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We present a new technique for evaluating the gradient expansion of the one-particle Green’s
function of a system of noninteracting particles. The method is based on the fundamental
differential equation for the Green’s function and is applicable to relativistic systems as well as to
nonrelativistic ones. Explicitly we derive the gradient expansion of the relativistic Green’s function
of a system of electrons in an arbitrary time-independent external four potential to second order.

The semiclassical expansion of Green’s functions or
density matrices for systems of noninteracting particles is
used extensively for the derivation of explicit ground-
state energy density functionals.!”® In this contribution
we present a method for the evaluation of the gradient
expansion of the one-particle propagator, which is more
easily applied than the standard Kirzhnits formalism.”~°
We demonstrate the technique for a system characterized
by the relativistic Lagrangian (using units with ¢ =1 and
the Feynman convention 4 = A4,7") describing fermions
in an external four-potential,

L=P(x)[iid—m — V(x)](x) , (D

The one-particle Green’s function of a system charac-
terized by this Lagrangian is defined by the differential
equation

[i#3, —m — V(x)]G (x,y)=i8M(x —y) . )
The ansatz

GlO)(x,y)=¢ ATV d’p e ~li/hptx
(27#h)
i 8(p°—E)

Olp,x)=(F+m) -2
& P pl—m?+ie T 2E

oS —Vox)—p°)

o

G(x,p)=3 Gl"lx,y), 3)

n=0

where G!"! denotes the nth order gradient contribution to
G, leads to a recursion relation which allows the repre-
sentation of G["! in terms of the semiclassical limit G[°!.

This quantity is most readily obtained in the standard
local-density approximation. For the case of stationary
systems,

V(x)=V,(x),

to which we restrict further discussion, one calculates the
Green’s function of a homogeneous relativistic electron
gas in a constant four-potential 4, and uses this expres-
sion with the replacement

A,—V,(x).

The result is

Vglolp,x)

(4)

’

where E =(p’+m?)!/2. The threshold energy S distinguishes between occupied and unoccupied states. The vacuum
part and the real electron gas part with energies between m and S — 4, for the homogeneous system and consequently
m and S — ¥V, (x) for the inhomogeneous system in local-density approximation have been separated. This propagator
satisfies Eq. (2) in lowest order,

[i#0, —m — V(x)]1Gl(x,y)

_ A=y w0 dD e e - g ) (0]
= + p— p—
e (277%)4(3 i#io, +p—m zﬁ[aVV(x)]apv g% p,x)
—e AW 0 —impix-y | |ipg —if[3V, (0] =2 gp,x)
(2mh)* * T op,

0__
i ~2ﬂ(p2—m2>ﬁ%fle(s —V9%(x)—p®)

=i PETTINSswx —p)+0 )

In order to derive a recursion relation for G!"! we use the ansatz

—(i/m(x“—y")vvu)g[,,]

GM(x,y)=e (x%,9), (5)
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which does not affect the ordering of the gradient corrections. Inserting this ansatz into Eq. (2) one obtains
—/ANx =y "IV (%) ~ = d
e PTGy yEY (x)]+ %8, —m ) S glMx,y)=i8¥(x —) , 6)
n=0
which is most readily resolved in momentum space. The partial Fourier transformation

4
gl(x,p)= d’p o ~i/mpx —yigln(p x)

7
Q2mh)? @
leads directly to
g["](p,x)zz'ﬁ—(‘[;—tm—i [V, (x)] 9 —3 lgl" Yp,x), n>0. (8)
pi— ap.,
The final resolution of the recursion relation (8) is
gp 0 =(imy | EEM 5y (60122 —5 | | gUp,x) . ©)
p-—m Pp,

We note that the pole structure in g{°!(p,x) and the prefactor (5 +m)/(p?—m?) has to be the same, as the separation of
the states indicated by the alternative form

—PErm)_ | o5 —pox)—
p-—m-+tie

g[ol(p,x)=i 2% , (10)

(p+m) (p+m)
p’—m*—ie (p°+ie)’*—E?

[which is equivalent to Eq. (4) but avoids mathematical ambiguities] is not changed in higher-order gradient terms.
This leads to

gp,x)= it | P gy 2] —a | | 5B
pi—m?+ie ap, pi—m?+ie
g o oy |_(ptm) |.= 8 _s||' _ptm)
+i(i7)"0(S —VUx)—p°) | 5 E—=~— |[dV,(x)]=——3 !
p-—m-—le€ ap, pz—m —i€
. (p+m) = d =~ (p+m)
—i(i#)"O(S —VoUx)—p°) | —LT__ 3V (x)]=— -5 | | —& 11
T NP o riep—g2 BV 5, (p°+ie)P—E? an

An alternative but more cumbersome derivation of this result can be carried out by expanding the Green’s function in
powers of ¥ (x), then in powers of #, and finally resumming the series in the field strength.

