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A rigorous method is described for treating the problem of the hydrogen-like atom in quantum electro-
dynamics by the separation of integrals into parts which can be evaluated with relativistic and nonrela-
tivistic approximations. The method is based on that developed by Baranger, Bethe, and Feynman for the
second-order problem, and is applied here to the problem of the fourth-order radiative energy level displace-
ment. It is shown that the result inferred by Weneser, Bersohn, and Kroll from the study of fourth-order
radiative corrections to elastic scattering by a given external potential is correct to order a2(az)*mc? for a
hydrogenic atom. It is also shown that the aZ corrections to this result can be obtained using this method,
just as was done in the second-order problem by Baranger, Bethe, and Feynman.

INTRODUCTION

HE possible significance of fourth-order radiative
corrections in the interpretation of the experi-
mental results of Lamb,! etc., on the 25;—2P; separa-
tion in hydrogen has been discussed by Weneser,
Bersohn and Kroll.? Their procedure for determining
the effect consisted of evaluating the radiative correc-
tions to the elastic scattering (in Born approximation)
by a given external potential, inferring a modified
potential from the result, and using the modified
potential to compute the energy level displacement.
While this procedure is certainly a plausible one, it
would appear to be more satisfactory to deduce their
result from a systematic treatment of an exact ex-
pression for the fourth-order self-energy. Such a pro-
cedure has the additional advantage that one then sees
clearly how to obtain the aZ correction to their result.
Lows3 has discussed the problem of defining this energy
level displacement in terms of the experimental methods
which might be used in its determination, with par-
ticular reference to the line shape problem. He finds
that up to, but not including, terms of order o?(aZ)%mc?
for a hydrogen atom, the level shift so determined cor-
responds precisely to that which would be obtained by
the application of standard steady-state perturbation
theory or by the application of perturbation theory to
the modified Dirac equation proposed by Schwinger.*
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Fic. 1. Second-order contributions to the self-energy, with the
appropriate contributions to mass and charge renormalization
explicitly displayed. The solid lines represent the propagation
function for the electron in the external field, and the dashed lines,
the photon propagation function.
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Thus, up to the fourth order, one finds
. AEaz AEa(2)+AEa(4)+ Tty (1)
where
AE,®=Re {iH..” (E,)},
AE,®=Re { 1H @ (Ey)— Hoo® (E,)
d
X [——Hm ® (E)]
oE E=E,
Han(2) (Ea)Hna(z) (Ea)
n¥a En_ Ea ’
Hon®(B) = = Qe [ 22 (03015 )
X on(p) ([@dp)2.  (2)

In the aforementioned expressions, AE,® and AE,®
refer, respectively, to the second- and fourth-order parts
of the level shift for the ath state, E, refers to the un-
shifted level of the nth state, while ¢,(p) is the corre-
sponding steady state solution of the Dirac equation in
the given external field.5 The functions Z® (ps,py; E),
which we shall also write simply as Z® (pq,p1) with
poo=p10=po=E/ (%ic), are for convenience taken to in-
clude both what one might call mass operator and
vacuum polarization contributions to the self-energy.
Accordingly, we write,

Z® (po,pr) =MD +P®, [ ps0=p10=po],

with
MO=—3i(2nYa [, Sut(pa, pr= B Dr (B)dik
—8k®83(pa—p1), (3)
P®=3i(2m)%aDr(p2— p){ Tr[vuSre (pa—k, pr—k) Jdik
—[2/(iec) JA® ju=t(pa—p1)}.

5 The “momenta” p, ¢, and % in this paper, like the “mass”
k=m¢/h, have the dimensions of inverse length. The momentum
space wave functions ¢,(p) have the normalization /| ¢ (p)|%dp
= (2r)7%. If @ and b are two four-vectors, we take the convention

a-b=auby,=a1b1+asbe+-asbs+aibs=a-b—aobo. Heaviside units are
used.
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Furthermore,
Dp(k)=—2i(2m)~ %2 4)
is the Feynman Green’s function for the electromag-

netic field, while the Feynman Green’s function for the
Dirac equation, with the specified external potential is

©n(D2) B4 (p1)

Spe( ) ihcz
ripnp)= (1—i€)En—ficpo

T =

©®)

The appropriate mass and charge renormalizations are
subtracted out explicitly. The corresponding Feynman
diagrams appear in Fig. 1.

Similarly we write

Si(po,pr) =M1 O+MO4 (M P)1+ (MP)o+ PO+ P®,
with
M ®©=—2iQ2r)[;(2r)%]

XwaFe(Pz—kz, Pa—ka)vs

XS5 (pa— bk, ps—k1—Es)vs
XSre(ps— k1, pr—k1)v,Dr (k1)
X Dy (ks) (dak)*dpadps,
MaO=3@nYa [,Se (=, p1= )

(6)
XM ® (ps—k, ps—k)Sr*(ps—k, pr—k)vu

X Dp(k)dskdpsdps,
(UP)s==8i2r)a [1uS5#(pr—bo, pi=bily,
X[Dpe® (ka,k1) Jus (dak)?,
LD ® (koyker) Juw=—% (2m)°aDr (ko) Dr (k1)

X f Tr [y, S5* (pasp)vsSe (ps— s, pu—es) 1(dap)?
—_ C(2)DF (k1)54 (kz* k1)5“,,.

We will have no occasion to discuss the remaining terms
explicitly and so we content ourselves with illustrating
them, as well as the above defined terms, by means of
the Feynman diagrams appearing in Fig. 2. These
expressions contain fourth-order mass and charge renor-
malization terms which will be recognized and ignored
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Fic. 2. Fourth-order contributions to the self-energy. Mass and
charge renormalization contributions are not explicitly displayed.
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i 1
F16. 3. Improper self-energy diagrams, corresponding to
the second and third terms in AE® [Eq. (2)].

at a later stage. The improper self-energy diagrams
illustrated in Fig. 3 correspond crudely to the second and
third terms in the expression for AE®,

Our task now consists of the separation of AE® into
four kinds of terms: (1) A set which is recognizable as
mass and charge renormalization. (2) A set which cor-
responds precisely to the set of terms evaluated by
WBK, and which gives rise to an energy level displace-
ment of the S state of order o?(aZ)% (3) A set which is
of the same order of magnitude as the WBK terms,
which must be separately discussed, and will ultimately
be shown to vanish. (4) The remainder, consisting of
terms individually at least of order «Z smaller than the
WBK terms.

