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Infrared coherence and the QED path integral

Mark S. Swanson
Department ofPhysics, University of Connecticut, Storrs, Connecticut 06268

(Received 4 October 1982)

The infrared coherent states developed by Faddeev and Kulish are used to construct the
path-integral representation of quantum electrodynamics. The result shows that the time-
ordered products of the asymptotic fields, previously evaluated within the operator formula-
tion, can be derived from the functional formalism. This is accomplished by retaining a
nonlocal piece of the original vertex when defining the perturbation series. The resulting
path integral allows exact evaluation through a nonperturbative change of spinor variables
and the use of the classical solution to the gauge field equation of motion in the presence of
a point source moving at constant velocity. Extension of this functional technique to the re-

normalized theory and to massless nonlinear theories is briefly discussed.

I. INTRODUCTION

In the standard diagrammatic formulation of per-
turbation theory in quantum electrodynamics (QED)
self-energy corrections are infrared divergent. A
theorem by Lee and Nauenberg' demonstrates that
this divergence can be removed from calculations of
physical processes by summing over energetically
degenerate initial and final states. As discussed by
Yennie et al. , such a procedure is realized by giving
the photon a small mass in intermediate steps of cal-
culation. The infrared-divergent terms are then can-
celed by summing over graphs with appropriate
numbers of soft bremsstrahlung attached to the
external lines, and returning the photon mass to
zero. In effect, every scattering process changes the
momenta of the participating charged particles. The
accompanying electromagnetic field must reflect
this change, and this gives rise to the necessity of
the bremsstrahlung. This technique has been gen-
eralized to non-Abelian gauge theories.

At a more fundamental level these infrared diver-
gences arise from the failure to identify the correct
asymptotic charged states. Bloch and Nordsieck
were first to point out that a physical charged parti-
cle state must be accompanied by an infinite number
of coherent photons. In generalizing the work of
Dollard to the relativistic case, Faddeev and Kul-
ish were able to construct a pseudo-unitary operator
which dresses the charged states of the standard
theory with sufficient photons to represent the elec-
tromagnetic field associated with a particle moving
at a constant velocity. In other work the infrared
states of Faddeev and Kulish, modified to satisfy
the Gupta-Bleuler condition, were used in a reduc-
tion formulation of scattering in QED. Such an ap-
proach leads to a modified interaction picture with a

new set of Feynman rules. These rules give graphs
free of infrared divergences, although the renorniali-
zation of the theory has remained obscure

Quite apart from these formal considerations,
most current work in quantum field theory employs
the path-integral formulation pioneered by Feyn-
man. ' Such an approach makes no direct reference
to particle states, but instead gives a method to cal-
culate time-ordered products of Heisenberg fields
between the vacuum of the theory. Several authors"
have used coherent states, which are complete when
functionally integrated, to construct the path in-
tegral. In other work' the path-integral formula-
tion of QED was derived by this method with spe-
cial attention paid to the role of the Gupta-Bleuler
condition. It was found that the Coulomb-gauge
path integral represents the transition amplitude be-
tween the Fock vacuum dressed by the same unitary
operator used to generate the interaction-picture rep-
resentation. To make this clear, let A& be the inter-
polating photon field which obeys the interacting
Feynman-gauge equation of motion

QA„=eely„f,
where g is the interpolating bispinor field. If az is
the free Feynman-gauge field, the unitary operator
Z(t) connects A& to a& in the manner

Z(t)A„(x, t)Z '(t)=a„(x,t) . (1.2)

The pseudo-unitary operator V(t) (Ref. 13) is de-
fined by its action on the positive-frequency part of
B„A",so that

V(t)Z(t)a„A~'+'(x, t)Z-'(t) V-'(t)

=a a~'+'(x t)
It was shown that
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(0)~ V(t+)Z(t+)Z '(t )V '(t ) ~0) = f [ddedtTtdt[t]6('(t. tk)exP i f dtd x(W Je—Ae —()K Kt—(t)

(1.4)

where Jz and K are external sources, W is the
gauge-invariant QED Lagrangian without a gauge-
fixing term, and the measure in (1.4) will be exhibit-
ed in the next section.

