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strictions and additional counterterms.
(v) The Adler-Baker-Johnson function changes

to some other function which now depends on the
strong coupling as mell. This nem function is
again the coefficient of a term with a single power
of ln(q') (for q'-~) in nv, "(q'). (This together
with the assumption of the vanishing of P does not
necessarily overdetermine the parameters of the
theory }.The whole attractive idea of determining

a swithin pure electrodynamics, ' according to the
present dynamics with such an alternative solution,
may be destroyed.

Based on the above (i)-(v) points, the author
feels that the solution given in the bulk of the pres-
ent paper is far more physically and technically
attractive than the alternative type of solution pre-
sented in this appendix.
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In the preceding paper, we have made-a preliminary study of the short-distance behavior of quantum
electrodynamics in the presence of neutral-meson theory with pseudoscalar-pseudoscalar coupling. We
have learned in particular, by an elementary summation procedure, that in the single-fermion-loop

contribution to the renormalized photon self-energy part, the Adler-Baker-Johnson eigenvalue condition
for the fine-structure constant a, F~'~{x)I„=0, remains unaltered. We extend our results, in the

single-fermion-loop context, to the pion self-energy part. As a consequence of the vanishing of the

effective strong coupling at high energies, n -m scattering graphs are finite and no (It' counterterm is

required. %'e finally infer from the above work that the photon self-energy part in the multiloop

contribution is asymptotically finite at the eigenvalue [F~"{xg,= 0] independently of the value of the

strong couphng. The point x = a is the assumed {infinite order) zero of the single-loop

electromagnetic-current-correlation functions in mass-zero pure electrodynamics.

In the preceding paper' we have studied the
short-distance behavior of quantum electrodynam-
ics in the presence of neutral-meson theory with
pseudoscalar-pseudoscalar (ps-ps) coupling with-
out closed fermion loops. The scaling equations
for the various components (propagators, vertices,
etc.) of the theory have been solved. It was then
shown that in the single-closed-fermion-loop con-
tribution v~" to the (renormalized) photon self-
energy part, the Adler-Baker-Johnson eigenvalue
condition" for the (renormalized} fine-structure

constant' o.,
'F(in') =0, remains unaltered. This

means that a possible zero of Ei'~ (x) does not
"move'* in the presence of the strong coupling.
This leads to the beautiful idea that the value of
a may be possibly determined within puye electro-
dynamics (i.e., electrodynamics in isolation from
the rest of the world}. The mechanism which is
responsible for the stability of the eigenvalue con-
dition is that the effecti ve strong coupling vanishes
at high energies. ' The approach we have used for
the investigation of the above problem was through
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a study of the Callan-Symanzik scaling equations. '
The method we assumed to study these scaling
equations was to make an expansion in powers of
the strong coupling and treat the electromagnetic
coupling intact (i.e., to all orders) and then solve
these equations by resurnming back in the strong
coupling in an elementary fashion. The effective
strong coupling was then easily identified. This
is a particular way of summation as clearly stated
in Ref. 1 and it allowed us to treat the explicit
derivative, appearing in the scaling equations,
with respect to the strong coupling in a straight-
forward manner. [Roughly speaking, our way of
summation corresponds to first summing virtual-
photon corrections with all virtual-pion "variables"
held fixed and then carrying out the virtual-pion
integrations. This is suggestive from the scaling
equations because of the presence of the derivative
with respect to the strong coupling, as mentioned
above (even in the absence of closed fermion loops)
in the just-mentioned equations. We shall come
back to this point later. ] It is interesting to point
out that the effective strong coupling (in this Abe
lian gauge field theory) vanishes even faster than
in non-Abelian gauge field theories' and hence is
of great practical interest. Thus we suggest that
the definition of so-called asymptotic freedom be
general enough to embrace such a situation. Vfe
have discussed in Ref. 1 how to check the stability
of the eigenvalue condition for 0., in the above
sense, in other field theories as well. For the
convenience of the reader, a brief summary
of the study of the stability of the eigenvalue con-
dition E ['l (o.) = 0 is given in the Appendix.

