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17. Photon Mass 12

| use the notation in my Real Scalar Field Notes. | usually
use p for the magnitude of the momentum 3-vector, p = |p|,
so p> = p - p. But for this homework | will use p? for the

dot product of the momentum 4-vector: p?> = p- p = >

(p°)% - p*.
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Part I

1. LAGRANGIAN

The bare Lagrangian is

. Iy
L5 = (Dugs)" D" ¢y — m§‘¢13|2 e (1)
where “B" stands for “Bare.”
F?=F, F", D = 0" +iegz AY (2)
F2
Ly = (04 +ienAy, ) p5] (0" +ien Al) pn — mis| s |* — TB
(3)
The electromagnetic field is real A* = A.
F2
L = [(a +ieg Bu)%](a“ + ZeBAM) - B|¢B|2 —
(4)

F]32 . * *
Ly = |8¢B‘2_m2B|¢B‘2_T+7’eBAg(¢Baﬂ¢B+¢B . Pn)
—ep Azloul® (5)
06]> = (0,07)0",

F,,=0,A,—-0,A, (6)

O =220, Ag=+Z3A, mp=+\Znm, ez=Zce

(7)
Following Schwartz | do not put subscripts on renormalized
quantities.

F2
Z2Z77lm2|¢|2 —Z3—+

4
V2322 Zie A" (990" + &7 0,0) — Z2 23 27" A%|g|”  (8)
Like Schwartz Eq. 19.7 | define

Ly = Z|00|* —

Z1 = Z.Zar\/ Zs. (9)
F2
oiﬂB = ZQ|8¢|2 - Z2me2|¢|2 - Z3T+

Z1ie AM(¢0,0" + ¢ 0,0) — ZaZzZ2e* A%|6|* (10)

Zy = 727377 (11)

F2
ZsZymm?|o|* — Zs=—+

ZyieAMJ, — Zye* A%|g|* (12)

Lo = Z5|06|* —

Ju = ¢au¢* + (b* ugb (13)

Zy=1+0;, Zm =1+, (14)

2
Zo = (14|00 —(1462) (14 5,)m?l 0l — (1465) -

+ (14 6))ieA" T, — (14 64)eA%|p> (15)

Lo = (14 062)[06]* — (1 + 6 + 62 + 026,,)m>| 6|
F2
—(1+ 53)T + (1 +61)ieA" T, — (1 + 64)e* A%|p)?
(16)

The counterterms, §;, are infinite but formally treated as

small perturbations of order e¢2. For this problem | only

work to order €2 and drop all higher order terms.

Lo = (14 62)[00]* — (1 + 6 + S2)m>|9[?

F2
-1+ 53)7 + (14 61)ieAr T, — (1 + 64)e* A% o)
(17)

Ly =Ly +ieAr ], — A% )P + Lo (18)

F2

=109 —=m?|g* — — (19)

F2
— (O + 82)m? || — 637 + d1ie At J,
— 04e” A%[9]* (20)

ogc = 52|8¢‘2

The propagator like counterterm vertices are order e?. The
interaction like counterterm vertices are higher order, so |
drop them.

F2
Lo = 53|00|* — (6, + 02)m?||* — (21)
2. FEYNMAN RULES
The propagators, Fig. 1, are
- My 1
A~ — ~— 22
p2 + e ¢ p2 —m2 + ie (22)

| show the renormalized interaction vertices in Figs. 2 &

3. | show the counterterm interaction vertices in Figs. 4
& 5.
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o ————

A
FIG. 1. Scalar QED propagators.

k

2

FIG. 2. The 3-way renormalized vertex contributes a factor
of ie(+p + k), where —/+ is for particles/antiparticles, see
Schwartz Egs. 9.17 - 9.20.