In the standard evaluation of (1.4) the interaction
terins in the Lagrangian are written as functional
derivatives and the remaining path integral, qua-
dratic and linear in the fields, is integrated. Such an
evaluation results in the standard set of Feynman
rules in the Coulomb gauge which exhibit the previ-
ously discussed infrared divergences. In other analy-
ses it was shown that the infrared coherent states
consistent with the Gupta-Bleuler condition are
created by a pseudo-unitary transformation which is
the large-time limit of Z V. At first glance these two
results seem contradictory.

It is the intent of this article to resolve this prob-
lem and to show how the path-integral formulation
of QED may be evaluated nonperturbatively to ob-
tain the Feynman rules consistent with the infrared
structure of the theory. In Sec. II the infrared-
coherent-state formalism is briefly reviewed and
then used to define a complete set of infrared func-
tional states. These states are used in turn to con-
struct the path integral for QED with the same re-
sult as (1.4) again. It is shown how the contradic-
tion mentioned previously is resolved. In Sec. III
the correct method for nonperturbatively incor-

I

porating infrared effects into the Feynman rules is
developed within the path-integral formalism. This
method is demonstrated by deriving the modified
bispinor propagators and vertices familiar from the
operator formulation. In Sec. IV extension of this
work to the full renoiiaalization of QED in the
modified interaction picture as well as to the non-
perturbative evaluation of infrared effects in other
massless nonlinear theories is discussed.

II. INFRARED COHERENCE
AND THE PATH INTEGRAL

xj„" x, ta" x, t (2.1)

where a„ is the free Feynman-gauge photon field
with the decomposition

In the first part of this section the coherent-state
formalism of Faddeev and Kulish will be reviewed
and its renormalization will be outlined. In the
second part a derivation of the path integral con-
sistent with the infrared behavior of the theory will
be presented.

The key step in the derivation presented by Fad-
deev and Kulish is to note the asymptotic behavior
of the Z operator defined by (1.2). It follows that

lim iZZ '=Hi"(t)
t~+ ao

3

a„(x)= f (2tee) 't [a„(k)e' (kk)ae
' ], ta„=

(

k
((2~) ~2

while the current j&' has the form

(2.2)

3 2
P r

d p pi6 (2.3)

The b t and dt are creation operators for particles and antiparticles familiar from the Fourier decomposition of
the free Dirac field

3

( 2 )3/2

1/2

[u-, (x)b-„,+v-, (x)d-, ], ep2
i p i2+m2. (2.4)

If the free fields (2.2) and (2.4) are used as interaction-picture fields, then the interaction-picture Hamiltoni-
an consistent with this choice will not automatically switch off at asymptotic times. This result follows direct-
ly from the fact that (2.1) has nontrivial interactions in that limit due to the masslessness of the photon.

The solution to this problem is to select different interaction-picture fields so that the associated Hamiltoni-
an does vanish at asymptotic times. In the method of Faddeev and Kulish this is accomplished by the assump-
tion that the correct interaction-picture fields, denoted a&' and P", are related to the free fields by a unitary
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operator U, so that

a~' ——UapU ', P"=UPU

Combining (2.5) with (2.1) and (1.2) gives
I

f2
V(t, )U '(t, )=T exp i f dtH (ti

(2.5)

(2.6)

Expression (2.6) has been evaluated elsewhere to obtain

U(t) =exp[ —R(t)]exp[ iP(t—)],
where

(2.7)

(2.8a)

]d(tl=e' f d'p d'qp( p)p(q )f( p, q, t),
with

f(p, q, t)= pq 2coke~kq
d3k kp

(2n. )
S1I1

kp

Ep

kq

Eq

(2.8b)

(2.8c)

When (2.7) is applied in (2.5), the free photon field is modified by the Lienard-Wiechert potential of any
charges present. The charged particles develop an eikonal phase which represents a distortion of the plane
wave due to the presence of other charges.

