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The lowest-order vacuum-polarization potential, known as Uehling potential, is expanded for a spherical
charge distribution in a convergent form valid for all distances. The accuracy of this expansion is carefully
examined at different distances. The ratios of the vacuum-polarization potentials of orders a(Za), a’*(Za),
a(Za)’, a(Za)®, and a(Za)’ to the Coulomb potential for a point nucleus are also calculated and presented in
figures for r < 3.5%,. Several simple fitting curves are suggested.

INTRODUCTION

Vacuum polarization originates from the process
involving the creation of virtual electron-positron
pairs by the electromagnetic fields. It is one of
the radiative corrections in quantum-electrodyna-
mic theory. Although quantum electrodynamics is
our most complete and best verified theory in
physics, there are still good reasons for further
tests of its validity.'"®

In recent years, the tests have been carried out
in a large variety of experiments at high and low
energies for atoms and individual particles; in
some cases, highly accurate calculations of vacu-
um-polarization potential over large distances
are necessary. The lowest-order vacuum-polar-
ization potential, known as the Uehling potential,

has been expanded in several forms.””'* One finds,

however, that all those expansions are inaccurate
for distances greater than 500 fm, where the
Uehling potential still has a non-negligible con-
tribution, about 24 ppm of the Coulomb potential.

In this paper the Uehling potential is expanded in
a convergent form valid for all distances. The
ratios of the vacuum-polarization potentials of
orders a(Za), a®(Za), alZa)®, a(Za)®, and

a(Za)" to the Coulomb potential for a point nucleus
are also calculated for » 3.5 X, (1351.6 fm),
where the Uehling potential falls less than 0.1 ppm
of the Coulomb potential.

Note added. After submitting this article for
publication, we learned of a recent calculation by
Fullerton and Rinker,?? who present rational-ap-
proximations for the vaccum-polarization poten-
tials of the orders a(Za) and o*(Za).

UEHLING POTENTIAL

The renormalized leading term of the vacuum-
polarization potential is'?

» 20%(1 - 50?)
Al @ = _q L dva @, (1)
14

where A, and Ajf are the uth components of the
four- vector potentlals, and { is the three-vector
momentum. Here, relativistic units, zZ=m=c =1,
are used. The electric part, which modifies the
Coulomb potential, has been referred to as the
Uehling potential.’®* For a charge distribution
p(1), the Uehling potential can more conveniently
be given in positional space as

V) =-2a [ ar FE] [M a0 HL=s)

2T - r’l
X exp (—l—vz—)ﬁ

)

For a spherical charge distribution, (2) can be
reduced to the familiar form®

202 *
Vu(r)=—3% fo ar' p(r'yr’

X[X2(2|1' __/’-Il) ‘Xz(zlr +7”l)],
3)

where y,(27) is defined as

X, (2r) = f dt ( 2t2><1-1)1/2e'2". (4)

The integral x,(2) may be reduced to the form®
X2(27) = ,(27)E [(2r) +g,(27)e~?", (5)

where f,(2r) and g,(2r) are entire functions of 7,
and E (27) is the exponential integral defined as

0 e—zrt
E1(2r)=f ati—.
1

We expand f,(2r) and g,(2r) in power series,

fa2r) = Z C,on(2r) %, (6)
&,(2r) = .ZODM(%’)"- M

The convergence of these power series and the

1311

Copyright © 1976 by The American Physical Society.



1312 K.-N. HUANG 14

calculation of their coefficients are presented in
the Appendix. The first few coefficients are as
follows:

Cup=-1, Dy, =55,

C,, =0, D, =T —-1n2 -1,

Ca22 =735 Dy ==& —1n2 +§,

Cos =90 > Dyy == & —31n2 +33,
Cai = s1o0000> Dy == 7o — 3 In2 +33,
Cs = msr3srao0s D5 =~ 55T — o0 In2 + iy

623

= = 7 1
Cos =mormrmrm  Das =~ ™ ~ mr 102 +oi1,

- 1 - 523 1 170 195
Cor = mrormrereooe D2 =™ = mios +5om N2 + e

where C,y, C,,, C,,, and Dy, D,y ..., D,, had been
obtained by McKee® in a different fashion, follow-
ing Glauber et al.” For large k, it is more con-
venient to use the following recurrence relation
and rapidly convergent series:

(k-1)(2k - 5) ~by
™ — = —— 8
Con 4R (2R +1) (b - 2)CZ-<’*-1> (Re+1)!’ ®)
TABLE I. Numerical analysis of the expansions of fy(7)
and go(7).