3. SCALAR 2-POINT FUNCTION

| want the Green’s function
1
(2m)*

In particular | want the momentum space Green'’s function
4(p) to order >

(QUTH(D)H(F)2) = /#wmmwm<m

g5 =9 @)+ AY (D) | (24)

4. LEADING ORDER

To zeroth order Green's function is given by the Feynman
diagram in Fig. 6.

7

9O (7) = (25)

p2 —m?2 +ie

5. SECOND ORDER

The leading correction comes from the diagrams in Figs.
7-9.

AY(P)=x+E+ ¥ (26)

FIG. 3. The 4-way renormalized vertex contributes 2ie?n,.
(Schwartz Eq. 9.23).

P——>—7

FIG. 4. This scalar 2-way vertex has factor i[p252 — (om +
§2)m?], see Schwartz Eq. 19.13.

P 2
— —

FIG. 5. This photon 2-way vertex has factor —idsp’n™", see
Schwartz Eq. 19.15

i oy , i
¢ i[p=02— (8 +02)m ]m

(27)

:pQ—mz—i—ie

2 2 .2
o — 7 O (M7 = 1) (28)
> —m? ¥ ic)?

1 1

= T 29
8 p? —m?2+ie p? —m?2 +ic (29)
T is the tadpole loop in .

T

g = T Rt iee (30)
) )

& P2 —m2+ic “p—m2+ic (31)

»
P = — 2 (32)

(p? — m? +ie)?

6. SCALAR QED COUPLING

To use DimReg | need to know the dimensions of the
coupling e.

W=1  bl=-1 [Z]=4+  (33)
(L] =4 = [F?]|=4 = [F] =2 (34)

Fl= A= | 2] =A== (] +1 =2 — 4] =1
35)

2] = 4= [PA) = 2edd] — [eAdl =2 (36)
f=2-[A-f=2-2=0  (37)

[ =0 (38)

This is the same as QED, so in DimReg €2 — 24~ also.

—

p——

FIG. 6. (fm)(ﬁ); the external momentum pis off-shell.
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S
|
)

12 P

FIG. 7. Feynman diagram %, with p’ off-shell.

7
N

P P

FIG. 8. Feynman diagram &, with p off-shell.

7. TADPOLE LOOP

4~
226 N | dq q e (39)

S is the symmetry factor (Fig. 10).
2 1

@22 (40)

The denominator comes from the double A and ¢ fields.

2

e v
= W’?wﬁ“ I (41)
dq
p——R—>— 7

FIG. 9. Feynman diagram ¥, with  off-shell.

A
4

FIG. 10. Tadpole symmetry factor combinatorics.

I appears to diverge.

A
Iw/ dqq ~ A?, A — 0 (43)
0
| use DimReg.

2t »

T(d) = gy o 10 (4
d’q
I(d) = 4
@)= [ (45)
D™ =d (46)
e2pA—d

| Wick rotate I. In my Real Scalar Field Notes | derived

/@_dﬁﬁ/(_pdf& (48)

| generalize to d dimensions.

d’p . dpy,
/<ﬁ2 At / SN

| apply this to Eq. 45.

_ ddq - ddQE
Itd) = / Q? +ie / qz (50)
d—1
% => (") (51)
n=0

| take advantage of spherical symmetry using the formulas
in my Real Scalar Field Notes.

d? d? d?
I(d):/ 8 :fi/ e _ T‘f (52)

q? + e q2
dix = dQgritdr (53)
o0 T‘d_l o0
d)=—i / dQy / dr—— = —iQyq / drri=3 (54)
0 r 0
27('d/2
Q= ——

2 d/2 o'}
Id)= -2y = / a3 (56)
0

T(d/2)
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o = oh + by (57)

a o0
o = / drri=3, oty = / drri=3, 0 <a < oo (58)
0 a

ad—2

=g d>2 (59)
a2

dh=—ms,  d<2 (60)

| analytically continue o/, and % to some complex d.
d—2 d—

S el

=0 = I(d)=0 = T(d)=0

(61)
| analytically continue back to 4D.