When dressed by the U operator the charged Fock states become orthogonal to the original Fock spectrum.
This manifests itself in the form of divergences present in the time-ordered products of the ()[)",necessitating a
renorrbialization procedure. This can be effected by defining a momentum cutoff version of the Hamiltonian
(2.1),

3 3 Ib

(2m. ) (2cok )
'

~p
(2.9)

Using (2.9) to derive (2.7) allows the definition of finite propagators for finite a. It is necessary to augment
(2.9) with a masslike counterterm

3
H'(a)=bet f e(p),

Ep

where

2

n(p)= g (b-,b-, +d, d „,)s=1

and

(2.10)

(2.11a)

e pl

8Ir a (2.11b)

The nonlocal structure of (2.10) is due to the nonlocality of (2.1) [see (2.32) of this section]. As a result, the
Coulomb phase operator p(t), which appears in (2.7), causes the spinor operators, when nornial ordered, to
develop the phase

(2.12):exp(ib)(t)]bx .exp[ jbt(t)]:=:exp —2(e f d qf(k, qt—)p(q):be +bx exp, [ ie f(k, kt)] . , —

Using the fornI of (2.8c) developed from (2.9), it follows that
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2 2

e f(p, p, t)= — t,
& 8~@~

(2.13)

hence, the forms (2.10) and (2.11). The fact that n(p) and p(p) commute allows the counterterm (2.11a) to
cancel the phase (2.12) exactly. It is also necessary to define renormalized spinor fields

=z ]/2y~s (2.14)

in order to remove divergences from the spinor propagator. This will be discussed ln greater detail in the next
section.

In order to derive the path integral it is necessary to introduce functional coherent states. These are de-
fined in the Fock basis by the formal statements

(f„,t),g, t) =exp t f d [(fx„+f„)d„—(e„+e„")a„]exp f d x((g" t) )t(t —()—(g —t))] (0),

(2.15)

where a& and P are given by (2.2) and (2.4), while
~
0) is the Fock vacuum. The functions f& and m'&~ are as-

sumed to have Fourier transforms with arbitrary time dependence,

3 3 COk

(2n. )
" " (2m. ) (2ak )

' (2.16)

d p m
q(x) =

(2 )'"

while the g and g are Cxrassmann variables' with the expansions
~ 1/2 2

g ceaelx), g(x, )=, f
1/2

g dp g Up g (X ) (2.17)

Insertion of these expansions into (2.15) allows the inner product to be evaluated with the result that

(f„,t)„gtt~g„, t)t, gt, t), = exp , t f d x(f„ea&'—f„'ttac-pgaatNt' g~+—ttat) —2f„"—tt"e+2g„e" )c

(2.19)

&exp —, d &(g g +ri]g]+g2j2+r/2g2 —2g']$2 —2g]g2) . (2.18)

It is possible to define a form of completeness for these states. This is accomplished by breaking the integral
in (2.19) into a sum over lattice cells of volume e-„and treating the value of each function at the lattice cell as
an independent variable. If this is done, then the foliigal statement'g» && 'g&

follows, where the measure is given by

[df„drjdk]= l ~(E-, ) dgxdgxdg dg„df*„df„"dm.*„„dm„"]. (2.20)

The product runs over all lattice sites in the volume.
The measure defined in (2.20) implicitly sums

over the negative-norixi ghost states present in the
Feynman-gauge forniulation of QED. This can be
seen explicitly by looking at the Fourier transform
of (2.18). These states cause the inner product to be-
come arbitrarily large, and so must be excluded
from the measure (2.20). This is achieved by con-
straining the measure to only those states which
satisfy the Gupta-Bleuler condition and calculating
transition elements only between similarly con-
strained states. Such a procedure is straightforward
in the noninteracting case, amounting to insertion

of 5 functions of the form 5(V' f+m. o) into the
measure. In the interacting case complications arise
and it is necessary to dress these states with the
pseudo-unitary transformation defined by (1.3) and
exhibited explicitly elsewhere. 7'~'3 This transfor-
mation decouples the transverse and ghost modes
when charge is present and must be implemented for
both the full interacting theory' and the abridged
infrared version of Faddeev and Kulish. The net
effect of this is to cause the covariant forinulation of
QED to be equivalent dynamically to the Coulomb-
gauge formulation.

