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The equations of motion of quantum electrodynamics are set
up in the interaction representation, using a formalism due to
Gupta. A new representation, called the intermediate representa-
tion, is defined by constructing explicitly a unitary operator S(¢),
which transforms the state-vector of the interaction representation
into the state-vector of the new representation. The intermediate
representation is intermediate in behavior between the interaction
and Heisenberg representations. In it the low frequency changes
in the state of a system are represented by changes in the state-
vector, as in the interaction representation, while the high
frequency fluctuations are represented by the time-variation of
the field operators, as in the Heisenberg representation.

The program of this and a forthcoming paper is to prove that
the intermediate representation provides a complete and diver-
gence-free formulation of quantum electrodynamics, with a
divergence-free Schrodinger equation which describes accurately
the behavior of any physical system. In this paper the mathe-

matical technique is developed which will enable the divergences
to be eliminated from the Schrédinger equation. For simplicity,
the technique is explained by applying it first to the analysis of
the electromagnetic potential operators. The greater part of the
paper is occupied with a proof that any fourier component of an
electromagnetic potential operator in the intermediate represen-
tation is divergence-free after renormalizations have been con-
sistently carried out. The cancellation of the divergences by
appropriate compensating terms arising from S(¢) is an extremely
intricate process, the success of which could not be foreseen
without carrying through the calculations in detail.

In a final section, it is explained how Heisenberg operators
are to be regarded as a special limiting case of intermediate
representation operators. It follows from the preceding analysis,
that averages over finite space-time regions of Heisenberg field
operators in quantum electrodynamics are divergence-free after
renormalization.

I. INTRODUCTION

NE aim of this paper is to carry through in detail
the renormalization program for Heisenberg
operators in quantum electrodynamics, as promised in
an earlier paper.! Since that paper was written, the
scope of the whole investigation has been widened by
considering instead of Heisenberg operators a more
general class of operators, intermediate representation
operators, of which the Heisenberg operators are a
special limiting case. The physical meaning and purpose
of the intermediate representation have been described
in a separate publication,? in a qualitative way. The
second aim of the present paper is to give an exact
mathematical definition of the intermediate represen-
tation, and to show how a renormalization program
can be consistently carried out in it. The greater part
of the paper will be occupied with the proof that
averages of certain intermediate representation opera-
tors over finite space-time regions are divergence-free
after renormalization. At the end will be a discussion
of the way in which Heisenberg operators can be
obtained as limiting forms of intermediate representa-
tion operators, and this will complete the proof of the
finiteness of Heisenberg operators. The second main
step in the program described in RM, the proof that
the Schrédinger equation in the intermediate represen-
tation is divergence-free, is left for later publication.

II. THE GUPTA FORMALISM

The starting point of the analysis is a formulation
of quantum electrodynamics due to Gupta,® which

1F. J. Dyson, Phys. Rev. 82, 428 (1951), referred to hereafter
as HO.I (Heisenberg Operators. I.).

2F. J. Dyson, Proc. Roy. Soc. (London) A207, 395 (1951),
referred to hereafter as RM (Renormalization Method).

3S. N. Gupta, Proc. Phys. Soc. (London) A64, 426 (1951).
The author wishes to thank Dr. Gupta for letting him see this

differs from the usual formulation in the treatment of
charge-renormalization. The Gupta formulation de-
scribes charge-renormalization from the beginning as a
renormalization of the unit in which the electromagnetic
field is measured, and not as a renormalization of the
coupling constant e. In conforming correctly to the
physical interpretation and logical structure of the
theory, the point of view of Gupta has substantial
advantages; it is therefore not surprising to find that
the use of the Gupta formalism is also demanded in
order to make the renormalization of intermediate
representation operators mathematically manageable.

The idea of Gupta is to distinguish at the outset
between the unrenormalized fields F,,* which appear
in the field equations of electrodynamics in the Heisen-
berg representation, and the renormalized fields F,,,
which are physically observable. Here, as always,
heavy type is used for Heisenberg operators. The F,,
are defined by

Fyv—_‘onv*; 0= (6/61), (1)

where e is the unrenormalized electronic charge and e;
the renormalized charge. The definitions of ¢ and e,
have been given elsewhere.*

The complete lagrangian density in quantum electro-
dynamics may be written, with the usual notations, as

L¥= —%Fuv*Fnr*— %(aAy*/axM)z_i_ LD
+ieA X yatome . (2)

Here Lp is the lagrangian for a free Dirac field with
the observed electronic rest-mass. The second term in

paper before publication; he is also greatly indebted to Mr.
Abdus Salam, who first informed him that Gupta’s formalism
existed and would be effective in overcoming some serious diffi-
culties which had arisen in the analysis.

4F. J. Dyson, Phys. Rev. 75, 486 and 1736 (1949). These
papers will be referred to as I and II.
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L* is zero according to the supplementary condition;
it is inserted in order to obtain independent dynamical
equations for the potentials A,*, without changing the
physical content of the theory.’ Gupta proposes to use
instead of L* the lagrangian

L=Lyt L, ®)
Lo= —3F,F,.—3(9A,/62,)+ Ly, (4)
L= ielAun‘E'Yu‘I!_i' 5m(;2\_t\&+%fF“prv, (5)

f= 1_ 6—‘2_ (6)

Note that L is not exactly equal to L* expressed in
terms of renormalized fields and potentials. The inserted
term, the second term in L, differs by a numerical
factor from the second term in L*. The difference in
the inserted term, while not affecting the physical
consequences of the formalism, causes a substantial
difference in the mathematical details of calculations
carried out with the two lagrangians.

In the usual treatment of electrodynamics,® the
interaction representation is set up as follows. The
interaction representation potentials 4, ¢ are operators
satisfying field equations derived from the free-field
lagrangian Lo. The operators A,* and 1 are related to
A, and ¢ by a contact transformation

A= (S%714,S%, = (57T, ™
because both sets of operators satisfy the same canonical
commutation relations. An equation of motion for S*
is derived, by means of which S* can be expressed
explicitly in terms of interaction representation oper-
ators.

In the Gupta formalism the interaction representa-
tion is introduced by finding a unitary operator S
directly relating the renormalized potentials A, to the
free-field potentials 4,, thus:?

A,=574,S, 4=SS. (8)

The equation of motion for S is found to be
ih(8S/ot)=H,S, 9)
H,=H,\()= fH’(x)dax, (10)
H(x)=H(x)+ H(x)+H (%), (1
Hi(x) = —ierA u(x) () v (), (12)
H (%)= — smcy(x)¥(2), (13)
H (%)= —3F uy(%) F 1 (2) = 362 F s () F ua(x).  (14)

§ Following E. Fermi, Revs. Modern Phys. 4, 87 (1932). See
also G. Wentzel, Einfiihrung in die Quanientheorie der Wellenfelder
(F. Deuticke, Wien, 1943), p. 112.

6 J. Schwinger, Phys. Rev. 74, 1439 (1948).

71t may appear at first sight paradoxical that the operators
A* and A, sﬁould both satisfy the same canonical commutation
relations, since they differ essentially by a factor not equal to
unity. The commutation relations between the A, and their
derivatives (dA,/d!) are not the same as the corresponding
commutators of A* with (9A,*/2¢). The solution of the paradox
is that the momenta conjugate to A,* and A, in the two formalisms
are different functions of the ttme-derivatives.
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Equation (9) can be formally integrated, and then Eq.
(8) gives the series expansions of renormalized Heisen-
berg operators directly in terms of interaction repre-
sentation operators. Thus, one obtains

Aw)= é (;1;) f_ ;dxl f_ :dx2~ . f_ t:ldxn
X[H (xa), [+ - [H (x1), Au(x)]--- 1] (15)

The extra term (14) in the interaction hamiltonian
compensates exactly all charge-renormalization effects
produced by the radiation interaction (12). Accordingly,
the operator (15) will be found to be divergence-free as
it stands, without any further renormalization of the
unit of potential. Just for this reason, the Gupta
formalism is the appropriate one to use for a proof of
finiteness of Heisenberg operators.

III. THE INTERMEDIATE REPRESENTATION

Let g(a) be a function of the real variable a, defined
for >0, with the following properties:

¢@)= f " G(T)e-stear, (16)

where G(T') is a function of the real variable T, the
integral /3®|G(T')|dT being finite, so that Eq. (16) is
uniformly convergent for all ¢>0:

¢(0)= f G(r)dr=1, (17)
7 (0)=—c f “re(ryar=o, (18)
g(a)>0 as a—w. (19)

The convergence (19) is supposed sufficiently rapid, so
that all integrations in which g(e) appears as a factor
will be convergent at infinity. The function G(I') is
allowed to have singularities at most of a simple
5-function character at a set of discrete values of T'.
Let the interaction H'(x)=H!(x, e;) given by Eq.
(11) be written explicitly as a function of the true
electronic charge e;. According to Eq. (104) of II,
(8m/m) is a power series in e;, with coefficients which
are divergent integrals formally independent of e;. Also,

f=le—er)/e], ef=[(e—el)/ee’] (20)

may be written as power series of the same kind, in
virtue of Eq. (105) of II. Let «’ be any space-time
point with time-coordinate ¢ not later than ¢, the
time-coordinate of x. Then the operator H?, a function
of the two points x” and x, is defined by

H O (x, x"y=H'(x, exg(t—1"))

=H i+ H o+ H,yp, (21)
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Hy=— ielg(t"’ t’)A ,.\Z'y,,lﬁ(x'), (22)
Hy=— 50’”52\(_’\0(75’)) (23)
Hyp=— %faFquuv(x,) - %002]‘-021?;441?#4(’5')- (24)

Writing explicitly the expansions of the coefficients,

by= 3 Adeglt—t)1% (25)
fo= g BLewg(t—1)T", (26)
602= [l_fﬂ:'—l‘ (27)

Up to this point, H,(x,«) is identical, apart from
notations, with the H,(¢, ') described in RM. However,
as was already remarked in RM, the correct definition
of H,(x, ") contains additional terms

Hﬂ(x7 x,) = Hao(xa x,)+Hﬂa(x7 xl)+H0b<x: xl); (28)

where H,, is of the form of a transient photon self-
energy appearing only while g(/—¢) is varying. The
precise definitions of Hy, and H gy are

117d /¢
Hya= —~[—(—(t—t’)fa)
2 deN g

/

—(%—t'))fg]A,-A,-(x'), (20)
g

ifg 9

Hyi= —-[g—a—t')fg]A4<x'>(——)A,~(x'>. (30)
cl g dx;

In Egs. (29) and (30) the index j is summed over the
values 1, 2, 3 only.

The intermediate representation is set up by con-
structing the operator U(f, ¢'), which satisfies the initial
condition,

(](ty —oo)=1y (31)

and the differential equation for ¢’ <¢,
iU, t’)/aﬂ):[ f H,(x, x')d,,x']U(t, 0. (32

Let ¥(f) be the state-vector of the interaction repre-
sentation. Then the state-vector of the intermediate
representation is ®(f), where

Y()=SO)2() (33)

and
SH=U({,Y1). (34)

By Egs. (31) and (32), S(¢) has the formal expansion

w 1 /—i\"™ pt t
S(t):Z-—(———)fdx1~-~f dn
n=0n! hG - —

XP<Ha(x’ xl): Ha(x’ x2)r B Ha(x; x,.)), (35)

DYSON

the P representing a chronological product as defined
in I, and the fourfold integrals dx, extending over the
whole of space-time previous to the time . Note that
the operator factors in Hy(x, xn) refer to the point x,,
and not to the point x, so that the chronological
ordering is with respect to Zm.

