QED: Feynman Rules, Divergences, and Renormalizability
QED Feynman Rules in the Counterterm Perturbation Theory

The simplest version of Quantum Electrodynamics (QED) has only 2 field types — the
electromagnetic field A#* and the electron field ¥ — and its physical Lagrangian is

Lonys = —1FuwF"™ + V(' Dy —me)¥ = —1F%, + U(id —m)U + eA,Uy*0. (1)

The bare Lagrangian of the perturbation theory has a similar form, except for the bare
coupling epare instead of the physical coupling e, the bare electron mass my e instead of
the physical mass m, and the bare fields Af () and Wpuye(z) instead of the renormalized
fields A*(x) and W(x). By convention, the fields strength? factors Z for the EM and the
electron fields are called respectively the Z3 and the Z3, while the Z; is the electric charge

renormalization factor. Thus,

Al (@) = V25 x M), Wpela) = V/Za x U(), (2)

and plugging these bare fields into the bare Lagrangian we obtain

7 _ _
Liure = _Z3 FuFM 4+ ZoU(i @ — mpae) ¥ + Zie x A, UHT (3)

where

Z1xXe = Zy V Z3 X €pare <4>

by definition of the Z;.

As usual in the counterterm perturbation theory, we split
‘Cbare = Lphys + ng;lrﬁger (5)

where the physical Lagrangian Ly is exactly as in eq. (1) while the counterterms comprise



the difference. Specifically,

5 . _ —
eounter _Z3 X Fyuy F' 4 6y x Wi U — §,y x OU + €6y x A,y T (6)

terms

for

53 = Z3 - 17 52 = Z2 - 17 51 = Zl - 17 5m = Z2mbare - mphys- (7)

Actually, the bare Lagrangian (5) is not the whole story, since in the quantum theory
the EM field A*(x) needs to be gauge-fixed. The most commonly used Feynman gauge (or
similar Lorentz-invariant gauges) stem from the gauge-averaging of the functional integral.
We shall learn how this works in April — for the impatient, here are ny noted, — but for
the moment all we need is the net effect of this procedure amounting to adding an extra

gauge-symmetry breaking term to the Lagrangian,

Lbare = ‘Cphys + E%i?fge + Eggymnger (8)

for
[rgauge 1 O, A2 9
fixing — _2_5( [ ) ( )

where £ is a constant parametrizing a specific gauge. In the Feynman gauge £ = 1.

In the counterterm perturbation theory, we take the free Lagrangian to be the quadratic

part of the physical Lagrangian plus the gauge fixing term, thus

_ 1
Lirce = ‘I’(’l@—m)‘l’ - iFiz/ _i(

0, Al (10)
(where m is the physical mass of the electron), while all the other terms in the bare La-
grangian — the physical coupling eA, Uy*¥ and all the counterterms (6) — are treated as
perturbations. Consequently, the QED Feynman rules have the following propagators and

vertices:
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e The electron propagator

o < ﬁ . |: 1 :| . i(]ﬂ/me)aﬁ
JZ C F-m+i0]

where o and 3 are the Dirac indices, usually not written down.
e The photon propagator

H v —i
NMANNN = —5—— X AL
L k2 + 140 k2 + 40
In the Feynman gauge £ = 1 this propagator simplifies to
2 v —ighv
N\N\NANN\NNNSNWWN =

I k2 +40°
e The physical vertex

(8%
M .
= (+zefy“)aﬁ .
B

* And then there are three kinds of counterterm vertices:

o}
I
= +ied1 X (Y*)as
B

<) = +i(dax ¥ — 5m)a5,

NN = —idg x (g7 R — KB'EY).

Cp?2—m2440

(guV + (£-1) L ) :

(12)

(13)

(15)

(16)

(17)



Renormalizability (I):
Power Counting, Divergences, and Counterterms

The only physical coupling of QED is e, which is dimensionless in 4D; its numeric value

is e &~ 0.302822120872. Consequently, by fimensional analysi — also called the power-

counting analysis — QED should be a renormalizable theory. That is, it has infinite number
of UV-divergent Feynman diagrams but only a finite number of UV-divergent amplitudes,
and all such divergences can be canceled in situ by a finite set of counterterms. (Although
the counterterm couplings dwhatever Should be adjusted order-by-order at all orders of the

perturbation theory.)

