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The one-loop vertex function in Coulomb-gauge QED has been evaluated. The result is expressed
in a parametric integral form. The ultraviolet divergence has been isolated, and the matrix structure
of the result has been optimized for applications. Examples of the use of the vertex function are dis-

cussed.

I. INTRODUCTION

Techniques for calculating multiloop Feynman dia-
grams in covariant-gauge QED are well known.! Corre-
sponding techniques in the Coulomb gauge are not so well
developed. Because of the practical importance of the
Coulomb gauge in work on bound states in QED, the
study of diagrams involving loops in the Coulomb gauge
is of great interest.

There is a short history of research on loop diagrams in
the Coulomb gauge. Johnson? studied the spectral form
of the Coulomb-gauge electron propagator, and performed
an explicit calculation of the spectral functions to one
loop. This propagator was also considered by Hagen,?
who studied its behavior near the mass shell.
Heckathorn* dealt with multiloop diagrams, and obtained
the important result that the pole part of the (dimension-
ally regularized) vertex function is proportional to y,. A
convenient explicit expression for the one-loop electron
self-energy function was obtained by the present author.®
|

—ieg(w)AMp',p)=

[ (dl);,[—ieo(my,,]m —ieg(w)y*]

Loop diagrams in Coulomb gauge have also been used in
calculations of physical processes. The Lamb shift was
obtained to order a(Za)® by Sapirstein,® and the order-a
correction to the decay rate of parapositronium was com-
puted by the present author.’

In this article I give an expression for the one-loop ver-
tex function in Coulomb gauge. The momentum integral
has been done, the ultraviolet divergence isolated, and the
result presented in a form useful for applications. In Sec.
II T describe the calculation and write out the result. In
Sec. III I apply the vertex function in evaluations of the
one-loop renormalization constant Z, and the one-loop
vertex correction to the decay rate of parapositronium.

II. AN EXPRESSION FOR THE VERTEX FUNCTION

The Feynman diagram for the one-loop vertex function
is shown in Fig. 1. The corresponding analytic expression
: 8,9
is®
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Regularization of the ultraviolet divergence in (1) is accomplished via dimensional regularization, with d =2w (one time,
2w —1 space) the dimension of spacetime. The momentum-space measure is (dl),,=(d**l)/(27)**. The coupling e(w)

that appears in the Feynman rules is the product (m)?~

“eqy of a power of the physical electron mass m with the (dimen-

sionless) bare coupling. The Coulomb-gauge photon propagator has the form
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where 8] =8, — 1,1, /1.

ed in the Appendix of Ref. S.

(2)

The momentum-space integration in (1) is performed by way of the integration formulas tabulat-

The result for the one-loop vertex function can be expressed as
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Here a=e?/4m=ey /47 +0(a?) is the fine-structure constant and D is the divergent quantity
D=—1—;—-}’E+ln(4fr) , 4)
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where v is Euler’s constant. The A factors are given by

A=m?—u(1—u)k?, (5a)
Ay=m?—u(l1—u)ko?—xk?)+(1—x)[up?+(1—u)p?], (5b)
Ay=xm?—xu(1—w)k?+(1—=x)u(m?—p?)+(1—x)(1—u)m?—p?) , (5¢)
Az=sm?—su(1—u)ko?—xk?)+(1—5)u(m?—ps?)+(1—s)(1—u)(m?—po®)+ (1 —xs)[up?+(1—u)p?] . (5d)

The u =0 gamma-matrix factors are
Ry=—v-py’r-p(1—x)—y-p'y’m —y% -pm +y-p'kou (—1—x +2xu)
+7-pko(1—w)[14+x —2x (1 —u)]+y°{2xu (1 —w)k>+(1 —x)[up?+ (1 —uw)p?]} + (1 —2u)mk, , (6a)
Ry=—y-p'r’y'p—7-ax(2xg —p'—p)o

]

+7° |[(1=x*)m2 4 (xq —p")o(xq —plo+x2u (1 —u)k,?
—3x(3=20)[u(m?—pp2)+(1—u)m?—p2)]+ ——1+—;——2x2u(1——u) K2
+ 1-%-%(5—4::)44 P2+ 1—§—12‘—(5,4x)<1—u) p? | +m(2xg —p'—p)s, (6b)
R =2y-p'y’y-p+7-p'(sq —plo+7-plsqg —p'lo—7 ky’m —2¢°p"p , (6¢)
R7=v-p'v°r P +7-alp-q(sq —plo+(sq —p")oq-p]—¥-q¥°mq-k—7°p’-pq?, (6d)

where ¢ =up’+(1—u)p and k =p —p’. The corresponding u=n gamma-matrix factors are

Ry=y-py"rp(1—x)+7-p'y"y [(1—x)uko]+y% "y -p[ — (1 —x)(1—u)k,]
+YP'Y"'m +y"y -pm+v-p'2xup™)+y-p[2x (1 —u)p"]
+y"{mi 4 u(1—u)ko? +xk?) —2x [up?+(1—u)p?]} +y°[2xu (1 —w)kok "]+ 7"y "k o+ 2xmg™ (7a)

Ry=—y-py"y-p2—x)—y-p'v"vxg —plo—v°y"y -p(xqg —p')o—¥-p'y"m —y"y -pm
+y-p'[x (1—=2xu)q"—2(1 —xu)p™1+y-p{x[1—2x(1—u)]g"—2[1 —x (1 —u)]p""}
+y"{3x[u(m?—p?)+(1—u)m?—p?)]+(2—x)p’-p}
+9°%[x (2xq —p' —plog"—2(xq —p")p"—2(xq —p)p""1+2m (xq —p' —p)" , (7b)

