
let us argue for the above claim with
Inth devieves at a loops

my computer superficial degree of divergence D in dimensions

= expected (worst) divergence , barring any
cancellations (e .g . through contractions of

indices]

to count the divergence , we introduce a cutoff
in the integrals

over loop moments
.
An : Sae->e

reall :

Propagators su like Yo na



G in a diagram with I propagates , I loops,

and vertices
,
we will have

=D

--
-20+dL+zV

[e]" [Saie]" Cez]" -(e)

=> D=2p +d +zv

we can simplify this by using
L = P- V+ )

which is a topological relation that holds for

all loop diagras



proof : conside abiting dingram with P propagators, L loops and
V vertices

-> successively cut propagators without cutting diagrams
apart
↳ every

cut removes / propagator and I loop

- repent this whil no loop is left

=> P-L propagators are left

-> we still have
V vertices that are connected by the

P-L propagators ; there
is at most s single connection

two volies /otherwise there
is a loop) ;

between any
vertices cannot be

connected directly and via another verlx

cosurmise there is a loop)
->Vertices for a counealed line

=> we need v-1 lines
= P-L propagators

plussing.thisrelation
,
we get

D = (d -2) + 2



-> in d=2
, only quadratic divergences = can be absorbed !

gravity is achablyopological in d =2

in d =2
,
the Gauss-Bornet Jer is

exactly the Einstein term

-> in d32
,
the degree of divergence increases

with loop order , as claimed

Q : is perhibative QG still useful ? IES

~ before we discuss possible solutions ,
we dog

↓ extract some physical insights from perf . &G



MetribalizeQG as an EFTC effective field theory

· order by order in perhibation theory , we can absorb the

divergences of GR in finitely many counterters

↳ as a recipe foraJudanchal theorythis fails

- when curvature is "large" , the theory is not predictive

G what happens atsmallchinwe save to
clarify what this
means since

curvature has units



#servation
: n-loop terns come with G relative to GR

↳ Sister Jag [r +de +Ba +...]
remember that [GN] = - 2

↳ You defines the square of a mas,a

the Planch mass Mp,

Mp,= = zopg

~> 10 Gev

recall me- =51/heV



G the above expansion is in terms of curvature in

Planch units

Q :When are higher order terns negligible ?

↓ this
,
consider scattering of gravitous with energyE

-> GR term contributes E2

-> quadratic-in-curvaturedoms contribute EYM

relative factor : EYM,

conclusion : if L
,
BeO11) ,

the two conhibulbous above

are negligible if EMPY



Conversely ,
ifh and B are large ,

this reduces

this bound)

m EFT of gravity to determine the leading quarte
gravity corrections

~

The-loop Newbrian potential

let us compute the gravitational attraction between two

massive non-relativistic particles = "upgraded" Newtonian Potential

a) free level ↓ his gives the classical Newtonian Potential
-------

consider the free level diagram



·PP -scale field that only
XXp interacts gravitationally
P ,

recall graviton propagator in deponder garge once again we

drop factors of "in

Prust[Hauga-IRmrUsr]
here : p =(Pi-P)

>

for the vertices
,
we assure a free missive scaler field action

,

SmafJdYxFg [-lghm(q)-Im]



we have to expand this to liveer order in har about you

and tabe functional derivatives recoll Sou
:MouthYou

↓

↳ VM(p
,
pe) [pip" -R(p +m4]

↑

symmetrication of indices

assuming two different mass
↓ Y Scalerfields

-> voipz) Pause (pipa) VS5(Ps , Pu) =-
recall that ph=m2

↓ external lives

-
nonrelativistic limit



2.S . Plzm
=(

3 (p. -02)2 = (p-2)2 + OH

scattering potential & Forier transform up to normalisation factors

in =-p = im
, me11

momentum Wansfer

- V(r) =Siminz =-

Sanity check satisfied

6) One-oo this computation has along history , and is took
many

attempts (= wrong papers)
to get the final result

Donoghue gr-qc/9310024, Bjerrun-Bohr/Donoghue/Holskin hep-th/0211072



~ redo above but with one loop :

only heirestored c and to

V(r) = -[1 +3 ..]
GR !

this is interesting : both classical and quantum
correction from overloop diagram

Holstein/

& fact : loop expansion↓expansion Donoghue
Lep-th/0405239

-> one can calculate Post - Minkoushian (PM)

corrections from loop diagrams

-> has opened op a new westing live of research



i recent years : using QFT methods to

improve GW calculations which are needed

↳ interpret 1140 data

let us discuss the quarte from

diagrams : box El Single ]*)

crossed box 3 (E)
double seagull J

x))=
verlex correctioningres Je



vacuum polisation J J
T

grav . Faddeeu-Popov

ghost

diagrams all have divergences -> does the counterter

enter the potential (including rubnown prectors)?

&: a term Yps comes from Forier-transforming

Sa In
this is distinct from local countles -R&FRO

-
these produce polynomials

in g2



=> we can disahayle the IR Elong-range) effect

from the UU (short-distance) effect correctionGo
↑
local counterters

VCr)
,re

("v ->0")

& we can combine quantum effects with gravity

and obtain unambiguous predictions within EFT⑮the problem is that the EFT breaks down at

⑥

scales rvlp,
and loses predicality - ve still need

a UV completion



#crossroads
· perhubable & FT only words as an EFT
· experimental clues out of sight recell Mp, ~10"Sev

-> many approaches to QG
,
each with

differet assumptions /starting points) ...

what could we do differently ?

& pert . QFT is fine , but the gravitational

sloding point is wrong
~ at one loop, we get R2 and RoR,



what if we add then from the start ?

Quadratic gravity

②ert . QFT is wrong ,

but &FT is fire

my we needaport.
treatment

Asymptotic Safety
Loop Quank Gravity

③ QFT breaks down

string theory
Causal set theory



gravitate
,

soaa

JaiR+ Jaxer+propert
as the starting point

we will discussi

O is adding these terms compatible with observables ?

②What is their effect on black holes + cosmology ?

③ is this theory renormalizable ?

& why is this not considered to beLe QG ?



Compatiblewith observations ?

· in experinatally accessible situations , curvibue is small-
↳ R, even for black holes

e
.g. Schwarzschild BHofmessMi

Kretschmann Scalar K= FrusRis

FSBH = 4Ge
S

at horizon : BH
(r = ry = 2Gm)

reall Grip =My



· strongest bounds on L , B come from constricts

on modifications of Newlon's law

~ p() =-(1 + be
- mot - emer]

mo =vJESn (3L-B)

mz
= Wha short range terms

↳ 161
,
131 < 1060 -> weak constructs

more : we can see the appearance of two massive modes

from the Yrhame terms we
now

->will play an important role later



Phenomenology
there are lat least) two settings where modifications of GR could

be expecteddo play a major role

a) early universe cosmology :

· R-ferm gives a minimal model for inflation

known as Starobiushy model
-

· generally good agreement with measurenals of

cosmic microwave background for &0 ,
20105

-> but : recently under pressure ⑤

· attractive because there is only a single parameter (2)