In the following sections our attention will be devoted
chiefly to effecting the previously described separation
and to the demonstration that terms in class (3) above
do in fact add up to zero. The number of terms which
must be put in class (4) is very large and we shall in
general assign terms to this class without proof. There
are, however, important guiding principles which should
be kept in mind. We note that the Fourier transform of
the Coulomb potential is given by

1e aZ
—4,4(q)=

St
e 2riq?

It generally appears multiplied by a three-dimensional
volume element in g-space. Thus the appearance of an
extra factor e, in an expression will as a rule reduce
the value by a factor aZ or (aZ)? accordingly as the
significant values of q are of order unity or eZ. Further-
more, the momenta p associated with a bound state
may usually be taken as being of order «Z. The binding
energy, k— po, is of order (aZ)% One of these factors
will always be involved when approximations ‘“valid to
order o?(aZ)*”’ are made or when terms are consigned
to class (4). The problem at hand would be trivial if
there were not important exceptions to the criteria
given above, and it is these exceptions which will require
our attention.

First of all, it can be readily shown that the terms
(MP)s, Py®, and >, HouH no(E,— E,)™! belong in
class (4), that is, they do not contribute to the order
in which we are interested, nor did any scattering cor-
rections which one might associate with these terms
occur in the WBK calculation. The contribution of
P1® has been computed by Baranger, Dyson, and
Salpeter,® and will not be discussed here. We therefore
confine our attention to the terms M1¥, M®, (M P);,

6 Baranger, Dyson, and Salpeter, Phys. Rev. 88, 680 (1952).
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and H®JH®/JE. The terms of the WBK calculation
(which will hereafter be referred to as the scattering
approximation) to be associated with each of these
terms can be readily guessed and will appear explicitly
later. These are illustrated in Fig. 4. It is worth noting
that in the case of (M P);, the scattering approximation
yields a result which is finite in the infrared. This is
not the case for the remaining terms; one gets a finite
result only when the contributions from the three
terms are added. Associated with this situation is the
fact that the scattering approximation is valid for
(MP),, considered separately. This fact makes the
treatment of (MP); essentially trivial, and we shall
therefore discuss it first. On the other hand the scatter-
ing approximation is not valid for the other terms con-
sidered separately; one finds, indeed, a*(aZ)* terms
with infrared divergent coefficients. The fact that the
infrared difficulties disappear in the scattering approxi-
mation after adding the terms together implies that the
same will happen to the corrections, but does not
obviously imply that the corrections add up to zero.
In order to demonstrate that they do we have found it
necessary to compute these corrections explicitly.

VALIDITY OF THE SCATTERING APPROXIMATION
FOR THE TERM (MP),

The most straightforward way of separating the scat-
tering approximation from the expressions we have
written down is simply to replace Sz*(ps,p1) by

SFe(P%Pl)
=Sr(p2)ds(pa— p1) — 51 (2m)*[de/ (hic) 1Sk (p2)
Xy - A°(p2—p1)Sr(pr)—1 2m)*Lie/ (he) Sr(p2)

X[f’Y'Ae(qz)SFe(Pz— g2, pr+q1)

><7-Ae<qo(dq>2]sF<p1>, )
[91o= Q20=0],

obtained by iterating the integral equations satisfied
by Sr*(pa,p1) :

Sr*(p2,p1)
=Sr(p2)d5(pa— 1) — 31 (2m)*ie/ (fic) ]

XSr(2) f v+ A(Q)Sr*(pa—q, p1)d4
®)
— Sp(p)3a(pe—pr) — ¥i(2m)Lie/ (he) ]
X [fSFe (p2, p1+ Q- Ae(‘l)dQ]SF (pv),

where
2% iy p—«k

Sr(p)=— .
? 2m)t P2

9)
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Fic. 4. Contributions to the scattering approximation calculated
by WBK. The crosses represent interactions with the external
Coulomb field.

Rather than consider the consequences of such a
substitution in full detail we shall simply assert that
the Sr® functions appearing in the closed loop can be
replaced by free-particle propagators. The expression
for (M P), can then be written?

(U P)= =30 [ ,Sst (s, 1=
X’Y#DF'(Z) (k)d4k,

with

_ 1, 1 1}2(1 —_ l_v2

Dr® (B)=— f do 0
@2r)tdy e+IRR(1—?)

Furthermore,

(MP)i=—Yi(2n “az{wSp (poe koD ® (R)dak

X85(p2—p1)— $i(2m)*[de/ (ic) ]

Xf'YuSF(PZ""k)'Y'Ae(M— p1) (10)

X Sr(p1—k)v,.Dr® (k)dk
—1@n)Lie/ )T 1,5+ (= Kyy-A*(a2)
XSpt(pa— o=k, pr+q1— 7%)7 -A(qu)

X Sp(p1—k)v.Dr® (k)dsk(dq)? ] .

It is clear that (MP); bears a close resemblance to
M® | the only difference being the replacement of the
Dy function by the Dz® function. This difference is in
fact very significant, as Dz®(0) is finite. As a conse-
quence, the infrared difficulties associated with the
evaluation of M® do not manifest themselves here. To
order a?(aZ)%, one can, in fact, simply replace the Sp°
appearing in the third term by the free-particle prop-
gation function. Using familiar manipulations (see, for
example, Kroll and Pollock?®) one can extract from

((MP))y= (2x)° f ¢a(0) (M P)1a(p)dpadps,

to order o2(aZ)4, four kinds of terms. The first term of

7R. Karplus and N. M. Kroll, Phys. Rev. 77, 536 (1950), Eq.
8§ N. M. Kroll and F. Pollock, Phys. Rev. 86, 876 (1952).
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(10) yields expressions of the form

(1) f 2(0) e(p)d,
@) [ie/(he)] f 5(02)v- A*(pa—p2) 0(p:)dprdps,

@) [ie/ (o) T f (0 A*(pe—ps)
Xv-A4°(ps— p1) ¢ (p1)dp:1dpodps.