However, by the power-counting analysis, canceling all the divergences seems to require
a few more counterterms than QED actually has. Such missing counterterms raise a ques-
tion of whether QED — with the Feynman rules exactly as in the previous section — is

actually a renormalizable theory. And in the next section we shall learn that QED is indeed

renormalizable thanks to the Ward—Takahashi identitie§ which make the missing countert-

erms unneeded. But before we go there, we need to work out the power-counting analysis of

WED divergences, and that’s what this section is about.
In QED, like in any 4D theory with dimensionless coupling(s), the superficial degree of

divergence of any 1PI Feynman graph follows from the numbers of its external legs as

3 3

(See my notes on dimensional analysiq for explanation.) Consequently, all the superficially

divergent Feynman graphs — that is, the graphs suffering from the overall UV divergence
when all q"f — oo rather than from a subgraph divergence — must have %Ee + E, < 4,
which means either (£, = 0 and £, < 4) or (£, =2 and [, < 1). So let’s take a closer look
at such superficially divergent graphs and at the amplitudes to which they contribute:

e K, =0and E, =0,

is a vacuum bubble. (19)

Since such bubbles affect nothing but the vacuum energy of the theory, we shall ignore

them from now on.
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o B, =0and £, =1,

1
is a photon tadpole. (20)

All such tadpole diagrams vanish by the Lorentz symmetry acting on the p index of a

zero-momentum photon.

o F,=0and E, = 2,

i
contributes to i3], (k). (21)

e o =0and £, = 3,

(22)

While individual 3—photon diagrams like this do not vanish, they form pairs which
precisely cancel each other, so the net 3-photon amplitude vanishes. This is Furry’s
theorem, which stems from the charge conjugation symmetry C of QED. Indeed, C
acts on the EM field A*(z) by flipping its sign, A*(z) — —A#(x), hence any amplitude

involving an odd number of photons — and no electrons — must vanish.

o ., =0and £, =4,

contributes to the 4-photon amplitude iV, (F1, k2, k3, k4).



o F,=2and E, =0,

contributes to  — 43¢ 5(p) (24)

where « and  are the Dirac indices, usually not written down. By Lorentz+parity

symmetry of this amplitude,

cs(P") = A(P?) x bap + B(?) x purhs (25)

for some scalar functions A and B of p?, or suppressing the Dirac indices

S(pt) = A@p?) + B(p®)x ¥ (26)

Moreover, expanding A(p?) and B(p?) into power series in p? and making use of p? =
($)?, we can turn the RHS of this formula into a power series in p, where the even
powers of  come from A(p?) and the odd powers from B(p?)x p. Consequently, the
1PI 2-point function for the electron field is usually written down as ¥°(#).

o B, =2and £, =1,

(27)

contributes to the “dressed” electron-photon vertex iel'"oi 3 (p',p). We shall address the

Lorentz symmetry properties of this vertex later in class.

* And this is it! QED has no other kinds of superficially-divergent amplitudes.



Now let’s take a closer look at the non-trivial superficially-divergent amplitudes T'*(p/, p),
S€W), Vi (K1, - .. k), and 3}, (k) and focus on their infinite parts.

1. Let’s start with the dressed electron-photon vertex ieI’Z

g(p/, p). Loop diagrams con-

tributing to this dressed vertex have superficial degree of divergence
DI = 4 — 3(E.=2) — (BE,=1) = 0, (28)

so they suffer from a logarithmic UV divergence. The derivatives of the dressed vertex

with respect to the electron’s or photon’s momenta

or# or#  ore
dp, ~ Opl, " Ok,

, have D = D[I'*] — 1 = —1, (29)

which makes them UV-finite. Consequently, the UV-infinite part of the dressed vertex
must be a momentum-independent constant, or rather a constant array indexed by pu
and Dirac indices «, 5. By Lorentz symmetry, such constant array must be proportional

to the Dirac’s 755’ hence
15, p) = [O(logA) constant] x 75“3 + finite(p', p). (30)
Moreover, in the counterterm perturbation theory
Dhe(@,0) = (Thee = 7") + Tlogps + 01 X7, (31)

so the UV divergences (30) of the diagrams contributing to the dressed vertex can be

canceled by suitable value of the counterterm coupling 6.

