
Quantum gravity and
26/27

the renormalisation group

-
45min+ 15min break

Y + 45min

Lectures : Fr 11 : 15-13 : 00

Phil 19 seminar room

18080 EG Old

tubrials : Mo 16 : 15 - 18 : 00

Phil 12 uHS

(8022EG005)



centralquestion : what is the quantum structure

of spacetime ?

how : Fructional Renormalisation Group (FRal

↓ "mathematical microscope for quantu
field theories

(QFTs)
"

prerequisites:· General Relativity (GR)
-

· QFT I (helpful : #] you can try QFT I in

parallel but it will be

challenging

also helpful : · QFT on curved spacelines

(but ophioual) · Standard Model/Particle Physics...

· Intro to FRG



content : · perturbative quantisation of GR and

breakdown of predictivity
· quadratic gravity and stability challenges

· asymptotic safety in QFTs

· FRG for gravity
· advanced topics (let's see how for we get

-/ significant overlap

usefulmaterial : · Lecture notes of last years

partial overlap. Lectures in Quantum Gravity
includes

many more details
[SciPost Phys. Leat . Notes 98I

+ ST
, quarte BHs

,
EFT, .. .

it recordings lQuantumgravity
up-to-date nordita]
review -> . Asymptotically safe quarter gravity and its phenomenology

- a review [Eichhorn 2606. 21522]



two great

I
& Introduction t Covariant Quantum Gravity

books with
and Asymptotic Safety

many
details [Percacci 2017]

* Quantum Gravily and the FRG
: The Road

towards Asymphotic safely
[Recker, Saueressing 2019]

· Handbook of Quantu Gravity (2024]
-

the QG bible
,
"handbook" = 4300 pages

carlion : this is a course close to active research
-

-> there might be no answer to some &S Get),
or they might be ambiguous !



Autorials: Mo 16 : 15-18 :00 with Paul Sprenger (from Now

onl

->Where yourally learn the material

-> weekly exercises + occasional presence exercises

no hand-in y
-

exercises
,
bahre voles + other into will be posted

on theusewab page

-> thphys -> people
-> professors ... Lecturers -> BK

exam : Oral
, 20mins
-



· ask all your questions - there are no stupid questions !

· provide feedback if something about the beche

is not ideal for you to learn the material

# knowr e thphys . uni-heidelberg.de

sprenger e
-n-

I Phil 12 326



~Why quantum gravity
?

-> GR describesAnessical gravity...

...
but matter isquantum !

- Fou-IRgov
-Einstein's equations : Guv = 8 GN Tru

I
note :

we use natural
- -

functions on operators units
,
i
.
e.

Spaceline c = 1

t = 1 (mostly

-> mathematical inconsistency

->physical inconsistency : RHS exhibits



&curtainty le .g . position vs. momentuml , but L4S

has no uncertainty

=> what is the gravitational field of a

"fuzzy" source ?

&miclassical gravity "let's close our eyes and peeled there
is no issue here

"

idea : maybe gravity couples to expectation value of

stress-energy

T -> <Thu] which state ?
Mi

finite ? still tensor ?



G Gar EOGpTru
corresponds to : matter described by QFT on

curved spacetime+

gravitational field sourced by <>

of energy-momenta

& : is this enough t consistently describe

quantum matter on classical spaceline ?

-> the Standard Model
short answer : probably not. of particle Physics

has its own problems,
2. S. Liviality



Classical curvature singularities
-

· even GR signals its own breakdown ,
no DFT needed

-> curvature singularities 3 black holes
, big bang

-> incomplete geodesics

Exaple : Schwarzschild BH

&s = - (l-2nd+ (1-dritr2di

is a vacuum solution of GR
,
with Ra o

however : RugoO ,
and in particular

-

K = Frugo RMVSU=48M
Kretschmann

scalar



-> infinite curvature at r =o

=> infinitetidal forces

similarly , the proper time is of a massive particle

↳ reach the centre when sterling at r = to is

to
-> geodesics herminate in finite time

-> more complete theory need not be quartem purse,

but it is a minimal issumption

everything else is quarter, why not gravity ?



Perturbelve QG
-

& fry what worked for the
Standard Model

↳ questise free theory (gravitational waves)
↳ decompose into gravitons

(similar10 photons in RED)

then add interaction perturbatively
-> learn why we are still working on QG despite many

decades of research



~
ecoof gravitational wasaa b Rpu- 28muR = OudyTo

highly non-linear in go

· GW = solutions to linearized equations

-> use background field method
:

we split the metric gue
into an arbitrary background

metric gar and a perturbation how

groon +har variations exist
,

for us this is

-> you can define background curvatures
, enough

cov. derivatives etc.