On the basis of Eq. (11) one can readily evaluate the low-order gradient terms, as demonstrated by the first- and
second-order terms given below. Using standard Dirac matrix algebra and Lorentz gauge (a discussion of gauge ques-
tions is given in the appendix),

"V, (x)=0,
one finds

— v AR - i

v'p”
-2
(p*—m3+ie)?  (p? —m3+ie)

(p?—m?*+ie)?

g“](p,x)———fz[aﬂVV(x)] (p+m)

+2miO(S — VAx)—p®) | (5+m) mﬁ%ﬁs"m"—Ew%awtm
+ L2550 ) (12)
2p°E
and the more involved expression
g p,x)=%2{ [3,V5(x)][3,V,(x)][iQ**(p)+27O(S — V(x)—p°)R “#¥(p,x)]
+[0,0, V., (x)][iS*#(p) +27O(S — VUx)—p°) T **(p,x)]} (13a)

with
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T (p,x)= (p+m) §""(p°"—E)+

For this propagator one can directly prove gauge invari-
ance (up to the order of the gradient expansion). A dis-
cussion of a manifestly gauge invariant scheme is given in
the appendix. This propagator reduces to the Green’s
function, evaluated with the Kirzhnits formalism in Ref.
6, for the case of a pure electrostatic potential,

V., (x)=(V(x),0) .

With the representation of the electron propagator given
above one can, e.g., readily extend the relativstic
Thomas-Fermi-Dirac-Weizsicker model® to the case of
arbitrary four potentials.!”

Two additional remarks are in order. We have, by bas-
ing the discussion on the form (2), obtained a gradient ex-
pansion of the Green’s function which, in accordance
with the standard practice, does not exhibit the usual
symmetry properties with respect to the coordinates x
and y. It is possible to remedy this situation at least par-
tially. Secondly, one might imagine applying the same
technique to the case of time-dependent potentials, with
the aim of providing a hydrodynamical description of the
noninteracting relativistic many particle system. In fact
the only restriction to stationary systems is due to the ex-
plicit form of g%, The recursion relation is also valid for

& (—=Dk

G (x,p)=exp —-'2 [0 8, V01 =)™

(p2—m?*+ie)?
) pz v+?vg(1
2E[3(p

v ap
8"(p°—E)+ 1—4 gOE 8'(p°—E) .
p

(p*—m*+ie)? (13d

8”( O_E)
2+E 7

(13e)

[

time-dependent potentials. An extension in this direction
is in progress.

The authors acknowledge support by the Deutsche
Forschungsgemeinschaft.

APPENDIX

The recursion relation, Eq. (8), as well as the explicit
results for the Green’s function, Egs. (12) and (13), are
not manifestly gauge invariant. Although one can im-
mediately show that these expressions are in fact invari-
ant it would be more satisfying to have a manifestly
gauge invariant formalism. The corresponding treatment
of the recursion scheme is given below.

Under a general gauge transformation,

V,(x)—V, (x)+3,A(x), (A1)
the propagator of an abelian gauge theory transforms as
G(x,y)__)e~(i/ﬁ)[A(x)—A(y)]G(x’y) . (A2)

This suggests that one separate a different phase from
G (x,p) than the one used in Eq. (5), namely,

(x =) K (x —y)* |g(x,p) . (A3)

The phase factor in Eq. (A3) transforms under the gauge transformation (A1) exactly as the full Green’s function
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——w (—”ka 3, V,(x)x —»)" .. (x —p)*(x —p
exp 2 e .Vk“x]x y)Lo(x—y) f(x —y

exp | =4 S D G 01— (xR (x —p

i S (k+ DS
xexp | £ 3 T8 e A lx - x =)
P ﬁk=1 k1 vttty y . y
_ Q& (=1 o™ k(e o _ i _
=exp Z 2 m[avl...aka#(x)](x y)Looux —yp) Hx —y» |exp fz[A(x} A(y)]

Therefore g must be gauge invariant. Of course the phase chosen contains all orders of #. It thus leads to a reordering

of the gradient corrections to the Green’s function,
o —1 )k

2 k+1 O Pulo]x

G (x,y)=exp

gl"x,p)=g Mx,y)

The gauge invariance of g

g"(p,x) —B———pz_mzr 4k§l—-—(k+1)![av,---avk Fay, (%]

where the gauge invariant field tensor F,, (x) has been
used. If

gl0%p,x)=g%p,x) (A7)

is gauge invariant, all higher orders are also gauge invari-
ant. For stationary problems where g(°l(p,x) is given by
Eq. (10) only a very restricted class of gauge transforma-
tions is permitted, namely,

Alx)=ax+A(x), a =const, AA(x)=

In order to describe the same physical system after the
gauge transformation the integration contour of the
Feynman propagator has to be changed. This corre-
sponds to a shift of the threshold S to S +a in Eq. (10) to-
gether with the gauge transformation

apv ap,,

=) R (x — 3 gl"lix,y) , (A4)

=0

"(x,y) becomes apparent if one evaluates the recursion formula corresponding to Eq. (8),

d

g[" _k](p x)-—zﬁa;\g'[" p x) |, (A6)

V¥(x)— V¥(x)+3"A(x)

=(V%x)+a,V(x)—VA(x)) .
Thus the difference S — ¥°(x) which occurs in g%(p,x)
remains unchanged.

The price of gauge covariance is a recursion formula
which cannot be resolved as simply as Eq. (8). Further-
more, one has

b
dp

3, —2F,,(x) (S —V%x)—p%)=£0 ,

v

which even makes the evaluation of low-order terms
much more difficult.
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