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As in the derivation of our sum rules discussed in the
text, the use of SU(3) approximation for the charge
operator Vg and the existence of a vacuum state in the
states under consideration restrict the intermediate
states (in the one-particle approximation, which is the
same as in the spectral-function case) to the p and «
states. The right-hand side of (A1) vanishes, so we have

Jim_ LE.(0)—Ex*(@)]

X0 Vo™ () |p)p™ | Vre| K*+(q))

= ;5‘& m0| Ve[ k) (k| Vo™ (x) | K*H(q)).
Apart from the factor [ E,(q)— Ex*(q) ], which vanishes

in the limit |gq| —, the terms on the left-hand side
of the above equation are finite. Therefore, we have

lim (0] Vel )] Ver ()| K (@) =0.
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APPENDIX B

In a way similar to that of Appendix A, we can show
that the pion electromagnetic form factor satisfies an
unsubtracted dispersion relation. We take the com-
mutator [Vo™(x),V.+]=0,4,""(x). As in (A1), we
obtain

Jim_ {O1V5* (@) |69 | o+~ (@)
— 0] A+ |7 )| Vo' (@) [ (a))}
= lim (0|34, |@). (BD
From the PCAC condition, the right-hand side of (B1)

is zero. Then using the same argument as in Appendix
A, we obtain

Jim ()| Vo) (@) =0,
where |p|=0.
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The subsidiary condition 34, /dx,|n)=0, usually known as the “Gupta-Bleuler” condition, is shown
to be inadequate as a criterion for defining physical states in quantum electrodynamics in the Lorentz
gauge. The condition is shown not to be covariant and to fail to define state vectors that remain in the
physical subspace. An alternative subsidiary condition, which is satisfactory, is discussed and is shown to
require an extensively different formulation of the collision problem in quantum electrodynamics. Some
possible physical consequences of the inadequacy of 34, /dx,|n)=0 are proposed; these include effects
in the decays of short-lived particles, and the fact that in some types of strong interactions, acting simul-
taneously with electromagnetic ones, S-matrix elements may occur which predict transitions from the
physical space into the part of space in which the subsidiary condition is violated. The solution to the colli-
sion problem for stable charged particles that have only electromagnetic interactions is shown to be identical

to that obtainable from the present theory.

I. INTRODUCTION

HE correct formulation of quantum electro-
dynamics (QED) in the Lorentz gauge requires

the imposition of a subsidiary condition [namely,
X (x)|n)=0, where X (x)=094,4(x)/dx,] on the
“physical” state vectors and involves the use of a non-
degenerate indefinite metric space instead of the usual
Hilbert space in which quantum theories are ordinarily
framed. The reasons for this have to do with the incom-
patibility of the subsidiary condition 94 ,(x)/dx,=0, as
an operator identity, with the canonical quantization
procedure and the commutation rules for the four-
dimensional vector potential. This situation has been
understood for a very long time and is discussed in detail
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in most standard texts.! For a set of noninteracting
photons the resulting theory is clear and has the follow-
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ing features: The subsidiary condition in the non-
interacting Heisenberg (or “interaction”) picture

X®(x)[n)=0 1)

effects an unambiguous separation into physical and
unphysical states. The operator X™)(x) is a four-
dimensional scalar operator and Eq. (1) is trivially
covariant. If the subsidiary condition is true at a space-
time point #, it is also true at a space-time point &’ if
(#'—=x) is timelike; i.e., in that case Eq. (1) implies

exp[— 1P (+'— %), X (x) exp[+iPu(x'—2),]|n)=0.

QED, for this set of noninteracting photons, takes place
as it were, wholly within the physical subspace, and the
imposition of Eq. (1) manifestly leads to no dilemmas
or paradoxes.

The situation for the case of interacting photons and
charged particles is generally assumed to differ only
trivially from the state of affairs that prevails for non-
interacting photons. On the basis of various arguments,?
it is believed that state vectors that are wholly within
the physical subspace at any one time remain in it
forever after; the permanent inclusion of state vectors
within the physical subspace is invoked to guarantee
the continued validity of Maxwell’s equations for the
expectation values of the electric and magnetic fields,
and also the nonappearance of “negative probability”
states.!

In this paper we first point out that the subsidiary
condition® X (x)|#)=0 is inadequate in the presence
of interactions because, first of all, it is not a covariant
condition (this is proven in Appendix A); in addition,
the normal time evolution of a state vector, in the
presence of charged-particle-photon interactions, suf-
fices to invalidate this condition at times later than =,
so that the state vector “leaks” from the physical to
the unphysical state. We describe an alternative sub-
sidiary condition which is both covariant and perma-
nently persistent but which has a complicated set of
eigenstates (which, for example, do not include the
vacuum or photon-free states such as n-electron states).
We shall prove the validity of the usual computational
practices in QED for a restricted set of circumstances,
and also discuss some possible physical consequences of
the difference between our formulation and the usual

one.

2K. Bleuler, Helv. Phys. Acta 23, 567 (1950); F. Coester and
J. M. Jauch, Phys. Rev. 78, 149 (1950); Ning Hu, 4bid. 76, 391
(1949); 77, 150 (1950); J. M. Jauch and F. Rohrlich (Ref. 1);
H. Umezawa, Quantum Field Theory (North-Holland Publishing
Company, Amsterdam, 1956).

3 The following notation will be used to designate operators: The
operator P or P(x) will designate a Schrodinger operator, P(x)
or P(#) will designate the operator in the interaction picture, and
P(x) or P(¢) will designate the operator in the Heisenberg picture.
x refers to the three-dimensional position, and # to the four-vector
x, it. Boldfaced operators A designate three-vectors in whatever
picture their argument (or barring) signifies.
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II. INDEFINITE METRIC SPACE

The indefinite metric space is spanned by a set of
state vectors and their adjoints (m*| = (m|», where (m|
denotes the Hermitian conjugate and 5 is a Hermitian,
unitary operator which obeys

[nAX)I=0, {7,44x)}=0, 2

and which commutes with all other fields. All four com-
ponents of 4,, including 44=1:4,, are Hermitian and
(n*| A4|n) is an imaginary quantity because of Eq. (2).
Observable operators must be self-adjoint in this space,
Le., P=P* for P*=y"'P!y, and transforms are length-
preserving if they are pseudo-unitary, i.e., if 7-1=T*.
The following photon operators, in the Schrédinger
picture, can be defined:

@Mx,ey= 0"k 161(3)
a'e,1= 'y iki/k
as creation operators and their Hermitian adjoints as
annihilation operators. We see that
Lok, ei),0"r e iy = B 10 85,41 Lax, 2,6, 1]= i 1,

and [ax,(»,a"w,.]=0. Moreover, since 44 is Hermitian,
we have [ax,4,a"w 4 ]= 8¢ .
It is, moreover, useful to define the following sets of
operators:
a',r=(2)"V aty 1 +ia'y ],
a'x,@=(2)7*a"x, 1~ ia" 4],

and their Hermitian adjoints. We find that

3)

Law,r,0"w 1= 0k, [ax,0,0" 0= i ir ,
and
Lax, r,0" @ ]=[ax,0,0"w,2]=0.