The second term of (10) yields terms like (2) and (3),
plus a term proportional to:

@ Cie/39] [ 20 (22—
Xy A°(p2—p1) ¢(p1)dpadps.

This last term, when one notes the form of the second
term in (M P), [Eq. (10)], is easily seen to be identical
with the contribution of diagram g, Fig. 4, to the scat-
tering approximation. The third term of (10) yields a
term like (3). Terms (1) and (2) are obviously mass
and charge terms, to be dropped by renormalization.
The term (3) corresponds simply to the expectation
value of the square of the potential. We now make
use of the fact that ((MP)), which we may write as

—3i(2n)%a f B(02)7uS (oo, pr— o)
X’szﬁ(pl) [:DFP' @ (k2,k1) ]pvd4k1d4k2,

is a guage invariant quantity, so that the sums of the
coefficients of the charge renormalization (y-A4¢) and
potential squared [ (y-A49?] terms must vanish. Con-
sequently, only the (p:— p1)%y-A4° term remains and the
scattering approximation is seen to be valid for (M P),.

In view of the fact that the (y-A4¢)? term is not re-
movable by charge renormalization and is of the same
order of magnitude as the main level shift term
[ (p2—p1)>y-A°], previous writers have, in dealing with
the second-order level shift, always computed the coef-
ficient to verify explicitly that it vanishes. The full
evaluation of the (y-49? term for the fourth-order
level shift would, however, be a task of magnitude com-
parable to that of evaluating the (p.— pi)?y-4°¢ term.
We shall therefore depend completely upon the kind of
gauge invariance argument given above. Thus the
identification of a?(aZ)* contributions which can be
attributed to (y-4°)? terms will be an essential part of
our task, but a term so identified will be subsequently
ignored.

CONTRIBUTION OF M,®

It would be a simple matter to separate the scattering
approximation out of M;® using a technique identical
to that employed in the discussion of (MP);. After

MILLS AND N. M. KROLL

replacing Sp*(pz,p1) with the form appearing in Eq. (7),
one then finds that the terms in which y-A4e appears
once explicitly contain the scattering approximation.
On the other hand, examination of the multiple-
potential terms, i.e., terms containing v-A° more than
once, shows that these yield contributions at least of
order o?(aZ)* and possibly larger, not identifiable as
(v-4°)? terms. It therefore becomes necessary to evalu-
ate the contributions arising from these terms. As pointed
out by Baranger, Bethe, and Feynman,? the separation
described above is not a convenient one in those cases
in which the evaluation of the multiple-potential con-
tribution is essential. We therefore extend the BBF
procedure to the fourth-order problem.

We wish to separate the scattering approximation in
a way which leaves the remainder tractable. We
proceed as follows:

BBF gives the general identity, valid for any operator
0, and any two vectors p; and p,:

0=B(0; ps,p1) (b7 pr+K)— (iv- pat1) B(O; pa,p1),
11
where (1

(@7 p2)0+0 (v - py)
pP—pi® .

We shall use a less symmetric, but more convenient,
form as follows:

0=F(0; p,k) (ov- p+K)— (y- (p—Ek)+)F(O; p,k)
= (v p+)F' (O; p,k)—F'(O; p,k) (iy- (p—k)+x);
(iv- (p—k))O+O0(iv-p)

( ) ( ) k2 -Zp-k
(13)

B(O; po,p1) = (12)

=(i7'1>)0+0(iv-(;b~k))
BP—2p-k '

When O=v,, we get the forms actually used by BBF
in the second-order calculation. Now ¢, and @, satisfy
the integral equations

(- p0) ga(p) = [ie/ (he) ] f v 4%(q) ¢a(p— q)dq
[po=Eu/ ()],
8a(0) (i p-+) =[ie/ (he) ] f Zo(p+)7- 4°(q)da,

(14)

while Sy* satisfies (8), which can be rewritten

(@7 patr)SEe (P2, p1)

=[de/(hc)] | v-A°()SF*(p2—1q, p1)dq
+2i(2m) 55 (p2— pu),

° Baranger, Bethe, and Feynman, Phys. Rev. 92, 482 (1953),
hereafter referred to as BBF.
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Sr*(p2,01) (07 - prt-x)

—Tie/ ()] f S*(pe, prt-a)v-A°(a)da
+2i(21r)“453(p2— p1). (15)

When we use the identities (13) in the expressions
S0 ¢, and 3,057, we get

fSFe(?s* k, p1—E)O(p1) ea(p1)dp:
=Lie/ (1] [ Ss*(ps—F, prta—B)

XA{FLO(pr+q); prtg, klv-A°(q)
—v-A(QFLO(p1); p1, ]} pa(p1)dpidq
—2i(2m)*FLO(ps) ; ps,k]ea(ps)

16
=[ie/ (hic) ] f Sré(ps—k, pr+q—k)A4,°(q) =

X Fp(0; p1,¢,%) pa(p1)dpida
—2i(2m)*FLO(ps) ; ps,k]ea(Ds);
fsﬁa(Pz)O(Pz)SF“(Pz— k, pa—k)dp:

—Tie/ (hc)] f 2e(0) 4,5, (0; pr,0,2)

XSre(pe—q—Fk, ps—Ek)dpadq
—2i(2m)*2a(p) F'LO(ps) 5 pak];

where
5,(0; p,0,8)=F[O(p+q); p+q, k1v,
—v,FLO(p); p,k];
5,'(0; 9,0,8)=7,F'[O(p—q); p—g, k]
—F'TO(); p.kTv,.

