%(p) are the standard spinors (in the defi-
nition of Ref. 16).

The technical problem indicated in Eqgs. (6.7) and (6.8)
is the evaluation of the action of a function of two non-
commutating operators (explicitly stressed by using the
operator sign ) on eigenfunctions of one of the operators,

f@+b)|ay=2 (6.9)

with
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The answer can be given (for details see Ref. 14) in the
form of a gradient expansion

fa+b)1ay==3 f™a+50,a) .

n=0

(6.10)

£ is the nth derivative of the function f with respect to
the complete argument and the operators O, are deter-
mined by the multiple commutators of @ an b, as, e.g.,

[Es(x),7, ] =i Vve(x) ,

—2[Vve(x)]V — Avg(x) .

Neglecting all contributions with derivatives of v.g(x)
beyond second order (and hence referring to a smooth po-
tential), the result is a functional

G,[E,(x),d;E,(x),3;3;E,(x)] . 6.11)

We note that this approximation of G is not perturbative
in the coupling constant, all orders of the nuclear charge
Za are included. From the functional (6.11) one readily
obtains a four current

jsv(x):govps[Es(x)’[VEX(X)]Z’AES(X)] >

which can be inverted order by order in the gradient ex-
pansion to yield

E;=E[p;,(Vp, )Z,Aps 1
and therefore the desired functionals

Gilps,(Vps )2»Aps]
and
&s[ps,(Vpq )Z’Aps] .

The details of the program outlined are discussed in Secs.
VIA—VIE.

A. The electronic propagator in gradient expansion

Following the arguments starting from Eq. (6.7) one ob-
tains, after some manipulations, an effective Green’s func-
tion that separates into a “free” part and a “bound” part

Gi(x,p)=Gp(x,p)+ G, p(x,y) . (6.12)

The free part does not depend on S [note that
E(x)—S= —v(x) and OjE;(X)= —xver(x)] and is
given to second order in the derivatives of E;(x) as
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Hx0—y0
G}Zl(x,y) jo'tx Y B = S]f—iz v e PEY[14+K,(p,x)+K,(p, 1&)]—~L*~—*_;m_'_)l8 s

1
—m24ie)?
1
(p2—m?*+ie)?’

Ky(p,x) =i[3; ESx)Iy*y(p? —m™) +4p°p! =2y plp —m)]
p

Ky (p,x)={[8;0¢ Es(x)IKH; (p, %) +[3;E(x)][3x Es (x)IK$5 (p, %)}
(6.13)

0,j.k
. B o
K (p,x)= —2p g 4 2piy Ok 4 8—LLL | 100Ky ) 4—1’—1’—<p m),
p—m-+ie 2 _m?+ie

. . 032, jk 0,,7.,0, J

pi—m2+ie pz—m2+ia pz—m2+is
042,/ k Jnk
_ag—2 )PP, PVg (p—m)— 4~—flﬁ’————p m) +24—2———V”’ (p—m).
(pr—m?+ie)? pi—m?+tis pi—m?+tie (p?—m?+ie)?

We denote the order of the gradient expansion by [ n] in contrast to (n) for the order of a. G/ can be viewed as the con-
tribution of the Fermi sea. The lowest-order term of Gy in the gradient expansion G }O dlffers from the standard free
propagator only by a phase due to the presence of the potential.

The bound part represents the contribution of all discrete states with an energy smaller than €. It has the form

R 0 yOYE (x)— d'p e ix—y)

Glxny) = (m} 2K

2 Ol p,x)[c;(p+m)—2Ev%;] (6.14)

with
E:(p2+m2)l/2 .

Explicit expressions for the factors O%p,x), ¢;, and ¢, are given in the Appendix. Looking at the lowest-order contribu-

tions to G, (in the gradient expansion),

i(x0— 0 x)— —ip(x —y)
Gl(x,p)= —e"* T EI=S] 232’%8—275—-5(;70—5)9[155<x)—151<p+m), (6.15)
Y

we note directly that it describes the density of free electrons filling all levels up to E;(x), again with a phase modulation
due to the effective potential.

B. The four-current density in gradient expansion

Using dimensional regularization and Egs. (3.1), (6.13), and (6.14) as a starting point we can calculate the four current

as
, e D _
Fhegs(X)=— lzﬂngVI‘ -5 (m?)P2=2AE (x)+ P 2g Mps(x)3
2
e oy ) Dps(X) E (x) ) 3 E (x)
_— AE (x) |2 arcsinh VE;(x) — (6.16)
RETEL AN i nn | TV B~ o a)
with

po(X)=[E,(x)*~m?]""? where E,(x)*>m?
=0 elsewhere .