The significance of these operators can be seen by
writing X®(x) in the momentum representation. In the
Schrédinger picture, the operator X =y . A — 1,
(IT, is the canonically conjugate field to 4,); we find
that

X("’)(X):'iz kllzak,qeik‘x.
k

In the Schrédinger picture, the subsidiary condition
becomes

(4a)
ie., there are no “Q”-type photons in physical ket-state

vectors. Since a*k,q=7"la"x,qn=0a"x z, the subsidiary
condition also can be written

(*|a'x, =0, (4b)

and asserts that there are no R-type photons in physical
bra-state vectors. It is indeed possible to relabel these
operators as physical and unphysical by

ak,Ql">=0:

di,R = a*k,u > 0k,Q=0x,u,

a'y 0= *wp, Oxr= Gx,p.
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Then the subsidiary conditions read
x| 7)=0, @*|a*c.=0,
and we have
Cax,u,0*x,u]=[0x, 0" »]1=0,
[k, u,0%, p]= [0k, @i ,u]= i 1«

We shall, however, not use this latter mode of designa-
tion in this paper. Ho¢y, the Hamiltonian for non-
interacting photons, can be written

Hom=2 k[ 2 a'c e,
k [3

+a' qox, 00", rax,r].  (5)

The expectation value of Hoey is (#*|How|n). Since
|#) contains no a'yg, and (#*| contains no axr
operators, only the transverse-photon-number operator
contributes to the energy. The Hamiltonian H for
spinor electrodynamics consists of Ho() and Ho(., where

Huw= f dx ! () [gm—iec- VIH(x)

and of the interaction Hamiltonian H;. The latter is
given by

Hi=— f LI AR +ip@A®T,  ©)

where J(x)=e@/f(x)ayp(x) and p(x)=eqf (X)P(x). It is

convenient to rewrite Hy in terms of

Jk)= /dx J(x)etk-x

and

o(k)= / dx p(x)ei*®

and the previously defined photon operators. This leads
to

Hy= -—% @& 2 [ax,eI(—k)-2(2)

+a', eI (k) - €(1) IV2+ax,z[p(— k) — k- J (= k) /%]
—ax,e[p(—k)+k-J(—k)/k]
—a',r[p(k)+k-J(k)/%]

+a'u.olo(k)—k-J(K)/k1}. (7)

This can be written in a more nearly manifestly
covariant form by writing

H,= Iil(X)@l//(X) ’

where

o= _§ (2r312)Y Z Lax,ey(y - e(4))e™®

+a'i, e (v e(5))e = " V2k
— [ak,le(i’y . k)eik-x_l_a'rk'q(i»y . k)e—ik-x]
—[ax, @Gy - k¥)e~* *+a" r(iy-k*)e™ <]} . (8)
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This form allows us to write the rules for simple ver-
tices involving physical and unphysical photons. For
transverse photons, besides the usual contributions to
four-momentum conservation, etc., © dictates the
corner term 4y-e. For physical nontransverse photons,
we have 4y -k*/k=i(y-k—~v4ks)/k. For unphysical
photons (creation of a Q-type or annihilation of an
R-type photon), we have (¢y-k/k). This shows that the
absence of unphysical photons in the final asymptotic
wave functions for colliding systems in spinor electro-
dynamics implies a restricted gauge invariance; i.e.,
invariance of S-matrix elements in the Lorentz gauge
to the transformation A4 ,(x) — A4.(x)49,F(x), where
(%) is a scalar that satisfies [ ]§F=0.

III. PERSISTENCE OF THE SUBSIDIARY
CONDITION

In the case of noninteracting photons the Heisenberg
and interaction pictures coincide and the time-
dependent subsidiary condition becomes

eHu[ g« A — 4T, (D) Jg—iHot l n)=0 (9a)
or, equivalently,
e Holgy qeiHot | py=0, (9b)
Expansion of this equation leads to
ax, o+ Ho,0x,0 |t
+ - ()"[Ho,[Ho, - -[Hoax,]- - - 1Jin/n!=0. (10)

Since [Ho,ax,o 1= — kax,q, Eq. (10) becomes
ax,e™ | 1) =0;

hence the subsidiary condition persists forever. This
argument can be rephrased in slightly different language
by noting that the time-dependent subsidiary condition
can be written in the more conventional form
X®)(x)|n)=0. Then X (x)|#)=0 and since only
positive frequencies occur in X)(x), the operator
(8/3H)xH)(x) is essentially the same operator as X (x)
(with different ¢-number coefficients in its Fourier
decomposition) and the same sets of states obey
(0/3t)x ) (x)|n)=0 as obey XH)(x)|n)=0. By Green’s
identity, therefore, X" (x)|#%)=0 holds at all times, if
it ever held once. It is noteworthy that an attempt to
extend this argument to interacting photon-charged-
fermion systems fails.
To show this, we define the Heisenberg operator

% (1) = eH X ) (x) el
This operator has the following significance: Suppose
that at one time, chosen arbitrarily to be =0,
X®)(x)|#)=0 defines the physical state |#). Then the
question of whether states remain physical reduces to
the question of whether X (x)e~#¢|n)=0, or, equiva-
lently, whether x(x)|%)=0, where x™(x) is the
operator defined above. It is x(x)|#) which must
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vanish at all times if the Gupta subsidiary condition is
to persist forever. It is noteworthy in this connection
that x(x) is not the invariant positive-frequency
part of x(x).

It is easy to see that x™(x)|%)=0 does not persist
for all times because [ [x™(x) |7)70. In fact, %™ (x)
obeys the equation [_Jx ™ (x)=f(x), where

[ (@) = e ()+ [, LHX D@ T e,

By using Eq. (7), we can show that f(x) is given in
either of two forms: In the Schrédinger picture,

1 0 dy )
f(X)—Sljn‘Eeogy;/ y O(x—y

oyt Wy (y)
X[ d (Y)anxlf()’)-"ﬁ*(y}”n i :l
9y; 9y;

d
i [ 4y 41006 rbtr)|, (119
X
where l

DE—y)= (27r)‘3fdk e’ =) /k=2{D®)(x—y; 0)
or, in the Heisenberg picture,

Fx)=—3Te f dy DE—y)a(ya);  (11b)

f(x) does not vanish.
It is important to note that although

P (x) = e HIXH) (x)¢—iH?

