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vertex correction Soft bremsstrahlung Electron self- energy Vacuum polarization
⇒ today

Here C) Vacuum polarization diagram → Photon self- energy

1. One - loop correction :
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$ Sum of all A- particle irreducible diagrams :

M mm u = ittmcg ) = i Mcg ) t 042) ]

a) Only tensors availalle : GMO and fMq° → ITAI ) = A@2) quot B@2) gMg°

b) Ward identity ( see 65) ) ¥ feeling ¥0 → D= -Aff 2

→ ITM = ( q2 gmo- qmqo ) . #
c) ¥ ITM@) tea , no pole for g

' :O

T - iguu
Pole at gr -- O comes fromq which is not include , in RPI diagram#

→ IT@ ) =
A@g, regular at q2=0

→ JTNfqtggm-gmq.TW (6.30)



3
. ¢ Sour of all diagrams :

M run - = mum t - eotg, nm - t
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Define of = Sf - off go Iq 2 and use g Pogo , = If
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4
.
¢ HMU@) contracted with a vertex to form an S- matrix element :

uardideumnamo-gz-TII-cg.IT#yqi
→ Fixed pole at 82=0 ( to all orders of x ) → Photon remain, ceaseless

T.cleargeoeuoowaliaah.ee#

a) Define z,=nIt
Then , for g2→ 0 :

µ.
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. . . . dyke . . . .

→ 4K¥. =
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b) → Chargereuorunaliaatiaui

:÷:::÷÷÷"⇐i=e*mTrue - structure constant 4¥ = x = Z, do = 737¥

Notein . he lowest order do
,
it is Z, = 7 so that e = eo ,

A = do

• In general Zz - l t O Xo ) → A = Not 062)

• Lu particular 0621 = 0@Y



c) In addition
,
for q2 to and IT@ 2) = It (921+062)

,
each virtual photog

line comes with :

- IGF .ae?a.,----igT.eIIIIg9g3----igszee2k-tz#+ocay1- T2 @2)

Use @→ I = Gtx )
- '
t 01×21

= - igmuIto@/
T Cr- IT, @y ] . @ + IT, @I ]

e2
= - IGI- t 042)

ga r- (Iz@) - II @ 1)

→ of
'
- dependent charge / fine - structure constant :

qq.dz/=EIfItT--e-fTz@y-iTzoTt0



6.Computational.

Note : Replace we
.
and e. by W and e since u# =

t O (do')
¢- Mo

item@ - titties
' II:#T.com:4?uTroi*tFt#y(ht of 12 - ur

Trace identities

=
-

yer f hM4t4Ttk04t4IM_gm@cu+qj_c#
( U2- m2 ) [ City 12 - m2 ]

Feynman para veter , ( = K t Xf , Wich rotation
( ° = it

I
- 4ierfodxfdf.eIq-ZdIIEtGmlE-2x4-xIfn8otgw@uxe.x

& Sff . CE to ) " (6.31
(here : d=4 )

where ez wir- xxx ) q2



b) Strong UV- divergence : ¢ UV- cutoff HE let
, they

i Tzu@ ) n e212g no 5 •

→ To wane sauce at this result
,
a is needed !

c) Dimensional regularization : ⑦ Proof P- Set 17

i ) Lower flee spacetime dimension I C-Nl until the UV- divergence vanishes

ii) Generali te cell exprevious to deck

iii ) Take the limit IT 4 in alternate quantities
For de Q we find :
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Guzzi r (7) has poles 2--0, - e ,
-2

, . . .

→ MC2 - ft ) Lea , isolated

poles at D= 4,6
, . - .

¢ D= 4 - E and use Euler-Matcheroui couchant

d
rfz.dz ) = r⇐ ) = Ze - 2+067 (6.34,

Note : gµugM° =D ,
so that in invariant integrals over spacetime

the substitution ,µµ=1d12g (6.35)

is valid ( generalization of 6.8 ) )

d) Evaluate n) with 6.32 ) E- (6-33) E- 6.35) ( and use 2- Pas =P@+⇒ ) →

÷÷i:÷:÷i:÷±÷÷÷



e) Use €34 ) to expand in E :

Iz (q2 ) I - 2£ folk XK -x )⇐ - log (o ) - N t log Hits] to@) (6.3g

7 .
O@ ) charge renormalization :

s""÷÷÷÷÷E
→ If the observed charge is finite

,
- A c eco

,
the bare charge diverges , co = - D

.

8
. Od) of '- dependence of Neff (q2 ) depends on

17294 = IT. @ a ) - Iz @I = - 2¥ fo 'd x x x-x ) log(meeting)
→ UV-divergence for e -so drops out !



9.AualysisE-luterprefahauafTTC
a) Pole - structure at IT, @) ⑤ Script p.

131

b) C) Effective potential in non- relativistic limit ( recall (4.181 ft. )

V = If:# e'
'II

'

= fd÷÷ei5¥(Tg Lettieri 's toes
T

non-relativistic of2×-17-15112
c come )

'
'

Em
'

fd¥yeiE⇒f*÷ ) - fete:*. lift 0431
I - Fi - I:# o

" I

→ Electromagnetic force becomes much stronger at small distances

→ The Coulomb potential is only a low - energy / large -distance approximation



c)Experiureutaluerificafiaui

Energy shift of s-orbitals in the hydrogen atom :

( = O

ae - fax 14*12 ) od '# I = - 442-14 12 a o *)

177542
<

Note : • Darwin term Hpa , win = tf, or ) ( linear in x, but ¥) quadratic ices!)

• Dirac theory (⑤ P-Set 4) → 29,2 and 2Pa,z are degenerate

• Experimentally splitting of 2day and 217,2 observed → Laws shift

• # I contribute ' 2% to the Laul shift ( pure QED effect !)

d) More generally ,
one finds the Wehling potential :

-
2mm

✓Cry = - f- Ht TIM ¥2 t . . .
. . )

→ Compton wave least : di # =

,
Bohr radius : do = 1¥ a 22 . do → J good app:%!Y

for atomic physics



e) Interpretation : Vacuum polarization :

I 0

sooo
do I
do

→ Interacting vacuum behaves as dielectric medium and screens

the bare charge

→ For rs Fu the screening becomes Weaber and e → eco

f) ¢ Relativistic limit - of > ⇒ m2 :

That ± # dog that)- It off ) ]



→
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Running
" of dogs with length scale r=¥ → O

÷7¥""a¥⇒ with A -

- log (E)

^

Left

y
.

T - fu log r

→ Renormalization (⑦ next two lectures )