In the present work we wish to extend our results
to the single-fermion-loop contribution to the pion
self-energy part (and the scattering of the pion-
photon system). w'-w' scattering graphs vanish
quite rapidly in the ultraviolet region and hence
n0 Q' counterterm is needed in the theory. We
finally discuss, with no rigor, the multiloop con-
tribution to the photon self-energy part and the
stability of the eigenvalue condition for n in the
above sense in the full theory.

The unrenormalized single-fermion-loop con-
tribution to the pion self-energy part Z, (q') is
given by

Z[1] (q2) ig2(Z /Z )2

x 2, Tr[y,S(p+q) I",(p+q, p)S(p)],
(dp)

where Z,~'~ &the pion wave-function renormalization
constant) is equal to one, Z, is the strong-vertex
(I',) renormalization constant, ' and g' is the re-
normalized strong coupling (squared). In per-

turbation theory, E,' has both quadratic and log-
arithmic divergences. We may formally introduce
the renormalized (inverse) pion propagator in the
single-fermion-loop context:

D, '(q') =[Z2(q'+[2,'+Z, (q'})J"'
=-q'+ u'+Z', "(q') . (2)

The parameters p. and p., denote the renormalized
and the unrenormalized masses of the pion. Now

we rely on the gauge invariance of the pion self-
energy part and work in the gauge in which Z, is
finite. This gauge has been explicitly written
down in Ref. 1. %e first consider the operation of
the object

[m(s/s~n) +g'p(s/sg'}] = L

on Z[,'1 (q'} (with a fixed ratio kept for [2/m —see
the Appendix), where t} has been defined in the
Appendix. We note that

Z, LS ' =(L+y, ) S ' -=L, S '

and

(Z, /Z, ) L(SI.) =[L+(ti/2)](SI, ) =L,SI;,-
where (1/Z, ) LZ, = —y„Z, is the proton wave-
function renormalization constant, and the "tilde"
sign denotes, as usual, renormalized quantities.
We may define

LZ'."(q') = I'."(q'), (3)

and note that I[,"(q') is (symbolically) given by

I,'l = —ig'Z, Tr [y, SI', S(L,S ') S —y, (I.2SI', ) S].

By an elementary application of the scaling equa-
tions in Ref. 1 [see in particular Eqs. (27) and (Sl)
in Ref. 1]we formally see that in the gauge in
which Z, is finite, the integral in (4) behaves like

(p2)
—82{a}/2

p2

for p'-~ (e'220) [see the definition of p,(n) in the
Appendix (which is determined in pure electro-
dynamics) which lies in the self-consistency range
2 & P,(a)/2 &0] upon taking into consideration that
the trace of an odd number of y matrices is zero.
Hence I,' (q2) is a finite object From E.q. (2) we
then have, in the single-fermion-loop context,
the following equation:

~2 +LZ[1 ] (q2) p[1 l (q2 + [22) + 2Z [I ] ]22

+ 2~[el +I[a] (q2)

where we have arbitrarily defined L]2,' = (2+& ")[2'

and LZ['l = p[". We note that Z['1 is finite (see
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also below). The reason is that to investigate its
finiteness, we have to extract two powers of q
in (1) and by working in the gauge in which Z, is
finite we again see that the resulting integral be-
haves like

for p'-~ (e' eO). The self-mass of the neutral
pion, however, is not necessarily finite since we
cannot extract two powers of q in (1) to investigate
its finiteness and is quadratically divergent in
perturbation theory. From Eq. (5) we may then
infer that both pl" and aI" (choose q' = —p.') are
also finite (with e' &0). The scaling equation for
Z~~'~ is given by

g g I11 I 1 ]—P (8)

and by following the procedure given in the Ap-
pendix we see that

Z~i'l ~ finite+0((m2/A2)so/2)
A

and as expected is finite in the limit of infinite
cutoff A2-~. The unrenormalized mass of the
pion satisfies (in detail and note that (g,')I'l = p')