%) (x), at times other than ¢=0, will not contain only
photon annihilation operators. Because of the time
evolution dictated by H, creation operators for various
types of particles arise in % *)(x). This can be illustrated
by expanding e*#‘axqe~*#* and noting that

[H,ax,0]=—{kax,o+[o(k)—k-J(k)/%]}

which contains fermion creation as well as annihilation
operators. Subsequent commutators, like [H,[ H,ax,o]],
[H,[H,- - -[H,axq]- --]]each generate new functionals
of operators that differ from those of earlier orders so
that the form of the subsidiary condition continually
changes in time.

It is apparent, from Eq. (11b), that we can frame a
subsidiary condition which persists in time.

If we define 8 (x) by

89 (a) = P () i f dy Dx— )y, (12)

then from Eq. (11b) we see that [_J2)(x) does, in fact,
vanish, and the condition

Q®(@)[2)=0 (13)
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persists forever. This new subsidiary condition defines
a new set of physical states |»).

If we write

QD(x)=1 Z k1/29(+)<k)eik.x,
k

with Q@ (k) =ax g+3%p(k)k~3/2, then the new physical
states can be equally well defined by @ (k) |»)=0. To
obtain the time derivative of this equation, we calculate
i[H,Q® (k)] and observe that it is identically
—ikQ®(k), so that (8/3)QM(x)|»)=0 selects the
same set of states as @ (x)|»)=0. We can now invoke
Green’s identity to prove that 8@ (x)|»)=0 holds at all
times if it ever held at all. In fact, the time-dependent
form @) (k) |»)=0 can be seen to be Q) (k)e~*t|»)=0.
In Appendix A we also show that, in contrast to (%),
the operator 2 (x) is a scalar operator and Eq. (13) is
covariant.* The subsidiary condition Q@ (x)[»)=0
satisfies the requirement (v*|94,/9x,|v)=0, since

2 (2)+ 2O (@) =x P (8)+x O (@) =x ().

Moreover, (*|(94,/dx,)%|»)=0, required for the cor-
rect energy-momentum tensor, is also guaranteed by
the fact that Q9 (x) and @ (x) =2 (x) J* commute.

The preceding discussion allows us to conclude that
Q@) (x) and Q) (x) represent the invariant positive- and
negative-frequency parts of x(x), respectively. It must
be noted that Q™) (x), which selects the “new’” physical
states according to @ (x) |»)=0, differs from X (x) in
a way that requires an important reformulation of the
scattering problem in QED. This will be discussed in
detail in Sec. IV.

IV. NEW PHYSICAL STATES AND
TRANSITION AMPLITUDES

In order to find the proper description of physical
states, we must solve Eq. (13). It is immediately
apparent that most states that we have always con-
sidered to be physical do not satisfy Eq. (13). Since p(k)
contains terms that are bilinear in fermion-creation
operators, the vacuum is not a physical state; neither

4 K. Bleuler (Ref. 2) suggested this form of the subsidiary con-
dition but he apparently did not realize how sharply the physical
states and the scattering formalism implied by Eq. (13) differ from
those of Gupta’s theory. Bleuler’s work is in fact generally con-
sidered to serve as support for the application of Gupta’s sub-
sidiary condition to interacting systems, and Bleuler’s paper never
calls attention to any of the crucial changes required in the theory
by the substitution of Eq. (13) for Eq. (1). W. Heitler (Ref. 1),
calls attention to the fact that the expectation values of the
operators which define the subsidiary condition must satisfy two
initial conditions to guarantee that the expectation values for
fields continue to obey Maxwell’s equations at all times. These two
conditions, in our notation, are (Y*|V-A—ills|¢)=0 and
W*| V- II—iV244+p|y)=0. The states |n) obeying xP(x)|n)
=0, violate the second of these equations but the states |»)
obeying Q) (x) [»)=0 form expectation values that obey both of
Heitler’s equations. Heitler pointed out that the usual solutions
of x™(x) |#)=0 are not the correct choice of states for interacting
systems; he did not, however, attempt to construct the states we
refer to as [v) or to construct any alternative dynamical formalism
based on any new states.



171 SUBSIDIARY CONDITION
are many-electron states, nor are the transversely
polarized photon states physical. To facilitate the
search for the new physical states, i.e., the solutions of
Eq. (13), we note that X®(x) and Q¢ (x) are related
by the identity

QP (x) = ¢ PX ) (x)et? (14)
where D is given by
D=i/dxdyp(X)[Vy- A(y)+illy(y)J(8x|x—y[)~!
=—3 Zk: 32 ax, rp(— k) —a'x,qp(k) . (15)

We can therefore solve Eq. (13) by noting that the
solutions are given by

[v)=eP|n). (16)

The |n) states, eigenstates of the “old” subsidiary
condition, are of course well known and include all
electron and photon states with the exception of Q-type
photons. For each |#n)-type state, there is a correspond-
ing |»)-type. For example, a physical R-type photon,
to second-order in e, is given by

e Pa'q,r|0)=a'q,2|0)—3e0 2 [a'x,0a"q,r— bi,—q J&73/2
k,x, &’

Xety,& e, i ] 0>TZ(K,j)’Y41'(K’,j/)5(K+k,+ k)

—%e* X [a'x.0a'w 00", r 'k 000 —gFalir 00k,—q]
k, k', k&

X X €y 8 e jretp ety 1 |0)a(x, )y, 7 )alp,l)yw(p',l)
p.p’
Xo(x+¥'+k)s(p+p'+Kk). (17a)

Similarly, a one-electron state to first order in ¢ is
given by

e‘De"k,,-!O)=eTk,,'|0)
"_%30 Z eTk—x.laTx.Q[0>K—3/2ﬂ(k_1(:l)74u(kyj)
k

—3e0 2 a0 q, 18 ¢ ve'k,5|0)
.97,

X 32%a(q,0)ye(q,V)o(q+q'+x).

u(k,7) and v(k, ) in these expressions refer to uy,;(x=0)
and vy, ;(x=0), respectively, where [m~+v,9, Jux ;(x)=0
and [m—7,0, Jv,j(x) =0. They are normalized to

2 u(k, j)a(k, j)=[m—iy-k]1(2ko) ™.