It has been shown, ' however, that failure to im-
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plement this procedure does not harm QED if the
time-ordered product is used to calculate a process
on the energy shell. This is because the ghost modes
decouple in the Abelian case due to the fact that the
photon does not carry electric charge. In order to
simplify the remainder of this section procedure will
be ignored. The diligent reader can verify that an
analysis where this program is followed will simply
result in a path integral with a Coulomb-gauge con-
straint, as in (1.4).

The path integral consistent with the choice of in-
frared coherent states as intermediate states will now
be derived. Some preliminary considerations need to
be addressed first. The derivation of the Hamil-
tonian which governs the time development of the
asymptotic fields (2.5) is straightforward. If Hr, is
the free Feynman-gauge Hamiltonian which satisfies

a

n't
a& = t [Ha, a&1,

then the Hamiltonian H", which satisfies

(2.21)

(2.22)

is given by

H"=UH U ' iUU— (2.23)

The time development of the U operator is given by

U(t) EH fU(0) —EHaf (2.24)

The completeness relation for the functional in-
frared coherent states is written formally as

(2.25)

The path integral is defined as the vacuum-to-vacuum transition element. In the first case only the infrared
form of the interaction will be considered, so that only the interaction given by (2.1) is present. In such a case
the object of interest is

Z,R(t+, t )=(Oi U '(t+)U(t ) ~0),
where

~
0) is the Fock vacuum. From the form of U given by (2.7) it follows that Z&R is unity. The path-

integral representation of (2.26) is obtained by partitioning the time interval (t+ —t ) into N steps of arbitrari-
ly small duration e and inserting the projection operator of (2.25) at the respective times. This leaves (N+1)
matrix elements to be evaluated, where the jth matrix element then takes the form

j& ~fj'%'~j' j ~
( j) ( j ~fJ —&'% —&'~J —&' j—&)

Using (2.23) and (2.24) gives

U '(t) U(t —e) =exp[ —ie(H0 i U 'U)]ex—p(ieH0) .

From the fact that

i U ' U =iU—' U =HI"

(2.27)

(2.28)

(2.29)

exp ( t ~HO )
l fp, ,j —1 ~ 'Qj —& ~ 4j—1 ~ tj—I ) —

l fj —1 i 'Vj —» ~j—» tj )
the matrix element (2.27) takes the form

Zj.=&fj" nj kg tj I
exp[ —i«Ha+HI")] Ifj" i Vj

In order to evaluate (2.31) Hl" is written in configuration space as

(2.30)

(2.31)

III e X p Z Qp Xy t X yp~ Z~~ a p, t a Z (2.32)

3 p
Q&(x, y, z, t)= — - "6 x — t exp[ip. (y —z)] .P ' ' '

(2 )9/2 (2.33)

Next, the relations



INFRARED COHERENCE AND THE QED PATH INTEGRAL 803

(2.34)

&f, n] 4] t I:[a,(x t)l:
I g, n2, k2 t&=[f,*(x)+g„(x)] &f„n] k] t

l g„,n2 k2

&fp, rj],g], t ~:[a~( x,t)]:
~ gp, rj2, $2, t & =[a~ (x)+mr~(x)] &fp, ri],g], t

~ gp, q2, $2, t &,

&f„,n],k], r l4(x, t)
I g„,n~, k2, t&=[nz(x)+k](x)]&f„,n],k], r Ig„,Z2t42 t&

&f, n] 4] t
l
4'(x t) lgp n2 42 t &=[a](»+kz(»]&f, n] 4] t

l gp n2 k2 r &

are coupled with (2.32) to evaluate (2.31) in the limit that e is arbitrarily small so that terms of O(e ) can be ig-
nored. The result, using a shorthand notation, is