We shall apply this only to operators O which do not
involve the external potential at all, so that, according
to (16), Sr*O¢, or 3,05 is split into a term involving
Ae once explicitly, as well as through S#¢, and a term
not involving 4°¢ at all, except through the wave func-
tion ¢, In the latter term, if the total integral still
involves S¥¢, we can incorporate the F into a new op-
erator O, and apply the identity (13) again. We thus
work in from both ends of (M;®) until we are left with
terms of two types: terms in which A4¢ appears twice
explicitly, and implicitly through Sp°; and terms with
no Sp% so that A¢ appears implicitly only through
¢4, and explicitly no more than once. These one-
potential and no-potential terms, which we call 4,, will
be seen to yield terms identifiable as mass renormaliza-
tions, charge renormalization, and (y-4¢)?, all of which
can be ignored, and terms which correspond to the

(7
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scattering approximation contributions associated with
the diagrams a, b, ¢ in Fig. 4. The only nonignorable
corrections to the scattering approximation are of
order (aZ)? smaller. Apart from a demonstration of
this last fact, our real task consists of the evaluation of
the contribution from the multiple-potential terms 4;.

We now carry through the process described pre-
viously. Thus,

M1 D)= — (i/m)[1(2m)%A.
A= f 8aYuSFYSFY uSFYy0aDrDr (dok)? (dp)t

—[ie/ ()] f a5 1 S E Sy St A
XS 1,00aDrDr(dsk)? (dp)*(dq)?
—2i(2m) e/ (10)] [ 20151055,
X SryuF1,0.DrDr(dsk)? (dp)*dqe
—2i(2m)Cie/ )] [ ' sc1.SepaSeede
XF 1.0 0aDrDp (dak)(dp)'das

—4(2m)~8 f @ 1, YSFY uF 150

X DrDr(dsk)*(dp)?, (18)

where
Flyu=F'(vu; pa,k2) ; Fu=F(v; pr,k1); (19)
F10=F (Vs P2,02,02) 5  Fu,o=F: (Vo p1,q1,k1).
We continue the process with the terms containing F
or F', taking
Flow=FT—2iQr)F'17s; po, katkal;

Fou=F[—2iQ2n)*y,F1; p1, ki-t-ks];

(20)
F'sy=F'[—2Q2m)"F swyu; P2, krl;
F3,=F[—2i(2m) ™%, F s ; p1, k25
with the §’s defined correspondingly. Finally,
A=A1+4,, (21)
Ar=artastas'+astad'+as, (22)

where

ar="Lie/ (1)) f 2e(0) A, (49 F' 11

XSt (pa—qa—ke, pa—ko)
XoSet(pa—ki—ke, ps—k1—k2)
XYuSre(ps— k1, prtqi— k) A.(q1)

X F1,00a(P1) Dr (k1) Dr (k2) (d4k)? (dp)* (dq)?;
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av="Lie/ (1)) P f 2e(02)A,7(02)F 2

XSre(pe—qo—hki— ko, ps—k1—ks)
X’Y"SFG(P3— kl’ P1+q1— kl)Ave(ql)glm ﬁoa(pl)
X Dr (k1) Dr (k) (d4k)* (dp)*(dq)?;

a'=[ie/ (o) T f 5e(0)4,(2) F' 10,5

X Sre(pa—qe— ke, pa—ka)vuSr*(pa—k1— ko,
X P1+41" ki— kz)Ave(ql)g:W»ﬂ', cPa (pl)
X Dr(k1)Dr(ks) (dsk)2(dp)*(dq)?;

(23)

as=Lie/ (i) T f 2u(02)A,%(2)5s,.,

XSre(po— qa— k1, pr+q1— k1) 4:5(q1)F 0
X @a(p1)Dr (k1) Dr(k2) (dsk)(dp)*(dq)?;

ai'=[ie/ (ho) f 5a(0)4,5(0)F 10 »

X Sre(pa—qo— ks, pr+q1—k2) A:°(41) Fsp, o
X ¢a(p1)Dr (k1) Dr (k2) (d4k)*(dp)*(dq)?;

as="ie/ (hc) T f 2o (D) A, (0)F 3,

XSre(pa—qo—k1i— ko, pr+q1—Ek1—k2)
X A:2(41)F2us, 0 0a (1) Dy (k1) Dr (k2) (d4k)? (dp)?(dq)>.

(Of course, as=a;’ and az=ay’, but it is convenient to
keep them separate in this way.) Furthermore,

Ao==2i2n) i/ ()] [ (09 4,4(0)

X [F’g,,glv, p+ 3—;/1“’ pF3M+ 5:,2;“1, pF2MV]¢a (pl)
X Dp (kl)DF (kz) (d4k)2 ((ip)qu

—4(2#)_8f¢a (D)FIZuVYuFlvﬁpa(p)

X Dg (kl)DF (kz) (d4k)2dp- (24)

In order actually to carry out the indicated integra-
tions over the momentum space of the photons, it
is necessary to ‘regulate’” the photon propagation
function both in the ultraviolet and the infrared. This
may be easily accomplished by replacing Dr(k)=
—[2i/(2m)*](1/#) by

21 A2
(2m)t (B4A%) (BN

Drr(k)=— (25)

R. L. MILLS AND N. M. KROLL

When the calculation is completed one lets A—o and
A — 0. The need for ultraviolet regulation arises from
the fact that we do not remove the charge renormaliza-
tions associated with the second-order vertex operator.
As a consequence, even the physically important parts
of M,® are divergent in the ultraviolet. Such a pro-
cedure is possible because M'® and H®3H®/JE contain
similar renormalizations associated both with the
second-order vertex operator and with the second-order
electron propagation function. It is known that these
renormalizations sum to zero, so their explicit removal
is unnecessary. The infrared regulation is needed in
part for the same reason, and also because the separation
into 4o and A introduces additional infrared diver-
gences arising from the fact that B(O; ps,p1) —  as
p2—p1— 0. In the course of a computation, of course,
one always allows A and X to approach their limiting
values as early as possible, to minimize the complica-
tions they introduce.

Demonstration that 4, Yields the Scattering
Approximation

We now show that, apart from previously discussed
ignorable contributions, 4, yields to order o?(aZ)%, just
the scattering approximation. First of all, the last term
of Ay is of the general form

f Ba(D)H (P, s Fr) 0o (1) (dek)dp

- f 7o (D) ho(8)+ G- ) (%) Jou(p) d,

which, to order a?(aZ)*, separates into mass renormali-
zation, charge renormalization, and (y-A4°9)? terms, all
of which we ignore.