B (21 - )1
D, =(-1)* Z;an 9)

where b; has the recurrence relation

121 -3
b‘+l:ﬁb'; bo:]-: b1=0, bz"‘%- (10)

To compute f,(2) to an accuracy of 1 ppm, the
expansion (6) terminated with C,, is adequate for

7 <0.0669%, (Compton wavelength of electron %,
=386.15905 fm = a.u.), and the expansion termin-
ated with C,, is adequate for » <0.293x,, etc. We
present these in Table I. Expansion (7) for g,(2r)
is also analyzed in the same way in Table 1.

The term g,(27)e™*" dominates the term f,(2v)E (2r)
throughout the region #» <0.1%,, and both have about
the same order of magnitude in the outer region.
Note that in (3) we seem to have the subtraction of
two almost equal quantities whenever » or 7’ is
small. This difficulty, however, only exists in an
analytical sense since x,(2r) is a fast-varying
function. In practice, even at a fairly small dis-
tance » =0.1 fm from the center of a charge dis-

TABLE Il. Numerical analysis of the expansions of
f1(7) and g(7).

Applicable radius (%,)

Expansion with the accuracy of:

terminated with: 1 ppm 0.1 ppm
Cyy 0.0669 0.0376
Cyy 0.293 0.199
Cyy 0.614 0.460
Cyy 0.982 0.780
Cyg 1.37 1.13
Cog 1.77 1.50
Cyy 2.18 1.89
Cyy 2.58 2.27
Cyy 2.99 2.67
Cauto 3.40 3.06
Cy, 14 3.80 3.46
Copo 4.21 3.85
Dy, 0.0000186 0.000 001 86
Dy, 0.005 59 0.001 77
D,, 0.0322 0.0149
Doy 0.064 6 0.036 3
Dy 0.254 0.160
Dys 0.286 0.195
Dy 0.603 0.452
Dy 0.969 0.769
Dy 1, 1.36 1.12
Dy, 1.76 1.49
Dy, g5 2.16 1.87
Dy 2.57 2.26
Dy, 1 2.97 2.65
Dy, 5 3.38 3.04
Dy, o5 3.78 3.44

Dy o 4.19 3.83

Applicable radius (X,)

Expansion with the accuracy of:
terminated with: 10 ppm 1 ppm
Ch 0.0795 0.044 7
Ciy 0.311 0.212
Cis 0.622 0.466
Cis 0.972 0.772
Cys 1.34 1.11
Cie 1.72 1.46
Cyr 2.11 1.82
Cis 2.49 2.20
Ciy 2.88 2.57
Ci,10 3.27 2.95
Ciu 3.66 3.33
Ci 4.05 3.71
Dy, 0.0000185 0.000 001 85
Dy 0.004 54 0.001 44
Dy, 0.0222 0.0103
Dy 0.147 0.0828
Dy, 0.190 0.120
Dy; 0.478 0.326
Dyg 0.484 0.348
Dy 0.841 0.651
Dy, 10 1.23 0.995
Dy, 1.63 1.36
Dy.1y 2.03 1.74
Dy,16 2.44 2.13
Dy,15 2.85 2.52
D5 3.26 2.92
Dy,5 3.66 3.32
Dy, o 4.07 3.71
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tribution, we will not lose more than two signif-
icant digits. For small ', this seeming difficulty
is further reduced by the weighting factor »’ and
does not constitute a problem at all. Nevertheless,
when a great accuracy for the Uehling potential is
desired, it is important to include enough terms
of x,(27); a test run is a simple and effective way
to find out.