+jr e—xP[ ~~H(f]d, '9 k)]&fpj 'gj kj tj 1 fj ]t'gj ——]ekj —]t j &

where

H =Ho+HI

Next, the m.
& integrations are performed and the new variables

(2.35)

(2.36)

(2.37)

are defined. The tilde variables are integrated out and the foiiaal definitions

AJ"+] AJ" —eA~". ,——gj+] QJ =eg—j
are made. The final result is

Ztx(t~, t )= f [dA„dt[t dt]t]exp i f dt f dtx(We+Mt ')
where

x I' ———e x y z „x,t l" x, y, z,t, y,t, z, t

(2.38)

(2.39)

(2.40)

[dA„dg dg]= $$ [e m "dA„(x,t)dg"(x, t)dP(x, t)),
x, t

(2 41)

with Wo the standard free Feynman-gauge Lagrangian.
In order to construct the path-integral representation of the full theory, the W operator must be introduced.

W maps the interpolating fields into the infrared fields in the manner

(2.42)

It then follows that the projection operator for the interpolating theory is given by

8 'U pg, , t p. . .t U

Using (1.2) and (2.5) it follows that

so that

U-aP =Z-1

(2.43)

(2.44)

(2.45)

Result (2.45) shows that the projection operator (2.43) reduces to the one used previously' (modulo the im-
plementation of the Gupta-Bleuler condition) to develop the QED path integral, so that

Z(t„, t )=—(O(Z(t~)Z '(t )(0)= f [dd„dt(ttdt(t]exp i f dt f d x(We+Mt)

where Wz is the standard interaction

(2.46)
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~l = —e~ "PrI 4
From the fact that, by construction,

weak-lim ZU =A, +,

(2.47)

(2.48)

where A, + is a phase factor, it follows that the path integral in (2.46) will result regardless of the intermediate
states used to construct it as long as those states can be related to the Fock basis by a unitary transformation.

Of course, the infrared divergences will appear in the path-integral formalism if (2.46) is expanded about
The solution is to perform the expansion of (2.46) about the nonquadratic path integral (2.39). This is ac-

complished by writing (2.46) as

Z(t+, t )= f [dd„dt[t dt[t]exp i f dt f d x [Me+Mt'+(Wt —Wt')] (2.49)

and treating (Wz —Wl ) as the interaction. This exhibits a key aspect of the path-integral formalism: a
change of interaction-picture basis states is manifested by splitting the interaction into two separate pieces and
including one of these pieces in the "basis" path integral. At least in the case of @ED the removal of infrared
divergences has nothing to do with the measure appearing in the path integral.

In the next section it will be shown how the path integral (2.39) is evaluated nonperturbatively to obtain the
infrared propagators.

III. NONPERTURBATIVE EVALUATION

The path integral is used primarily to evaluate time-ordered products of field operators. For example, the
spinor propagator is given by

8 e(x —y)= (0( T(t[t (x)88(y)]
(
0) = f [d dd8 edt(t]8 (x)t(te(y)exp i f d xW

For the purposes of this section consideration will be limited to the Lagrangian

~=WO+~1',
where Wl' is given by (2.40) and Wo is the free Feynman-gauge Lagrangian, given explicitly by

Wo ———,F„„F"" ,—(d„A")+—i—g(yl'd„+im )g .

(3.1)

(3.2)

It is understood that the results of path integrals such as (3.1) are to be used in a perturbative expansion of the
full theory as expressed by (2.46).

The method usually employed to evaluate integrals such as (3.1) consists of adding external source terms,
rewriting the interaction as a functional power series in these sources, and performing the remaining path in-
tegral to obtain a set of propagators and Feynman rules. Such an approach yields a power-series representation
of time-ordered products whose summation is not straightforward.