T=T®4), T(d)=0 = (62)

T=0 = =0 (63)

8. SCALAR SELF ENERGY LOOP

(64)

S
E =
*T (en)t
T e 1 SR N R
/d ie(~pH—k )(ﬁ—E)2+ieZ€( Pk )kQ—m2+ie
S is the symmetry factor for this diagram (Fig. 11).
4x2 8
5= @22~ @ (65)
eZn pH + Kk p¥ + kY
o= ——* [ dk——
RCOE / (7 — k)2 +ie k? —m? +ie (66)
22 — _i /d4k pH + K yn + kﬂ (67)
R
5 e2 / . PP+ +25k (68)
2= "5 =
(2m)* (5 — k)2 + i€] (k2 — m2 + ie)

FIG. 11. Self-energy symmetry factor.

8.1. Feynman Parameter

A=E*—m? +ie, B = (§—k)?+ie

e2 p2+k2—|—2ﬁ-l_5
Yo =— *
2 (27r)4/dk AB

r Ydx
AB ), D¥’

22: / /d4p+k2+2pk

D=k —m?+[F—k)? -k +m?z+ic

D=A+(B-A)x

D=k>—m?+ (p* =25k +m?)x +ic

8.2. Complete the Square

D:k2—2xﬁ-ﬁ+xp2+xm2—m2+ie

(69)

(70)

(75)
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b2
+c— —

4a (76)

b\ 2
am2+bx+c:a(x+)
2a

a—1, 2=k b— —2xp, c — ap>+am?—m>+ie (77)

D = (k—zp)? + (1 — z)(ap® — m?) + ic (78)
A = (1—z)(m® — zp?) (79)
D= (k—ap)? — A+ie (80)
2
2
Sy = — /dm/d4 qp+k+pk (81)
27T k—ap)?— A+ie)?
8.3. Shift Integrand
{=k—af = k=q+ap, dq=d% (82
62
- _ 3
1 24922+ Dp? + 2 +2(1 77
/ dm/dzlq(x + 2z + )2p ks (1+2)¢-p (83)
0 (q* — A +ie)?
s (T+2)2p* + @ +20+27 7
2: dlL’ d
27r (¢ — A +ie)?
(84)
The odd term cancels.
- d q + 1"'95)2 ?
Y2 = 277 /dm/ A—|—ze) (85)
8.4. DimReg
e2 ! @+ (14 2)%p?
Yo = — del, T= [ d¢-——"""= (86
2 (%)4/0 h / @ Atie? (86)
I=1, 4 (1+2)%*p?l, (87)
2 d4
I = [ d* T I :/—q 88
! / T@E ATz 2 (q2—A+z’e)2( )

A
d
]Ilw/ dgq ~ A?, ]IQN/ qq InA, A— oo (89)
0 1

]I(d)/ddq2 H(d)/ddq
e q(qQ—A—&—ie)Q’ 2 (@2 — A +ie)?
(92)
In my Real Scalar Field Notes | derived
/ dp _ /2 r (4—d>
2 _A+4€)2 A2-d/2 2
(p + i€) (93)

/ a7

P2 B dmd/? I 2—d
P2 — A+ie)2  2iA1-d/2 2 )

L(d) = 2z'dA7T1df/jl/2F (2 ; d)  Teold) = %F <4;d)
(94)
So(d) = ’g;)f /0 da [y (d) + (1 + 2)%pL(d)] (95)
) = e [ s
) e (139)
5a(l) = iy | e
Y ] o
Za(d Z2:‘17:1/22/ Al- d/2
{Zr (1_2) %r <1+1—;’>} (98)
e+ 1) = 2T(2) (99)
So(d) = giﬂz/j ( )/ dx AY/21
)]
8.5. Return to 4D
Sy = To(d) = Sa(d—¢),  Time—0  (101)
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. € 2 1
)IN LF (f _ 1) / dox A1—¢/2
0