The meaning of S(f) has been explained in some
detail in RM. A formal proof will now be given of the
statement made there that

S(t)=exp[iHt/h]S exp[ —iH/%], (36)

where H, is the hamiltonian of the noninteracting fields
and S is a time-independent operator. Imagine each
operator H,(x, x») to be expanded as a sum of products
1L, of particle emission and absorption operators multi-
plied by appropriate exponential factors representing
plane waves in the variable x,,. Then S(¢) is a sum of
terms each having a structure similar to

af :dtl f_ dt . f_ :_'dtnug(t—tl))m- (gl t)]

X[, exp(—it,AE/B)]- - <[, exp(—it,AE,/ k)]
=AJ[IL,- - -1, ] exp[ —i¢(AE\+ - - - +AE,)/k], (37)

where J is an absolutely convergent integral over the
variables ({—#), -+, ({—?,), and is independent of ¢.
Since AE,, is just the energy difference between initial
and final states in a transition effected by the operator
L., Eq. (37) may be written

exp[iHol/h]{ AT - - 11} exp[—iHot/B]. (38)

Since S(¢) is a sum of terms (38), it is of the form (36)
as required. It is important that this argument fails
completely in the limiting case g(t—#)=1, when S(¢)
becomes the transformation function leading from the
interaction to the Heisenberg representation. In that
case the integrals J diverge whenever real energy-
conserving processes are occurring, and S(#) depends on
¢{ in a much more complicated way than is indicated
by Eq. (36).

The electromagnetic potentials in the intermediate
representation are given by

Aue(2)=S"1(1)4,(x)S(), (39)

and other intermediate representation operators are
defined similarly. As in HO.I, averages of such operators
over finite space-time regions are the primary object
of study. These averages are linear superpositions of
fourier-transformed operators such as

Apo(p) = (2m) f Apo(x) exp(—ip-2)dx.  (40)

The main program of the present paper is to prove that
A uy(p) is free of divergences. This will be accomplished
in Secs. IV-X. A similar analysis can be applied to the
matter-field operator ¢,(p) or to the current-operator



HEISENBERG OPERATORS

7us(p), leading to results which are discussed in Sec. XI.
It is found that ¥,(p) is a divergence-free expression
multiplied by a constant divergent renormalization
factor. In general, j,,(p) does not have a similar prop-
erty; only in the limit, as the intermediate representa-
tion tends to the Heisenberg representation, does j,.q(p)
become divergence-free after renormalization.

IV. GRAPHICAL REPRESENTATION OF OPERATORS

Let A,,(p) be expanded into its normal constituents
according to the rules given in Sec. IT of HO.I. As in
Sec. IV of HO.I, let M be the coefficient in the expansion
multiplying a particular normal product

NWalpr): - ¥s(pa)- - Ax(ps)- - - A(p).  (41)

The objective of Secs. IV-V is to obtain an expression

for M in terms of integrals in momentum-space, making

use of the results summarized in Sec. VIII of HO.I.
By the definitions (35), (39), and (40), one has

Lo e rdy
)= (21r)4 n=0 n'(hc) ~f_.,,
Xf dxlf dxaS,, (42)

So=2_0(x—x1)0(x1—x2) -+ - O(xn_1—%n)
X[H (%, x0), [+ - [Ho(x, %1), Au(x)]- -7,

the summation in Eq. (43) being over the (»!) permu-
tations of the points %1, -, x,. Each of the factors
Hy(x, ;) in Eq. (43) is a sum of a great variety of
terms, according to Egs. (21)-(30). By a ‘“‘term” here
is meant either Eq. (22), or a single term of a particular
order in ¢, chosen from one of the infinite series occur-
ring in Egs. (23), (24), (29), and (30). With this
meaning of the word ‘“term,” let .S, be split up into
parts

(43)

S{J:ZZ SZ: (44)
where
Sz=Y 08(x—x1) - 0(xn_1—%n)
X[Zﬂ(x; xﬂ): [: o [:Zl(xa xl): A,‘(x)] . :D (45)

For each 7, Z;(x,x;) is a single term derived from
H,(x,x;). The summation in Eq. (44) is over the
possible ways of choosing one Z; for every i. The
summation in Eq. (45) is over the (»!) permutations
of the indices 1, - - -, n, the permutation being applied
simultaneously to the indices of the Z; and of the ..

Each Z; consists of an operator V; referring to the
point x;, multiplied by a coefficient which contains e;
raised to a certain power m,. If Z; is taken from Eqgs.
(22), (23), or (24), then one has

Zi=QLerig(t—1t:) J™V i(x:), (46)

where Q; is a numerical coefficient. If Z; is taken from
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Eq. (30), then one has
Zi=Qer™ (g (t—1:)) (gU—t:))™ 1Y),  (47)
and if from Eq. (29),
Zi=Quer™[g" (t—t:)g(t—t:)+ (mi—2)(g' (t—1:))*]
X (g(t—1:))™ 2V i(xs).  (48)
Let
N= Zm.- (49)
be the degree of Sz in e;. Then, one obtains
=Qze:" 1, Sy, (50)
=>0(—x1) - 0(xn_1—%n)
X[Yﬂ(x"); [: T [Yl(xl)y A#(x)] o ]]7 (51)

where Qz is the product of the Q;, and II, is the product
of functions g, g/, g”’ occurring in Egs. (46), (47), and
(48).

Let the factors in II, be expanded by means of the
integral representation (16). Then, one obtains

=f G(Pm)drmf G(FND)dFNoE['F[‘. (52)
0 0

Here Er is a product of factors I'jo and I'j¢? arising from
the differentiations in Egs. (47) and (48). If no terms
of the form (47) or (48) occur in Sz, then one has Epr=1.
The last factor in Eq. (52) is

Fr=exp[Ar (i—a)+ -+ An- (1—22)],  (53)

arising from the exponential factors in Eq. (16). As in
Sec. IV of HO.I, each T, is regarded as the fourth
component of a vector

FJ= (0’ 0) O) I‘jo)w (54)

and each A; is a sum of m; vectors I'; arising from the
m factors g, g/, g’ in Z,.
Summarizing the results of the analysis so far,

ua(l’)—a’:): Eﬂ (%)nzzinelNJz,

]Z—f G(Flo)drlo f G(F’\O)dFAVOEI‘In(A P): (56)

I.(A, P)—_f dxf dxy- - f dx.e”? 2 FpSy.  (57)

This I.(A, p) is of precisely the same form as the
1.(T, p) defined in Sec. IV of HO.I, bearing in mind the
remarks at the end of Sec. IIT of HO.I. There is only
the important difference that the exponential damping
factors (53) now appear naturally instead of being
arbitrarily inserted. The results of HO.I are now
directly applicable to the evaluation of 4 ,4(p).

The normal constituents of the multiple commutator
Sy will be enumerated by means of Feynman graphs G

(55)
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with (n+1) vertices x, #x;, -+, «n. These graphs are
slightly different from those which were used in HO.I
and in earlier papers for two reasons. First, only a
single operator A4, acts at the point x, and therefore
only a single photon line is incident at the vertex «x of
G. Second, the operators ¥; may be of six distinct
forms, namely,

Advb, W, FuFu, FuFu, A, AidivA. (58)

The first two of these forms for ¥; occurred also in
earlier calculations. The corresponding vertices #; in G
were, respectively, vertices with two electron lines and
one photon line incident, and vertices with only two
electron lines incident. Now, whenever ¥; has one of
the last four forms (58), the corresponding vertex x; is
of a new type, having two photon lines and no electron
line incident.

The coefficient M is a sum of contributions Mz from
the various terms in the sum (55). Each Mz is a sum
of contributions M’(G) from the various graphs which
represent possible factor pairings of Sy and which have
the correct external lines to give rise to normal con-
stituents with the operator factor (41). Each M'(G) is
further subdivided into contributions M(G) with a
particular association of each factor in (41) to one
external line of G, so that each external line represents
a particle carrying a certain definite momentum 2,.

In order to evaluate M(G) by the methods of HO.I,
it is not necessary to enumerate all the doubled graphs
Gr derived from G. It is necessary only to choose
arbitrarily one doubled graph, which will remain fixed
throughout the subsequent discussion; the results are
independent of which doubled graph is chosen. There-
fore, the notation Gr may now be dropped, and G will
denote either the original Feynman graph or the chosen
doubled graph derived from it. The doubled lines in G
form a “tree,”” which is connected and simply connected.
Regarding the vertex x as the “root” of the tree, a
unique “up” direction is fixed in every doubled line,
namely, the direction pointing away from x. Every
line of G has, independently of the doubling, an inherent
direction which is supposed to be marked in it by an
arrow. For each doubled line A;, there is defined the
index u; which takes the value 41 according as the
arrow in \; points down or up. Further, for each A;
there is defined the vector Aj, which is the sum of the
A; corresponding to all the vertices x; on that part of
the tree which is “above” \;. This definition of A;
corresponds to Eq. (40) of HO.I.

V. MOMENTUM-SPACE INTEGRALS
By Eq. (56), M(G) may be written in the form,

M(G)=fmG(F10)d1‘w' ..

X f (T wo) AT ExM (G, A).  (59)

DYSON

The rules for expressing M (G, A) as a momentum-space
integral will now be formulated. Consider the corre-
sponding coefficient MF(G), which is obtained from
M (G, A) by replacing the factors FrSy in Eq. (57) by
a chronological product

P(Yl(xl)y ] Yﬂ(xn)1 An(x)) (60)

simply. This MF(G) is a coefficient of the kind which
arises in the evaluation of the S-matrix; it can immedi-
ately be expressed as a momentum-space integral by
following the rules given in II. Certain complications,
which arise from the presence of time-derivatives in the
third and fourth of the operators (58), are here tempo-
rarily ignored and will be discussed in the following

section. The form of the integral representation of
MF(G) is

M¥(G)=4A f Qs - f Qhs®(hnys, ) k), (61)

where 4 is a numerical coefficient and the integration
is over the (b—n) independent 4-vectors ka1, - - -, ks,
one corresponding to each undoubled internal line of G.
The function & is a product of factors contributed by
the various vertices and lines of G individually. An
undoubled internal electron line contributes a factor

(kapyu—im)~ (62)
An undoubled internal photon line contributes a factor
(k) (63)

A doubled electron line A; contributes a factor
(Liwyw—im)™, (64)

where /; is a certain linear combination of the vectors
k. and the external momenta p, appearing in (41); in
the notations of Sec. V of HO.I, we have

li=—ni(gi+u;). (65)
A doubled photon line A; contributes a factor
(o (66)

Each external line contributes a certain constant spinor
or polarization vector. Each vertex at which the first
type of interaction (58) is operating contributes a
factor <, All the factors so far enumerated occur
exactly as described in the S-matrix analysis II.
Finally, each vertex x; at which the third or the sixth
type of interaction (58) is operating contributes a
factor

(¢*6ap—qags) OF (dasgs— 0p4ga), (67)

respectively, where ¢ is the momentum vector belonging
to both of the photon lines incident at x;. In the
following section it will be shown that the correct
treatment of any graphs involving the fourth interaction
(58) is to omit them entirely in the calculation of
MF(G). Therefore, ® is a product of factors (62), (63),
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(64), (66), (67), apart from numerical coefficients. The
integration in Eq. (61) is to be taken in the usual
Feynman sense, i.e., to each of the factors in the
denominator of ® is added a small negative imaginary
term —ie, which is made to tend to zero after the
integration is performed.