[m(S/S m) +2 +g'p(S/Sg')] F= 2 + aI",
with

X g ~

The most general solution of (8) is given by

p.'x finite
+2~so

(8)

+g2A2[c (m2/A2)sot2 + c (m2/A2}2(sol2) +. . .
J

( cg')o=c,(u, 0) exp'—

where the over-all A' factor appears because of
the presence of the term 2 on the left-hand side
of the first part of Eq. (8). For the internal con-
sistency of the theory for the finiteness of p.,'
(in the single-fermion-loop context}, we must
have at least one of the following three immediate
conditions to be satisfied:

(i) Allthe coefficients c„c„.. . (which depend
on o. and g' as well) vanish simultaneously. ' This
possibility is not attractive and may possibly over-
determine the parameters in the theory.

(ii) Some of the just-mentioned coefficients van-
ish and (P,/2) is large enough to make the remain-
ing terms vanish as A2-~. An interesting situa-
tion, for example, would be c, =0 and P, &1. The
coefficient c, is given by

where the exponential is some finite expression.
[The vanishing of c,(o., 0) (which is determined in
pure electrodynamics) would then be sufficient in
this ease. This condition with the vanishing of
F ' (a) may overdetermine the value of o., how-
ever. ]

(iii) The parameter (P,/2) lies in the range
2 & (Po/2) &1, which is in the self-consistent range
2 & (p, /2) &0 (see the Appendix and Ref. 1}, and
the above-mentioned coefficients remain arbitrary.

We shall not dwell upon these various possibil-
ities. The third possibility seems, however, the
most attractive one, and is quite suitable, since
it allows one to extend the discussion of the finite-
ness result formally to the full theory by power-
counting arguments. [To be honest, however, we
should make the following remark concerning this
latter possibility. Each time we apply the operator
L, to a certain amplitude, we introduce a new am-
plitude (the inhomogeneous part) which has at
least one higher power (» ', where the various
external momenta are scaled by multiplying them
by z) of momentum decrease asymptotically (z-~)
multiplied by arbitrary powers of In(~). Accord-
ingly, the inhomogeneous part may be, generally
speaking, neglected in comparison with the homo-
geneous part, asymptotically, if (P,/2) & 1. If we
assume, however, that the arbitrary powers of In(g)
multiplying the inhomogeneous part do sum up to
the form (~) 'so ", then the neglect of the inhomo-
geneous part, asymptotically, is certainly per-
missible. It is not difficult to check that such a
solution is consistent with the scaling equations
in Ref. 1 by repeated application of I. to the inho-
mogeneous parts of the just-mentioned equations'
in succession. We make no attempt, however, to
actually prove the correctness of such a solution.
In the work of Johnson, Baker, and Vfilley' such
questions are automatically avoided. ]

We may similarly study a general amplitude
wai„'~„(q~, . . . , q,„;0„, .. . , k, ) with 2n external photon
lines and r pion lines (r & 1}containing one closed
fermionloop. Such a processisshownin Fig. 1. If
we fix one of the integrations, say the one over loop
P shown in Fig. 1, then all the remaining subin-
tegrations are finite in perturbation theory. The
final integration over P yields, however, generally
a divergence of logarithmic type in perturbation
theory. Clearly, v, '„„may be readily expressed
in terms of renormalized components (note that
Zs~'l =1, ZI" =1). Since such a process should be
gauge-invariant, we may work in the gauge in
which Z2 is finite. In this gauge, I",(p, p} -r,o((m'/
p')so ') for p'-~ (e' eO, see Ref. 1). Accordingly,
in a skeleton expansion of n, '„'„, with exact ver-
tices, the integration over p (see Fig. 1) is actu-
ally finite. Now we scale the momenta q, -~q;,
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Flo. 1. Diagram representing the (2n + r)-point
function ~2„„with 2n {&) external photons (pions).
~2„„contains one and only one closed fermion loop.LQ

The dark small triangles attaching taro proton lines
to a pion line (e.g. , as shown in the loop integration
over p) denotes the (full) strong vertex I'&. By defini-
tion the latter does not contain closed fermion loops.