The terms with A°¢ appearing once are all of the
general form

—2i(2n)ie/ (k)] f G AeF o,
=—2 (21)*4[1'6/ (hc)]l f@aF'Fy -Ale,

—ngGF"rAngaa}. (26)

The first term on the right, after integration over k;
and ks, is of the general form

f 2P ha(pD+ v p)lalps)]
Xy Ae(p2_ I)1> ¢'a(pl)(dp)2;

which, to order o?(aZ)* yields a charge renormalization
term and a (y-A4°)? term, so that this term may also be
ignored. To deal with the remaining term in (26) we



RADIATIVE CORRECTIONS TO ATOMIC ENERGY LEVELS. II

note that F can be rewritten as follows, using (13):

" r: N
PTAE
_ 27 l"lxy (p— k)—:c +0i’y-j)-|—x]
el r—2pr —2p-k
p2+2
=Sr(p—k)0+Sr(p— k)O
k—2p-k
2% _ivpt
_2 OM, (27)
. (n)t B—2p-k
since
% iy (p—k)—«
Q) R—2p-k
2 i’y-(p—k)—x(ll P22
2ot (p-k)2+,<2 k2—2p-k)
KZ
=Sr(p—h)( 1 28
P(p— >( Yo k) (28)
So

- 21‘(2”)_41?(0 3 P;k) ﬁoa(p)
— Se(p— )0 gu(p) i/ (7ic) ] f (k—2p- )

X[Sr(p— k)0 (iv - p—1)+2i(2mr) 0]
Xy-A*(p—1") ea(p’)dp’.

The second term on the right will produce expressions
which can be broken up into pure charge renormaliza-
tion terms and (y-A4°? terms, which we ignore. We are
left only with the first term, and since O itself is either
v, or of the form v,F, the process can be repeated until
we are left with a product of S¢’s and v’s. An analogous
procedure for the factor g,/ reduces it also to a product
of Sp’s and 4’s. Thus the surviving term of (26) in-
volves a product of factors Sy to the left and Spy to
the right of y-4¢, and is readily identifiable 'with a
term in the scattering approximation. In carrying out
the scattering approximation one always takes p:2+«?
=p2+,2=0, and &a(ps) (7 patr) = (Fy- prtx) ea(p1)
=0. This approximation, again to order o?(aZ)%, cor-
responds to the neglect of (v-A4¢)? terms.

On carrying out the procedure described previously,
one finds in a straightforward manner that the three
terms linear in A¢ appearing in Eq. (24) correspond to
the terms of the scattering approximation illustrated in
Fig. 4, (c), (b), and (a), respectively.

(29)

Identification and Evaluation of «?(eZ)*
Terms in A4,

There remains the problem of isolating and evaluating
the o?(aZ)* contributions from A4;. These are of two
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general types: (1) (v-A4°)? terms of the type encountered
in the discussion of (M P);. Once such terms have been
separated off, they may be evaluated by replacing Sz
by Sr. As noted before, terms of this character will
simply be isolated and recognized. (2) Terms which can
be expressed as (ps—p1)%y-4° terms; these are clearly
identical in form with the scattering approximation
terms and will be explicitly evaluated. They arise from
terms apparently quadratic in the external potential by
virtue of identities like the following:

ih
Lf( ) b f¢a(p2)'y A°(q2)q1° q2
n( 2T 2)_"( 1+ L
o W) (o) (@) (e
En“Ea

=~ /mUie/ GOIE [ et @) aren(e:)

X @n(P1+a1)y- 4°(q1) pa(p1) (dp)?da:
= =2i(2a)Lie/ (5] [ oo (020
P1) ¢a(p1) (dp)*
= —i(m)yCie/ (9] [ 5 (02) (02— p2)?

Xy - A¢(p2— p1) ¢a(p1) (@)%

The factors E,—E, appearing in the denominators
come from the Sp® functions; their appearance implies
that one cannot, for these terms, expand S#° in terms of
Sr and powers of the potential. One always can, on the
other hand, make appropriate nonrelativistic approxi-
mations, familiar from the treatments given for the
second-order level shift problem. To see how terms of
types (1) and (2) may be separated, we write

5.(0; ,4,k)=5:(0)+Gs,
5,(0)=5.(0; p,0,k)=[F(O; p,k), vo 1,
Ge={F[O(p+q); p+q, k]
—FLO(p); by kI}ve;

(30)

X'Y‘Ae(pz—‘

(31)

s.;p’ (Y 5 P7Q;k) =5,/(0)+ gp’y

with &,/(0) and G,’ defined similarly. A direct examina-
tion of the & functions shows that the F(0) is at least
one factor & better behaved as £ — 0 than G. This is the
crucial property which makes the rather involved
scheme we are using for the M term superior to the
simple expansion of the Sp° used for treating (M P);. As
a consequence of this fact, the terms involving only
F(0) factors are sufficiently well behaved in the infrared
to permit the replacement of Sp® by Sr. These terms
are very similar to corresponding terms in (M P); and
the only o?(aZ)* terms which they yield are (y-A4¢)?
terms.
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The G factors obviously vanish when q vanishes, and
correspond in a crude way to differentiation of the ex-
ternal potential with respect to the spatial coordinates.
It follows that terms involving G cannot be (y-A4°¢)?
terms. In the absence of singular infrared behavior
which brings into prominence the energy denominators
of the SF® functions, such terms are at least a factor aZ
smaller than the order of interest. The infrared singu-
larities are sufficiently mild, in the case of cross terms
between an F(0) and a G, for such terms to be indeed
a factor aZ smaller. On the other hand, the terms con-
taining two G factors are, in fact, of order o?(aZ)* and
must be evaluated. For these terms, nonrelativistic
approximations make evaluation straightforward.