In the limiting case ¥ =0, the Uehling potential
has the form

Va0 =-3a” [ ol @), (11)

where x,(27) was defined in (4) and has an expres-
sion of the form’
X.(27)=f,(2r)E (2r) +g,(2r)e™?". (12)

Here, the entire functions f,(2») and g,(27) may be
written as the convergent power series

F.0r) = kf:cl,.(zm”, (13)
=0

(2r) = Zw: D, 1 (2r)F. (14)
k=0

The first few coefficients are as follows:

C,=1, D,,=In2 -2,

C,, =0, D, =37 +1n2 - &
Ci=~- % D, =3m+31n2 -,
Ci3=- =50 D,;=5%7 +#1n2 - 3%,

— 5 199
D, =57 +mz In2 - 5,

_J

—(Za/7) (/2R +5[X4(2R +27) =X (2R ~27)] +3R[X4(2R +27)
—(ZO[/V)((I/ZTTR:;){%[X‘;(ZR +2r) —x4(2¥ - 2R)] +%R[X3(2R +27) +x3(2r - ZR)]}; Y¥>R,

V)= }

where x,(27) and x,(2r) were defined in (4).
general, y,(27) may be expanded for any integer n
as

o

a(2r) =E,(2r) 2

2k=max[0,(1-n)]

cnk(zr)z’“."_l

©

+e"37 Z

k=min [0,(n-1)]

D (27)". (19)

The expansion coefficients C,, and D,, may easily
be obtained from the recurrence relations

Cins1ye == Cpp/ (n +2k), (20)
D(n+ 1Xk+1) :[1/(k + 1)][D(n+ 1)k —an +C(n+ D+ 1-n)/2]] 3
(21)

with the exceptions D, y_1)=~1Dg. y, ", forn<0, and
D,,.,=C,,- HereCg, DG+ 1-n)/2] =0 if 3(k+1-n) is
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— 1 —_
Cis=-ormmo,  Dis=1oe™ — w102 — 755,

Cp=- 1 , Dy = 207 — wiy In2 — 123537,

where C o, C,,, C,, and Dy, D,,, ..., D, had been
obtained by Glauber et al.” in a different fashion.

For large %k, the recurrence relation and rapidly
convergent series are useful:

 (k=1)2k-5) b
Cir® @R - D= 2)Cl-<k-1) T (15)
--1* iﬂ @2 - zz)v Ly, (16)

At different distances, the numbers of terms to be
included in the expansions (13) and (14) to achieve
certain accuracies are summarized in Table II.

UEHLING POTENTIAL OF A HOMOGENEOUS
CHARGE SPHERE

As a special case, consider a homogeneous
charge sphere of radius R,

3Z/1R®, v <R,
pr) =

(0, *>R.

The Uehling potential of this charge distribution is

_ Zo «
Vu) =~ v 2mR®
R
x [ rtar @y v -xa@lr Dl
V]

(17)

By carrying out the »’ integration, we find

-Xs(2R -27)]}, ¥ <R,
(18)

—
not a non-negative integer or ks —2. In addition,
we need

3n+1) (n-3)!1
82(n+2) wn 0 modd,
D, = (22)
3n+l) m-=-3)!' 7
? 2m+2) wnl 2 TEem

where we define (0)!! =1. The recurrence relations
(20) and (21) may be reversed to calculate the coef-
ficients of x,(2r) for n <0, which appears in a
Taylor-series expansion of (3).%2

VACUUM-POLARIZATION POTENTIAL

OF A POINT NUCLEUS

The vacuum-polarization potential of a point
nucleus may be expanded in powers of ¢ and Za.
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The first few orders are listed below.

1. Order a(Za). For a point nucleus with
charge Ze, the Uehling potential (3) may be fur-
ther reduced to

Vu('}") == (Za /T)Ru (T)y (23)
where
R, (r)= (%a/”))ﬁ(zr)- (24)

It is obvious that x,(27) has a logarithmic di-
vergence as ¥ —~0. Its asymptotic behavior may
be obtained with the substitution y =27(¢{-1),

J

HUANG 14

%@~ g | dvey1s0y/am),
as ¥ —x
=[e™? /(2ry¥/2) (E Y[ 1+0(1/27)], (25)

2. Ovder a®(Za). This order has been derived
by Killén and Sabry.'* Using their results, Blom-
qvist'® obtained

V21(7)=— (Za/r)sz(r), (26)

where

2 (o
R, (r)=- QF I at e'z"<(§t‘2+ Tt RO (P = D)V (= Rt 2t 2T 2 ) Inft+ (£2 - 1))

+(Et 22T = 1) 2 In[ 8t (L2 = 1)+ (=3¢ H+E 2 ) f dxf(x)), (27

32 -1

f(x)= m In[ x + (8% = 1)¥/2] - m In[ 8x(x% - 1)].