[-«(s/8«) +g' p(s/sg')]
X w'8('„I„(q„.. .; h„... ;m/«) -0 (10)

[with a fixed ratio (p/m) kept fixed —see the Ap-

pendix] or

w
(1] ~ C(«)4 r(8p/2)-
2ll rW'

We note that, to be more precise, we should have
multiplied the integrand participating in the loop
integration over p, say, as shown in Fig. 1, by
a form factor A'/(p'+A'). When we scale the ex-
ternal momenta in the usual manner, we then have

to scale the parameter A'-A'/«' in the same way
as we have to scale m-m/«. We may then argue
that the limit A' -~ of the left-hand side of (10}
exists (as discussed above) and then finally inte-
grate (10) to yield (11}. It is easy to see that the
constant C in (ll) is independent of any masses.
From (11) we also see that w'-w' scattering graphs
(with e' e0) are finite and vanish quite rapidly in

the limit ~-~, The only diagram which seems
troublesome in (11) corresponds to the case with

h, —«h, and consider the limit «-~ (with all the

q s and h, 's being spacelike and nonexceptional).
Clearly, the operation of I. on w2('„I, yields (even
in perturbation theory) a finite expression behaving
like' -(«)" ' x[powers of ln(«)] for «- ~ [more
precisely like («) '(«} "

&&
' ], where d is the

"canonical" dimension of m, „'~„. Rewriting m
'~

= («)8 w'('~, we have in the usual manner' (note
aiso ZIO'=Z,"'=I)

n=1 and r=|. Such a process, however, is im-
proved by at least one power of momentum de-
crease by the fact that the trace of an odd number
of y matrices is zero. Hence such an expression
is reduced to a superficially logarithmic divergent
one. (Actual perturbation-theory computations
are well known to yield finite results for the latter
process. ) The damping of the strong vertex then
guarantees the finiteness of such a process which
is in turn proportional at worst to («) 0 ' for

The pion and the photon self-energy parts
have been discussed above. [The corresponding
renormalized propagators for the latter objects
behave asymptotically (q'-~} like (1/q') [finite
+O((q'} &

' )] in the single-fermion-loop con-
text.]

Now we discuss the multiloop contribution to the
theory. We follow Ref. 2 and make the two basic
assumptions of Adler made in pure electrodynam-
ics:

(1} The photon self-energy part may be correctly
summed up loopwise as clearly discussed in Ref.
2.

(2) The 2n-point electromagnetic-current-cor-
relation functions (in the single-fermion-loop con-
text), with the scale parameter m set equal to
zero, and F(' (x) vanish simultaneously at x= n
in pure electrodynamics (see also below).

It is easy to check that a general amplitude with
only external photon lines with a single-closed-
fermion loop (containing both electromagnetic and

strong corrections) goes over to its corresponding
expression in pure electrodynamics in the limit
pn-0. The corrections for the latter object will
go like O((m) o) in the just-mentioned limit as a
consequence of the damping of the strong inter-
action. At the eigenvalue, E ((il))x, „=0, the net
expression for the just-mentioned amplitude for
photon-photon scattering (determined in pure elec-
trodynamics) vanishes in turn like O(m'). ' We
have also seen above that a general amplitude (in
the single-fermion-loop context) with an arbitrary
number of external photon lines and at least one
pion line vanishes quite rapidly as m-0 (with a
fixed ratio p/m kept fixed). Accordingly, we see
that the weaker assumption given in (2) is suffi-
cient in the sense that all scattering amplitudes
(in the single-fermion-loop context) with ari arbi
trary number of external photon and pion lines
vanish [needless to say including the independent
vanishing of (pure) wo-w' scattering graphs] in

the presence of the strong interaction in the limit
m-0 at x= n. Thus we clearly state that the two

assumptions made above are the ones made in pure
electrodynamics. ' In Fig. 2 we show a two-loop
contribution to the photon self-energy part with

each blob shown containing one and only one closed
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FIG. 2. Some diagrams contributing to x~ . Each blob
shown contains one and only one closed fermion loop.