The integral representation for M (G, A) is obtained
from Eq. (61) by making the following three changes.
First, the factors (63) and (66) are changed to

(BN, (RN

where \ is a fictitious photon mass. Second, each vector
l; in (64) and (66) is changed to

(68)

Rj=lit+ind;; j=1,---,n. (69)
Third, if x; is a vertex at which the third or the sixth
type of interaction (58) is operating, then the two
photon lines incident at x; both carry the same mo-
mentum ¢, and the vertex gives rise to a factor (67) in
MPF(G). The factor (67) is now to be written

(70)

(q'+q"8ap—qp'qa"") OF (8a4gs” —8p4ga’),

where ¢’ is the momentum vector carried by one of the
two lines and ¢’ is carried by the other. Actually, it is
true that ¢'=¢"’=g¢; but it is necessary to distinguish
formally between ¢’ and ¢” in order to specify the third
change to be made in Eq. (61) as follows. If ¢’ belongs
to a doubled line \; so that ¢’=I;, then ¢’ is to be
replaced in Eq. (70) by R;; if ¢’ belongs to an undoubled
line or to an external line, then ¢’ is left unchanged;
and similarly for ¢”’.
It is convenient to write

Ro=ka; a=n+1,--,b.
Then the integral M (G, A) becomes

(71)

MG, A)=Af dknyr - f dks®@s(knyr, 7y ko), (72)

where & is a product containing a factor
(Rewyp—1im)~* (73)

for every internal electron line of G, doubled or un-
doubled, and a factor

(RN

for every internal photon line. Also, ®4 contains factors
(R:Rydap— RypRia), (75)

(8a4Rsp— 8g4R1a), (76)

arising from vertices at which two internal photon
lines are incident. The integration in Eq. (72) is defined
in the following way. First, the integral is to be evalu-
ated as a Feynman integral, like Eq. (61), with the
quantities (44;) treated as real numbers and the masses

(74)
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m and X treated as positive and very large. The result
is an analytic function E of m, XA, and the A;. Then,
while 7 and X are kept large and positive, the A; are
continuously varied from imaginary to positive real
values; next, while the A; are kept real and positive,
m and \ are decreased through real values continuously
from their fictitious large values to the physical value
of m and the value A=0. During these successive
variations the function E remains analytic, and the
analytic continuation of E obtained in this way defines
M (G, A) for the values of m and A; which are physically
of interest.

To summarize the results of this section, the coeffi-
cient M is a sum of terms M(G) given by Eq. (59),
where M (G, A) is an integral of the form (72). To
evaluate M (G, A) the analytic continuation method of
HO.I is in general required, but it should be remarked
that in practice the process of analytic continuation is
usually trivial. The evaluation of Eq. (72), treated as
a Feynman integral, can be carried out by using the
well-known methods of Feynman,? leading to an explicit
analytic formula. The analytic continuation then
consists merely in substituting the physical values of
m and the T'; into this analytic formula.

VI. DISCUSSION OF DERIVATIVE INTERACTIONS

The Gupta formalism introduces into the interaction
lagrangian the term

T1=i‘fF#v(x)Fuv(x)’ (77)

containing time-derivatives of the potentials. This term
appears in the interaction hamiltonian together with a
supplementary term T, given by Eq. (14). T is the
familiar “normal-dependent” term which always ap-
pears in the interaction hamiltonian in theories with
interactions involving derivatives.® It is well-known!?
that when the S-matrix is calculated in such theories,
the effects of T'; are always exactly cancelled by certain
singular expressions arising from the higher order
effects of T1. In fact, the correct procedure in calcu-
lating the S-matrix is to ignore T'; entirely, at the same
time using the simple rules of Feynman to represent
the effects of T’ as integrals in momentum-space, since
these rules omit just the singular expressions arising
from T. Gupta?® has pointed out that such a procedure
can easily be justified in the case of his formalism.

It is generally true that an exactly similar procedure
is correct for the calculation of Heisenberg operators
or of intermediate representation operators by the
methods of HO.I, in all theories with derivative inter-
actions. This will now be demonstrated for the special
case of the Gupta formalism.

8 R. P. Feynman, Phys. Rev. 76, 769 (1949), Appendix.

S, Tomonaga and S. Kanesawa, Prog. Theor. Phys. 3, 1 and
101 (1948).

10 p, T. Matthews, Phys. Rev. 76, 684 (1949).
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By Eq. (27), the interaction (24) may be written

Hyp=Hmt+Hg,, (78)
H ymn=—1foF ii(x ) Fii(2'), (79)
Hae= - %f4ﬂFﬂ4(x’)Fﬂ4(x,): (80)
where
fao= Efﬂ/(l_.fﬂ)]' (81)

The term H,n involves only the space-derivatives of
the potentials, and gives rise to no singular expressions.
Therefore, only H,, need be further discussed. Consider
the evaluation of any coefficient M (G, A) derived from
a graph G containing a vertex x, at which H,, is oper-
ating. Let A; and A; be the two photon lines incident
at x;. If the ends of A\; and A\, remote from x; are
vertices at which the interactions H i, H ym, H 34, or H 3
are operating, then the operator H,.(x:) introduces into
M(G, A) only the first time-derivatives of D-functions.
Just as in the calculation of the S-matrix, these first
derivatives give rise to no singular expressions. Singular
expressions will be obtained only when a line A; joins
two vertices x1, «2 at both of which H,, is operating.

In order to determine the nature of the singular
expressions, it is necessary to return temporarily to the
analysis in Sec. IV of HO.I, where M (G, A) is expressed
as a sum of contributions M (Gr, A) from all the doubled
graphs Gr derived from G. Suppose first that Gr is a
doubled graph in which J; is an undoubled line. Then
\; contributes to M(Gr, A) a factor

D(x1—x3) or D'(x1—xy). (82)

The derivatives at x; and x, operate directly on the
factor (82), introducing a second time-derivative of
(82) ; but, since no 8-function or e-function is associated
with (82), the second time-derivative can be represented
by a momentum-space integral of the usual simple form,
and no singular term is left over. The singular expres-
sions are obtained only when \; is a doubled line.
Suppose now that A; is doubled, and write down
explicitly the factors in M(Gr, A) arising from the
vertices x1, 2 and the line ;. These factors are, accord-
ing to (44) of HO.I,
F(\;)=F ps(x1) F,a(22)0(x1— x2) exp(4;- (x1—%2))
X [{8ua(8/0214) — 812(8/0%14) } { 8,5(8/ B24)
- 645(6/8562,)} 5aﬁD(x1'—x2)]. (83)
The part of F(\;) containing second time-derivatives is
'_Fy4(x1)Fp4(x2)0(x1_‘x2) exp(A,-- (xl—xg))
X[(8%/92:12)D(x1—x2)].  (84)

The usual momentum space integral formula for
M(Gr, A) is obtained if one replaces (84) in F()\;) by

— Fua(%1) F ua(22) exp(Aj- (21— 1x2))
X (8%/0214°) (6(21—22) D(x1—22)) ] (85)
Therefore, the additional singular contribution to
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M(Gr, A) is obtained if one replaces F(\;) by the
difference between (84) and (85), which after an
integration by parts is

Fy(\j)= F“4(x1)F,.4(x2) exp(A,-- (xl— xz))
X[(8/3x14)0(2c1—22) J[(8/ 3x14) D(21—x2) ] (86)
= F (1) F ua(2) (21— 2). (87)

The exponential factor has disappeared from Eq. (87);
the 6 denotes an ordinary 4-dimensional §-function. In
virtue of Eq. (87), the singular contribution to M (Gr, A)
from the line \; is equal to a multiple of M(G7r’, A),
where Gr’ is the doubled graph obtained from Gr by
removing A; and replacing x; and . by a single vertex
at which H,. is operating. The Gz’ derived in this
way is a correctly constructed doubled graph when \;
is doubled in Gr, whereas if \; were not doubled, Gr’
would not be simply connected and would not be
admissable.

It is clear from the preceding analysis that the
singular contribution to M (G, A), obtained when two
operators H,, occur at adjacent vertices of G, is always
a multiple of M(G’, A), where G’ is the graph obtained
from G by collapsing the two vertices into one. It can
be proved by a more detailed calculation that the
effect of these singular contributions from M (G, A) is
accurately reproduced, if M(G’, A) is calculated with
the coefficient f4, appearing in H,, according to Eq.
(80), changed to the new value

f4a_f4a2~ (88)

However, it may happen that G itself still contains two
adjacent vertices at which H,, operates, which will give
rise to further singular contributions. To avoid this
complication, it is best to consider from the beginning
the possibility that G contains a string of r vertices
%1, * -+, %, joined by (r— 1) photon lines, the interaction
H,, operating at each vertex of the string. Such a
string of vertices, if Gr is any doubled graph in which
all the (r—1) photon lines are doubled, will make a
singular contribution to M (Gr, A) with the factor

Fu4(x1)Fn4(xr)5(xl_x2)' - 8(%r—1—2r)

analogous to Eq. (87). Arguing in this way, one finds
that all singular contributions to M(G, A) will be
correctly allowed for if the nonsingular terms are
written down in the usual way, with the coefficient fs,
in H,. changed to

f4a_f402+f403_ = fo

according to Eq. (81).

The change of fi, to f, in Eq. (80) is equivalent to
simply omitting the term F,sF,4 in Egs. (24) and (58).
Therefore, the conclusion of this discussion of derivative
interactions is to justify the rules which were formulated
in Sec. V for the evaluation of M(G). In fact, the
formulas (67) and (75), (76) were obtained just by

(89)

(90)
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translating the term F,,F,, in (24) into a momentum-
space integral, ignoring all singular contributions and
at the same time the term in F,4F 4.

VII. GENERAL SURVEY OF DIVERGENCES

All the divergences which can arise in the present
theory make their appearance in momentum-space
integrals of the form (72). The integrals (72) are derived
from Eq. (61) by the replacements described in Sec. V,
replacements which change neither the general form of
the integrals nor their convergence or divergence at
large momenta. The integrals (61) are of the kind
already discussed in the analysis of the S-matrix. The
introduction of new vertices at which the interactions
(24), (29), (30) operate does not introduce any new
types of divergent integral. Therefore, the possible
divergences in the present theory are precisely the
same as those which were studied in the theory of the
S-matrix developed in II.

Although the divergences are all of a kind which is
already familiar from the S-matrix analysis, it is not at
all to be expected at first sight that the methods of
isolating and removing the divergences, which were
adequate for making the S-matrix finite, will prove
adequate also here. First, the divergent integrals now
involve a multitude of parameters A;, whereas before
they depended upon at most two 4-vector parameters.
Second, and more important, the relativistic invariance
of the S-matrix, which was of decisive importance for
the unambiguous separation of renormalization effects,
is altogether lacking in the present calculations. How-
ever, in spite of these two serious obstacles, it is found
that the elimination of divergences can be carried out
for intermediate representation operators, in a way
which is consistent and unambiguous. This is possible
because of the close formal similarity between the
integrals (72) and (61). Although Eq. (72) is not an
invariant quantity, its lack of invariance lies only in
the fact that the vectors TI'; are of the special form (54).
Considered as a function of the vectors T';, Eq. (72) is
a formally covariant expression; and therefore the
method of separating divergent parts from covariant
integrals can still be applied to it. In this way the lack
of real invariance in Eq. (72) turns out to be unim-
portant. The treatment of divergences in Eq. (72) is
more complicated in detail than the treatment of the
S-matrix because of the greater number of parameters,
but no essentially new problems are encountered.

The divergences in a particular M (G, A) are associ-
ated with local features of the graph G, just as in the
S-matrix. There are logarithmic divergences arising
from vertex parts in G, linear divergences arising from
electron self-energy parts, and quadratic divergences
arising from photon self-energy parts. It is easy to
verify that Furry’s theorem™ applies to integrals of the
form (72). Also, the factors in Eq. (72) corresponding

1'W. H. Furry, Phys. Rev. 51, 125 (1937). See Sec. IV of II.
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to “scattering of light by light” processes? give rise
only to logarithmic divergences which cancel identically
after the contributions from different G are added
together. Therefore, the real divergences which have to
be isolated and removed from M (G, A) are limited to
the three types already mentioned.