The entire procedure is best described in terms of an
example. We discuss the term ay [Eq. (23)7]. We note
first of all that

2ipu— (iy-ko)v,

ki*—2p1- ks
21 1
(2m)* (kytko)2—2p2- (kitks)
2'5? 2w Y (7:’)’ . kz)
XYy
k?—2ps- ks

X[ 21 (pov— ko) — v, (17 k1) ¢

L—
2ur—

(32)

MILLS AND N. M. KROLL

The terms of lowest order in the %’s in both cases
evidently commute with v,, and so give no contribution
to 1, +(0) or Fs,, ,(0). One may now directly verify
that the term arising from &, ,(0) and 5, ,(0) is
finite in the infrared and ultraviolet, using S for Sp¢
and unregulated Dy functions. One therefore gets a
(y-49? term. One can also verify that the cross terms,
while more singular, give contributions no larger than
o?(aZ)®. We now evaluate the contribution from the
part involving two G factors. The important contribu-
tions in this case come entirely from k~(aZ)%. Con-
sequently one may neglect £ as compared to p, q, and
po. Furthermore, one may assume |q| <po, q*><]q]«.
Taking advantage of these approximations the G’s
simplify to

1 iqu qr- kl
91)‘, vNA[ - 61/, 4 Yo,

KLR10 kl()2

9,2% P~

21 'Yp[_q2y6114+q2v6;1,4
2m)* kL kao(kiot+kao)

04004 (fh'kz

Tl )\ - (k1+k2))]- (33)

1
k20 k10+k20

The expression for @, also contains the factor

fSFe(PZ_ qe—k1— ks, p3—k1—k2)vuSre(ps— k1, p1t+qi—k1)dps

1 5 f¢n(P2—(12—k1—kZ)¢n(p3—k1—k2)7u¢m(p3—k1)@m(P1+q1_k1)d

= —— p3

7% nm (8atE10-+F20) (8t F10)

(34)
1 f @n(P2— q2) @4 (P3)Vuom(P3) B (P1+q1)
~—— Ps
72 nm (8n+E10+F20) (3m+k10)
[8n=((1—ie) Ex— E.)/ (hc) ],
since, as previously noted, £ may be neglected as com- With these approximations as becomes
pared to p and q. This is simply the familiar dipole . Ca e s
approximation, corresponding to the neglect of retarda- i 2 e i 5 [ 2ulp2)y-A°(q)
tion. This expression may be further simplified by taking dz——; A A ulp2)y AR
into account the fact that the significant contributions
come only when » and m are positive energy states of @n(P2— q2) Bn(P1+q1)
nonrelativistic energy. One therefore takes X —v-A°(q1) ea(p1)
(80t Fr0+E2o) (8, k10)
f 7n(03)Vu@m(D3)dP3~Bus f @1*(D3) o (D5)dp3 v 1 [ql_ . (q1-ky) (g2-ko)
k10k20(k10+k20) k10k20
= (2m)0usdnm, (35)
(ql'kl) (q2- (k1+k2)) dskey daks
so that (34) reduces to — — ——(dp)*(dq)®. (36)
k10(k10+k20) k2 kP

1 on(P2—q2) &n(P1+91)

805" % (But-Frot-han) (But-Fag)

The integrations of the timelike components and
angular domains of %; and k; may now be carried out
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easily. The ko integrations are performed simply by
closing the contours on the negative imaginary side of
the real axis. The low-energy poles from k2—2p-k—ie,
here approximated by 2koko—%e, and those from the
denominators §,4ko for positive energy states are
thereby avoided. Contributions of the order of interest
come only from the poles of the Dy functions. One then
finds

az{( (22:))(5—)12 [t 2@

©n(P2—q2) Ba(p1t4q1)
(0ntFortFe2) (8n+F1)

q1 Qe 1 ki \ kiR
()
k]kz(k1+k2) 3 k1+k2 kl
2

2
X

v-A°(q1) ea(P1)

dks

(dp)*dg)?.  (37)

2

(Here k1= | ki, ko= |ks|.)

Now, letting &; — 8,%1, ks — 8,k2, we find
dk1dk,

=2 C. [

m (k1tko) (14E1) (14-Fit-ks)

1 k&
x(l—— ) (38)
3 btk
with

Crn=(2/m)[ 2t 2m)~*Fde/ (he) (1/x?)
X f Bo(02) A°(02) @u(p2—42) (1/5,)
X @n(p1t+a1)y - A°(qr) ¢n(p1) (dp)*(dq)2

The expression ) C, has been discussed at the be-
ginning of this section and has been shown to be pro-
portional to /" @a(p2) (p2— p1)?y - 4°(p2— P1) 2a(P1) dP1dPs.
One has, therefore, only to evaluate the integrals over
k1 and k. to obtain the contribution of this term to the
level shift.?

The reduction of @, is particularly simple because it
does not have any infrared divergences. In most of the
terms the integral multiplying C, still involves 4§,
through the ratio N/8,. After carrying out the k-space
integrations one has, in addition to ) C,, terms of the
form Y C,In(\/8,) and 3 C, In2(\/5,). Terms such
as these occur in the second-order level shift problem.
It is clear, however, that no such terms can remain
after summing over all contributions, simply because
of the fact that all dependence on A must vanish.!! We

(39)

10 Tt might be noted that the contribution of as+as’ to the 25
energy level in hydrogen is about —1.3 megacycles.

11 This argument is somewhat oversimplified as terms of the
form In(x/\) also occur. To complete the argument one must
identify all In(x/\) terms with the second-order charge renor-
malizations which we neglected to remove.
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shall find, in fact, that it is unnecessary to carry out
most of the & integrations, many terms vanishing simply
as the result of combining integrands.

Carrying out the reduction for the remaining terms
in M,¥, we find, using k= | k|, o=[k+ (\/6,)2 ]},

a1=0;

dkidk,
(12=Z Cnf
n (kitko) (1+k1) (1+E1t+ks)

1 &
(R,
3 kitks

dkidks
/=% C, f
n (k1+k2) (1+k2) (1+k1+k2)

1 &
><(1—— );
3 kitke

A k 9
az= (ln—— 2 ln--l——)IL
K A4

ki’dkikdks
+zef
n wws® (w1twe) (1+wr)

1 ki?
x(~tt =) @)
3 wl(wl—l—wz)

A kK 9
(13,= (h’l—"— 2 ln—+~) IIl
A4

K

s k2dk1k2dks
+¥C. f
n 40134022 (w1+w2) (1+w2)

1 ka?
X{ —14- _“> ;
3 walwitws)
ki2dk k2dks
Ay= Z Cnf .
n witwe (w1tw2)*(1+witws)

1 ki? 1 ks?
(Z—Ewl(wri—m) ng(wl‘i“wz)
1 kH-ks?
_5 (wri-wz)z);

where
TT,=4(2m) i/ (i) f BASF 1S Ae Frue

X Drdik(dp)*(dq)*

1 k*dk 1k
=——chf’—‘~—’—‘(1—“"‘_‘ .
2 n w*(14w) 3 w?