The expansion for small » was given as

a?Za

1

4 13 1
V,,(r)= = <—37-;(1m’+y)2-w(lm’+y)—[§(3)+Eqnz+-g%];+%3n2+%nln2—%g—%n+§—'r(lm’+y)

65 14

5
Rr+(mr - 2nr: - 573 (nr +y)?

+ Zr3(lnr +9) + (3£(3) - z%ﬁnz—-g*;—?,j)r3+0(r“)>. (28)

The asymptotic behavior of R, () may also be obtained with the substitution y =27(¢ - 1),

a\? e~2r (% _ 1/2
&) 5 el () o

1/2+2 Jm f(x)dx], as v -

1+y/2r

S s [ rwae(2) m(2)so(2)", as -

1ty/2r

Hence we have

R21(r)~<%>2 %—72 [2 [mf(x)dx+0<2—lr>l/2], as 7=,

(29)

3. Owvders a(Za)®, a(Za)®, and a(Za)'. These represent the major effect of the distortion of the elec-
tron and positron wave functions in a strong Coulomb field. The leading order has been given previously

ale.lS.lG

V13(r) == (Za /7’)R13(7’), (30)
where
2 © t
Ry == 2L [T e Lol g - aprae-n)s [ avie -2, (1)

2

1-x 1+x 2 - x2

f(x) == 2x(x?) — x In?(1 — x2) + 1-« In(1 - %%) In ii);‘f o U 1ox Tx(I-0o

x?

3 - 242 In 1+x
142 1-x

+ -3x, for x <1,

In(1 — x2)
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f@==

L 3)- SR

In?

—(Zx—l)ln(l— =z

2x x-1 x2 =1

+31Inx -3, for x>1,
_ Fooon(l-x) Xt
Y(x) = _[ dx-—-———x, = 2 -1sxs1,

fo, x<0

5951 x>0

The expansion for small » was given as'®

Vi) =[a(Za) /[ -

1 lnx+-1 3x%+1 x+1
x-1'" 4ax % -1

2 —
- 3 +1 lnxlnx+1 +<5 —M> ln( -

1 x+1
2(1 _ 2 2
[ln <1 x2> In’ _1]
—21nx1n<1— 1—2>
x

>+<3x2+2_3x2—2 1 x+1
x2 x ¥-1) %=1

2E@) + 5 =3 (L/r) +21E(3) =51 + [ - 62(3) + T+ L]y

+—91r72(1nr+y)+[ 1E(3)+57In2 = 37172+ 55 (Inr +y)2r®

+(gm - 2)(Inr +y)3 +(£2(3) - 272 + 237 + 0 Inv)} . (32)

The asymptotic behavior of R ,(») may be obtained
by expanding the integrand of (31) in powers of £,

a(Za) 16 [~ I |
R,(r)~- (ﬂ ) ﬁ! dt e -5 [£7+0(¢*)],
as ¥ =~
a(Za) 32 1

™ 225(27)4[l+0(1)]’ (33)

Higher-order corrections @(Za)® and a(Za)’,
considered by Wichmann and Kroll,' can be
written

Vis(r) ==(Z a/7)R4(7), (34)
Vi, (") ==(Z a/7)R,,(r), (35)
and the leading terms are
R, (") =-[a(za)/m][5¢6)-F @)+ 5£@B)
-382@)]+ o), (36)
Ry, () ==[a(za)/1)[-5¢() + 53 £(6) - 57 L(5)
-5£@)@) - 3823+ 00).
(37

The corresponding vacuum-polarization potentials
may be estimated!® by scaling in the same ratios
as the 1/7 contribution to the full contribution with
the a(Za)® potential.