The vertices of G at which the interaction H,;
operates will be called “ordinary”” vertices. Irreducible
proper and improper vertex parts and self-energy parts
are defined as in II. The irreducible vertex parts are
identically the same as for the S-matrix, consisting
always of a network of ordinary vertices only. Also,
the irreducible electron self-energy parts are the same
as before, either consisting of ordinary vertices, or
consisting of a single vertex at which H,, operates. The
irreducible photon self-energy parts are the same as
before, consisting of ordinary vertices, except that now
a new photon self-energy part is added consisting of a
single vertex at which either H,,, H ., or H,;, operates.
Vertex and self-energy parts, in which all the vertices
are ordinary, will themselves be called “ordinary.”
Thus, all irreducible vertex and self-energy parts, with
the exception of the single-vertex self-energy parts, are
ordinary. When #; is an ordinary vertex, the index m;
defined by Eq. (46) is unity, and the vector A; associated
with x; reduces to a single T';.

In the following three sections, it will be proved that
all the divergences arising from ordinary irreducible
vertex and self-energy parts are canceled identically by
counter-terms arising from H y,, H g, H g, H ;5 Operating
at the single-vertex self-energy parts. The arguments
will apply verbatim not only to ordinary irreducible
parts, but also to all ordinary proper reducible vertex
and self-energy parts, assuming that the divergences
arising from sources interior to these parts have been
canceled out previously. By application of the cancel-
lation first to irreducible parts, and then in succession
to more and more complicated reducible parts, all the
divergences arising from ordinary vertex and self-
energy parts will ultimately be canceled by the contri-
butions from the single-vertex parts. Used in this way,
the methods of the following three sections are sufficient
to eliminate all the divergences from the theory.

It is one of the great advantages of the Gupta
formalism that all mass and charge renormalization
effects are canceled automatically whenever they appear
in the course of the calculations. This is in contrast to
the method used in II. There, the mass renormalization
terms were removed by an automatic cancellation; but
the charge renormalization effects were handled by a
much more complicated procedure, being retained
through the calculations and finally collected into the
coefficients Zi, Z,, Z3, which renormalized the charge
explicitly according to Eq. (86) of II. The Gupta
formalism works from the beginning with the renormal-
ized charge e;, and makes unnecessary the elaborate

12 See Sec. VI of IIL.
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discussion in Sec. VII of II which justifies the step-by-
step removal of divergences arising from reducible
graphs. The program of successive removal of diver-
gences is now justified simply by the fact that each
divergence from an ordinary self-energy part appears
at every stage of the calculations accompanied by a
compensating term from a single-vertex part.

The Gupta formalism would not have simplified the
renormalization problem so greatly, if Ward"® had not
previously proved that in the S-matrix the renormal-
ization coefficients Z; and Z; are equal and exactly
compensate each other, so that true charge renormal-
ization arises only from Z;. In consequence of Ward’s
work, Gupta needed to introduce an explicit counter-
term only for the charge-renormalization effects pro-
duced by photon self-energy parts. The spurious
charge-renormalization effects from vertex parts and
electron self-energy parts cancel each other out. In the
following sections, it will be proved that this cancella-
tion of divergences without counterterms continues to
be valid for intermediate representation operators. In
the proof, Ward’s identity plays an essential part.

VIII. REMOVAL OF DIVERGENCES ARISING FROM
PHOTON SELF-ENERGY PARTS

Let W be an ordinary proper photon self-energy part,
irreducible or reducible. Let G be a graph in which W
occurs, M(G) and M(G, A) the coefficients derived
from G as explained in Secs. IV-V. If W is reducible,
it is supposed that these coefficients have been freed of
all divergences arising from internal pieces of W, the
internal divergences having been canceled out at an
earlier stage of the calculation, as described in Sec. VII.
Let A, and A; be the two photon lines adjacent to W
in G. Since the special vertex x cannot lie inside W, at
least one of the two lines, say, A;, must be internal and
doubled. Then A, may be either doubled, or internal
and undoubled, or external. Let x; and x; be the vertices
at which A\; and \; meet W. The line-doubling in G
can always be arranged so that a continuous path P of
doubled lines runs from x; to x, within W. Without
loss of generality, it will be assumed that the “down”
direction runs from «, along P to x;, then along A; and
other doubled lines outside W to x. Also, the direction
of the arrows is chosen in A, towards %, and in A
away from x;. Then by Eq. (69), the line A, introduces

into the integrand of Eq. (72) a factor (74) with
Ri=1+4iA;. o1

If A\; is an internal line, there is also a factor (74) in
the integrand of Eq. (72) with

Ry=141A,. (92)

Here, we have A;=0 if A, is undoubled. If A; is external,
we have A,=0 by definition and / is the momentum
carried by the particle corresponding to A In all

1 J, C. Ward, Phys. Rev. 78, 182 (1950).
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cases, we have
A1—A;=T1+Tot- -+ Ty, (93)

where I'y, - -+, T'q are the I'-vectors associated with the
d vertices of W.

Now consider the product Iy of all factors in the
integrand of Eq. (72) associated with the lines and
vertices of W. Apart from fundamental constants, Iy
depends only upon the following quantities: I'y, - - -, T'g,
(l414As), and the momentum variables &,% correspond-
ing to undoubled lines in W. The variables £,% do not
appear in any factors of Eq. (72) except IIw. Also, Iy
is a second-rank tensor with two suffixes o, 8, derived
from the Dirac matrices v., 7vg operating at the vertices
x; and x,. Thus, the integral

IW=IaﬂW(l+'iA2, I‘1, .

=fHde,,W

appears as a factor in Eq. (72), and depends only on
the parameters written explicitly in Eq. (94).

The integrals (72) and (94) are to be evaluated as
Feynman integrals before any process of analytic
continuation is applied to them. While Eq. (94) is in
the form of a Feynman integral, the method of Sec. VI
of IT can be used in order to separate it into a convergent
part and a divergent part, the divergent part having a
very simple form determined by considerations of
covariance. The divergence of Eq. (94) is at most
quadratic, and divergences arising from integration
over subsets of the variables k,% are supposed already
compensated. Therefore, we obtain

17 =17 +1p",
1e%= f kY { Ty — (T )o— N(3/002) ()

*y Pd)

(94)

(95)

—[Cut3424)(8/00)+T14(8/0T 1)+ - - -

+Tau(8/0T ) JMw)o

— 3L (ut1A.) (+1A2,)(8%/31,01,)

+2(l+142,)T1,(8%/80,0T 1)+« -

+ ', 1,(0%/971,0T )+« - -
+2T11,I'2,(8%/9T'1,0T2,)+ - - - 1(ITw)o},

this 7w being an absolutely convergent integral. The
notation (Ilw), means that the parameters A2, (I41A,),
Ty, - -+, ', but not the variables &,%, are all to be put
equal to zero in Iy and its derivatives, after carrying
out the differentiations. The divergent subtracted term
Ip¥ is of the form:

IDW: T"ﬁ+ AzT“B,+ Tﬂﬂ#(lﬂ+iA2n)+Zr Taﬂurrrn
F Tagur(lut180,) Gt182)+ 21 Tapus (but-382,)T s
+3r e Tapu™Trulss. (97)

(96)
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Here the Tap, Ty, €tc., are dimensionless numerical
tensors whose components depend only on the shape of
W, multiplied by such powers of the fundamental units,
h, ¢, and m, as are required to give the correct dimen-
sions to I'"”. Since there exist no numerical tensors of
third rank, the terms in Eq. (97) linear in /, and T,
vanish identically. The only possible form for a numer-
ical tensor of second rank is

Tap=Abag, (98)

where 4 is a scalar. The fourth-rank tensors in Eq. (97)
must each be of the form:

T apur= Baaﬁa,,,,—f-B’aa,.a,g,+B”6.,,65,., (99)

where B, B/, and B’ are scalars. When Egs. (98) and
(99) are substituted into Eq. (97), the result may be
written

T =bus[ A4+ AN+ B+, Bg-T,
+Zr Ze Brsrr' Fa]+BlQaqﬁ+Zf{BT’qﬂI"ﬂ

+Br,’qﬁrra} +Zr Zn BrtlI‘f“P"’a' (100)
with

g=Il+1Ay+iTs. (101)

In order to simplify Eq. (100), it is necessary to group
the self-energy parts W into mutually exclusive classes
C and to add together the integrals I% derived from W
belonging to a given C. Let I€ be the sum of these I".
The definition of the classes C is as follows. Given a
particular W, the vertex x, belongs to a closed loop L
of r electron lines in W ; the C to which W belongs is
the class of self-energy parts obtained from W by
moving x; to each of the (r—1) possible positions which
x2 can occupy on L, leaving the order of the other
vertices on L unchanged. If G is any graph containing
W, then Gc is defined to be the class of graphs obtained
by substituting for W in G the various members of C.
Clearly, all graphs of G¢ contribute together to every
coefficient M to which G contributes. Therefore, it is
convenient to consider the sums M(G¢) formed by
adding together the M(G) derived from graphs G in Gc.
The removal of divergences will be performed for the
sum M(G¢) as a unit; it is unnecessary tn cancel
divergences in each M(G) separately. Since the factors
of Eq. (72), other than I, arise only from the part of
G outside W, the function M(G¢) is formed from M (G)
by replacing I¥ by I€.

Consider the sum
(102)

The factors in Iy arising from the vertex x; and the
two adjacent electron lines \;, A; are

[(li#'{" A iu) Yu— im:l_l')’ﬁ[(liu'*' ":"b'AJ'u) Yu— im]—l) (103)

where

qslap”.

l,‘—'lj:l, n;A.'—T]jAj= A2+I‘2, (104)
Eq. (104) being a consequence of the structure of W.
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By Eq. (101), the sum (102) will be obtained if one
replaces the factors (103) in I¥ by

C@iutinidje)yu—im] = [ (it in:d i) vu—im ] (105)
Therefore, one obtains

gl 16" = E;W — E;¥, (106)

where E;¥ is the expression obtained by omitting from
IV the factors arising from the line A; and the vertex x..
Let the vertices of the closed loop L be in order w., x,,
¥, * -, .. Consider the self-energy part W', belonging
to C, in which x, stands between x, and x instead of
between x,; and x,. Let the two electron lines adjoining
%o in W’ be At, A\i. Then, we have

gl g™’ =EW' —EW', (107)

in analogy with Eq. (106). But it is easily verified that
the factors in the integrand of E;¥ are identical with
those of E,"’, apart from possible differences of notation
arising from a different choice of doubled lines in W
and W’'. The value of E;%, evaluated as a Feynman
integral, depends only on W and is independent of the
way in which the doubled lines have been chosen.
Therefore, E;% and E;%’ are identical. Similarly, when
Eq. (106) is summed over all the W in C, each term
E.¥ appears exactly twice, once with positive and once
with negative sign. This leads to the identity

Qﬂlaﬂc=0. (108)

The above proof of Eq. (108) is not altogether
rigorous, since it involves some rearrangements of
divergent integrals. The physical significance of Eq.
(108) is to express the conservation of the charges and
currents occurring as a result of the polarization of the
vacuum by an applied field. Mathematically, Eq. (108)
is the direct generalization to intermediate representa-
tion operators of the identity

(8/0%,)Gus(2)=0 (109)

expressing the same conservation principle in the
Schwinger theory.!'* Schwinger’s proofs of Eq. (109)
have given rise to much discussion;!® they are non-
rigorous from a strict mathematical point of view, but
there seems to be no doubt that Eq. (109) is to be
accepted as a correct equation, expressing a formal
property which the theory must possess in order to be
physically consistent. The dubious features in the proof
of Eq. (108) are similar to those which occurred in
Schwinger’s work. Therefore, it is reasonable to accept
Eq. (108) as formally correct, just as Eq. (109) is
accepted, without here enquiring more deeply into the
mathematical difficulties of the proof.