J

(17p)

Similar expansions can be given for all the |»)-type
physical eigenstates, none of which remains in the same
form that it had under the old subsidiary condition.
Note that the form of these new physical states
requires a modification of the scattering theory that
governs electrodynamic collision processes. Since in the
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usual formulation of the theory the asymptotic states®
of the colliding system are eigenstates of H,, the out-
going scattering states obey the integral equation

§H(Em)=d(En)+(E—Hotie) " Hif P (En),

where Ho+H;=H and ¢ denotes an eigenstate of H,.

The new eigenstates |») are, however, not eigenstates
of Hy, but rather of 3Co=e"PHeP. We therefore write
3C1=H—3C, and the new scattering eigenstates® will be
given by

IPH')(E,V) = 90(E)V)+ [E_JC0+1.€]— lﬁcl\b G2 (E)V) ) (18)

where ¢ denotes an eigenstate of 3Co. It is easy to
explicitly calculate 3¢y and 3Cy, since the commutator
[D,Hy] commutes with D. We obtain

3er=H1—% 3 kY% ax,z[p(—k)—k-J(—k) /%]
k
+a'x.olp(k)—k-J(k)/%]} ,
3¢1(t)=H1(t)+idD(t)/dt.

(19a)
(19b)

and

We can apply Eq. (16) to the evaluation of transition
amplitudes for collision processes. The most general
second-order transition amplitude 7'® has contribu-
tions both from

To=(v*|3C1|vs)
and from

Tb:? @* |3 NYN* [ 501 [vi) (Ei— Ex+16)71,

where |\) are a complete set of eigenstates? of 3¢, and
QH)(x). T, and T can be rewritten as

To= (n,«*le”&ﬁle*l’]n,-)
and

Tb=z (n,*[eDS(Zle‘D]l)(l’*[el’ﬁcle“D]n.;)(Ei—Ez—{—ie)—l.
!

Since 3¢;=H;—[H,,D], and since [D,H;] commutes
with D, we have eP3Cie~P=H,+[D,H,|—[H,,D] and

To®={ns*|[D,H1]|ns).
Similarly, we have

Ty® = (n*| Hi—[Ho,D]| D)} Hy—[Ho,D]|n:)
X(E;— E+1¢)~ L.

5 In this paper we are treating the entire theory as though it
required no renormalization and we are ignoring the so-called
Van Hove paradox of the second kind [L.. Van Hove, Physica 21,
901 (1955)] which deals with the inadequacy of eigenstates of H,
as asymptotic states. It appears to us that the renormalization
difficulties and the problem to which we are here addressing our-
sel}:'es are not related and are best treated independently of each
other.

¢ Although this point is perhaps very clear to the reader, we
would like to emphasize that we are not here recasting the same
theory into a trivially different form by making a pseudo-unitary
transformation. This can be seen most easily by observing that
whereas the states and the operator H, are transformed, A is not.
3Cy is not, for example, e"PH,eP. The transform effected by e? is
simply a bookkeeping device for generating the proper physical
(asymptotic) states. It is of course obvious that for Ty)=e‘1’|n),
(3Co—E) lv)=01if (Ho— E)|n)=0 for the same E in both equations.

7 The unit operator is discussed in Appendix B.
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Here T,® and T%® are the parts of T, and T3,
respectively, that are the second order in the electric

charge.
T® can be rewritten as

D

Ty®= +{n*|[H1,D]|n:)
E;—E;+tie
l(”f*lDllxllHllni)/ _E)
E—Ertie

+3(n* | D n)(E,—E).
Combining, we find that

- (ns* [ Hi| D Hy|ni)
E.—E;+ie

DDA HA|ma)
E—E;+ie

+3{ns*| D*| ni)(Es— E))

(20)

(E—E;).

Examination of the various terms on the right side of
Eq. (20) shows that the first one is identical to what
the old perturbation theory would have led to. The
second can never contribute to processes evolving from
realizable situations since either Q- or R-type photon
operators, neither of which refers to transverse photons,
are part of every term. The third term is important; it
makes contributions to the wave function which are
required to keep it in the physical space af all times;
however, both the second and third terms vanish on the
energy shell. In other words, although, to this order,
the old subsidiary condition X®(x)|n)=0 allows
leakage of state vectors from the physical to the un-
physical space, the amount of this leakage vanishes in
the limit as the time elapsed in the process approaches
infinity.

When the transition amplitude is examined to orders
higher than the second, the same features are observed.
The differences between the old and new values for the
transition amplitude vanish on the mass shell.

Tx(ek’,r"Yq’Qlek,r'Yq.t)
a(k',r)
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We illustrate this feature of the theory by calculating
the time-dependent wave function y(¢), which describes
the scattering ex,»47vq,: — €w,»+vq,« to second order
in e, where v,,; represents a transverse and Yo',u I an
unphysical photon. We let y/(— «) represent the state
|€x,vq,e) In the infinitely remote past and observe its
evolution in time.

The wave function has two parts. One part, ¢,(¢), is
the one that the use of the old subsidiary condition
[Eq. (1)] leads us to. The other part, yq(f), is a correc-
tion due to the use of the correct, persistent, subsidiary
condition, Eq. (13), to define the physical states. It
becomes apparent that both y,(f) and yq(f) vanish in
the limit £ — oo. That ¢,(¢) vanishes in this limit is well
known and traditionally ascribed to the gauge invari-
ance of the theory. It will, however, also be clear that
¥x(#) does not vanish at all times, and for finite values
of ¢, ¥x(!) executes an excursion into the unphysical
space. The sum of ¢,(#) and yq(f), however, always
remains entirely in the physical space.