As expected the space components of j., ; vanish for the specific choice (6.5). We recognize the divergent constant (as
D is the dimension of our Minkowski space) times the Laplacian of the potential. Following the renormalization pro-
cedure of Sec. I1I for the special case of an effective Lagrangian, which means that the four current is given by the series

of Fig. 3 and thus jg, has to be computed via Eq. (5.8), we extract the renormalized four current [note that
AE (x)=—eAV(x)]

Ps(x) E (x)

3 Eux)?
T o®

2ps(x)  2p,(x)?

_ e
1272

2% 14p.(x)’+AE (x)

2 arcsinh (6.17)

}HVEAX)]2
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C. The energy densities in gradient expansion

With the effective approximation to the Green’s function given in (6.13) and (6.14) we are able to calculate the depen-
dence of the energy densities on the local Fermi energy E(x) and its derivatives. For the kinetic energy density we ob-
tain

Ekin,s (X) =lim, tr[(iy -V —m)G(x,y)]

y—x
m? D |2 (3-D 1 D 2
_47721“ 2~ 15 1550 247721“ 2— = |[VE(x)]
1 E 3 ’_n_z_ E 2 inh ps(X)
+m Dps(X)Eg(x)" — > Ps(X)Eg(x)+m?* arcsin e
1 E,(x)  E,(x) | ps(x) E(x)?
VE,(x)]? | — — h |—— AE, s 6.18
t o |[VEx)] ooy T patx) aresinh | 70 +AE (x) o) TP (x) (6.18)

We discover exactly the predicted divergent part proportional to

©%(0)

2 2
\44
e 3 [VV(x)]
which compensates the divergence in the external field energy. The second divergent term
D
m- el D |2 |3-D
4 2 |D|2-D

is due to the Fermi sea. This contribution which is independent of E (x) cancels when the vacuum energy is subtracted
from the ground-state energy.
The renormalized kinetic energy density thus reads

2 5(x)
E‘““”“("):T; (ps(x)ES(xP——”;_ py(X)E,(x)+m Zarcsinh | 2%
1 ,| Es(x)  Ey(x) | ps(x) §(x)?
— [VE, _ — h AE ) 6.19
—+ Py [VE (x)] 29 (%) + (%) arcsin +AE(x) %) +p,(x) ( )

The direct and external potential-energy densities are given in terms of the charge densities as

Eext,R,s(X) =V (X)extiR s (X) (6.20)

tainr.s(X) === [ YD (x —p)iR s (x)iRs(y)

1 3 1 -0 -0
=— e — . 6.21
= [ d Ty Rk (6.21)

The most involved energy density term is the exchange contribution. We shall restrict the consideration in analogy to
the nonrelativistic TFDW model to the local density limit, neglecting gradient corrections. It is obvious that we have to
invoke renormalization in the same fashion as in the case of the exchange energy e,(;,)‘), Eq. (5.9), in standard QED. From
Eq. (5.11) we derive

Eenrs(X)=—7% [ d¥y[—ie?D) (x —p)tr[yPG[Nx,p)y*G[Up,x)]
—2te({8m 8¥(x —p)+i(1—Z ~H[Gx,»)]1~ 116G 3, xN]

2
— [ ¥y u[=P (x,y)Gs[,(I),](y,x)]+ie7 [ d% D9 (x —yp)urvPG Y x,»)y Gy, x)] (6.22)
where separation of G, into Gy and G, Eq. (6.12), has been used. E[f?};(x, y) is defined as

30k (x,y)= —ie? D) (x —y) PG} U x,p)y” —8m8 P (x —p)—i(1—Z7 NG Ux,p)1 " . (6.23)
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In order to use Eq. (6.22) we need both [G%)(x,y)]~! and E }((x,y) [G,(x,y)]~! can readily be given in momentum
space

[G,(p, k)] ' =2m)*8 (p —k )N —i)p—m) +ieV glp —k) . (6.24)

Fourier transformation yields

_ . d4k —ik(x —y)
[Gux) ™! =i [ o= Ge T E Tk —m —e (%))
. —ieV 2 p(x)(x, —y,) d4p —ip(x —y)
- (5—m) . (6.25)
le f (277_)43 p m

reducing to

— 1 X _ d .
, —1 . Vepp(X)(xg—yg) _ap —lp(X —y)( )
[G,(x,p)] '=—ie f ) p—m

in our case of a scalar potential. As no gradient terms occur, [G,(x,y)] ! equals [GL%%x, 171,
[G, (e ] 7' =[G X1 (6.26)

E[f(ﬂ((x, y) is, up to a phase factor, identical with the standard self-energy expression. The explicit form, Eq. (6.23), leads
to the lowest-order renormalized self-energy of QED without external potential contributions modified by the phase fac-
tor