T 95—ep2—¢/2° \9
2,2
[4—6+W(2—6)] (102)
A
5 —ﬁr(f—1) 2y )~ 6/161 A
27 3902 \2 Wa) ), “
p2 2 p2 2
[4+2A(1+x) - <1+A(1+m) >e] (103)
p2
h=70 + x)? (104)
5, = ¢ F(f—1) 20y | = 6/1d A
27 3902 2 Wa) ), ™
[4+42h — (14 h)e (105)
| expand as € — 0.
ie? !
2
[1+h—(2+h) <6+1+In(ﬂ2/A))] (106)
i = dme ™ p? (107)
= — s (108)

(p2 —m?2 + 2'6)2

9. SECOND ORDER GREEN’S FUNCTION

AG[pP)=+F+8=%+¥ (109)

M8y, + (m? — p?)dy P
AY =i (P2 —m?2+ie)?  (p>—m?2+ie)? (110)
Sy = iS (111)

e [t
= A
S = /0 dz

[1 +h—(2+h) <z +1+ In([ﬂ/A))] (112)

AY — m28,, 4+ (m? —p?)oa —S iH
- (p?2 — m?2 + ic)? ~(p? — m?2 +ie)?
(113)
H = m?26,, + (m? —p®)dy —S (114)

10. COUNTERTERMS

| use minimal subtraction (MS): counterterms have no
finite parts.
H = H., + Hy, (115)

where H, is the divergent part of H and Hy is the finite
part. MS means

0 = Hy = m?0,, + (m? = p*)dy — Soo, (116)
where S is the divergent part of S.
e? !
Soo = ——— dx A2+ h 117
o | waeen
e? ' 2 2
S = ——— [ dz[2A 1 118
o | wkasprre] )
e? ' 2 2y, 2
S = _87r2€/0 de [2(1 — 2)m? + (1 4+ 322)p?  (119)
2 1 1
=— 2m?2 1— 2 1 2
Seo 87r2€[m/0dx( x)—i—p/oda?( + 3z )}
(120)
1 1 1
/ de (1—12) =, / de(1+32%) =2 (121)
0 2 0
’ 2 2
Seo = — 2 122
o m? +2%) (122)
| plug this into Eq. 116.
0= (6 tot - Vm2a (- —5) 2 (123)
AT Sr2e 4m2e 2)p
This implies
o2 2
— 5 = =0. 124
e 09 = 0, + 62 + -y 0 (124)
So
e? 3e?
— =90 Om = ————. 125
4m2e 2 8m2e (125)
The final answer is
e? 3e?
Zo=1 T =1— : 126
2 * 4r2e | 8m2e (126)
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Part II
2

| follow Peskin & Schroeder (PS) Sec. 19.1 and Schwartz
Sec. 18.3.

11. LAGRANGIAN

PS Eq. 19.2 gives

_ F2
L = ipIpp — R F? = F,gF°5. (127)
In2D p=0,1.
_ F2
L =iy Dy — e D, =0,+ieA, (128)
_ _ F?2
L =iy o) — ey A — T (129)
_ _ F?
L =i - ey - (130)
12. DIRAC ALGEBRA
The (2 x 2) Dirac matrices are
0 —i 04
70=(i 0), 71:(2’ 0)' (131)
The metric is
7 = diag(1, —1). (132)
The Dirac anti-commutation relation is
{v*,7"} = 20°°1 = 2¢°°. (133)

| suppress the 2D identity matrix I. | confirmed this relation
with Mathematica.

13. UNITS & RENORMALIZABILITY

Using HW 4:
w=d W=t w=ton s
Ford =2
(Z]=2, [Y]= % [A] =0 (135)

(136)

YV —

A

FIG. 12. 2D QED propagators.