The wave function ¥(f) is given by

V=%, [ a5 [ aregirii

T(Ewg'| Ex,j)

X[sk,k’aj.j"'l"‘—_—"h.
Ekl—Ek+lé

]¢(Ek:]) e Rt ) (21)

where T is the transition amplitude and g(E,j) is a
packet function which describes the spectral definition
of the initial state. The second order in (eo) of ¥, (¢) is
evaluated by using T'y(Ew,j’| Ex,7) which is given by

2 ewvo .o Ha|D(| Hyl exya, ) (Er—cox—gq) ™.
7
It is evaluated by using the vertex J(—k)-e for the

transverse and [p(k)—k-J(k)/k] for the unphysical
photon a'xq|0). Its value is given by

=-———~————{7¢[ 5 u(ktq, jatk+q,5)
gL <

-3 o= (et @), )= (ko q>,j>]7- ‘

9t or—wxsq) 7

(¢~ or—wpg)
—- [ = u(k—q',jmck—q',j>+;v<q'—k,j>ﬁ(q'—kJ)i—"—“‘i]w}u(k,r)

u(k+q,7)a(k+ q,j)]
y-e
(9twr—wjkiq))

{3

q— @k —Wjk—q’|)

v(q’_ k’j)ﬁ(q’— k’])

(g—wr—wjk—g|

]m]u<k,r><q'+wy-q—wk>. (22)
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It is easy to see that T'y(ew ~vqo|ex,rvqe,:) vanishes
on the energy shell when wi+g=wi+¢’. However, at
other times it does not vanish.
At finite times £, ¢¥,(f) has components involving un-
physical photons, and the probability of observing them
is not zero. If, however, we evaluate

To=(ewrvye| D|){I| Hi|ex, va,0)
X (Er—wp—q) Hwr+q—wr—7'),

then we observe that even off the energy shell To=—T,
and the total wave function y(f) never enters the un-
physical space at all.

Note, incidentally, that the probability amplitude
for the existence of an R-type photon in y¥,(¢) does not
vanish even on the energy shell. The corner term for this
photon type in the S matrix is 4y ¢*=(iy-q+v4q); or
since the amplitude involving an unphysical photon
is 7y-q, and leads to a vanishing S-matrix element,
y-¢* can be written 2v49. The R-type photon of course
is physical though not transverse and its presence is
entirely consistent with the subsidiary condition. Its
presence can never affect probabilities since {¢qz*|aqz)
=0; the matrix element {a,o*|a.z)>0, but such can
never arise in the evaluation of probabilities since the
Q-type photon may never appear. The crucial distinc-
tion between Q- and R-type photons in ket vectors has
not always been made in the literature.® The appearance
of a Q-type photon in the asymptotic state £— « is a
catastrophe; the appearance of R-type photons is
perfectly all right.

V. SCATTERING MATRIX

The scattering matrix for stable particles vanishes
except on the mass shells of participating particles, and
in the energy continuum it is possible to prove that
this quantity, when evaluated from the viewpoint of
the proper, new, subsidiary condition [Eq. (13)], re-
mains identical to the conventional .S matrix. The
expression for the S matrix for a transition from an
initial state |»;) to a final state |»,), for particles having
only electromagnetic interactions, is

S(f)= G| T’exp[—i / dex s“cl(x)]} [v). (23)

Here 7" denotes the time-ordered product and 3C;(x)
denotes the interaction Hamiltonian density [3¢;
= fdx3Cy(x)] in the interaction picture. It is crucial
in this connection to be precise about what the time-
evolution operator in the interaction picture is. It is
given by

JC1(8) = exp(i3Cof)3C; exp(—1i3Cet) ,

where 3Co is that “free field” Hamiltonian of which the
noninteracting particle configuration is an eigenstate.
It is important to recognize the difference between this

8 1. Bialynicki-Birula, Phys. Rev. 155, 1414 (1967).
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and the interaction picture exp(iHt)3C; exp(—iH ).
We denote the operator exp(iHt)3C; exp(—iH o) by
3C1(¢) and exp(i3Cet)3C; exp(—i3Cof) by FCa(?).

In order to prove the main theorem, it is necessary to
prove the following lemmas?®:

Lemma 1.

(6% T{exp[——i /t :2 dt(ﬁl(t)w%ﬂ} | )

=(5*|e”(‘”‘f|exp(—i f ’ dtI?(ﬁ)}e‘D“"la):

t

where
R@)=ePOH,(§)eP®,
If we write
t 5 dD
T{expl:-—i / dt(Hl(t)-{—i——):” =23 (ta,t1)
o dt
and let

O'(tz,tl) =¢ D (‘2)2(152,&)61’(‘1) ,
straightforward differentiation leads us to

do'(tz,t;[)/dtl = iu(lz,tl)K(tl)
and
do(ta,t1)/dts= —iK (t2) o (t2,t) ,

which can be integrated to give

otat) = T{exp(—i / ’ dtK(t))} .

This proves the lemma.
In our case, 3¢;=H;—[H,,D] and

Fes(t) = H1(t) — exp[i3Cot ] Ho,D] exp[ —i3Cot].
D commutes with [Ho,D], D(f)= D(t), and

e Ho[ Hy D e~ iHot=idD(t) /dt= H1(t) —3C:(2).
Hence we have that

S(f ;1') = lim (y f* l eD (t2)

3400, {1 >—0

XT{exp(-—i‘/” dtK(t))}e‘D(“)lw). (24)

1

We now turn to the second lemma, which has to do with
the time evolution of the operator e?®.

Lemma 2.
liri1 2D |p)=|»).
t—>-+o0

9 An incorrect version of this theorem is given in M. Zulauf,
Helv. Phys. Acta 39, 439 (1966) [Eqs. (40), (41)]; H: appears
instead of K in this reference.
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We can write
€2 W |y)=exp(i3Cot)eP © exp(—i3Cot) |»),
where
(GC()*'E) l 1/>= 0.

If this expression approaches a limit as {— -+ o, this
limit is given by!®

eP @ |y)= 11»12«:” O|yy= leillée[:o dt efP—et] | )
and
eP | y)=[1—(3Co— E+ie)"(3Co— E) JeP @ | »).
Since €2 @ |y)=|zn), and since (Ho— E)|n)=0, we have

P |y)=[14(3Co— E+ie)"U]|n),
where
5C0=H0+U, U’—“[:Ho,D].

We now recognize that [1+4 (3Co— E4ie)~1(3Co— Hy) ] is
an operator (the Mgller operator) which forms an
eigenstate of 3Cy from an eigenstate of H,, where both
have the same eigenvalue of the operators 3¢y and H,,
respectively (the sign of 7e in this case does not matter
since both states are plane-wave and no real scattering
is mediated by U). We therefore have exp[D()|»)
= |v) and the lemma is proven; the case of limt — — «
is proven the same way.

It is possible to prove this identity in a second, very
direct, way. We expand the Mgller operator'

{1~ (30o— E-+ie)"[Ho, D]} = 1+§ o,

where
ml= Gol:Ho,D] v Go[Ho,D] .

Here Go=(E—H,)™, and G, and [H,,D] each appear
I times. We shall prove that 9;=[—D]¥I!. For I=1
we have

(E—Ho)"'[Ho,D]|n)=—D|n).