The grouping together of self-energy parts into
classes C, by moving the vertex x, round a closed loop,

14 J, Schwinger, Phys. Rev. 76, 790 (1949), Eq. (A.16) in the
Appendix.

16 See, for example, W. Pauli and F. Villars, Revs. Modern
Phys. 21, 434 (1949).
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can be extended by allowing both the vertices x; and «,
to move independently round the loops on which they
respectively lie. It will be supposed henceforth that the
classes C are enlarged in this way. Then Eq. (108) will
still be valid, and in addition the identity

qallaﬁc=0 (110)
will hold, with

¢ =I+iA,—iTy. (111)

Let 1€ be divided into its finite and divergent parts Iz,
Ip¢ by summing Eq. (95) with respect to W. Ip¢ is
formally the sum of all terms of degrees 0, 1, 2 in a
power-series expansion of € in the variables N, (I4-74,),
I'y, -+, T4; and the identities (108), (110) are homo-
geneous in these variables. Therefore, Egs. (108), (110)
hold not only for 7€ but also for the parts I »¢ and Ip°
separately. Since Ip¢ satisfies Eq. (108) identically,
the coefficients when Ip€ is written in the form (100)
are mostly zero; in fact, we may write

A=A4'=0, B+B'=0, B,+B,'=0, B,=B,,=B,,/’=0.

The condition 4 =0 states that the self-energy of the
photon is zero, as in the Schwinger theory. Therefore,
we have

Ip®=B(¢*0as—qags)+2_r B:(q-T10ap—qal'rg). (112)

When we apply Eq. (110) to Eq. (112), Ip° reduces
finally to the compact form:

Ip®=B(q-q'6ap—qags’), (113)

depending on the single scalar coefficient B. When A
and all the T; are put equal to zero, Eq. (113) agrees
with the form in which charge-renormalization effects
appear in the calculation of the S-matrix. Therefore,
B is to be identified with a certain contribution to the
coefficient Z; of charge-renormalization defined in II.

Let 7¢ be the sum of all /¥ derived from ordinary
proper photon self-energy parts W with d vertices.
The divergent part of I¢ is

Ipt=—Ba(q-q'0as—qags’), (114)

where B, is defined as a coefficient in the expansion,

o
f=1-2Z3='3 Bues,

d=2

(115)

and is therefore identical with the By appearing in Eq.
(26). Associated with I¢ there is an expression Io?
which describes the effects of the terms of degree e, in
H,p, Hyo, Hyp, operating at a single-vertex photon
self-energy part Wo. By Egs. (26) and (75), (76), the
contribution to I? from H,, is
I,%= B[ (I414,) - (I4-1A2)dap

— (I4102)a(l+iA))s].  (116)
By Eqgs. (29) and (48), the contribution from H, is

I%= B[ (d—2)T ;oL jo+Tio*J(Sag— asdps). (117)
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By Egs. (30) and (47), the contribution from H; is
Ibd= —in(P,'al,g— Pjﬂla). (118)

In Egs. (117) and (118), not only the factor arising in
Eq. (72) from W, is included, but also the factor
contributed by W, to the product Er, which appears
in M(G) according to Eq. (59). As explained in Sec. IV,
the vectors I'y, - - -, I'g are all associated with the single
vertex Wo; I'; and T'; in Egs. (117) and (118) are any
two of these vectors chosen arbitrarily. Since M (G, A)
involves T'y, + -+, T'q only in the combination (I'1+ - - -
+T'4), the value of Eq. (59) is independent of the choice
of T'; and T;. In particular, Egs. (117) and (118) may
be replaced by the expressions,

I,8=Bi(6as— 8a40p4) [ T20(T104Tao+ - - -+ o)
— Tyl 0+ (T2o—T10)A20], (119)
1= —in[I‘zalﬁ—Plpla-f—l-(I‘;—Fz)aa;}]. (120)

Adding together Egs. (114), (116), (119), and (120),
one finds

Ip*+Iot=1Ip*+1,+ 1.+ 17=0. (121)

Now consider the coefficient M defined at the
beginning of Sec. IV. It is a sum of contributions M (G)
from various G. Suppose that G is any graph which
contains the ordinary proper photon self-energy part
W consisting of d vertices. Contributions to M will also
be obtained from all graphs G’ in which W is replaced,
either by any other ordinary proper photon self-energy
part with d vertices, or by the single-vertex part W,
at which the terms of order ;¢ in H,,, H,,, and H,p
are supposed to operate. The M(G’) derived from all
these graphs, as defined by Egs. (59) and (72), will
differ from M (G) only by the substitution of 7%’ or Iy¢
for IV ; the factors in M(G) derived from all parts of
G outside W are retained unaltered in M(G’). Let M4
be the sum of all the M(G’) including M(G). Then, M
is obtained from M (G) by writing in place of I

T34 Ioé=1 5%, (122)

by Eq. (121) this Ix? is simply the absolutely con-
vergent integral separated from 7¢ according to Eq.
(96). That is to say, in M, all the divergences arising
from the photon self-energy parts W’ have been elimi-
nated. Since this elimination of divergences proceeds
independently for self-energy parts situated at all
possible places in G, the coefficient M finally involves
the integrals 7% only in the convergent combinations
Ig4. Therefore, M is free of divergences arising from
photon self-energy parts. Since M is any coefficient in
the expansion of A,4(p), the absence of photon self-
energy and vacuum polarization divergences in A ,,(p)
is now proved.

In conclusion, some explanation should be made of
the role of the analytic continuation process in the
above arguments. The M (G, A) were defined in Sec. V
as the analytic continuation of certain Feynman inte-
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grals, originally defined for large values of 7 and \ and
imaginary values of T';, into the region of real I';, and
small m and . The proof that the M (G, A) are analytic
functions of this kind was given in HO.I, but the proof
of analyticity is certainly invalid and meaningless
when the M(G, A) are divergent integrals. Here is a
defect in the argument, which must be remedied as
follows. The proof of analyticity will apply correctly
to the convergent part of an integral defined by the
subtraction procedure (96), provided that the sub-
tracted divergent terms are manifestly and formally
analytic functions of m, A, and the I';o. Now in Eq. (96)
the subtracted terms are formally analytic; they are
quadratic functions of A and the Iy, and they can
depend on m only as a constant power m” because m is
the only other parameter involved in them with the
dimensions of a mass. Therefore, the convergent parts
of all the integrals M (G, A) are correctly defined by the
analytic continuation method. Since eventually only
the convergent parts of the integrals appear in A4,,(p),
the use of analytic continuation in the analysis of the
coefficients M is fully justified.

IX. SEPARATION OF DIVERGENCES ARISING FROM
ELECTRON SELF-ENERGY PARTS AND
VERTEX PARTS

In this section the divergences from electron self-
energy parts and from vertex parts will be treated
together. Let V be an ordinary proper vertex part,
irreducible or reducible, with (d+1) vertices. Let W
be an ordinary proper electron self-energy part with d
vertices. Let G be a graph in which either V or W
occurs; let M(G) and M (G, A) be the coefficients
derived from G. As before, it is supposed that diver-
gences arising from internal parts of ¥V or W have
already been canceled.

Let \; and A, be the two electron lines adjacent to
V or W in G, meeting V or W at the vertices x1, %2,
with the arrow running in A\, towards x; and in X\; away
from x;. Let A3 be the photon line adjacent to V at the
vertex x3. The line-doubling in G can be arranged so
that x; and x» are connected in W or V by a continuous
path P of doubled electron lines. Also, x5 is connected
in V to P by a continuous path of doubled lines; but
it is no longer possible to arrange that X, is necessarily
doubled. The “down” direction may lead out of W to
x through either A; or Ay, and out of V' through either
A1, Ag, or A3 The factors arising from V or W in M(G)
will in general depend strongly upon which of these
alternative routes the down direction takes. Let IIy or
IIw be the product of the factors in the integrand of
Eq. (72) arising from V or W. Let

V= f ydk,Y, I¥= f Mwdk,¥,  (123)

where the k,” or k,” are the momentum variables
arising from undoubled lines in ¥V or W. In M(G) the
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integral (123) appears as a factor, since the variables
k.Y, k¥ occur only in Iy, Hy.

Consider now the parameters upon which IV can
depend. These are indicated by

IV=I,Y(Ry, Ry, T, - -, Tary). (124)

Here p is a vector suffix arising from the operator v,
at the vertex x3;. Not shown explicitly in Eq. (124) is
the fact that IV is also a Dirac matrix, with two spinor
indices which combine with the factors in M (G) arising
from \; and N.. The vectors R, R, are given by Eq.
(69) if Ay and A; are internal lines; if \; or A is external,
the corresponding R; or R, is simply the momentum
carried by A; or Ag. The vectors Ty, - - -, I'44q are those
associated with the vertices of V. In addition to the
parameters already mentioned, /¥ depends on 7 and .
Since IV is only logarithmically divergent,

]V=ID¢V+IFzV, (125)

o= f dka¥ {TLr— (1)), (126)

this Ir," being absolutely convergent. The subtracted
term (IIy), is obtained from Iy by substituting for
(R1, Ry, Ty, - -+, Tat1, \) the special values (¢, ¢, 0, - - -,
0, o), where ¢ is an arbitrary 4-vector satisfying

P=—m?

(127)

and ), is an arbitrary fixed positive mass. The divergent
Ip:, being a vector Dirac matrix depending only on ¢,
must be of the form,

IDtv = L‘)"‘+ B’Yﬁ(ta')’a‘“ im)+Bl(ta'Ya'_ lm)‘YI-'»

+C(tu7a_im)')/#(t573_im)) (128)

where L, B, B, C are scalar constants independent of ¢
after Eq. (127) is used. Now the difference between the
Ip.¥ defined with two different vectors ¢ is an absolutely
convergent integral. Therefore, the coefficients B, B, C
are finite, and only L is divergent. Let I 5" be defined by

IpV=Ly,, (129)
and write

IV=IpV+Ip". (130)

Then IrV is finite and independent of f{, and is by
definition the finite part of IV. The above definition
of IrY in two stages is similar to the two-stage definition
of A, in Sec. VI of II. Note, however, that L in (129)
is still a function of Ao It is necessary to retain a
non-zero A in L in order to avoid introducing a spurious
infrared divergence into V.

Although IV depends on the route along which the
“down” direction runs out of V, the Ip,” does not.
Therefore, L depends only on the shape of V and is
independent of the situation in which V appears in G.
When Ay=0, the constant L becomes the contribution
from V to the vertex-renormalization constant Z;
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defined in Sec. VII of IT. When A¢3#0, the constant L
is a contribution to the corresponding coefficient Z;(A),
which appears in the calculation of the S-matrix of
quantum electrodynamics when a neutral vector field of
mass Ao replaces the maxwell field. Let G be any graph
in which V occurs, so that M(G) contains IV as a
factor. In M, together with M(G), there appear all the
M(G') from graphs G’ obtained from G by replacing V
by any other ordinary proper vertex part with (d+1)
vertices. The sum of these M(G’) is denoted by M.

