
7.sn/stematicsofReuoruealizah#Recnecnber:
•ls :

- Due to wattles ' particles ( photon )

:3:3: ';: sina.IT:7?:::.7.......c...............,tgNota fundamental proven
and soft bremsstrahlung cancel

• UV-diue.ge

- Due to unbounded high momenta of particle, (= unbounded small length scales )
in all three radiative corrections :

e. a- #
- Regulate with additional heavy particles X ) or dimensional regularization CE)
- Cancelled in some observable quantities
- Diverging differences between physical and bare quantities

→ Fundamental problem → Study UV- divergences systematically



7.lcouutiugUV-Dire.ge
¥: Classify UV- divergences in QED

2. Definition : Ne = # external e- Lines
-

Ny = # external N lines
pe

Pe = # e
-

propagators → IT
in

Pn = # r propagators → III. at,
✓ - # vertices

L = # independent loops → II fd4(2514
3. Superficial degree of divergence :

- → Intuition

Da⇒=(3LtL)-lPet2Pr# Dae, { 18 ! 75.IE?geesu7eita77aegn
< O : No divergence



Exact

§
. ~ log 1 and Dae, = 4.1 - (2+2.1)=0

a.
However : Not always correct !

Reaso

• Divergence may be weaker (or ascent ) if symmetries cnaae divergent terns cancel :

÷nm ~ log A although D= 4. A - (2+2+0)=2

• Divergence may be worse if diagrams contains divergent susdiagram :

}•⑦m¥ log1 although D= 4-1-(2+2.2) = -

susdiagram diverges



• Tree- level diagrams without propagators have D= 0 but no divergence :

+ 1 although D= 4. O - ( 0+2.01=0

4
.

Use L= Pe tin - Vt 1 = Cycle space diureuciou (7. r )

✓ = 2pm t Nr =1(2pct Ne ) G. 2)
2

↳ show D%E4-iz-ZI-slodepee.g.e.net
, ?f winter

5. Aside : Ivory 's theorem
-

÷i:÷:÷::::::÷÷:::÷
Proof : Follows from charge conjugation symmetry (C ) of QED.



6. EuomeratediagrauswituDQE.is

a)N

i) Nr -- O (D= 47 ~ badly divergent

→ Unobservable vacuum energy shift → Ignore !

ii ) Nn - A CD =3 )

mt o
iii ) Nn=2 ( D- 2 ) ; Recall our first - order result ( 6.36 ) :

*i÷÷÷÷÷÷÷ "



iv. ) Nn=3 43=1 )
my Furry

mm = o

v., Nr -- 4 ⇐ "

{
wed ,

~

unr
Notes . Light - by - light scattering ( Halpern scattering)

• Orman €34 )
'

• Lowest order : ⇒¥yN ¥4



b) Ne - 2#
i
.) Noe O (D -- t) ; Recall our first - order result in (6.28 ) :

→¥~cta."

ii. ) Npr ⑦ = o ) ; Recall our first - order result in (6. ez ) :

..

→ Diagrams only diverge if they contain (7-3) , (2-4) , or (75) as susdiagraur
→ QED only contains tour UV-divergent numbers : Oo

,
de

.
Uz

,
dz



7. idea Absorb finite number of diverging quantities in finite winter of diverging
but unobservable Lagrangian parameter, → Renormalization (⑦ next lecture)

8.Generalization I QED in d spacetime dimensions →

①
QED

= DL - Pe - 2pmt.fi?YIhu-#sur-cIIy
→Observations

• de 4
, diagrams of higher order (V-s D ) are alway superficially convergent

• D= 4
,
D@ Ep is independent of the order of ✓

• d) 4 , diagrams of higher order (Usa ) are always superficially
divergent



9
.

• Super-Reuoruealiaascethea

Only a finite winter of Tu( ! ) superficially diverge .

Example : QED in d-- 2+1

• Reuorwalizauetheo
Only a finite howler at C ) superficially diverge .

→ Divergences at all orders in perforation theory

Example : QED in d - 3+1

• NOU-Reuormalc.su#6eouy :

All amplitude, diverge at sufficiently high order in perturbation
theory .

Example : QED in D= 4th



AHemativeappr.ae#

r
.

$ Oh- theory : Lya -- I @nd )
'
- Eui 42 - Ig 44 here @G)

2
.

Definitions :

-

Ny = # external lines

Ty = # propagators

✓ = # Vertices

L = # independent loops

3
. supe.ficialdegreeofdive.ge

t.dddg.dz/NoHas
→ For U' 4 in d- 4 independent af V → reuornealisasce



4
. Alternative approach via dimensional analysis :

a) Recall f - c - 7 and de = IT = IT
→ Dimension of length [do] = M

- 1 (M : dimension of mass)

b) 553=1 since 4--1

c) S - fddx L and [ ddx ] = µ-d

→ Eh ] - nd

d) From G. 6) and using Ed - M :

I - m
#

M] = M ( coulis ten !)

Ed ] = µ
d-49-23/2



c) ¢ Amplitude M of single diagram wit6 Ny external lines

→ Could arise (ou tree- level ) from interaction z ¢ → Cz] =µ
d-Not@- 242

→ EM ] = fz] = µ
d-Ny (d- 242

Retail
: M= - d t 044 from Eg.

(4.16)

f) $ Diagram with ✓ vertices → Mnd for UV- cutoff 1→a
Use =M
→

WHY = Em ] and
-NO @- 2312

⇒ V - loquat t D= d- Ny (d-I)
-
"

mass dimension of [d] "

→ D¢u=d-y,V-⇐)N¢=aC



F. Eguivaleutdearacde-naatioui.o.su/ser-Reuorzualiaalletheary:
Coupling constant tea, positive mass dimension : loqmfd] > O

• ReuoeoV:

(coupling constant is dimensionless : lagna ] = 0
Example : QED with Ee] - 1 is superficially lleuorcnalizask

.

• NOU-Reuormalc.su#6eouy :

Coupling constant has negative crease dimension : lagu CO



Aside.lk/qoautumgravityisspecia11.TTe-ds.Cocnpoueutsof the metric tenor grew

2
.
Einstein- Hilbert action of pure gravity :

#EH=÷µ¥¥H[RlH')-21] G. 8)

R=gM°Rµu : Ricci scalar with Ricci tenor Ryu

Ae : Collina logical constant

Gr : Gravitational constant = Coupling constant of gravity
°→ Equations of motion = Eiuiheiu 's field equations ( in vacuum ) :

Rmu-19µRt1c9µ=



3
. Reca Rn giorno n ga Romour gma Tomo n g Modo ( go

"

dm go.ae )
r a

⇒ ER] = [g) 3
L l

Christoffel Hulot (at 2nd hind)
Riemann
curvature tensor

and ds2 = gµdxMdx°
⇒f- Cds '] = Cg ] Cdx32= Cg]¢
⇒ Cg ] = 1

such that
spy = [g) 2 = 2-2 = MZ

4
. From G. 8) it follows CGI - ^ Cd×T4 ER ] = CGI - 'M- 4µ2 = (SJ =

!
I

⇒ i%a- {
'

II"i÷÷ . # r
→ Einstein gravity is superficially non- oeuoruealisoalle !