-> indices are raised& lowered with g



-> for GW
,
we conside Jav : You (flat background

-> as long as Ihoul) (= grav - field created by

peohrbation is small , i.
. e . self-interactions can be neglected

linearisation should work well

& Sincerise Christoffel Symbol Curvalue Lansors : sheeft

means equality upho ters outside of our intees
Y T

defined in↑&M(hup + Ophua-frhap) Context

Ro = [Gahua + 2, 2haa-Ehar-Embuh]
=ht

R = 22hp -2h



I
more : expanding to higher ordergivesInternation ters

-

of hur

-> important in strong-field regime ,
e .g . when

GWs are created via black hole mergers

-> in propagation ,

these interactions are negligible
because the GW a plikdes are small

C plug into EE :

22ha-12mdhug + 210hpg) + 22h
+ 2a-20hgo- 2002 = -1 EF

technically here gil



this can be remitten by inmoducing Nor-hor-youh

=> 2m -2[(SS) -E2]e =-I
-
Symmehisation : Siphong includes

(normalization
↳ witStrength)

compare to QED :

22Ap-G2Av = Im
wave equation ,but has garge redundancy

(2 non-trivial bernel)

Am -> Am +Ord



=> have to garge-fix, e .g . with

Lorenz gauge eApo

the same is true in gravity :

if hat is a solution
,
so is

=EGentry
for any E

=> not all modes of hou are physical !



G the "garga redundancy" in gravity is

diffeomorphism invariance :
-> physics does not depend
on your choice of

coordinates
Computation :
-

X
&
-> X(x = xx + ch

=>
gro- gas

↳ Northm -> (5'+2sh)(fP+ 21 s8)(apt him)

G har -> Up + &En +Even +0())
- Thearsed diffeo .

trafo .



· as in "normal" garge
theories
,
this is not a

physical symmetry ,
but rather a redundancy in

our description : You andhou are physically
equimlet

*

conditions

· to get rid off this, we have to apply , you can
have an entire

course about

gange-fix this
e .g. [Stominger

= impose condition on hou
1703 . 05448]

can be used to simplify your life
↳"large" differs
are "fun"

-> remember Lorenz gange in
RED



popular choice : de Donder gauge

2MTmu =O

check : Is this a valid condition
,
i.e

. canSily
we always find an Ep such that Date=O
without restricting physical configurations?-

-> given some how which does not satisfy continuo,
search for him = Kar + OpEntang so that

2M51 = 0 recall [muhar-Ekprh
mu

= or [hi-Yarh]



= 2
M [Wpu +OmErtEmCancel !
--

-24m(h+22)]

0 = cu+Er
-> this is a wave equation

f E
r
and "always" admit

a solution

-> de Donder garge isancomplete

garge fixing : we can still shift

Er by solutions to the

as in

homogeneous wave eq . RED !



this happens pretty universally in garge theories,

and will eventually come to bite you

-

· back to linearised EE : in deDonder garge,
~

22hmn = -IfpTar
-> vans equation yay !

G we wanked to quantise the free field in vacuum

-> solve 22hau = O Check why
-

22hm =0 Es 224m=0



this has a general solution in terms of a superposition

of plane waves

ham(x) = Jaqur() eifax with q2= 0

we will consider a single Forier mode with mouch-pf,

hmu(x) = Tru e
iPax

&

+ #
*-Pax
mu

↑
polarisation tensor similar L

polarisation vector

of the photon

mole : peo to solve the wave equation

G gravitous are massless in GRandhowshil



G How to fixpu
?

-

1) garge condition
24 = 0

Mu

in Forier space
,
this entails

-↳ same"bar" as Gr Epo
pMπ =0

mir

these are I conditions

2) residual garge dependence 28 =0

-> superposition of place waves



fars on mode with same moratio p,

Em(x) = En e
Pax+*Pax

under this gangen
transformation,

# + i (pmEv + PuEm-Ru P . E)Mu M
/check this

we now can impose

um = 0 for a constant rector yo
mu

= umFu + i (p .U Er + prUe -Upe)

3 eqs . for 4 components ofE



->always has complex) sol .

-> this fixes & more components of For
not11 because pMFnY" = o
-

I hear combination of

For4u

3) residual gauge part I

we can lahe the trace of the transformed For :

#r = #n + i (2p . c - 4p . t)
M

= Frm - 2 : p : E



G we can always make For traceless
remaber : we had one free composed

of a left above !

InestSure :

TM =0 pMTmu = O UMTar = O
M I I

check that
traceless Lansverse 1)

,2),3) carry
(to direction of propagation , over from
libe for photons) # to iT !



=> in d =4
,
the granitor was two physically

-

disnot polarisations

Excursion : general dimension of (d-1 spatial + / Live)
-

* Tar is symochic ->t components

· pMTTmu = o - d conditions

· UM Tar = o
-> d- 1 conditions

· #Mm + o
-> I condition

= lab) independent polarisationso



General wisdom : "gauge symmetry always hits twice

above : & conditions from garge fixing
butcor has non-trivial hernal

↳ common feature in garge
theories

,
related

t secondary constraints
Isheet 3

↳ in d23 : no propagally gravitabbual waves
-> no two orthogonal directious
in which to oscillate

=> d=4 is the minical spacetie dimensionality

for GWs to propagate 1(why) is our universe 4d ?