M, is obtained from M(G) when IV is replaced by a
certain sum /¢ This /¢ will depend not only on & but
also on the way in which the “down” direction leads
out of V in G. However, in all cases one obtains

I4=1T1g%41p4, (131)
where I ¢? is convergent and
Ip?=Lay,. (132)
Here, L, is defined as a coefficient in the expansion,

Zi(Mo)=1— X Laer?,

d=2

(133)

and is independent of the situation of V.

Next consider I". If the down direction leaves W
along \;, then A, is a doubled line and 7;=+1. In the
opposite case, A; is doubled and n,=—1. Let gw=+1
in the first case and aw=—1 in the second. In both
cases, the vectors R,, R, according to Eq. (69) are

given by
R1=l+1:‘nwA1, R2=l+1:71wA2, (134)
with
w(A1—Ay)=T1++-+Ta. (135)
Here, Ty, -+, I'y are the vectors associated with the

vertices of W. The parameters upon which 7" depends
are indicated by

IW=IW(l+inwA2, I‘l, Tty Fd).

Note, however, that I¥ is not the same function of
these parameters in the two cases nw==1. Also, I¥
is a Dirac matrix.

Since IV is linearly divergent, one obtains

(136)

IW=IDgW+IF;W, (137)

ImW‘—'fdkaW{HW—(HW):

—[T1(8/0T 1)+ - - +Tau(3/0T au)
+ (lll+ iﬂWAu_ tn)(a/al#)](nw)t} )

this Ir," being absolutely convergent. Here (Ilw), is
obtained by substituting for (/4inwAs, Ty, -« -, Tq, A),
in ITw and in the derivatives of Il after differentiation,
the special values (¢, 0, - - -, 0, Xo). The divergent Ip,¥,
being a scalar Dirac matrix depending linearly on the

(138)
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vectors (J+inwAls, T'y, - -+, T'4), must be of the form:
Ip¥=X+ y(ta'Ya'_ lm)

+z I‘,,,[E"y,,-}—B’(ta'y,.— im) Yu

+ B Yu(taYa—im)+C7(faya—im) vu(fgys—im) ]

+ (Ut inwdau— ) Byt BY(taya—im)y,

+B”Yu(tayoa—im)
+C(taya—im)y,(tgys—im)].

Suppose temporarily that ¢ is an arbitrary vector, not
necessarily satisfying Eq. (127). Then, the coefficients
X, Y, Er, etc., in Eq. (139) are scalar functions of #.
Let X', Y’ be the derivatives of X and ¥ with respect
to £. From the identity,

(139)

f dka¥ (8/01,) (Tw),
=Vy+2X't, 42V t,(faya—im), (140)
there follow the relations:
E'=Y+42imX'=Y+im(B%+ BY). (141)

Now, ¢ being restricted to satisfy Eq. (127), the coeffi-
cients X, Y, etc., become constants depending only on
m and \o. Let Ip% be defined by

Ip¥=X+3, ET vyt EL (L4 inwlAsu)yu—im], (142)

and write

I =IpV 157, (143)

Integrals such as

f dk"(8/01',) (), (144)

are only logarithmically divergent, and the difference
between two integrals (144) constructed with two
different vectors ¢ is convergent. From this it follows
that the coefficients B7, B, C*, B, B, C® in Eq. (139)
are all finite. Comparing Eq. (143) with Eq. (137),
Eq. (142) with Eq. (139), and using Eq. (141), one
deduces that I¢¥ is finite. Being independent of ¢,
IV is by definition the finite part of I%. This definition
is similar to the two-stage definition of }_. in Sec. VI
of II. The Ao-dependent coefficients X, E7, and E° are,
however, retained in Eq. (143) in order to avoid infra-
red divergences.

I7, like I", depends on the route along which the
down direction runs out of W. The coefficients X and
EY, like L in Eq. (129), are independent of this direction
and depend only on the shape of W. When A\y=0, the
coefficient E° becomes the contribution of W to the
electron-line renormalization constant Z, defined in
Sec. VII of II. When A,#0, the coefficient E° is a
contribution to the corresponding coefficient Za(\o)
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appearing in the S-matrix with a neutral meson field of
mass N\o. When \o=0, the coefficient X becomes the
contribution of W to the electron self-energy denoted
by (1/27)A=1Z28xe in Egs. (72) and (94) of II. When
No#0, the coefficient X is a contribution to the self-
energy

(1/2m) A (No) = iZ5(No) 3m(No) (145)

of an electron in a neutral meson field of mass X,.
However, in Eq. (142) the coefficients E!, - - -, E¢ will
in general depend on the down direction in W. It is
necessary to use a special symmetrization procedure,
explained in the following paragraph, to eliminate these
coefficients.

Consider the electron self-energy part W¥*, obtained
by reversing the direction of all arrows in W and at the
same time reversing the direction ‘“down” in the path
P of doubled lines joining #; to x,. If G is any graph
in which W occurs, there exists a graph G* obtained
from G by substituting W* for W. To pass from G to
G*, it is necessary only to perform a “reflection” of W
which interchanges the two ends x; and x,. The factors
in IIw are of three kinds, arising from undoubled lines,
doubled lines not in P, and lines in P, respectively.
Factors from undoubled lines appear unchanged in
IIw*. Factors from doubled lines not in P appear in
IIw* with a vector (¢+inA) changed to (g—inA),
where ¢ is a certain linear combination of the k,%,
and A is the sum of a certain subset of (T'y, ---, T'g).
Factors from lines in P appear in IIw* with a vector
(l—}—q—!—mW(Ag-!—A)) changed to (I4-g¢+inw(A1—A4)),
the sign of 7w being unchanged because both the down
direction in P and the direction of arrows are reversed.
Also, the order of all factors in Dirac matrix products
is reversed in passing from Iw to Iw* Therefore,
we have

IW*(l"l'inWA?y I‘ly ) Fd)
=I"(+inwAy, =Ty, -+, —Ta)r, (146)

where the suffix R denotes the reversal of the order of
factors. By Eq. (142), the divergent part of 77* is

IpP*=X— Zr ET. v,
+E[(tinwAy)ya—im].  (147)

Now G and G* always contribute together to any
coefficient M. Therefore, the value of M is unchanged
if one replaces every I by the symmetrized expression
LIV +I7%*). Instead of Eq. (142), the symmetrized
Ip% has the simple form,

Ip%=X+E[(l,+1i4,)y,—im], (148)
with

=3nw(Ar+A4y). (149)

The dependence of Ip¥ on the down direction in W
has now disappeared.
Let G be any graph in which W occurs, and G’ a

graph obtained from G by replacing W by any ordinary

621

proper electron self-energy part with d vertices. The
sum of the M(G’) is denoted by M 4; and M, is obtained
from M(G) when IV is replaced by a sum

J¥ =T pi+Jp¥, (150)
where J ¢? is convergent and
Jp¥=iK g+ E[ (l,4i4,)y,—im]. (151)

Note that the vector (/4iA) depends only on the part
of G outside W, and is the same for all G’. In Eq. (151),
K, and E, are coefficients in the expansions,

5m()\o) L
Z2(>\o)[ ]: z Kdgld, (152)
m d=2
Zy(No)=1+ i Eqe,?, (153)
d=2

in accordance with Egs. (93) and (94) of IL1.!6 They are
independent of G and of the situation of W in G.

There will also be a contribution to M from the
graph G, obtained from G by replacing W by a single-
vertex electron self-energy part Wy, at which the term
of degree e? in the interaction H,, is supposed to
operate. The addition to J¢ from W, is

(154)

Aq being the coefficient appearing in Eq. (25). Note
that this does not precisely cancel the term K, in Eq.
(151). The sum J¢ of integrals I¥, from proper self-
energy parts with d vertices and from W, is

Jé=Tpi4 T, (155)
=im(Ks—Aa)+EJ (,+3A,)y,—im]. (156)

By Ward’s identity,”® which holds for neutral vector
meson fields as well as for the ordinary maxwell field,
the renormalization factors Zi(Ao) and Zs(Ao) in Egs.
(133) and (153) are equal. Therefore, one obtains

Eq=—L,. (157)

To summarize the results of the analysis so far, all the
remaining divergences of the theory are comprised in
Egs. (132) and (156), arising, respectively, from proper
vertex parts and from proper electron self-energy parts.
The divergent coefficients are defined by Egs. (25),
(133), (152), and (153). It remains only to show in the
next section how Eqs. (132) and (156) cancel each other
exactly in the calculation of M. The physical reason
for the cancellation is that these terms are not true
renormalization effects but only “wave function re-
normalization terms” of a kind which are familiar in
elementary perturbation theory. In the present paper,
thanks to the complex denominators which never

]od= '—'tA‘{m,,

16 The factors 2z which appeared in II are now dropped because
all the integrals M (G A) are expressed in terms of the functions
2xDr, 2xSr. The inconvenient factors 27 arose originally from
Eqgs. (44) and (45) of II.
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vanish or become indeterminate, the treatment of such
wave function renormalization effects is free from the
difficulties and ambiguities which arose in earlier
discussions.'?

X. REMOVAL OF REMAINING DIVERGENCES

In this section the divergences (132) and (156) are
to be removed. The strategy of the removal is as
follows. A supplementary interaction H, is introduced,
which plays the same role for the electron-positron field
as the supplementary interaction H, of the Gupta
formalism played for the electromagnetic field. H, was
a real interaction which was introduced into the
lagrangian of quantum electrodynamics to take account
of the renormalization of electromagnetic fields. But
there is no actual renormalization of the electron-
positron field, in consequence of Ward’s identity, which
is essentially a statement of the law of conservation of
charge in radiative processes. Therefore, H, is not a
real interaction, but must be introduced artificially into
the formalism. This is done by adding to the hamiltonian
HT given by Eq. (11) a term (H,—H,). To the inter-
action (28) there is added a corresponding term
(Hyq—H,,). The definitions of H, and H,, are

H,(x)=[1—2Zy""(\o) ]Lp(x),

(158)
H,= [1 - Z2a_1()\0)]LD(xl),
where
Lp(x)=—he{3[¥vu(3¢/0x,)
—(3¢/ o) yu¥ J+miw}, (159)
Zo)=1+ 3 ELerglt—) ", (160)
d=2
Zo i) =1— Y- CdLesg(t—1)T°. (161)
d=2

The additional interactions H,, and (—H,,) are
treated in just the same way as the other terms in H,.
Thus, the possible graphs G giving contributions M (G)
to M are made more numerous by allowing two new
types of vertex to appear, which will be called P-
vertices and N-vertices. Both P- and N-vertices may
be inserted in all possible combinations in all the
electron lines of every graph. At each P- or N-vertex
there are two electron lines and no photon line incident.
At each P-vertex one term, of a particular order ¢? in
the series expansion of the interaction H,,, is supposed
to operate; at each N-vertex one term in the series
expansion of (—H,,).

17 For example, J. Schwinger, Phys. Rev. 76, 790 (1949),
especially p. 795; and Sec. VII of II, Eq. (99). The best published
treatment is that of R. Karplus and N. M. Kroll, Phys. Rev.
77, 536 (1949), p. 542.
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Every P- and N-vertex is a single-vertex electron
self-energy part which may be denoted by W. The two
lines adjacent to W will carry momentum vectors R;
and R, given by Egs. (134) and (135). Let G be any
graph in which W appears. They by Eq. (159) the
factor contributed by W to M(G) is for a P-vertex

Ip%= Cd[(lu'*'izn)'h_im]a (162)
and for an N-vertex
INW= —Cd[(l,.—}—iZ“)'y“—im:]. (163)

Strictly speaking, the time-derivatives in Eq. (159) will
introduce singular terms in addition to Egs. (162) and
(163), similar to the singular terms discussed in Sec. VI.
But the singular terms produced by H,, and by
(—H,,) are equal and opposite, and may therefore be
dropped without further argument.