The integral (3.1) can be analyzed nonperturbatively by the change of spinor variables given by

t[t, ( x, t ) = f d 'y k( x, y, t )t[t ( y, t ), (3.4)

where

with

I iP (x y) ' p-
(2n. )

(3.5)

C (t)= ex f d x dt'[8(t —t ) 8(t' —'t) 5]x''— t —"de(x't ). ',
'

Ep Ep

For later convenience C-(t) will be written
P

(3.6)

C-(t)= f dtx dt C" (x t t)d„(x'', 't')'-, , ', (3.7)
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where

pP
C"-, (x ', t', t) = , e[—8(t t')—8(—t' t)—]

P

I p tl (3.8)

The transformation (3.4) does not change the form of Wl', rather causing it to become

x I' ———e x y z tAp x, t " x, y, z, t y, t z, t

~—e x y z tA„x, t & x, y, z, t y, t z, t—: "x

while the kinetic spinor terms become

x l p Im ~ x l p Em i ~

The transformation (3.4) decouples the spinor field from the photon field, so that the Lagrangian becomes

, (a„—W"—) +iP(y"a„+im)y .

The measure appearing in (3.1) becomes

[dA„dgtdg] = [dA "dP tdP ](detk detk*)

It is easy to show that

detk detk* =detkk* =det5 ( x —y ) = 1,

(3.9)

(3.10)

(3.1 1)

(3.12)

(3.13)

so that the measure is invariant. This is simply a reflection of the fact that the transforiiiation (3.4) mimics the
action of the transformation (2.7) which is formally unitary.

The phase (3.7), which is proportional to A&, may now be absorbed into the action to yield an exactly integr
able path integral. Relation (3.1) becomes

(x y) d3x d3y d3pd3l e
—t P.( —x ')e[ .(] —] ')

~p x —g

~ x', t„p y', tz

Xcxp E z z, t„t - z,t„t„z (3.14)
r

where C is defined by (3.8). First the spinor variables are integrated, and then the integrations over the x',y',
and k variables are perforix|ed. The result is

S t](x —y)= i-d p
(2m. )

I 8(t„—ty)A'+p)(p) exp[ ip(x —y)+g (t„,ty )]-
6

+8(t~ t )A' tt'(p)exp[ip(x—y)+g —(t„,t~)] I, (3.15)

where A '+ ' and A ' ' are the standard spinor energy projection operators

A(+)( )
p+m

O.p 2m
A( —

)( )
—p+m

2m
(3.16)

while the phase g- is given by

g-(t, t )=l f[zdA„]tetxp t f d z( —, F„„F"" , (BzA")t~[C"-(ztz—)—C"-—(z—t„)]A„(z),),
(3.17)

The path integral (3.17) is evaluated by the change of variable

A„(z) A„'(z) —f d z'k„„(z—z')[C"-(z ttz) —C"-(z', ,t', ,t„)], ', .' (3.1S)
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where b&„ is the causal Green s function which satisfies

CIA~„(z —z') =g~„5 (z —z'),
with the explicit representation

3

(z zt) i (2~ )
—1[8(t tt) ik(z —z')+8(tt t)& i—k(z z—')]

(3.19)

(3.20)

The phase then becomes

g , (r„,tz )-= —,i f d'z d'z [Ce, ('z, tr ) —C"-, (z, t„)]tt„„(z z')(C"-—, (z', r, ) —C"-, (z', t„)] .

Expression can be simplified by using (3.8) and (3.20) to obtain

(3.21)

g, (t„,t, ) =— 2

(2m )

d'k
(2m )

d k m i(kpt G&)(t„tp)— i(kp/Ep)(t„t )—3 2

2~k (kp)'

NZ
[i( „t,)8(t„—tp) —i(t„—t, )8(t, —t„)] .—

2cok Ep p
(3.22)

The second term on the right side of (3.22) is recognized as the cutoff-free version of (2.13), so that it is neces-
sary to add the counterterm (2.10) to the path-integral version of the theory to remove this divergent phase.
Adding the counterterm (2.10) has the effect of inserting the same phase with opposite sign into the spinor
transformation (3.4), so that, in the cutoff case, the second term in (3.22) is canceled. This term will be exclud-
ed from further consideration.