If we assume that 9;=[— D]¥/I!, we then have

May1y=Go[ Ho,D M= (—1)!Go[ Ho,D]DY/I!
=Go(—1)YHo— E)D"*1/1!
+Go{(—1)Y/I}[DLH,]D.

Since [D,H,] commutes with D, we have

[Dl:HU:l = lDl-—l[D:HO:l
and

M1y = (—1)HDH/ 14 (—1)YGo/(I—1) }D'LD,H,].

1‘;1\;[. Gell-Mann and M. L. Goldberger, Phys. Rev. 91, 398
(1953).

02 Note added in proof. The following argument assumes that
the various operators act on an eigenstate |#) for which
(Ho—E)|n)=0.
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The second term on the right side can be rewritten
{(—1)'G.DYE—Hy)D/(I—1)1}.

Since [Ho,D] and D commute, 91,1y can be rewritten
as

M1y =(—1)'GoD(Ho— E)D/I
or

M= (—1)"DH/ 11— M.

This leads to
Mgy = (—1)H1DHL/(141)!

and proves that
143 My=¢D.
=1
Returning to Eq. (24), we now have

S(f3)= (| T[exp(—-i /— :w dtK’(t))} [vsy  (25a)

or

Sz(f,l) =

—7)!

+00
i T/ dty- - 'dlz{K(h) . K(il)} . (25b)
We must now write K(f) in terms of K(¢) in order to
bring this expression into the familiar form in which the
interaction operators are written in the interaction
picture exp[iHt]- - -exp[—iHt]. For this purpose we
note that
K()=ePOH,(1)eP®, (26)
and since

D) = exp(i3Cof)e~P © exp(—13Cet) ,
we have
K(t)=exp(i3Cof) e O HyetP© exp(—i3eof).  (27)
Since, moreover, JCoe P D =¢"POH, we have

K(t) = =D (0)giHot [ | —iHotgD (0)
and _
R(t)=ePOH,(#)eP®,

Substituting Eq. (28) into Eq. (25b), we have

(28)

-0
St =6l orfess( i da i) )| 20,
Since e P@|y)= | ), we can now prove the relation

00
Sti=iofen( =i dame)|im. @)
In the energy continuum, S(f,i) is therefore equal to
S(f,1), the S-matrix element for this transition derivable
from the old subsidiary condition.

VI. PHYSICAL CONSEQUENCES OF THE
NEW SUBSIDIARY CONDITION

In this section, we address ourselves to the question
of what observable consequences we can expect from
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the nonpersistence of the old subsidiary condition,
Eq. (1).

One source of such effects is in the electromagnetic
decay of short-lived particles. The spread of the final-
state energies over a resonant spectral curve is due to
the detection of the “final” state after a finite time and
should show the effects of any leakage of state vectors
into the unphysical subspace. Specifically, the term

(n*| DD Hi|ni)(Ei— Ey ™ Ei— Ey),

which is a contribution to the second-order transition
amplitude connects states |#;) and |#,) which are both
in the physical subspace (and represent detectable
particles). This term does not vanish when the spectrum
of energies of final states properly represents the finite
lifetime of the decaying particle, though it is an open
question whether it will have a measurable effect in any
actual decays.

Another direction along which to look for possible
physical effects of the new subsidiary condition is the
scattering or decay, via electromagnetic forces, of
systems held together by the strong interactions. In
that case we derive a final-state theorem, if we wish the
transition amplitude to be exact in the strong inter-
action and wish to evaluate it to some definite order in
eo. Let us consider a Hamiltonian H=3Cy+3C;+V,
where V is some strong-interaction Hamiltonian. Con-
sider an asymptotic state |»;) corresponding to a scat-
tering state ¥; which is an eigenstate (H—E)¥;=0.
The relation between these two quantities is given by

¥i=[1+(E—H+i)'(H-E)][r).  (30)

If we choose the state |»;) to be exp[— D]|#;), then the
transition amplitude to a state |v;) is given by

T(f3) = (n/*|eP(H-E)

X[+ (E—H+ie ' (H—E)]e2|#n;). (31)
Since
JoeP=ePH,
and
e P=e"P{30,+ 5},
where $=[D,3C,], we have
T(f,3)=(n*|eP(H—E){e P+ (E—H+1i¢e)™!
X[eP(Hy+3C1+F—E)+Ve 2]} |n:). (32a)

If we write
Ve P=V+6+a,
where
0=[D,V]
and
a=3[D,[D,VI]+1/3)[D,[D,[D,V]I]]H+---
+@/n)[D,---[D,V]-- I+,

then we have
Ve P=¢P[V+6+a]
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and
Ty i=(n*|e?(H—E){e P4+ (E—H-4ie)™!
Xe P[Ho+3C+ F+ V+0+a— E]} | n:).
Similarly,
(E—H+ie)"%e?
=¢ P(E—Hy—31— F—0—V—a+ie)!,

(32b)

and if we let
Hy+V=Hg,

we have (since [D,H:]=[D,3¢,])

Tf,,'= <%f*l GD(H—E)E—D
X{1+(E—Hs—3,—[D,H,]—[D,V]—a+ie)!
X(H s— E+3+[D,H:J+[D,V]+a)} [n).  (32¢)

This can be rewritten as

Ty,i=(n*|{Hs— E+H+[D,Hs]+[D,Hi]+e}
X{1+(E—Hgs—H,—[D,Hs|—[D,Hi]—a+ie)™!

The on-the-energy-shell value of T ; to second order in
the electric charge is denoted by T, ;®, which is given
by
T; @ =, |[D,H.]| D)

+(&O | {H+[D,HsJ}(E—H s+ie)™

X{H:+[D,Hs]}| &)

+%<Sf(_) ] [D)[D’ V]:I I £i(+)> )

£ =[1+(E—Hgs+ie)"'V]|n:)

(33)
where

and
&=+ (E—Hs—ieV]Iny).

The first two terms on the right side of Eq. (33) lead to
identical results as the right side of Eq. (20). This means
that the on-the-energy-shell value of T, ;@ is given by

Tf_¢(2)= Tf,i(2)+Af,i(2) ) (34)
where
T; ;@ =t |Hi{(E— H+ie)"Hy| £,D)

Az @ =3 |[D,[D,VI] &).