fermion loop. By simple power counting in the
limit m-0, we easily see that the just-mentioned
expression is asymptotically finite as we let all

the integration variables become large simulta-
neously at x= o.. One may then argue, together
with the two assumptions made above, ' that at the
eigenvaluex = n [FI'I (x) ), =0] the photon self-
energy part containing n closed fermion loops
(n = 1, 2, . . . ) is asymptotically finite. This study
may be also carried out for the proton propagator
and the strong vertex (again assuming the validity
of a loopwise summation) with similar results as
in Ref. 1 at x= n. This is also carried out easily
and simultaneously for the pion self-energy part.
We shall briefly discuss this study, with no rigor,
for the photon self-energy part —the main object
of interest in this work.

In the loopwise summation, ' the scaling equations
for the photon se1f-energy part containing
n=l, 2, . . . closed fermion loops, n,", are for-
mally given by

[ypt(S/est) + g (e/sit ) +g&~I&~ (S/Sg&)] ~sill (q2) ~[1]+I[ ] (q2)

and for fl, «1,

[nt(s/a ) + tt'(s/sit') +g'X"'(e/eg')] ~x.'" '(q')

n-j,
= X'" —p [X.'"'«(»») —1) +g'X'"'(s/sg')] «'" '(q') +I'"'(q'), (12b)

where -)(=I, ln[(g /g )~/g )], g =L, in[8 ], I, = [yet(s/sm— )+ It'(8/ega) +g'y(s/eg2) +ay(s/so)]. In our previous
notation g

' =-P. (To continue our discussion we omit the subscript c in m,"~ to simplify the notation. }
Quite generally, we write vI"I=sot"I+v~t"I and yI"I=)tot"'+yf"', where sot"I=-wt"'~, 2 „etc. For n=2, for
example, Etl. (12b) becomes (in detail)

m(S /am) as oI" = got" —got" (n(a /S o) —1)~v "' +I~' ~

[tn(s/stn)+u'(s/sit')+g'X"'(s/sg')] uvf"

=)("'-gp'(a(~/sa) —1) av"'-)I"'(a(&/&u) —1)nw"'-g' "'(s/sg') a "'+I"' (Isb)

At the eigenvalue, the object )tP (u) [=--2aF "(a)]
vanishes by definition. According to the basic
assumption (2)„' we see that it implies that gto'I (x)
and gp

I (x; g') (e/ex) xF I' I (x) vanish identically
at x= a [F ' (x) ) =0] independently of the value
of g', and one obtains the asymptotic finiteness
of m (,

' and n',"by following the procedure outlined
in the Appendix. [The vanishing of (e/Sx) FI"(x) ],
is well known'. ] The objects Iot', (q') are by def-
inition constructed out of two closed fermion loops
and vanish quite rapidly as m-0. C1.early the
analysis may be carried out for any n = 1, 2, . . . .
What we have learned from the above analysis
alone is that for any n =1,2, . . . , the photon self-
energy part containing g closed fermion loops
is asymptotically finite at x = e, i.e., at the

eigenvalue FI'I (x) ~, =0, and implies that the
Itoi" I 's vanish identically with (i) III,"I (o.,g')
=—0 if (S/S a) )tot" I (n) WO, Or (ii) the Itt"' (u, g')'S gen-
erally remain arbitrary if (e/erat)yt, "(a)=0, with both
cases independent of the value of g'. The y~" j's
obviously remain arbitrary. Since m,

" contains
at least one single-fermion-loop current correla-
tion function (attached to the rest of the graph
solely by photon lines) and we know' that such a
correlation function has an infinite-order zero
when m=0 at x= n, it follows that (&/& )'oy,"'(a) =—0,
s =1, 2, . . . [this is easily given by an elementary
induction proof see in particul—ar Eqs. (121)-
(127) in Ref. 2] and (8/Sx)'wt "~ is also asymp-
totically finite at x= e. The eigenvalue condition
F I'I(x) ], „=0 (in the single-fermion-loop con-
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text}, which we have shown remains unaltered
in the presence of the strong interaction, implies
[according to the two assumptions (1) and (2)
above'] that the photon self-energy part containing
arbitrarily n closed fermion loops is asymptot-
ically finite Bt x= n independently of the value of
g'. [The actual computation of }L,