The first ternati on the right side of (3.22), when combined with the step functions appearing in (3.15), yields
the standard result known from the operator approach. The integrals are divergent and are evaluated by the
introduction of the covariant cutoff discussed in the previous section. Omitting the details, the result is

—I3
2

exp[8(tp t„)g-(t„,tp ) ]—=(ia )~ exp[i'n/38(tp —t„)]
~

t„—tp
~

~, /3= (3.23)

This shows the well-known result that the multiplicative renormalization (2.14) of the spinor fields gives an
ultraviolet-finite result when

(3.24)

This shows the standard result that ZiR —+0 as the cutoff is removed. Recalling that Z gives the probability of
finding a single bare particle in the physical single-particle state this result simply reflects the fact that U is an
improper transformation.

It is easy to see that the photon propagator is unchanged, so that

(0
~

T[A&(x)A„(x')]
~

0) =i A„„(x—x') . (3.25)

Higher-order time-ordered products can be analyzed by the same transformations (3.4) and (3.18). For exam-
ple, it is straightforward to show that

Gx ( )ztt) x(r0
(
T[tr (x)r(rtr(p)d=(z)] (0) = f [ddedr(rrdr(r]r]r (x)trtr()r)d (z)exp i f dtreW(re)

can be evaluated to obtain
(3.26)

3

+g(2~)

where

+8(tp t„)A'p'(p)I „(z,t„,tp, ——p)exp[ip(x y)+g -(t, t )]], — (3.27)

r„(z,r. , t„p)= f d'z tx„„(z z)[C", (z, r„) C"-, (z, r. )) . — —
Ail others follow similarly.

(3.28)
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IV. CONCLUSIONS

It has been the intent of this paper to relate the
infrared-coherent-state formalism developed by Fad-
deev and Kulish to the path-integral formulation of
QED. The results of this program will now be sum-
marized and discussed.

It was shown that the path-integral representation
of QED developed by using intermediate infrared
coherent states is identical to the path integral
developed when the standard Fock states are em-
ployed. There are two reasons for such a result.
The first is that the transformation (2.7) on the
charged states is forriially unitary. This guarantees
that the measure appearing in the path integral will
be unchanged. The second reason is that this
transfoririation leaves the vacuum unchanged, so
that the same transition element is calculated by ei-
ther representation. Qf course, these aspects are in-
timately related to the Abelian structure of @ED
which prevents nonlinear ternis in the gauge field
from appearing in the action. The absence of non-
linearity allows exact evaluation of (2.6) and a deter-
mination of the on shell i-nfrared structure of QED.
Neither reason would be present if the ground state
of the system was composed of pairs, as in the BCS
theory of superconductivity.

The second major result is that the path integral
allows a nonperturbative evaluation by a change of
spinor variables which reduces the action to a qua-
dratic fornI. This nonperturbative analysis should
allow an extension of the infrared program to the
full renormalized theory. Such a procedure would

begin with the usual path integral written in ternIs
of bare fields. The interaction (2.40) would then be
added and subtracted from the action and the renor-
malized fields could be defined. It is assumed, al-
though unverified, that the wave-function renoririal-
ization constant would factorize into two pieces, one
removing the familiar ultraviolet divergence of the
standard theory while the other would remove the
divergences introduced by the new vertex. Such a
procedure should leave the perturbation series both
infrared and ultraviolet finite. Explicit verification
of this remark will be deferred.

At a deeper level the phase which the spinor prop-
agator develops due to the infrared behavior of the
theory is related to the classical solution for the
gauge field in the presence of a point source moving
at a constant velocity. The current associated with
the point source is given by (3.8) and the classical
solution appears in the transformation (3.18). It is
easy to see that the spinor —gauge-boson vertex in
gauge-invariant theories always takes the asymptotic
form (2.1), modulo complications due to isospin. It
is then clear that the classical solution in the pres-
ence of a point source will dominate the functional.
It is hoped that such an analysis will produce an in-
sight into the infrared structure of massless non-
linear theories.
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