FIG. 13. The QED vertex with factor —ievy*.
(137)

2 = [e]+[Y°]+4] = [e]+2[¥]+vA] = [e]l+2[]+[1]+[A]
=le]+2[W]+[A] =[] +1 = |[e]=1]| (138)

This theory is super-renormalizable.

14. FEYNMAN RULES

The propagators (Fig. 12) are

Ao U - ﬂj.,
p° + 1€

139
p? + i€’ (139)

where the electron is massless and | use Feynman gauge for
the photon. The interaction vertex is in Fig. 13.

15. PHOTON SELF-ENERGY LOOP

| evaluate the diagram in Fig. 14.

S
olI” = @)
2 N e ) NN |
/d qﬁ[(—lw‘)w)gw(—“ﬂ )q2+i€ (140)

S

FIG. 14. Amputated photon self-energy loop: I15".
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| worked out the symmetry factor in HW 2: S = 1.

v e’ 2 'ﬁhu(g _p)Vyg]
=~ [ g (141)

— )% +i€l(¢® + ie)

2 Tr(~Hd~nY d — ~Hapy
i = - 2/d2q q(vsz 4 va ?) (142)
(2m) [(7— D)% + iel(¢® + ie)
2 Tr (g ) — Tr(v*py”
iy = - 2/d2q (Z ’”Zi) : (Z il ) (143)
(2m) (7= P)? + iel(¢* + ie)
2
TIMY — __c
RN
/ 12 2014777 957°) — T (0"per 1 457”) (144)
[(§— D)% + iel(q® + ie)
i ¢’ B
T = — Ty
il on)? (7*7*7"7")
dadp — 48P«
Py — (145
[ P 09
In 4D Tr(y#%y"y%) = d(nton”? — P +9n). In
2D
Tr (v y"y7) = 200”7 — 0P + 0"Pn°"). (146)

| confirmed this in Mathematica.
2
N
% d2q VN B ;
2m (77— P)? +iel(q® + ie)

i = — (147)

N = (n,uanuB _ n;wnaﬁ + n/LBnau)(qaqﬁ _ Qﬂpa) (148)

N =n"*(¢aq” — ¢"pa) — ( qaq” — q “Pa)

“(qag" — q"pa)  (149)

N =q"q" —¢"p" + (T -F— )" + ¢"¢" — ¢"p” (150)

N =2¢"¢" — ¢"p" — ¢"p" + (7- P — )™ (151)

g — 1€ [ 2, 2079 = d — "+ (G D — )™

STl (7~ §)2 +id(g® +ie)

(152)

15.1. Feynman Parameters

e — ie? quququ —¢'p* —q"p" + (TP — )

2 7 op2 AB
(154)

1 b da
E_/o S D=A+(B-Ax  (15)

. 2 1
e
-
Iy = 2/ dz

/dz 2¢"¢" —q" p“—qu;r( (156)
D=(7-p)P+[¢*—(T-P)|z+ie (157)
D=(7-p)"+(27-7—p*)x + i (158)
D=q¢—-2(1—-2)7 p+ (1 —x)p* +ie (159)
15.2. Completing the Square
b\> b2
ax2+bx+ca<x+2a> +07E (160)

r—q a—1, b—2x—-1)p, ¢— (1—z)p*+ie (161)

D =[7+ (z - 1)p]* = (. — 1)*p* + (1 — 2)p* +ie (162)
D=[7—(1—2)p)?+ (1 —a)zp? +ic (163)
A=—(1—2x)xp? (164)
D=[7—(1—z)p]* — A+ie (165)

s = ;Q? j dz

2 ®o_ Mo 7o 2\
/dz g —¢'p" —q'p” + (7~ p.g)n (166)
([qf(lfx) P2 A+Z€)