Eventually, the P-vertices will cancel the divergences
(132), and the N-vertices will cancel Eq. (156). But
the cancellation is not immediate, and careful con-
sideration must be given to the reducible vertex parts
and self-energy parts which contribute to Eqgs. (132)
and (156) only after the removal of their internal
divergences. It is convenient first of all to make an
intensive study of the effects of P-vertices in isolation.
This study will occupy the following nine paragraphs.

Consider any graph G, without P-vertices. A class
C of graphs G may be derived by inserting any number
of P-vertices independently into each electron line of
Go. It is desired to find the relation between M(G,)
and the sum M (C) of the M(G) with G belonging to C.
Consider first the effect of inserting P-vertices into a
single external line Az of Go. Suppose that Ag is incident
at the vertex y of Go, and let n==1 according as the
arrow in Ag points towards or away from y. Let / be
the momentum carried by Ag. Since / is the momentum
of a real particle whose spin-function appears as a
factor in Eq. (41), the Dirac equation,

lyyu—im=0, (164)

holds whenever the left side of Eq. (164) operates
directly on Eq. (41). Let G be a typical graph derived
from G, by inserting into Ag the P-vertices y;, -+, y,,
in order reading inwards towards y. At each y; the
term of order e;% in H,, is operating. Let A; be the
sum of d; vectors T'; associated with y; according to
Eq. (53). Let

Ai=Art -+ A (165)

Then, M(G) is obtained from M(G,) by making two
alterations. First, an extra A, is added to the vectors A
in the denominators of all factors in M (Go) correspond-
ing to doubled lines of Gy on the route from y to .
Second, additional factors are inserted in M(Gy),

A0=O.
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namely,

F=[(utind ) yu—im]-Ca,
XLCutFin(Art-Ars0)yu—im]
XLutinAr—y, W) yu—im] ™" - -

X Cas[ (Lt5in(AgutAr)) yu—im]
X[t inAy)vu—im ] Cay
X[ (ut3inAr) va—im].

The order of factors in Eq. (166) is as written when
n=+1, and is reversed when n=—1. Let F"’ denote
the product of the numerical factors C¢; in Eq. (166),
and let F’ be the product of the remaining factors.

Let Y ; F' denote the sum of the (j!) products
obtained by permuting Ay, -+, A;in F. In > F'=F/,
the last factor of Eq. (166) may be replaced, using
Eq. (164), by

[(%lu'{‘%iﬂAIu)Vﬂ—%im]- (167)
This combines with the previous factor to give (1/2)

simply. Next, in Y » F’ the third from last factor of
Eq. (166) becomes

(166)

[(2lA3inAz.)y,—2 im], (168)
and using Eq. (164) this may be replaced by
[(’%lu‘*‘%":ﬂAzu)'Y#"% im:] (169)

which combines with the previous factor to give (3/2)

simply. Continuing in this way, in X ;F’ the
(2r—27+2)th factor of Eq. (166) becomes
LGlt (G—B)indjw)vu—j im], (170)
which may be replaced, using Eq. (164), by
(G—=HLAin8)vu— im]. (171)

This combines with the (2r—2j+1)th factor to give
(j—3%) simply. Therefore, finally

> [1 32 2’_1] "V (172)
rFl: ————— e = r.- .
222 2
where
135 2k—1
L=[_._._...__._], fo=1. (173)
246 2k

Suppose that 7, of the d; are equal to 1, #, are equal
to 2, and so on. Consider all the graphs G obtained by
inserting the P-vertices yi, -+, y- into Ag with the
given set of indices d,, - -, d, permuted in all possible
ways. Let Y M(G) be the sum of the M(G) derived
from these graphs. In 3> M(G) there appears instead
of the factor F the expression,

S F=(nlns!---)'F'y, F'
=[r!/(nilns!- - )If,C\mCom2- - -,

which is a pure number.

(174)
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Let
d=Ydi=3jn,. (175)

Consider now all the graphs G obtained by inserting
any number of P-vertices with any indices d; into Ag,
only the value of d being fixed. The sum }_ 4 M(G)
summed over all such G is obtained by inserting in
M(Gy) instead of Eq. (166) the numerical factor Fg,
which is the coefficient of e, in the expansion,

Yom Lo [lnatnat- - -) Y/ (malnal- - -)]
Xf(ﬂ1+"2+'")(Clel)"l(C2el2) "2, ., (176)

By the multinomial theorem and Eq. (161), this
expansion is identically

1+ZF‘181d=[1"ch81‘1]_;=22§()\0). (177)

In every term of >4 M(G) there is, in addition to the
factor F, also the extra A, to be inserted into the
denominators of factors of M(G,). This A, is the sum
of d vectors T';, and is the same for all terms in }_ 4 M (G).
Such an added A, would be introduced into M(Gy), in
precisely the same way, if the interaction operating at
the vertex y of G, were multiplied by [g(t—¢)]% Let
then M(G) be summed over all graphs G derived from
G, by inserting all combinations of P-vertices into Ag,
the result being M (G, Ag). To obtain M(Go, A\g) from
M(Go), it is only necessary to multiply the interaction
operating at y in Go by the factor,

1+ 2 Faey [ g(1—1) 1= Zsp* (M), (178)

in virtue of Egs. (161) and (177). Incidentally, the
above derivation of Eq. (178), with the square root
appearing as the sum of a multinomial expansion,
indicates the lines along which a rigorous mathematical
derivation of the square-root renormalization factors in
Eq. (99) of II can be constructed.

Next consider the effect of inserting P-vertices into
a single internal line A, of Go. Let the ends of A, be y
and z. The line-doubling in G, can always be arranged
so that A, is doubled. It is supposed that the down
direction in A, runs from z to y. Let

Ry=I+1inA (179)

be the vector appearing in the factor (73) contributed
by As to M(Go). Let G be a typical graph derived from
G, by inserting in A, the P-vertices yi, - - -, y-, in order
reading from z to y. Let d;, A;, and A; be defined for
each y; as before. Then M(G) is obtained from M (Gy)
by making two alterations. First, an extra A, is inserted
in some factors of M(G,) precisely as before. Second,
new factors are inserted in M(Go), namely, those
obtained by replacing ! in Eq. (166) by (I+4inA). That
is to say, the factor (73) in M(G,) is replaced by

Fa=F"F4,
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Fa'=[ (A4 in(Aut4,))yu—im] ™
XLGtin(Aut3Ant+3A,1,4)yu—im]- - -
XLCutin(AutAr))v,—im]™
X[Cutin(Au+341,)) vu—im]
X[(CutinA)yu—im]

The order of factors in Fa' is again to be reversed if
n=—1.

Let >, Fa’ be defined as the sum of the products
obtained by permuting Ay, - - -, A, in F4’. The following
identity, which is a generalization of Eq. (172), will be
proved by induction on 7.

(180)

z,FA'=§f,f,.,-z,[<zu+in(m+A,.“)m—imj—*, (181)

with f; given by Eq. (173). The summation Y, is over
the (r!) permutations of the A;, on both sides of Eq.
(181). To prove Eq. (181) for any value of r, assume
it to hold for (r—1). Then we have

r—1
Y A= af:fr—l—jz r[(lu‘}"i’?(A#‘*‘ Ar))Yu— im]—l
i
XLCtin(Aut34n+34,1,4)yu—im]
X [(lu'*‘i’?(An‘*‘Ajn))'Yu"‘ im:]—l-

The middle factor in square brackets in Eq. (182),
when summed over permutations of the A;, is equivalent
to

LQ2r—2j—1)/Qr—25)JL¢+in(AutAr))vu—im]
+ [1/(27— Zj)][(l#+i7l(Au+ Aiu))'Yn— im:]~

Substituting Eq. (183) into Eq. (182) gives immediately
Eq. (181) with the help of the elementary identity'®

r—1 1
% Gt
This completes the proof of Eq. (181).

Let > M(G) denote as before the sum of the M(G)
derived from G obtained by inserting the P-vertices
y1, -+, ¥ with the given set of indices dy, ---, d,
permuted in all possible ways. In 3~ M (G) there appears
instead of the factor Fa the expression

Y Fa=(nmlnsl - )7'F"3 ., Fa'. (185)

Let Q denote any subset of the indices d;, containing ¢,
indices equal to 1, g2 equal to 2, and so on. Thus,
0<¢:<n; for each . Let

pi=ni—q;, j=2.q; r—j=22p.  (186)
18 To prove Eq. (184), equate coefficients of " in the identity
(1—x)"¥(1—2x)i=1.

(182)

(183)

(184)
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Using (181), we have for Eq. (185)

SFa=Loli/(gulgal- - ) ILC—) Y (prlpat- )]
Xf;fr_j[:C1“+q‘C2m+”' -]
X [(lu+i7l(An+AQM)) Yu— im]“‘,

where Aq is the sum of the A; corresponding to the
indices d; in Q. The part of > M(G) arising from a
particular term Q in the sum (187) will be denoted by
My(G).

Let d’ be the sum of the d; in Q, d”’ the sum of the
d;not in Q, and d=d’'+d"”. Let M o(G) now be summed
over all graphs G obtained by inserting any number of
P-vertices into A, with any set of indices dy, - - -, d,,
and over all subsets Q of the d;, with G and Q being
restricted only by the condition that d’ and 4’ are to
have fixed values. Let the double sum be denoted by
> i Mo(G). The A appearing in Eq. (187) is a sum of
d’ vectors T;. Since these I'; are equivalent integration
variables in M(G) according to Eq. (59), Aq is effec-
tively only dependent on 4’ and is the same in all
terms of the sum Y 4 Mo(G). Therefore, Ay will be
written instead of Ag. To obtain > s Mo(G) from
M(G,), the factor

[GtinA)yu—im]!

(187)

is replaced by
Faar[(Ltin(Au+Awu))ye—im] L (188)

The numerical factor Fg4- is by Eq. (187) the coeffi-
cient of (e,")%(ey”)#’ in the expansion

Yo araL(prtpet )/ (prlpale )]
Xgitget- )/ (@ilgel - ) I fprtpate
Xfcqitart--(Crer) 1 (CoerH) 22 - -

X (Crey )P (Coey/?)P2- - -, (189)
which is the multinomial expansion of
[(1-2Ca(e) I [1—ZCalea) ]

=272} (N0, €1)Z2}(No, €1”').  (190)

Let M(Go, \;) be the sum of the M (G) obtained from
all G derived from G, by inserting P-vertices in A, in
any way whatever. The same argument that was used
for M(G,, MAg) can be applied to M(Go, \;), starting
from Egs. (188) and (190). The conclusion is the
following. To obtain M(Go, As) from M(G,), it is
necessary only to multiply the interactions operating
both at z and at y in G, by the same factor (178).

Returning finally to the class C of graphs obtained
by inserting P-vertices into all electron lines of Gy, the
sum M (C) will be obtained as follows. Let an E-vertex
be defined as a vertex at which electron lines are
incident. At every E-vertex of G, there are incident
exactly two electron lines, internal or external, in each
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of which P-vertices may be independently inserted.
Therefore, M(C) is derived from M (G,) by multiplying
every interaction operating at every E-vertex of G, by
the factor

Zag(No)- (191)

This completes the discussion of the effects of P-
vertices.

To summarize the results, it has been shown that all
the effects of P-vertices are exactly taken into account,
if the P-vertices themselves are dropped and the
interactions operating at all other E-vertices are
multiplied by (191).