2. Next, consider the electron’s 2-point 1PI amplitude —iX¢(p). Loop diagrams con-

tributing to this amplitude have superficial degree of divergence
D(X6) = 4 — 3(E.=2) — (B,=0) = +1, (32)

so they diverge as O(A). But taking the derivatives of ¢ with respect to the electron’s



momentum p reduces the superficial degree of divergence,
D[d¥?/dy) = DX — 1 = 0, D[d*2*/(dp)*] = DX — 2 = —1, ... (33)

so the first derivative diverges as O(log A) while the second and higher derivatives are

UV-finite. Consequently, the infinite part of 3¢() must be a linear function of #, thus
¥ = [O(A) constant] + [O(logA) constant]x g + finite(). (34)
Moreover, in the counterterm perturbation theory

ZIelet (ﬁ) - leoops(%) + Oom — d2X P, (35)
so the UV divergences (34) of the diagrams contributing to the electron’s 2-point 1PI
amplitude can be canceled by suitable values of the counterterm couplings ¢,, and ds.

. Now we turn from the good news to the bad news. Consider the 4-photon 1PI ampli-
tude Viauw (k1, k2, k3, kg). The superficial degree of divergence of diagrams contributing

to this amplitude is
DV] = 4 — 3(E.=0) — (B,=4) = 0, (36)
while derivatives WRT the photon’s momenta have
D[oV/ok!'] = DV] — 1 = —1. (37)

Hence, the diagrams themselves diverge as O(log A) but their derivatives are finite, so
the divergence of V is a momentum-independent constant. Or rather, it’s a constant
tensor with 4 Lorentz indices (k.A, p, ). By the Lorenz symmetry — and by the Bose

symmetry of the 4 photons — this k-independent tensor must be proportional to

I Gy + Gepdrv T Grvdip s (38)

thus
V,‘i)\;uj(klu k27 k’37 k4> = [O(log A) constant] X (.CJm\gul/ + RN, + .%l/g/\,u) (39)
+ finite, . (k1, .. ., ka).

Naively, in the counterterm perturbation theory this divergence should be canceled by



the counterterm vertex

7 v

= 2.547 X (g/{/\guy + Gkpdrw + g/wg/\,u) (40)

stemming from the counterterm

terms

Ecounter > 54?7 x (AMAM)2. (41)

However, QED Lagrangian does not have this counterterm! Worse, such a counterterm
would break the gauge symmetry of QED, so we cannot possibly add it to the bare
QED Lagrangian without destroying the basic structure of the abelian gauge theory.

4. Finally, more bad news from the photon’s 2-point 1PI amplitude ¥, (k). The diagrams

contributing to this amplitude have superficial degree of divergence
DIE] =4 — §(Be=0) — (By=2) = +2, (42)

so it’s derivatives WRT the photon’s momentum & have

A
DY}, [0k = D[),] — 1 = +1,
2 K A
DoY), /0k" 0kY = D[], — 2 = 0, (43)
D[O’Y], /Ok" Ok 0k*] = D[], — 3 = —1,

etc., etc. Thus, the amplitude Y, (k) diverges as O(A?), it’s first derivative as O(A),
the second derivative as O(log A), but the third and the higher derivatives are finite.
Consequently, the divergent part of the Ely(k) must be a quadratic polynomial of the

photon’s momentum k. Furthermore, by Lorentz symmetry such quadratic polynomial



must gave form

Ang+B><k2><gW+C><kuk;y (44)

for some O(A?) constant A and O(log A) constants B and C, thus
ST, (k) = AX g + BxkE X gu + Cxkuky, + finite,, (k). (45)

Naively, in the counterterm perturbation theory these divergences should be canceled

by the counterterm vertex

K v ) . )
NNANBNANNANS = —idga X k2gu + i03p X kuky — i0my X g (46)

stemming from the counterterms

om
coounter — _ —53714 X (O A)(O"AY) + 5373 X (@A) + L x AN (4T)

with suitably adjusted couplings d34, d3p, and 7. However, QED does not have the

photon’s mass?

counterterm 0,,, A, A", while the photon’s kinetic counterterms come
only in a fixed combination —iég X Fy,, 'Y which corresponds to d34 = d3p = 03.
Thus, QED has only one two-photon counterterm instead of 3 counterterms needed
to cancels all the apparent divergences (45) of the X}, (k) amplitude. Worse, the
missing counterterms are not gauge invariant, so we cannot add them to the bare

QED Lagrangian without breaking the gauge symmetry of the theory.