Rz =3y-p'y"y-p+2v-p'v"v’sq —plo+2y*y"y-p(sq —p')o+2y -p'v"m +2y"y -pm
+2y-p'p"+2y-pp"" + v [m*+5q0(p’ +plo—papo—2p Pl + 7 ¥ —mko)
+°[2(sq —p")p"+2(sq —p)p'"1+2m (p'+p)*, (7¢)

RZ=v-PY"V ' p@+7Pv°y-P(1—5)90¢"+7 P’y -Pmq"
+¥ Py ul —(sg —p")oq-p+(sq —plop’-q]+7°y"y -p(1—u)[(sq —p")oq-p—(5g —plop’-q]
+v-p'y"(—umk-q)+y"y-p[(1—u)mk-q]+¥-p'y% —umkog™) + 7y -p[(1—u)mkoq"]
+vp'{[(um*+usqo)(p’ +plo—upapo — (1 —u)p*lg"+2(1—u)q-pp"}
+7-PU(1—w)m?+(1—w)sqo(p'+plo—(1—ulpepo —up'*1g"+2uq-p’p™} +7"(—’p’-p)
+7°{ —(1—u)(sg —p')o(p’q"—2q-pp") —u (sq —p)o(p'}g" —2p'-qp"™}
+{u[p?—(1—w)k*Imp"™+(1—u)(p*—uk>)mp"} . (7d)
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FIG. 1. Graphic expression for the one-loop vertex function
—ieg(@)AL(p’,p).

The gamma-matrix factors are written so that y-p’ ap-
pears on the left and ¥ -p appears on the right. This con-
vention facilitates the use of (3) in applications.

III. APPLICATIONS

In this concluding section I discuss the use of expres-
sion (3) for the one-loop vertex function in two examples.

A. The renormalization constant Z,

The full vertex function I',(p’,p)=7,+ A,(p",p) can be
related to a finite renormalized vertex function by way of
a renormalization constant Z:

T,(p'.p)=Z,"'TRp".p) . (®)

I define Z, so that the renormalized vertex function is ef-
fectively y,, for electrons at rest:

(yp'+m)l‘,’f(p’,p)(yp +m)—(ymn +m)y,(ymn +m)
9

as p'—mn, p—mn where n =(1,0). The corresponding
relation for Z, is

Tlyn +1)n"I‘,"(mn,mn)%(yn +)=5(yn+12Z,"".
(10

When p’=p =mn, expression (3) reduces to

n"A“(mn,mn)=f—ﬂ_ynD +constX(yn —1) . (11)

Consequently one has for the renormalization constant

_a
4

through terms of O(a). This agrees with the result of
Ref. 5.

Z]=1

B. The vertex correction in parapositronium decay

The one-loop vertex contribution to the decay rate of
parapositronium has been calculated in the Coulomb
gauge without the use of expression (3) for the vertex
function.” The use of expression (3) simplifies the calcu-
lation tremendously. Consider the expressions

1

0
tr 0 0 (12a)

Y- &lyp' +m)y-€
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FIG. 2. The lowest-order (a) and vertex correction (b) dia-
grams for the parapositronium decay amplitude. The two-
photon final state is shown to the left and the initial bound state
to the right.

and

1

0
tr |y-€(yp'+m)A(p’,p)-€ 00 (12b)

which enter into the lowest-order [Fig. 2(a)] and vertex-
correction [Fig. 2(b)] terms in the decay rate, respective-
ly.'® The matrix on the right in each trace represents the
4<4 Dirac spin structure of the bound-state wave func-
tion in the limit of slowly moving particles. The momen-
tum assignments are indicated in Fig. 2, which shows an
electron emerging from the bound state with momentum
p=(m,0), a real photon carrying away momentum
k =(m,k), and a virtual electron with momentum
p'=(0,—k). The photons split the available energy be-
tween them equally. In the context of (12b) the one-loop
vertex function is effectively

AYp'.p)—Ey"+ Ly ky", (13)

where use has been made of the transversality of real pho-
tons (k-€=0) and the projective nature of the spin matrix
(factors of ¥° on the right in A” are effectively equal to
one). Using (13) in (12b) one finds for the vertex-
correction term

2im(E+mEk-(8,X&,) , (14)
compared to
2imk-(@;x&,) (15)

for the lowest-order term (12a). Evidently the vertex-
correction contribution to the decay amplitude is (§+m¢)
times the lowest-order amplitude. It only remains to
evaluate (§+m¢). In the kinematic situation of interest
here one has

A=m? (16a)
Ay=m?Hy, Hy=1+u*1-—x), (16b)
Ay=m?Hy, Hy=x +2u(l1—x), (16¢)
Az=m’H,, Hz=s[1+u?(1—x)]4+2u(1—s). (16d)

The R factors are easily evaluated, and one obtains
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a 1 1
(E+mo=""|D+ fo dx fo du

VxHy Hy

The integrations here have been done, with the result

2

a m
=— |D+——4In2+24 +2B |, 18
(E+m¢) ym D ) n2+24 + (18)

where A=7"/8—+In¥(1+Vv2) and B=-1
+Vv2In(1+v2). Multiplied by 2 (to account for the mir-

1—uX(1+x)  2x U dx p! 1 —xs(1—u) 2x%2u*(1—u)
~——————+———]+f0 _1/; fodsfodu —_
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1

ror image vertex correction diagram) this is exactly the re-
sult of Ref. 7.
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