RESULTS AND DISCUSSIONS

We use the expansions (24), (28), and (32) to
obtain the ratios of the vacuum-polarization po-
tentials to the Coulomb potential for 7 <3.5%,,
where the Uehling potential falls less than 0.1 ppm
of the Coulomb potential. By evaluating numerical-

ly the integrals (27) and (31), Vogel'? calculated
the corresponding potentials with better than 0.1%
accuracy for 0.105x,<#<1.0x,, All these results
are presented in Figs. 1 and 2. In the regions
considered, the exponential behavior is very
prominent for R, (*), R,,(r), and R,,(¥). We find
that conics can fit the calculated curves very
nicely in a semilogarithmic plane. For example,
by using for V;, (r) the five points

R, (0.01)=4.983273%10"3
R, (0.1)=1.724463%10"2,
R,,(0.5)=2.755 383x107¢,
R, (1.0)=5.564 347x1075
R,,(2.0)=3.724597x107¢

we obtain the fitting curve
R}, (r)=5.853199x10"3
X exp[-0.405 603 97
- (3.315 71572 +14.872 737
-0.1244584)2] (38)

which deviates from the exact curve by less than
1% in most regions within 0.01%, <7 <3.5X,. The
largest deviation is only about 3%. This kind of
fitting curve could conveniently be used to give a
good offhand estimation of the vacuum-polariza-
tion potential. The rational approximations re-
cently made available by Fullerton and Rinker?? is
more accurate than the fitting curve (38) and may
be used in actual computations. Similarly, for
Vo1 (), the five points
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R, (0.01)=4.245367x107%,
R,,(0.05)=1.866034x107%,
R, (0.1)=1.198 744x107%,
R, (0.5)=2.2925%107¢,
R, (1.0)=5.7730x10""
give the curve

R!, (r)=6.247314%107%

X exp[6.889 8297

- (85.078 1172 +49.171 607
-0.292 9971)2] (39)

which has about 1% accuracy in the region 0.01x,
<7<0.03x, and about 0.1% accuracy in the region
0.03x,<7<1.,0%x,, For V,,(r), the five points

R,,(0.01)=-1.483025x107%(Z a)?,
R,,(0.1)=-1.153944x107*(Z 2P,

I N
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r(xe)

FIG. 1. Ratios of the vacuum-polarization potentials
of orders @(Za) and a*(Za) to the Coulomb potential for
a point charge Ze. The solid lines are obtained by using
the expansions (24) and (28). The dash-dotted line rep-
resents Vogel’s numerical-integration result. The
dashed line represents the fitting curve (39), which is
indistinguishable from the more accurate curves in the
region 0.01%, =7 =1.0X,. The fitting curve (38) is also
indistinguishable from the solid curve R,;.

R,,(0.3)=-7.0274X10"5(Z a)?,
R,,(0.6)=-3.6246X10"%(Za)?,
R,,(1.0)=-1.6109%x10"%(Z a)?
determine the curve
RI,(¥) = =(Z 2)?8.400 763X 10™*
x exp[0.372 80797
~ (4.416 79872 +11.399117
+2.906 096)"2] , (40)

which has an accuracy of about 0.1% in the region
0.01x,<7<1.0%,. Because of the simple forms
and good accuracies, the fitting curves (39) and
(40), or others of that kind, could be used along
with the expansions (28) and (32) instead of the
cumbersome integrals (27) and (31). These fitting
curves may be used to generate the extrapolated
potentials for »>1.0x,, which have not been calcu-
lated before. Because of the smallness of the po-

-103
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1073 =
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= ]
o | ]

-10°8f E

r ]

i \4
l°_74_ll41....I.A..l...AJ.L_‘.t...l..;.