The bottom line is: QED has a finite number of divergent amplitudes which can be can-
celed by a finite number of counterterms with order-by-order-adjusted coefficients. However,
the gauge symmetry of QED forbids some of these counterterms, which questions QED’s

renormalizability.

10



Renormalizability (II):
Missing Counterterms and Ward—Takahashi Identities

In the previous section we saw that QED lacks some of the counterterms it seems to need

for the UV divergence cancellation, namely the photon mass?

counterterm d,y,~, the 4-photon
counterterm 4] and the separate photon kinetic counterterms d34 and d3p. Nevertheless,
QED is a renormalizable theory because the divergences the missing counterterms are sup-
posed to cancel actually cancel themselves. That is, the UV divergences of the loop diagrams
contributing to the 2-photon and 4-photon amplitudes cancel each other order-by-order in

perturbation theory!

The keys to this cancellation are the Ward-Takahashi identities, which we shall study in

painful detail later in class. (For the impatient, here are ny notes on the subjec.) There is

a whole series of Ward—Takahashi identities, but for the moment we need only the identities

for the purely photonic amplitudes

= GMBERl (Y (48)

The n external photonic lines here could be truly external corresponding to the incoming
or outgoing photos, or they could be propagators in a bigger Feynman graph. We allow for
both possibilities, so the photon momenta ki, ..., k, can be on-shell or off-shell. Also, the
amplitude M (kq,...,k,) does not include the polarization vectors for the truly external
photons or propagator factors for the photonic lines connected to other parts of a bigger
graph. However, inside the cross-hatched disk we should total up all the diagrams with

appropriate external legs up to some order in the QED coupling e. Remember: only the

11
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complete amplitudes should obey the Ward-Takahashi identities, but the individual Feynman
diagrams generally don’t. Anyhow, the WT identity for an n-photon amplitude (48) says
that when we contract the Lorentz index pi; of any photon with the momentum vector (k;),,,

of the same photon, we must get zero,

Vi=1,...om: (k) x MP#eoin (k) = 0. (49)

Now let’s apply this identity to the 4-photon amplitude

V/{/\,uy(kla kQa k3> k:4) = (Cx (gn)\guu + rudrv + gnug)\u) + ﬁnjtenkuy(kla ) k4) (39)

where C'is a UV-divergent O(log A) constant. By the Ward-Takahashi identity k7 x Vi

must vanish, thus

O = k‘? X VK)\/J,V(k17k:2ak37k4)

(50)
= (Cx ((kl),\gw/ + (kl)ug)\y + (kl)yg)\u) + k‘lf X ﬁnite,{)\uy(/{il, . ..,/{;4).

Moreover, since the finite term here cannot possibly cancel the UV-divergent term, the
divergent term must vanish all by itself, thus C' = 0. In other words, the Ward-Takahashi
identity for the 4-photon amplitude does not allow for its ultraviolet divergence. While
individual Feynman diagrams for the 4-photon amplitude may suffer from a logarithmic UV
divergence, once we total up all such diagrams at any given loop order, the net UV divergence
must cancel out! And that’s why QED does not need the 4-photon counterterm o4, in order

to keep the net 4-photon amplitude finite.

Next, consider the 2-photon amplitude ZZV(I{:). By Lorentz symmetry, a two-index-tensor

valued function of a single vector & must have form
S (k) = E(k?) % gu — TI(K?) x Kk, (51)

for some scalar functions = and II of k2. The WT identities for this 2-photon amplitude read

0 = k'xx), = 2(k)xk, — I x Kk, ,

(k) x k, — TI(K?) x KKy, , (52)

[1]

0 =FkK'x3¥), =

12



hence

and therefore

S1,(k) = T(E*) x (K*gu — kuky). (54)

Note: this identity applies to both finite and infinite parts of the 2-photon amplitude.

In the previous section, we saw that the UV-divergent part of the 2-photon amplitude

has form

2
[Zzy(k)]divergent = AXguw + Bxk”xguw + Cxkyk, (45)

for some O(A?) constant A and O(log A) constants B and C. Applying the WT identity to
this divergent part of the amplitude, we get

0 = kM x [zgy(k)}divergem = Axk, + Bxkk, + C x k*k,, (55)
hence A =0, C' = —B, and therefore
2
[Z ()] givergens = B X (K g — kuky). (56)

In other words, the divergent part of the 2-photon amplitude must respect eq. (54).