(41)
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The expression II; is just the multiple-potential con-
tribution to the second-order level shift, apart from a
numerical factor. Its appearance as a factor is expected
in view of the fact that we have retained charge renor-
malization terms.

CONTRIBUTION OF M,®

While the main outline of the treatment of M,®
[Eq. (6)] is identical to that of M;®, the presence of
the second-order mass term leads to significant com-
plications in its treatment. Furthermore, the fact that
the photon momenta appearing in the first and third
Spe factors are the same makes the infrared problem
somewhat more complicated.

We note first of all that M,® can be separated, by
successive applications of the identities (13) into a set
of terms By involving the potential twice explicitly and
Sr?, and another set, By, not involving Sr, and involv-
ing the potential no more than once explicitly, all in a
manner exactly analogous to the treatment of M;®.
Again the terms By yield the scattering approximation,
renormalization terms, and (y-A4¢)? terms. The terms
forming B, (they are exact analogs of @i, as, @3, as)
are, schematically,

bl = [l(i/ (h(}) ]2 f ¢aA peglly, pSpe’YySFe’nyFeA o
X F1u,00aDrDr (dsk)*(dp)*(dq)*— 21 (27) e

Xk [ie/ (hc)]f(oa/lpefylm, SFESFeA C
X gly, n¢aDFd4k (dp)3 (dq)2 5
ba="[ie/ (ho) f Body T s, pSEs S
X glu, aﬂaaDFDF (d4k)2 (dp)3 (dq)2 5

(42)
by =[ie/ (h) f Bod 51y, SEpSped

X Fouu, 0 0aDrDr (dsk)? (dp)(dq)?,

bu=Tie/ (1) [ 2o 15'84,,,S1A.

X1y, 0 0aDrdsk1(dp)?(dq)?;
b =[ie) () f Bod, 5 1 pSuoA,?

X FEs, s 0aDrdik:(dp)?(dq)?;
bo="[ie/ (ho) f BT 3 p St Ao

X 5211;.:, v¢uDFDF (d4k)2 (dp)2 (dq)2’

where §'%;, , (and, analogously, $%;,,) is formed by
taking the operator O in (13) to be

—2i(27r)‘4[ f F’zu,;y,DF(kz)d4k2—2i(21r)“5a“16:<(2>F’1,,].
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Thus mass renormalization appears explicitly only in
b1, and in the formation of F3* appearing in b; and b3’
Further reduction of b, is necessary to remove the
mass renormalization term. The reduction is accom-
plished by using the identities (13) on one or another of
the remaining v, factors. Apart from the mass term,

bi=Lie/ ()T [ (0 4,()5"ss.,
XSp*(po—ga— k1, pa— kr)vSpe (pa— k1— ko, ps— k1— ko)
+vSre(ps—Fky, prtgi— k1) Ao (1) Fup, 0
X @a(p1) Dr (k1) Dr (k2) (dek)* (dp)* (dq)®.  (43)
(5 10=F"0(Vu; P2,42,R1); Frno=5(va; p1,q1,1).]
Now

fSFe(m— qe— ki, pa—k)v,
X SFe(pa—ki— ks, p3—k1—k2)dps

—[ie/ (k)] f St (pa—gs— b, pa— k) A (0)

XF' v, (pa— k1) Sre(pa— qs—k1— ko, ps—k1—k2)
XAdpudqs+2i(2n) 4 F 1’ (po—ga— k1)
XS (po—qo—k1— ks, ps—ki— ko) —2¢(2m)*

XSpe(po— qo— k1, ps— k1) Fi/ (ps—k1), (44)

where
Flv,(?) =F"(v; Pak2)7 g’lm'(p>= 5 (v; qu3;k2)-

Therefore this part of 4; breaks up into three terms:

(45)

bi=[ie/ (o) T f God®- F1,/ Syt 51/ Sy
X Spede- F1.0.DrDr(dsk)*(dp)*(dq)?

+2i(2m) e/ (he) I f @aA F1,'F1/Sroy,Sr®

(46)
X A¢-F1,0.DrDr(dsk)* (dp)®(dq)?

T f el 51,/ Se Ty,
X SpA F1,0aDrDr(dik)?(dp)3(dq)?

= b11+b12+b13-

In by, the middle Sz¢ factor can be replaced by Sr, so
that the k. integration can be carried out, yielding

b11=2i(2ﬂ-)—6[ie/(hc):|3(3 lni:—-—Z)féa(pz)

XA, (42)F 1, WS#(P2— q2— k1, patqs— k1)
Xy - A%(q3)Sre(ps— k1, prtqi— k1) 4.°(q1)

X F14,00a(P1) Dr (k1)dukr (dp)* (dq)?,  (47)
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which, on application of Eq. (14) to

Lie/ (he)1Sre(pa—qo— ks, pstgs—k1)y-A°(qs)
XSre(ps— k1, pr-+q1—k)1dpsdas,

combines with &;; to yield a multiple of II;.

The term b;5 must be further reduced by using the
identities (13) on the remaining v, factor, again yielding
three terms. One of these involves the potential ex-
plicitly three times and may be shown to be too small.
The other two can be evaluated using the methods
applied in the preceding section. The &, integration in by3
can be done immediately, yielding a mass term and a
term combining with &;;, as noted above, to give a
multiple of IT;.

Apart from slight modifications in b, and b;, the
evaluation of the remaining terms in B, is carried out
along the same lines followed in evaluating A4, to yield

9
—)IL
4
ki2dk kodky 1%
b, [k (1A
w1 w23(1—|—w1—|—w2) 3 w12

ki2dkik2dks
wrtw (w1tws) (14witws)

1k2 1 ki®
()
3w 3wilwitws)

A K
by=by = 4(ln——— 2 ln;)Ill— 8i(27) " 4e/ (hc) I
K

A K
bi=— (ln——-—— 2 In—
K A

ba=by'= —bet-S Cn f

A 9 Pou
X (3 In_‘__) f¢a(p2)~‘-‘_‘y Ae(q2)
k 4 k2—2po- k1

XSre(pa—qa—k1, pr+q1— k1) 4:5(q1) Fru, o
X @a(p1) Dr (k1)dak1(dp)*(dq)?