15.3. Shift Integrand

. 9 1
pv _ Y€
IT5 =202 dz
2kV K — kVpt — ktp” + (k- p— k)t
([k— (1 —=z)p]? A+Ze)
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UV Divergence Check

f=k—(1—-2)p, dk=d%q k=q+(1—z)F (168) 15.4.
e — g 2g— (169) A A
2 7 op2 2 A +ie)? - q dg 1
0 (a ) 3 ~ dqum ENF_Q A— oo (178)
A =2[¢"+(1—2)p"][g" +(1—2)p"]—[¢" + (1 —2)p"]p" A A gy
/“”N]IN/ dq—4:/ — =1InA (179)
1 q 1 94

=[¢"+(1~2)p"]p" +([g+ (A ~2)p]- =[G+ ~2)p]*) 0"
(170)
J converges, but ¥ & T diverge logarithmically.

N =2¢"¢" +2(1 — 2)(¢"p" + ¢"p") + 2(1 — x
7"¢" +2(1 — z)(¢"p" + ¢"p") + 2( V)pp 155, Integrate 3

(1 —z)p'p” — ¢'p” — (1 — z)p"p"+

2,21, pv

—_ quP« _

[G-7—201—2)¢ 7+ (1 —a)p® - ¢* — (1 —2)*p’]n
(171) o
s = ;76; dz (®* + [ (1—z)zp* —2(1—z)xp/p”]J)
N =20"q" + (1= 22)(¢"p" + ¢"p") — 2(1 — x)ap/p* + (180)
(1= )ap® — (1= 22)7 = I (172) PR — _ d%q
_ PV R /(q2_A+i6)2 (181)

In my Real Scalar Field Notes | derive

Héw*%rz/ /q—A+ze [
dp /2 4—d
+(1—2z q"p”) —2(1 — z)xp"p” P —Atie2 A2—d/2F 5 - (182)
+[(1 = 2)ap? - (L=2037"F — ¢*In""] (173)
Odd terms integrate to 0. 5= %F(l) _ %, ri1) =1 (183)
Hléw— /dl‘/d2 . 9 1 ;WQ I
szg/d Wi ! — 2ptp¥
2q;,aq _ 2 1—1 xppp + [(1 _ l').’L'p2 _ QQ}TIMV (174) 2 7_[_2 0 T & + 277( l‘) A
(g% — A+ ie)? (184)
A=—(1—2x)xp? (185)
ng_ /dl‘/dQ 2 1 Q2 AptpY
" ) = {.w _ manpp] (16)
2¢"q" —n“q —2(1 — z)zptp” + (1 — z)zp (175) 212 Jo p
(> — A +ie)?
o ,L'e2 1 » » 2pupu
" = — [ dz |&" —im (" — — (187)
ie? ! 27 Jo p
HN = ﬁ d.’I;
(271 — T+ [ (1 = 2)ap? — 2(1 — x)zpp"]3) 15.6. DimReg
(176)
HaV 2 " v v v 2 q/Lq”
Y PR L Y e e et
d / “E=Atie? N@=A+ie (¢* — A +ie)?
2
S P S——
/ NE—avio? (188)

~ d*q
= | @=a 07

10
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po( gy q"q”
I (d) = /ddq—(qLAﬂ.e)2 (189)
_ 7
I(d) = /ddqm (190)
& (d) = 27" (d) — n*1(d) (191)

1 = &M (2), I = FH(2), I=1(2) (192)
| use the identity (Schwartz Eq. B.51)
WV nuv 2
g a"q _n / Y q .
/ q(qQ—A—&—ie)Q d q(qQ—A—i—z\s)2

(193)
This identity is not kosher if either integral diverges, so |
can't use it for d = 2.

i) =" [t = (o
& (d) = (2 - 1) 1(d) (195)

At d=2, 2/d —1=0 and I(2) diverges, so | need to take
the limit carefully. In my Real Scalar Field Notes | derive

2 d/2 —
d p dm 2—d
= F . 1
/d p(p2 — A+ie)?2  2iAl-d/2 ( 2 ) (196)

dr?/? 2-d

I(d) = 2Z_A7T17d/2r ( 5 ) (197)
j 2\ drd/? 2—d
& (d) = %nlw (1 _ d> hr (2> (198)
& (d) = g~ 9y (eayi/2r (1 - d) (199)
2A 2

&Y= &(2) = H(2—¢), €0 (200)

b T € €
¥ == (7rA)e/2F (5) (201)

| take € — 0.