" (o., g') is not
very hopeful (and not very interesting) since one
is actually summing up an infinite set of diagrams
coming from electrodynamics which makes the
strong inter action damp out at high energies and
render even s'-w' scattering graphs finite. ] Of
course there are convergence problems releted
to the interchange of the limit q' -~ with the sum-
mation over the number of loops (as n becomes
large) which we make no attempt to discuss. (The
functions X,

"j are denoted by P
"' in Ref. 2; we

shall not carry out the study of the Gell-Mann-
Low function here. )

It is clear that the way of summation over the
electromagnetic coupling first (to all orders) and
then over g' is very suggestive from the initial
Eq. (12a). The latter does not contain a derivative
with respect to o. (since Z, = Z„ the Ward identity)
and our method of summation seems most natural
and perhaps the simplest. Also since the effective
electromagnetic coupling can never be "switched
off, " however high the energies may be, according
to positivity considerations (0 «Z, «1; e, = e'/Z, )
a high-energy analysis with a reversed way of
summation compared with ours [i.e., sum over
g' (to all orders) first and then over n] does not
seem to be hopeful. See, for example, the damp-
ing of the terms coming from the strong interac-
tion at high energies inside the square brackets
in Eqs. (45)-(48) in Ref. 1 to further clarify this
point. Ordinary perturbation theory results in the
strong interaction, with an effective strong cou-
pling g' ln(q'/m') for q' »m', have reduced to
expressions each being the sum of terms that
uanish quite rapidty at high energies []q']'t'
»m(g')'tso]. In particular we have seen in our
method of summation that no (II)4 counterterm is
needed. %'e make no attempt to discuss here other
possible ways of summation and other possible
types of solutions to the problem (with respect
to the latter see also Appendix 8 in Ref. 1).

We have studied the short-distance behavior of
quantum electrodynamics in the presence of neu-
tral-meson theory with ps-ps coupling. We have
assumed an elementary way of summation of the
theory, which was clearly stated throughout this
work, leading to the physically very interesting
results presented in this work. First we have con-
sidered the theory with no closed fermion loops
and then demonstrated that in the single fermion-
loop contribution to the (renormalized) photon self-

energy part the eigenvalue condition for the (re-
normalized) fine-structure constant F ' (a) =0 re-
mains unaltered in the presence of the strong in-
teraction. As we mentioned earlier this leads to
the beautiful idea' that the value of a may be pos-
sibly determined within electrodynamics in isola-
tion from the rest of the world. (The explicit eval-
uation of the function F i"(x) seems to be becoming
more urgent than before. ) It was seen that the ef-
fective strong coupling vanishes quite rapidly at
high energies (even faster than in non-Abelian
gauge theories'). The finiteness problem of the
self-mass of the neutral pion was also discussed
without necessarily imposing additional constraints
than the well-known self-consistency ones in pure
electrodynamics. These self-consistency condi-
tions may be roughly summarized by the positivity
of the parameter t}0(n) (2&P,/2&0) and the vanish-
ing of F ~"(n) (the eigenvalue condition for a). The
parameter P, has also taken the important physical
role as a measure of how fast the strong interac-
tion is damped out at high energies. We have then
discussed the extension of the above results to an
asymptotically finite photon self-energy part in
the multiioop contribution. We have seen that the
photon self-energy part containing arbitrary n
closed fermion loops is asymptotically finite at
x=n (i.e. , at the eigenvalue F i'~(x) ~, = =0) inde-
pendently of the value of g'. The point x =a is the
assumed (infinite order) zero of the single-loop
electromagnetic-current-correlation functions in
mass zero pure electrodynamics. '