. _ 4 .
310k (x,p) = TV [ AP _p—ipx 23O (p)

(2m)*
6.27)
39 e2 5 mi-p? s 5 u 3 2 _
r(p)= 2m |+ [1-S5 4 (p—m) |3 +In | —+—+ In .
with
2 2
3Pk (pP=m?)=—"=(p—m) |1-In | £
81 m

The first term of Eq. (6.22), the Fermi sea contribution, cancels when the vacuum energy is subtracted from the ground-
state energy. Considering

GlY(y,x) = — et X o) —L ePtx— —»8p°—E) (p+m)O[E (x)—E]
’ (2m)3 2E
=_eiveff(x)(xo‘J’0) f 7%eip(x—y)s(pZ_n,lZ)e(PO)(}(,_‘}_’n)e[E's(x)_“E] , (6.28)
T
one shows directly that the self-energy contribution to €., g ;(x) vanishes:
2
4 [0 (0] 2)9(p° _ 2_m?)|1—1n | &~
[ a% =Pk x,)G P y,x) = f 2#)3 —mHO(p°)O[E,(x)—E](p*—m?) [1 In |-£5 ’ ]
=0.
The remaining part can be computed with the aid of Eq. (6.15),
2
) . (x) 4 . ps(x)
Eex,r,s(X)= 32 —12m 2po(x)2+ E;(x)?ps(x)* —6m *p,(x)E,(x)arcsinh | —— | +3m* |arcsinh . (6.29)

This expression represents the fully “retarded” exchange energy density: It has been derived with the time-dependent
(free) photon propagator as a kernel rather than the static Coulomb interaction. It is identical with the result obtained by
Jancovici!?® who used the Coulomb gauge rather than the Lorentz gauge employed here.

D. The relativistic TFDW energy density functional

The energy densities given in Sec. VIC are sufficient to establish the relativistic analogue of the nonrelativistic TFDW
model. They are, however, not in the final form desired. It remains to invert the functional jg,S[Es(x)], Eq. (6.17), in or-
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der to exhibit the explicit dependence of the energy densities on the charge density itself.
The first step (writing p; instead of jg,s for brevity) is simply accomplished order by order in the gradient terms.
Separating p; as

ps(x)=pl%(x)+pl?(x) ,

where the index indicates the order of the gradient terms, we have directly

0 ___€ 3
p[ Ix)= 372ps(x) ,
(x) E (x) 1 E (x)?
(2)(x)= % | AE,(x) | Larcsinh | £ s VE,(x)]? B , (6.30
P X 77-2 s{X 6 m + 12ps(x) +[ s\X ] 8pS(X) 24ps(x)3 )
as well as
. 3,2 1/3
ps(x)= %[psm—pm(x)] (6.31a)
2/311/2
2 3’IT2 2]
Ej(x)=|m*+ | =—[p,(x)—pNx)] (6.31b)
Taking account the fact that p?!(x) itself is of second order, one obtains
4 3 2/31-—1 3 2 -2/3
[VEs(x)]ZZ% m?+ %ps(x) 1 —g—ps(x) [Vp,(x)]?, (6.32a)
2/31-172 —1/3
2 2 2
AES(x)zfe— m?4 éZ—ps(x) ] 3—7eT~ps(x) Ap,(x)
2/31—-1/2 —4/3
4 3 2 2
_%[m2+ 2T pi(x) 3T (%) [Vp,(x)]
e e e
2/31-3/2 —2/3
4 3 2 2
— T it [P0 ég*ps(x) [Vps(x)12 . (6.32b)

Reinsertion of Eqgs. (6.32a) and (6.32b) into a consistent expansion of (6.31a) and (6.31b) to second order in gradient terms
thus leads to the statements

Ys(x)

E.(x)= e )
(X)=L,(x) @ (0B(x) (6.33a)
7s(x)
ps(X)=a,(x)——5—, (6.33b)
as(x)
where the abbreviations
3 2 1/3
a (x)= -‘Z—ps(x) ) (6.33¢)
Bi(x)=[m2+a(x)]?, (6.33d)
m? 1 . ag(x) 1
ys(x)= . Ap,(x) 6as(x)ﬁs(x)arcsmh + 12a3(x)
t ai(x)+BiHx) ) a,(x) 1 1
—[Vo, ()P | ————— h — 6.33
Ve = B ) e sai(x) | 240 (x)BAx) (6.33¢)

have been used. These results again apply for both the ground state and the vacuum state. Insertion of the functionals
E[ps(x)] and p,[p,(x)] into the expressions for the energy functionals, Egs. (6.19) and (6.29), yields the final form of the
energy density
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1 3 3 . . ag(x)
sR_s(x)-——W a,(x)B5(x)+a;(x)Bs(x)—m “arcsinh
> 1 .| as(x) 1 ps(x)ps(y)