There are three types of E-vertex in Gy, namely,
ordinary vertices at which H,; operates, S-vertices at
which H,, operates, and N-vertices. Consider first the
effect of the multiplying factor (191) at an ordinary
vertex y. By Egs. (157) and (160), the term of order d
in (191) will precisely cancel the divergent term (132)
arising from the insertion of vertex parts with (d+1)
vertices into Gy at y. The cancellation is to be made
step by step, first the term d=2 in (191) canceling the
term d=2 in Eq. (132), next the terms d=4 canceling,
and so on. In this way it is clear that each vertex part
is freed from its internal divergences before its own
contribution to Eq. (132) is canceled. Therefore, it was
correct to calculate Ly in Eq. (132) assuming the
internal divergences to have been previously removed.

Next consider the effect of the multiplying factor
(191) at an N-vertex. By Eq. (158), the interaction
operating at N-vertices is thereby changed into

(1= Zsy () ILo(x) = — :E Edewg(t—t) Lo (x). (192)

Let W be any N-vertex in G, at which the term of order
e:%in Eq. (192) is operating. Then the factor contributed
by W to M(C) is

_Ed[(lu+ iz#)')’u_im]: (193)

which now replaces Eq. (163). The multiplying factor
(191) does not change the contribution (150) to M(C)
arising from ordinary proper electron self-energy parts
W’; in fact, the effects of (191) were exactly used up in
canceling the internal vertex-part divergences from
each W' before Eq. (150) was calculated. The contri-
butions (150) and (193) are both correct after the
multiplication by (191), and are to be added together
as they stand in calculating M(C). Therefore, the term
in E; in Eq. (156) is precisely canceled by the contri-
bution from N-vertices.

Finally, consider the effect of (191) at an S-vertex.
By Egs. (23), (25), and (152), the interaction at S-
vertices is changed into

-_ Zgg()\o) 6gm621/_n//(x’)

== 3 XdLeg(t—0)TmePu(’), (194)

d=2
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where X4 is a numerical coefficient depending on A,
which becomes formally identical with K4 as A tends
to zero. Therefore, the contribution (154) to J, is
changed into

(195)

The term (K gm) in Eq. (156) is, however, not changed
by the multiplication by (191), since this term arose
from ordinary self-energy parts in the same way as the
other term in Eq. (151) which was discussed previously.
The total effect of the multiplication by (191) is thus
to replace Eq. (156) by

im(Ka—Xa). (196)

If, at the end of the calculation of M, the auxiliary
mass Ao is put equal to zero, then (196) vanishes.
Unfortunately, putting Ao equal to zero will introduce
infrared divergences into the convergent integrals I ¢
and Jr% The best solution of this difficulty is to insert
a small photon mass Ay into the formalism from the
very beginning, so that the self-energy ém(\o) appears
already in Eq. (13). Then, according to Egs. (152) and
(194), K4 and X, are equal, and (196) vanishes without
creating infrared divergences anywhere.

All the divergent terms (132) and (156) are now
eliminated from M. This completes the proof, which
has occupied Secs. IV-X, that the operator A4,,(p) is
divergence-free.

—iXam.

XI. NOTE ON MATTER-FIELD OPERATORS

Hitherto, attention has been concentrated exclusively
on the electromagnetic potentials A,,(p). This was
done not because the 4,,(p) are in themselves of any
special importance, but because they served as a
concrete example to illustrate the technique of carrying
through the renormalization program in the inter-
mediate representation. The methods which have been
developed in Secs. IV-X can be applied with only
minor changes to the analysis of any intermediate
representation operators. The most important applica-
tion of these methods will be to the hamiltonian
operator H'(f) of the intermediate representation,
defined in Egs. (6) and (7) of RM. The detailed dis-
cussion of H'(f) will be published in a separate paper.
Here only the results of the renormalization program
applied to the matter-field operators ¥,(p), 7uo(p) will
be described.

The graphs which contribute to the normal con-
stituents of ¥,(p) are similar to those contributing to
A,,(p), except that a single electron line, instead of a
single photon line, is incident at the special vertex x.
The whole analysis of Secs. IV to X applies unchanged to
¥,(p), except that in Sec. X the vertex x appears as an
additional E-vertex at which the multiplying factor
(178) will occur. At x there are no vertex part diver-
gences to compensate Eq. (178). Moreover, at x the
two times ¢ and # in Eq. (178) are equal, and by Eq.
(17) the factor (178) reduces to the numerical constant
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Z*(\o), which becomes Z,* when A, is put equal to
zero. Hence, one obtains the result that the operator
¥,(p) is a divergence-free expression multiplied by the
renormalization factor Z,!. The same is true of ¥,(p).

The graphs contributing to 7,,(p) have the property
that two electron lines are incident at x. In this case
the analysis of Secs. IX-X applies without change, for
x behaves like an ordinary E-vertex at which vertex
part divergences cancel the multiplying factor (178).
However, the cancellation of Sec. VIII fails for the
divergences produced by a proper photon self-energy
part W one of whose end-vertices is x. The divergence
(113) arising from W is not removed by any compen-
sating terms (116), (117), (118). In the intermediate
representation operator j,,(p), the divergences (113)
occur in a rather complicated way. This operator is in
general not made finite by renormalization.

However, in the special case of the Heisenberg
representation, g(f)=1 and all the T'; tend to zero. The
Heisenberg charge-current operator j,(x) is defined in
the Gupta formalism by

Ju(®) =desc () yul(x). (197)

In j.(p), the divergence (113) arising from a photon
self-energy part W incident at x takes the form

Ip®=—cB(p*8us— pups)-

In A,(p), the photon line incident at x contributes a
factor (p%)7), and the remaining factor is what remains
of [(1/c)ju(p)] after all the divergences (198) are re-
moved. Also, the divergences (198) in j,(p) multiply
an expression which is identical with [—cA.(p)].
Therefore, altogether, using Eq. (26), one obtains

(I/C)iu(i’) = PzAM(P) - [ZBdeld](Pz’suv— P#PV)A"(p)
= p*Au(D) —f(*8ur— up) As(D).

This shows that j,(p) is divergence-free except for the
single constant f appearing in Eq. (199). The above
derivation of Eq. (199) confirms the consistency of the
renormalization method because Eq. (199) is identical
with the field-equation for A, obtained from the
lagrangian (3). When the supplementary condition
(p,A,(p)=0) is imposed, Eq. (199) becomes

(1/)iu(p) = Zsp*Au(p),

so that j,(p) is a divergence-free expression multiplied
by the constant Zy=(e,/e)%.

(198)

(199)

(200)

XII. THE TRANSITION TO HEISENBERG
OPERATORS. CONCLUDING REMARKS

The transition from the intermediate to the Heisen-
berg representation is to be made by letting the function
g(®)—1. To define the limiting process precisely, it is
convenient to replace g(t) by g(¢/T), where T is a
parameter, and then let T—c. The derivatives g’ and
g’ in Egs. (29) and (30) tend uniformly to zero as
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T— . The interaction H,(x, ") defined by Eq. (28)
tends uniformly to H(x') given by Eq. (11). Therefore,
the transformation operator (35) becomes in the limit
identical with Eq. (6) of HO.I, the operator leading
from the interaction representation to the Heisenberg
representation. Heisenberg operators are limiting cases
of intermediate representation operators; this is the
exact meaning of the remarks made in Sec. IV of
HO.I concerning the relation of Eq. (32) to Eq. (33).
The limiting process introduces no difficulties into the
formal separation and cancellation of divergences, since
all the divergent coefficients are constants independent
of g(t). However, it is important to inquire, under
what conditions the convergent expressions remaining
after renormalization will tend to well-defined limits as
g(H)—1, independent of the precise way in which the
limiting process is performed. Only when such condi-
tions are satisfied will it be permissible to represent
Heisenberg operators by power-series in the interaction
hamiltonian, as it is done in HO.I.

When g(2) is a function which is equal to 1 at all
recent times ¢ and tends to zero only in the remote
past, the intermediate representation operators are
equivalent to the Heisenberg operators defined for a
theory in which the charge e, rises adiabatically from
the value zero in the remote past to its actual value at
the present time. The power-series expansions of
Heisenberg operators in HO.I are by definition the
limits of the expansions of Heisenberg operators with
the adiabatically varying e;, supposing the limits to
exist as the rate of variation of e, is made infinitely
slow. The whole discussion of Heisenberg operators has
a meaning only when these limits exist. Physically
speaking, the limits will exist only if the actual state of
the system can be deduced from the state of the system
existing in the remote past before the adiabatic switch-
ing-on of e; was begun, independently of the details of
the switching-on process. That is to say, the state of
the system must be such that at some time in the past
only separate free particles existed; then, each free
particle can be considered to have been independently
formed from an equivalent “bare” particle when e; was
switched on. The switching-on process must be finished
before the separate free particles converge and interact
and give rise to the actual state of the system. The
state of the system in the remote past must be free
from any groups of particles bound together into stable
composite structures by the radiation interaction.

The definition of Heisenberg operators as limits of
intermediate representation operators, or the equivalent
definition by a limiting process involving the adiabatic
switching on of ¢;, will thus be meaningful only under
the following conditions. Tracing the history of the
system back into the past, the radiation interaction
must have operated only a finite number of times as a
true interaction between different particles; further
back than this, the system was in a dissociated state
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where the radiation interaction produced only the
self-fields of individual free particles.

From the last statement of the condition for the
validity of the limiting process there follows an inter-
esting consequence. In the power series expansions of
Heisenberg operators, after the cancellation of diver-
gences due to renormalization effects, the terms of
order e," represent the processes in which the radiation
interaction has operated as a true interaction » times
during the whole previous history of the system. If the
radiation interaction has operated in this way only a
finite number of times, then the terms of very high
order in e; will make a negligible contribution to the
operators. That is to say, the series expansions of
Heisenberg operators, after renormalization, will them-
selves be convergent power series. And conversely, if
the previous history of the system involves bound
states, so that the radiation interaction has operated
an infinite number of times, then the power series will
not converge.

The convergence of the power series after renormal-
ization has in no case yet been mathematically proved.
The above physical argument only makes it plausible
that, under the restricted conditions in which the
definition of the series expansions of Heisenberg oper-
ators by a limiting process is meaningful, the series
will always converge.

It needs to be stressed that the conditions under
which the series expansions of Heisenberg operators
can be defined are very restrictive. In almost all
physical situations, bound states of some kind are
involved either actually or virtually, and the expansions
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are either meaningless or misleading. The same remarks
apply a fortiori to the series expansion of the S-matrix,
which requires the absence of bound states not only in
the past but also in the future. Just for this reason,
the intermediate representation extends the technique
of renormalization to a wide range of problems which
could not be satisfactorily treated before.!®*

In the power series expansions of intermediate
representation operators after renormalization, the
terms of order e;” represent processes in which the
radiation interaction has operated as a true interaction
n times during the finite interval of time in which g(¢)
is appreciable. It is plausible, but not proved, that the
total probability of such processes will tend to zero
rapidly as » tends to infinity, in all circumstances,
whether bound states are involved in the system or not.
Thus, not only does the use of the intermediate repre-
sentation overcome the restrictions on the definability
of the series expansions of the S-matrix and of Heisen-
berg operators, but also it may be hoped with some
confidence that intermediate representation operators
have power series expansions which are always con-
vergent after renormalization.

19 Another method of treating radiation problems has recently
been published by E. C. G. Stueckelberg, Phys. Rev. 81, 130
(1951), which is similar in its basic idea to the intermediate
representation method. Both methods begin by replacing the
customary integration over an infinite time-interval by an inte-
gration over a finite time-interval. But the two methods are so
dissimilar in their subsequent development that a direct com-
parison between them is hardly possible. See also E. C. G.
Stueckelberg and T. A. Green, Helv. Phys. Acta 24, 153 (1951).

2 A clear discussion of the limitations of the old series expansion
methods is given by B. Ferretti, Nuovo cimento 8, 108 (1951).