Earlier we could discuss finite quantum electro-
dynamics in isolation from other dynamics; now

we could also, formally, discuss it in a "larger"
part of the world with (neutral) pions and protons.
The photon has the remarkable property of "dis-
solving" the strong coupling at high energies.
Finally, we remark that for an arbitrary and finite
value of the renormalized (physical) strong cou-
pling (g2/4v), the unrenormalized strong coupling
vanishes in the limit of infinite cutoff (in the same
way as the unrenormalized mass of the fermion
vanishes in this limit for a fixed and finite value of
its physical mass) as a consequence of the pres-
ence of the electromagnetic interaction. Should we
take this as a hint that strong interaction is elec-
tromagnetic in origin'P

+ate added in Proof. That the restriction 2& —,'P,
& 1 is not necessarily ruled out, in our study in

paper I, may be formally seen from a recent work
of S. Weinberg [Phys. Rev. D 8, 3497 (1973)].
Accordingly the condition (iii} stated after Eq. (9}
of the present article is not excluded.

The author wishes to thank the Dublin Institute
for Advanced Studies and Professor
L. O'Raifeartaigh for the kind hospitality.
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We summarize the study of the stability of the
eigenvalue condition F ['i(x) (, =0 in the present
theory in the single-fermion-loop context. Instead
of considering three scale (mass) parameters m,
p, , and A. as in Ref. 1 for the proton, pion, and
photon, we may consider only one, says, and in-
troduce dimensionless and fixed parameters
a=(tt'/m') and 5 =—(X'/m'). Accordingly, we may
write for the inverse (free) pion and photon propa-
gators (q'+am ') and (q'+5m'), respectively.
The Callan-Symanzik scaling equation, in the sin-
gle-fermion-loop contribution, for as, ' (q') is
given by'

[m(5/Sm) +g'p(5/ag')] os,"'(q') = p
"' for q'- ~,

+'-, (n/2s)'+ ~ [with the self-consistent range'
for 5(a):0&5(a)&2]. Assuming an expansion of
the form

(s [Ii) + (v [&i)g2 +. . .

m(5/Sm)(s ") =-2aF ' (n) (A 6)

and for n~ 1

[(m/n)(a/sm) p,—(o. )](tt s,"')„

+ g [l —(~/n)]P, (»,"'). , =(p. /n). (A7)

we then immediately obtain the following differen-
tial equations:

—p = (z,/z, )*[m(s/sm)+- p(5/sg')](z, /z, )'

(A2)

The solution to the above equations is elementary
and is given by

a& ' (q') ~ [ ' +nF ' (a)ln(q'/m')

+ 0((ma/q a) so (a)/s) (AS)

p
"' = [(lIZ,Xm(sjsm)+g *p(&/sg')) Z,]"

(A3)

We have seen in Ref. 1 that all the expansion coef-
ficients in

p ~p +p g + ~ ~ ~

2&F [ l(&)+p g +
(A4)

(which are treated to all orders in a) are finite.
The self-consistency of the finiteness of the self-
mass of the fermion in pure electrodynamics
(which we assume) requires that Po(a)&0. This is
because the object (m, Z,/Z, ) in pure electrody-
namics is finite' (where m, is the unrenormalized
mass of the fermion), and from the gauge invari-
ance' of (Z,/Z, ) we easily see, for example, from
Ref. 2 that P,(a)/2 = 5(a), where' 5(a) = 3(a/2s)

and hence the eigenvalue condition F ['i(n) = 0 re-
mains unaltered in the presence of the strong in-
teraction. The effective strong coupling is clearly
given by g'(m'/q') &" and vanishes at high ener-
gies. When we naively expand the correction
(m'/q') o' in (AS) in Powers of Po we generate
not only a single power of ln(q'/m'), which modi-
fies the eigenvalue condition, but arbitrary powers
of the latter as well. Accordingly, one should be
very careful when making contact with perturbation
theory results. Questions of this sort originated
the investigation carried out in this work. The
limit 5- 0 exists' in the gauge-invariant object
Z, . Finally, we remind the reader of the simple
fact that m, 'j, by definition, contains one over-all
closed fermion loop. Accordingly, m~~

'~ does cot
contain pion-pion, pion-photon, photon-photon
scattering graphs and has no pion and photon self-
energy parts as well.
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