00 05 1.0 5 20 25 30 35

r(xe)

FIG. 2. Ratios of the vacuum-polarization potentials
of orders a(Za)®, a(Za)’, and a(Za) to the Coulomb
potential for a point charge Ze. The solid line R13/(ZOZ)2
is obtained by using the expansion (32). The dash-dotted
line represents Vogel’s numerical-integration result.
The dashed line represents the fitting curve (40), which
is indistinguishable from the more accurate curves in
the region 0.01x, =»=1,0%,. The solid lines R;;/(Za)*
and R,;/(Za)® are obtained by scaling.
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tentials in this region, these extrapolations, though
having nothing to do with the actual potentials,
would not introduce very large errors. The mini-
max rational approximations with the right asymp-
totic forms, for example,

a;r
R}, (r)=e"?" é}— , for r>0.5%,, (41)

-
br'

and
R;3(7)='ﬁ“2’—_‘ ’ (42)

would probably give good fits and generate better
extrapolated potentials. Nevertheless, it would
require many more parameters to attain the same
accuracies as those of the fitting curves (39) and
(40). All the fitting curves are also presented in
Figs. 1 and 2.

As long as Za <1, it is reasonable to assume
that the expansion of the vacuum-polarization po-
tential in powers of o and Za is valid, and that
the finite-nuclear-size effect is not important for
the orders a?(Za) and a(Za)" with =3, Hence
the expansions (3), (26), (30), (34), and (35) will
give a rather accurate account of the vacuum-
polarization potential. For high-Z nuclei, how-
ever, one is compelled to consider contributions
from all orders of a(Za)" and render a careful
calculation of the finite-size effect.!®”2
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APPENDIX: SERIES EXPANSION OF X2(z)

Define

@ 1 1 1 \2
xn(z)zf dt—t—"(l+§{><1_ 't—2> e %t (A1)
1

We will consider only x,(z) here; the results for
the general case X,(z) follow similarly. We ex-
pand X,(z) in terms of exponential integrals,

E,,(z)=f dtt=ne (A2)
1
and get
XZ(Z)':ZbkEzki-z(z)y (A3)
k=90

where b, were given in (10). By using the formula

E,(z)=(-1) (n 1). E,(z)
+e":20(—1)' —("(;fl‘)f)! 2!, (a4)

we obtain the expansion (5) for x,(z) and its coeffi-
cients C, , and D, ,, presented in (8) and (9), re-
spectively.

The sequence {CZ,,,} decreases rapidly and the
power series (6) for f,(z) converges for all z,
which can be proved, say, by the ratio test. The
convergence of the series (9) for D, , can be es-
tablished by Gauss’s test. Furthermore, we can
see that the sequence {D, ,} starting from k=1
is alternating and monotonically decreasing. Con-
sequently, for z <1, the power series (7) for g,(z)
converges by Leibniz’s rule, and the error in-
troduced by a truncated series of g,(z) is less
than the absolute value of the first neglected term.
Also, we note that the near equality in magnitude
of successive coefficients (i.e., D, ., =D, op+1)
will not lead to numerical unstability, since D, ,,
and D, ,,., decrease very rapidly with increasing
k. For z>1, we can always find a sufficiently
large K such that

D, 2m > 1D, ms1(2) [2|Dy oo 4(2)* ] (A5)

whenever 2m =K; this may be proved by comparing
the general terms in the summation expressions
for D, ,'s. Hence after the Kth term, we can re-
arrange the series g,(z) as

(T +T2m+2)+(sz+1 + 2m+3)+( m+4+ 2m+s)+ )
(A6)

where T,=D, ,(z)*. As a result, the new sequence

{(sz +T2m+2); ( om+1 t m+3) (T:gm+4 +Tgm+g), .o -}'
(A7)

is alternating and monotonically decreasing.
Therefore g,(z) also converges for z>1, and a
truncated series after the Kth term will introduce
an error less than the absolute value of the first
neglected term (7} +7T;.,). This completes the
proof of the convergencies of f,(z) and g,(z).

The summation of the series (9), i.e.,

@l=k)!
D= l)k:;,, [IFSVIe

= b
=V L Grnen- ek 0 48

for small k, may be carried out first by decom-
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posing 1/(21 +1)(21)-++ (21— %k +1) into partial frac-
tions. Then each summation involving a partial
fraction may be calculated after expressing it
as an integral of elementary functions; for ex-
ample,

HUANG 14

> 2, - 2m[ 1 1 \2
1=Zm:+1 21-2m—1"£ dzz 1+?><1_?>
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