Altogether, we have

S, (k) = () x (g — kuky) (54)
for II(k*) = [O(logA) constant] + finite(k?). (57)

Note that while individual diagrams contributing to the two-photon amplitude may suffer
from quadratic UV divergences, those leading divergences must cancel out from the net
amplitude once we total up the diagrams. Only the sub-leading logarithmic divergence may

survive this cancellation, and it must have a rather restrictive form (54)+(57).

13



To cancel this remaining divergence, we do not need the photon mass?

counterterm 0y,
or separate photon kinetic counterterms d34 and d3p, or any other counterterm missing from
QED by reasons of gauge symmetry. Instead, all we need is the d3 counterterm which does

exist in QED. Indeed,
t It
(S, ()] =[S, ()] = 65 x (KPgu — kuky), (58)

which agrees with eq. (54) for the net amplitude and makes for

[EZV@')]DGt = T"(k?) x (kg — kuky) (59)
for T"(k%) = T°P°(k*) — 4.
Consequently, the UV-divergent constant term in eq. (57) for the IT'°°P$(k?) can be canceled

by a suitably adjusted d3 counterterms order-by-order in perturbation theory.

So here is the bottom line of this section: Thanks to the Ward-Takahashi identities,
QED does not need the missing counterterms to cancel all of its UV divergences; all it needs
are the counterterms 91, do2, d,,, and d3 that the theory does have. And that’s what makes

QED a renormalizable theory.

Dressed Propagators and Finite Parts of Counterterms

The infinite parts of QED counterterms 01, d2, d3, and &,, follow from the requirement
that they cancel the UV divergences of the loop graphs. The finite parts of the counterterms
follow from the more subtle renormalization conditions, namely: m in the electron propaga-
tors is the physical electron mass, —e is the physical electron charge, and W (x) and A¥(x) are
the renormalized quantum fields which create the physical electrons and photons from the
vacuum with strength = 1. Diagrammatically, the do and 9, counterterms are related to the
electron’s dressed propagator — i.e., 2-point correlation function, — the d3 counterterm is
related to the photon’s dressed propagators, and the d; counterterm is related to the dressed

electron-photon vertex. In this section, I shall address the dressed propagators; the dressed

vertex and the d; counterterm will be addressed in separate sets of notes (herd and [herd).

14
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Let’s start with the electron’s dressed propagators AKA Fourier transform of the 2-point

correlation function

<= = K = /d4($ —y) PV FS (2 — ). (60)

Diagrammatically, in terms of the 2-electron 1PI amplitude ¥€(§),

(61)

which translates to

F5(p) (—ize(ﬁ))m
p—m+ z’o<_i26(ﬂ)>p— mti0

T A—mti0  J—mti0
* )

Note that every propagator or X¢(p) factor in this formula is a 4 x 4 matrix in Dirac

(62)

indices, and their products are matrix products in the order they are written down in eq. (62)
Fortunately, the 1PI amplitude 3¢(¥) is a power series in @, so as a matrix it commutes with
# and every function of ¥ such as the free propagator i/(f — m + i0). This allows us to take
products in eq. (62) in any order, thus an N-bubble term amounts to

<m>NH *(CEE) = ni +i0 (125 —E;(Ji) io)N (63)

and hence

IR 2w\

F2lp) = NZ_lng—m+i0X <]Zf—m+i0>
i s ] (64)
T S—mti0 {1 _p‘—m+i0}

T p—m—2e) +i0

15



Now consider the poles of the electron propagator. The free Dirac propagator

1 p+m
i _igem o)
$p—m+1i0 p? —m= + 10
has a pole at p? = m? with the residue (§ +m) = 2m x (projection matrix onto the positive
eigenvalue +m of the Dirac matrix f). In other words, this is a pole at (eigenvalue of

#) = +m with residue = 1, or less formally, a pole at ¥ = +m with unit residue. And that’s

the general behavior of the Dirac fields’ propagators.

In particular, the dressed propagator for the electron field should have a pole at p =
physical electron mass with the residue being the electron field strength factor. In the
counterterm perturbation theory, the mass m in the free electron propagator should be
equal to the electron’s physical mass, so the dressed propagator should have a pole at the
same point p = m as the free propagator. Likewise, this pole should have a unit residue

since the renormalized electron field should create physical electrons with strength = 1, thus

l

}—Qe(p) == m + smooth@(]é:m). (66)

In terms of the denominator of

?