Z ki2dkikotdk,
2|
wr’ws? (witws) (14-w1)

(48)

k2
()
3 wiwitws)

k2dkik2dks 1 kg2

_— (-1
n witws (witwse)? (1+witws) 3w

2 k12 1 k12+k22 )

3 w1(w1+w2) 3 (w1+°’2)2

It is to be noted that &; contains a term which cannot
readily be evaluated with the techniques we have been

1499

using. Fortunately a similar term appearing in b, just
cancels it.

Inspection of the various contributions to M;® and
M,® yields the result that the integrands of the integrals
having 3 C, asa factor add to zero, so that M; @+ M,®
may be evaluated without carrying out any of the
integrations. We find that the contribution to AE® is

hc[<M1(4>>+<M2(4>)]
— /)3 2y ]2hc(1n5—21nf+?)n (@)
™[ 1(27)% - — L

CONTRIBUTION OF —H®QJH?/9E AND THE
DEMONSTRATION OF THE VALIDITY OF
THE SCATTERING APPROXIMATION

The evaluation of the remaining significant contri-
bution to AE® presents no difficulties. This term, cor-
responding crudely to diagram 1 of Fig. 3, is pure
charge renormalization, and was therefore not cal-
culated by WBK. We have not removed the second-
order charge renormalizations from the fourth-order
terms, and so must include this as well. {H,,® is simply
the second-order level shift. After mass renormalization
it is of order a(aZ)*. Thus only a crude approximation to
dH®/JE is needed. We note that it may be written

M E=1i2n)% [ BerSeviSrvae

X Drpdik(dp)®.  (50)
It is sufficient to replace Sr® by Sr, in which case one
recognizes the expression as the second-order vertex
charge renormalization constant. H® is to be separated
into a scattering part, which is to be amalgamated with
the scattering approximation terms, and a multiple-
potential part, which we have denoted, apart from a
factor, by II;. The contribution of —H®JH®/JE to
the multiple-potential corrections to the scattering
approximation is, indeed, simply

A k 9
(i/7)[ % (2r)%a Phc (1n——— 2 ln——i——)IIl,
K A 4

which precisely cancels the contribution of A4 B. The
validity of the scattering approximation has therefore
been demonstrated.

It is clear that a method of avoiding the rather
elaborate calculation described here would be desirable,
and a considerable effort in this direction has been
expended. The calculation could be avoided if a method
could be found for preventing the appearance of infrared
divergences in the scattering approximation. The use
of the transverse gauge for the electromagnetic field
offers some promise in this direction. However, because
of the fact that the charge renormalizations appear in
a much less recognizable form, and because of the
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generally much greater complexity of the transverse
gauge, it does not appear that any significant amount of
labor could be saved by such an approach even if it
were to be successfully carried through.

CORRECTIONS TO THE SCATTERING
APPROXIMATION

In the previous sections it has been shown that there
are no corrections to the scattering approximation for
AE® which are of the same order in aZ as the scattering
approximation itself. On the other hand, there are cor-
rections one order in «Z smaller. While it appears very
unlikely that these are experimentally significant, it is
not certain that this is the case. A few brief remarks
concerning their evaluation will therefore be made.

In particular we note that the problem here is very
similar to that discussed by BBF with reference to the
second-order problem. Consequently a procedure very
similar to theirs can be followed. Consider, for example,
(M;®), as split into two terms 4, and 4;. We have
shown that, to order a*(aZ)%, Ao contributes renor-
malization terms, (y-A¢? terms, and scattering approxi-
mation terms. We now assert that, in complete analogy
with the BBF problem, there are no corrections to A4
of order aZ smaller. This comes about as a result of the
special form of the denominators of the FF and &
operators. Following the procedure of Kroll and
Pollock, one can always express the aZ corrections as
the square of the wave function at the origin multiplied
by an integral over the momentum space of the poten-
tial. Thus, a typical term of 4, might, after application
of the Dirac equation, have the form

f Pa(D2)A,°(D2— 8) K0 (3) Ao°(D3— P1) a(p1) (@p)°

zf@a(pg)dpzf%(Pl)dplpr"(—Pa)

X Koo (p3)As*(p3)dps.  (51)
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For the Coulomb field,

0

f A (— DK w(p) A5 (p)dp @ f K(p)p-2dp.
0

This last integral vanishes since K (p?)/#? turns out to
be sufficiently well behaved as p?— 0, and K ($?) may
be written JSG($?; 21,22 * *,%)d21d32- « -dz,, where G
is an analytic function of $* with no singularities except
poles on the real axis. (The integral is to be evaluated
as a principal part.) Integrals of this sort vanish iden-
tically, as long as the integrands are not singular at
infinity.

Thus, for M;® and M,®, the aZ corrections come
only from A4; and B;. These may always be evaluated
by replacing S¢° by Sr everywhere, and setting p; and
P2, the momenta of the initial and final states, equal to
zero everywhere except in @,(ps) and ¢.(p1). One
immediately obtains the square of the wave function
at the origin multiplied by a definite integral of typical
form. Our previous calculation guarantees that all low-
momentum divergences will cancel when all terms are
combined.

It should, of course, be noted that various contribu-
tions, such as (M P);, which were not considered here
because they do not contribute to the scattering ap-
proximation, do contribute to the aZ corrections.
Methods very similar to those just discussed can again
be applied.

. [The aforementioned remarks should indicate that a
method exists for writing down all «Z corrections in
terms of the wave function at the origin and a definite
integral involving the square of the Fourier transform of
the potential, two photon propagation functions, and a
finite number of known functions which are identical
with or similar to free-electron propagation functions.
There are, of course, very many such terms, so that an
actual evaluation of the corrections appears to be a far
lengthier task than was the evaluation in the case of
the scattering approximation.