& = —imy (202)

The end result is finite. This is why | didn't need countert-
erms: the UV divergence was an illusion.
2

L = 2% 01 dw {M” —in (nﬂ” - 2”;219 )} (203)
" = c;j/ol dx (77“” — p;é)y) (204)

s = ? <n“” - PZZ;”) /01 d (205)

e = é (n;u/ P;g”) (206)

16. PHOTON PROPAGATOR

The full photon propagator ¥ (p') is defined by

i )
(207)
The sum of all amputated 1-particle irreducible (1PI) dia-
grams is

(QT[AM(Z)A"(9)]|) =

i = v (208)

where the vertices (black dots) don't have photons attached
to emphasize that this diagram is amputated. The gray
circle represents the sum of all 1PI diagrams. From now on
| omit the 1Pl text. The full propagator is

P
—_—>

i () = "

I v

oL (209)

| translate into algebra (mind my careful treatment of the
indices)

nu(x ) ,'751/
ZHaﬁ 'Lpﬁ +

iGHY (7 TIHV
7 =
() i + i
nhe nﬁp ) nov
ipﬁlnaﬁipﬁlnpgipﬁ‘i’
nhe an 43 v

?:pﬁlnpo—ipﬁlngryipﬁ + LN (210)

N 0 Tagn®™ 0 Tasn P Tyen™"

G (p) = —i
(7) 2 p2p? p?p2p?
- inpanaﬂnﬁpﬂpana{n&’yn’yu + .- (211)
2.2,,2,2
pepep°p

0" P Tlagn® o Tapn P Ten”

@ ;5» _
®) p? p?p? pp*p?
mo ] Br1 o178 7"
-1 "‘57;2]92;2;'2 ol 4. (212)
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P =Fp)" (213)
vy nm/ T HupHpV HupHPGHUV
g“(p)_—pQ—p4— PO )
(214)

| approximate by replacing II with its lowest order approxi-
mation Il in Eq. 206.

G () = — 2 +...
®) p*  p p° p®
(215)
b€ prp”
" = —pr, PHY = gt — (216)
p
guu(—») - T]MV GQP’“} 64PMPPPV €6PMpPpUPUV
p)= 2 72p0 R
(217)
p“p”) ( ppp”)
prrp v — nup_ nV_ =
12 ( P2 p P2
nup _ p“pﬂ) (61/ _ pppy) —
p? p P2
wpsv upbeP” PP pMDp” pep”
NPy — it _5 =
p p? P2 P2 p2
" p,upu pp,py p/Lpr2 _
TR T P
LoV LoV oV LoV
R e L )
p p p
P"PP,,P°Y = PMP,°P,Y = P* P, = P"  (219)
b ’I’}l“/ eQP;u/ 64P;L1/ eﬁpuu
G D)= T T35 T am - (220)
p p mep mp
To all orders
. npl/ e2 prv > e2 n
@ = — - — ] . 221
0=~ = 2 (221)
This is a geometric series
oo
1
"= 222
n;a — (222)
. 77;1,1/ 62P;J,V 1
@ =— —_— 223
7 =g~ (29)
p
v 2
2 V(= v pﬂp € v
@r = (n H 224
p g () (77 e )eg_ﬁprz n (224)

17. PHOTON MASS

The physical photon mass (m) is the pole of the propa-

gator (Eq. 224):

62771'])2:0 — m?
so
e
m=—»|
/T

This has the right dimensions (Eq.

12

2 e’
:p == 77
T

138).

(225)

(226)
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