Ty,:» is identical to what the old formulation of QED
in the Lorentz gauge would have given; A;;® is an
additional on-the-energy-shell term which appears in
this new formulation only. Since V is independent of
the photon field, we can write

AP =32 (kR

k&’

and

X (& * | aty alw,q[p(K),[p(K),V]][ &), (35)

To this order, the asymptotic state, as { — —+ «, will
include

Ya(4 )= —2mi / AEAES(E;—E)g(E)As @
X X&) | £, D),
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which can be written as
a( )= =2 [ AEABE— E)EIXEE, (o
kK&’

X (& | a'waleLo(k),[o(K), V]| £:H)) | £,)eiEst,

In contrast to the case of pure electromagnetic inter-
actions, in this case there are differences between the
final asymptotic states of colliding systems as evaluated
on the basis of the old and the new formulation of the
theory. In this case these differences will appear when
the final-state ket vector &) contains two Q-type
photons and provided of course that the operator
[o(k),[o(k),V]] does not vanish. It is only for unusual
interaction Hamiltonians Hg for which this double
commutator is not zero; in particular, in the case of
strong interactions that are derivative-free and local,
[o(k),[o(k),V]] does disappear.

These terms [i.e., Ya(+)], when they do not
vanish, presumably mean that the subsidiary condition
X4 (x)|#)=0 is not succeeding in forcing the state
vector back into the physical space of the theory. This
circumstance therefore raises serious questions not only
about the physical interpretability of the Gupta theory
for this case, but also about the gauge invariance of
transition amplitudes in the Gupta theory for this type
of process. None of this, however, should be taken as a
criticism of the strong-interaction Hamiltonian in-
volved, since presumably the use of Q) (x)[»)=0 as a
subsidiary condition should lead to consistent and
gauge-invariant results in these cases too.

The authors also believe that the effect of the new
subsidiary condition on field-theoretic corrections to
bound states should be reexamined to determine
whether these are in any way affected by the change in
subsidiary condition.!!

APPENDIX A: COVARIANCE OF THE
SUBSIDIARY CONDITION

An operator O(x) in the Schrodinger picture is defined
to be a four-dimensional scalar operator if its expecta-
tion values (when taken with state vectors that obey
the equations of motion) are four-dimensional scalar
functions. When this criterion is applied, 2 (x) can be
seen to be such a scalar operator, though X*)(x) is not.

The commutation relations that O(x) must satisfy
with the generators of the Lorentz group, in order to
satisfy the preceding criterion for a scalar operator, are

[P, 0(x)]=—1i90(x)/ s, (A1)
[T, 0(x)]= —i€r1a%10 O(X)/ 0% , (A2)

1'W. Heitler (Ref. 1, Appendix, Sec. 3) commented on the
likelihood that the use of the |») states for bound-state problems
in quantum electrodynamics was incorrect and would lead to
difficulties.
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and

[Mk: G(X)]zxk[H; G(X):l . (AS)

The first two conditions are usually trivial and can
be verified by inspection. The only condition that
requires careful scrutiny is (A3). It obviously arises
from the pure Lorentz (velocity) transformation. In
the case of QED, M is given by!?

+H v ()} . (A4)

By making use of
[ ),4,9(0)]=38,,00-y),  (AS2)
[IL (), L ()] = =30, V2D(x—y), (ASb)
[4,P®), IO ]=4d,06—y),  (AS0)

and

1
Hu‘+’(x)=5{nn(X)+i / dy D(x— Y)V2A(Y)} ,» (A6a)

1
Ap<+><x>=5{A“<x)+i IEESS y>nu<y>} . (a6b)

and the properties of D(x—y), we obtain

(M1, XD(x) ]= — iy V - TP (%) — 2,924 469 (x) — Jiwp (%)

1 0
- / 0y 9T o() Dx—y)

Xn

=x;{ — iV TP (x)— V24,9 (x) — Bip(x)
1
+§/dy €D(X—y)V-J(y)}
19
+5 a_xl/dy G(x—y)v-I(y)

! d
+ / y Dx—y)7u(y), (A7)

where
G(a—y)=(2m)3 / dkk—3¢?s =),

It can easily be shown that

[HXD(x) ]= —iV - I (x) — V24 4D (x) — $ip(x)
1
+§fdy D(x—y)v-J(y) (A8)

27;2)A. I. Akhiezer and V. B. Berestetskii (Ref. 1, pp. 226 and
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and that
(M x D (x) ]=w HXP(x) ]

19
-2 f dy §x—y)V-X(y)
2 axz

1
+- / dy D(x—y)Ji(y). (A9)
2

This shows that X®)(x) is #ot a four-dimensional
scalar operator. Since

[M,20(x) J=2{ —iV - I (x) — V24, D (x) — Fip(x)}
we find that

(M, Q20 (x) |=a[HQ®(x)], (A10)

and @™)(x) is a four-dimensional scalar operator. Note
that if H,, rather than H, had governed the time
evolution of the system, X (x) would have satisfied
the criterion for a four-dimensional scalar operator.

APPENDIX B: UNIT OPERATOR

In this Appendix, we first address ourselves to the
problem of specifying the unit operator in the indefinite
metric space. In the representation in which we refer to
the photons as transverse, longitudinal, and timelike,
(i.e., @'y e 5,0, 1,07x, 4) we find that the matrix elements
<O l dkl,aldi'a l 0>= 5k,k'5a,a’ and that 1= | l)(ll = [ l><l* I N1y
where ;= (l|y|l)= (I*| ). This can easily be seen to be
identical to 1=|I){!*| in the representation in which
the designation R- or Q-type photon is used; in the
form 1=|I){I'*|, the ! and I states are chosen so that
for every Q-type photon operator in /, the corresponding
R-type appears in //, and vice versa.

In the case of the |») type states, in order to guarantee
that orthogonal states appear in the unit operator, the
form 1= |A){(\"*| must be used since

{ou* | ey = {ax"* | exp[D] exp[ — D] | @)= 8 v
but

(o 8@ ,p)={ax,p]| exp[— D'] exp[— D] | aw 6)
7 Oy, 10 08,8 «

APPENDIX C: ALTERNATIVE TRANSFORMA-
TIONS TO THE “FREE FIELD”
SUBSIDIARY CONDITION

We have used the pseudo-unitary transformation e?
to effect a simplification of the set of states satisfying
the subsidiary condition. In this Appendix, we consider
some alternative transformations and compare them
with eP.
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First let us consider U=¢*F, where
= —itan) [ sty o) |5y IL).