+ Vo, (x)]? + arcsinh + V(X ps(X)+ — [ dp————

24e2[ ps(x)] a(x)B(x)  aX(x)Bix) PtX)t g f |x—y|
2 5 5 5 ag(x) a,(x) g
+ oy 2m%al(x) +al(x)Bi(x)— 6m2a,(x)B,(x)arcsinh +3m* |arcsinh ,
i

once again valid for the ground state and the vacuum
state.

In the nonrelativistic limit the functional goes over into
the standard TFDW functional given in the literature.

E. The calculation of the electronic binding energy

The total binding energy is defined as a difference of
two expressions, Eq. (2.5), such that all infinite Fermi sea
contributions cancel. After renormalization the remain-
ing parts are finite and satisfy a minimum principle:

L(<g |Hg |g)—Ers)=0, (6.35a)
8p,
5 ({v|Hg |v)—Eps)=0 (6.35b)

8p,

(where Egg represents the Fermi sea contributions).

This suggests a straightforward variational procedure
for the determination of the binding energy: Minimize
both E, and E, (under suitable constraints for total
charge, etc.) and subtract them afterwards.

The existence of vacuum contributions to the energy
(and the necessity to evaluate them) thus does not lead to
a definite complication of the density-functional scheme
in comparison to the nonrelativistic case. They constitute,
however, an integral part of a consistent relativistic
density-functional theory not fully covered by a theory on
the basis of the Dirac equation.

VII. FINAL REMARKS

The relativistic density-functional formalism developed
above on the basis of a field theoretical background is the
equivalent of the TFDW formalism in nonrelativistic
physics. In contrast to previous attempts on the basis of
the Dirac equation'? it is free of conceptual problems en-
countered in the former case. It can be considered as a
sequel to first attempts to recognize and to deal with the
renormalization problem and the vacuum contribution.'®
The not insubstantial, numerical work involved in carry-
ing through the scheme indicated in Sec. VIE for atomic
systems, together with an attempt to isolate dominant
terms in the rather lengthy expressions, will be published
separately.

The TFDW model can be viewed as an approximation
to the Hartree-Fock limit, in particular the “retarded” ex-
change energy density ought to be relevant for a Slater-

(6.34)

1
like relativistic Kohn-Sham scheme. We have not ad-
dressed the question of the correlation energy, although
this is, at least in principle and in low order of a, possible.
In addition, the structure of a fully gauge-invariant densi-
ty functional, if an effective four potential rather than its
scalar part is used, and the problem of gradient correc-
tions to the exchange-correlation energy density remain
open questions and will have to be tackled in the future.
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APPENDIX

In this Appendix we collect explicit expressions for the
abbreviations used in Sec. VI A

0°=1,
O'=ia-VE.(x),
0%= —2ip-VE,(x),
0’=—AE(x),
O*=—[VE,(x)T,
0°=2{(p-V)[a-VE,(x)]} ,
0°%=—4{(p-V)[p-VE,(x)]} ,
0’={[a-VE,(x)][p-VE,(x)]} ,
0%=—2[p-VE,(x)]*.

Defining

4

dE ’

one has for ¢; and ¢;:

co=—O(E,(x)—E)8(p°—E),

d=—

1= | S+ 524 |eo
2E 2E
1 1
=c3= d+—d? ,
C2=C3 4E? + 3E Co
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1 1 1 1
Ca= +——d———d?———g>
7 | 8E* T 8E3T T 8E? 6E

Co >

3 3 1
cs= + d+ d?|co ,
T 8E* T 8EY T 8E? 1 °
1 1, 1 .
Ce= d+ co
= 136, “ T3 T g 0
3 3 1
- d d? d3 ey,
c7 aE" + a5} + 4E? ) 0
e |5 5 5,
7 | 16E¢ " 16ES 16E*
5 1
d3+ d4 ,
MPYVoR 1627 |°

Zo=0,
— |1
c1= _4E2 Co >
Cy=C3= —1— c
2 3 8E3 0>
1 1
To= ——d e,
‘= |Teg* T3E3 % |
3 1
Ts= +——d |co ,
7 16t T gE? |7°
1 1
Co= | — ———d|cg,
6 8ES  16E* ]"
_ 3 1,
==t ——ad? ¢,
€7 8ES | 8E° l"
_ 5 1 1 .,
= — —_ d* |co .
*7 | 32E¢  16ES 16E* “’
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