20 = T g0

(64)
this means

for ynearm: p—m—Y°(¢) = 0+ Ix(P—m) + O((—m)?) = () = O((]zf—m)Q)
(67)

and therefore

e

dy

The first condition here (3¢ = m) = 0) is needed to keep the dressed propagator’s pole at

Q@ =m) both X° =0 and

0. (68)

the same point = m as in the free propagator, while the second consition (d%€/d p = 0)

provides for the unit residue of that pole.
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To be precise, the 1PI 2-electron amplitude in all the above formulae is the net amplitude

comprising both the loop diagrams and the counterterms,
Eflet (ﬁ) = Z]iaoops + 0m — d2x P (69)

Thus, it’s the net 1PI amplitude and its derivative which must vanish at = m, which gives

us two equations for the counterterms:

e

axe
Yloops @@ =m) + 0 — d2xm = 0 and #@( =m) — 6 = 0. (70)

These two equations completely determine the counterterms do and 9,,, including their finite

parts.

Finally, consider the photon’s dressed propagator, i.e.the Fourier transform of the pho-

ton’s 2-point correlation function

o .
VAR, = P () = [1te ) I F ) ()

Diagrammatically, in terms of the 2-photon 1PI amplitude %}, (k),

Note that every propagator and every 1PI bubble here bears two Lorentz indices, so multi-
plying them together involves a lot of index contractions. To simplify the algebra, let’s treat

the free propagators and the 1PI bubbles as 4 x 4 matrices and multiply them as matrices.
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For consistency we raise the first Lorenz index of any such matrix and lower the second

index, thus

rop” . U7 (£-1) e’ (73)
= NN = —1)—=
ProPy o K2ti0 |7 k2 + 10
and
XV (R)H = = (k%) x (K*68 — k"k,). (74)
In these matrix notations, the series (72) amounts to
| Favy|| = prop + prop x (iX7) x prop + prop x (iX7) X prop x (iX7) x prop + ---. (75)
To evaluate the matrix products here, let’s introduce the projector matrices
kHEk,
P® = =m0 (76)
which projects 4-vectors onto their components parallel to the £*, and
kHE
P (kK = o — —= 77
[ L( )] v v k2 + 00 ( )

which projects 4-vectors onto their components perpendicular to the k. These two matrices

are complementary projectors, which obey
kP =1pr, PP =P, PP =PP =0 P +PF =1 (78)

In terms of these projector matrices, the free photon propagator matrix is

Prop = 1575 x (P + §P||) (79)
while the 1PI 2-photon bubble is
iXT(k) = ill(k?) x k2P, . (80)

Note that the free propagator and the 1PI bubble commute with each other as matrices, so

18



the N-bubble term in the series (72) amounts to
N® term = (prop)VH x (12N

» N+1
= ( ! ) (PL -+ §P|‘)N+1 X (Z'/{J2H(/{J2)N(PL)N

k2 +140
P, for N >0, (81)

ot 2\ NV N+1
= e ¢ WD) < (Pt ¢ P')X{1 for N =0,

_ Py for N > 0,
= M)V x
k2+20 PL+§PH for N = 0.

Consequently, we may sum the whole series (72) as

1Bl = g < (W)Y x (P + €oo)
N=
= k;j 5 X (PL X Nz_:o(n(k;?)) + gp,)

(82)

i P
P
210 (1—H(/<;2) e ')
. 1

P, +£P
K240 1— (k%) < (Pt &R)

where £ = £ x (1 — II(k?)) is the quantum-corrected gauge fixing parameter.

Note that thanks to the Ward Takahashi identity leading to 7 = II x k% x P, the
dressed photon propagator (82) automagically has a pole at k> = 0 (cf. the first factor on
the bottom line of eq. (82)), the same place as the free photon propagator. In other words,
the photon remains exactly massless, and we do not need extra counterterms to prevent the

loop corrections from giving it a non-zero mass.

On the other hand, the residue of the pole at k? = 0 stems from the second factor on

the bottom line of eq. (82),

. 1
Remdue = m (83)

Thus, to make sure the renormalized EM field A“(x) creates photons with strength = 1, we

19



need I1(k?) to vanish at k2 = 0. Or rather,
e (k2) = M°PS(k?) — 65 — 0 for k2 =0, (84)

and this is the equation which determines the finite part of the d3 counterterm. We shall see

how this works at the one-loop level in the hext set of my noted.
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