Note that Ft=—F but F*=F, so that the transforma-
tion is pseudo-unitary. Now, since

1
U (x) U= II4<+>(X)+E / dy D(x—y)p(y), (Cla)
U4 D (x)U= A4 4P (x)

+i(8r)1 f dy [x—y|~%(y), (Clb)

and
U4 ;P (x)U=4,;P(x), (C1c)
we have
WD (x)U=XD)(x), (C2a)
and
WU LH,QP (x) JU=—1V -TTD(x)— V24 , D (x)
=[HoX®(x)]. (C2b)

Since the transformation U is pseudo-unitary it is
clear that if |7)=U|xn), when the |#) are normalized,
the |7) are too. However, we can ask whether the states
|7) are expandable in terms of the states |#), ie.,
whether the inner product {(#*|#)={(n|7U|n’) exists,
where |n), |n’) are two states in the set satisfying the
“free” Lorentz condition [Eq. (1)].

Let us write

F=F®4F&

where

P&= i(4r) f dxdy p(x)(| x—y|) ()

and
1
[FO F® = 5/dxdy p(x)G(x— Y)P(,Y) ’
where
G(x—y)=(2r)® / dk k3¢t 9,
Clearly,

[F&® [FO,FHT]=0
and, therefore,
expiF = exp[tF ] exp[iF )] expi[F O, FH)],
Hence we have

n*|eiF | n')y=(n|dF O FD1|y')
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if there are no timelike photons in |#), |#'). Thus
1
#15)= lesp [ xdy b 56— (o) | ).

Note that fdxdyp(x)G(x—y)p(y) is a positive semi-
definite operator and is, in fact, infinite; e.g., for the
vacuum state,

| f dxdy p(x)G(x—y)p(y) |0)

-x / dxdy(0]o(x) DG (x— 1)1 p(3)]0)
-x [ dxdy &P+ =D G(x—y)|{0]p(0) | ) |2

-x / dRdr e®1+5(r) | 0] p(0) | )] 2= o0 .

Thus (n*|7')= .

Another transformation which leads from the inter-
acting to free Lorentz condition has been used by
Bleuler.!? Let

where
G=—ian) [ axdy o0 1x—y| v AG).
Note that here G'=G*= —G and €€ is both unitary and

pseudo-unitary. From the relations

WILP (x)W=I1,P(x), W4, P (x)W=4,D(x),
d

W14 ;B (x)W=A4 ;) (x)+4(8w)1 / ax'dy’p(x’)—
%5

X (X~ y " DE—v)},
ad
L = 93— () / dy p(y) | x—y|,

we find, again,
W (X)W =X (x),
WLH, QM (x) JW=[Ho,XP(x)]

so that the states satisfying the free Lorentz condition
|n) are pseudo-unitarily equivalent to the states satis-
fying the interacting Lorentz condition. Once again, if

13 K. Bleuler (Ref. 2).

K. HALLER AND L. F. LANDOVITZ

171

the states |#) are normalized, so are the states
|7)=W|n). But, once again, let us compute the inner
product of a free and interacting Lorentz state

(*| )= (n*|e%|n’).
We use the same trick that we used previously. Let
G=GH+GO,

where
G@=—itar) [ dndy o] x—y| ¥ A®(y).
We now find
[G‘">,G‘+’]=% [asis o956-ot)

and [G® [GO,GHD]]=0. Hence
{n*|5)=0.
The characteristic of D that makes it so useful is that

[D®,D™T=0 and hence (#*|v")=8p .

APPENDIX D: RELATION BETWEEN THE
LORENTZ AND THE COULOMB GAUGE

In the body of this paper we have related state
vectors |») which obey Eq. (13) to others, |#), which
obey Eq. (1), by the pseudo-unitary transformation
|»)=e€"P|n). The expectation value of H taken with the
physical states |») is (#*|H|v) and this can also be
regarded as (n*| H|n), where H=e"PHeP; H is given by

H=H-+(8x) / dxdy
XLV -A(y)+illy(y) ]| x—y[ 1V -J(x)

+i(8m)~ / dxdy p(y) [:;—Ix—y["ll

Xk

X [—a—A (%) -—z'Hk(x)]

Xk
(8 f dxdy p(9) | x—y|-o(y). (D1)

The meaning of H can be clarified if we introduce the
new fields

F]
Ai(x) = A (x)+ (8m)'— / dy
ax.‘

X |x—y|7[V-A(y)+ill(y)], (D2a)
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L,(x)= A 4(x)— (8)" / dy

X 13——{ x— y[“‘} [—iA 4(x)—in(y):| (D2b)
Oy 9xy
~34)=itsn) [ ay]x-y v mG).
Also,
V- A=V -A—L(V-A+ill)=%(V-A—illy). (D3)
Therefore, we have

(*| (OUi(x)/8x) | n)=0
(*| (0 N:(x)/3%:)2 | n)=0.

Moreover, we have

- (D4)
and
(DS)

(> | Na(x) | 1)=3(n*| {A o(x)—i(4mw)? / dy

X [x=y[v-11)] [, (00
and since
(¥ | {V - TI(x)— V24 4(x)} | #)=0

we also have

(n*| As(x) | n)=0. (D7)

The potentials 2,(x) act on the |#) states as though
they were in the Coulomb gauge. Note that in terms of
the A (x)

H=H,— / dx J ,(x)Au(x)+ (87) | dxdy

Xp(x)|x—y|7%(y). (D8)

Let us now find the equations of motion for the .
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The following are easily shown to be the case:

[%i(x)’gli(y)jz 0,

aJ
[%[i(x)’Ai(Y)]zai.i(S"r)_—l lx-'YI_lr
ax;
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[:gli(x): Hj(Y):':i 5,'_,'5(X*— Y)+ (87")_1“-—'[ X— YI—I} ’

x,-f)x,-
a
[2[4(’();"4 1(y>]= - (871')_1_1 X—y l -1 P
6x.-

[A(x), Ma(y)]=0,

[Au(x),My(y) ]=3i8(x—y),
[2As(x),Mi(y)]=0,

and

[As(x),Ai(y) 1=0.

Using these commutation rules we find that

VZQ{,‘(X) + EH) [:Hiﬂi(x) :D

(D9)

a
=].-(x)+(41r)‘1-£/dy]x-—y["‘V-J(y) (D10)

and the 9, are only coupled to the transverse parts of
the current, which is consistent with

(* [ (0Ui(x)/9x:) [ m)=0.

Furthermore, V2y(x)+[H,[H,As(x)]]=0and Wy is a
free field. Since (n*|4|#)=0, we can take Uy(x)=0.
Then the expectation values (n*| U |#n) are unaffected
by the gauge transformations still permitted within the
free Lorentz gauge (which characterizes the states |#)).
¢ P is not simply a gauge transformation, however,
since ¢7PA P 5 U,



