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Non-Renormalizability of Quantum Gravity

o Classical Gravity described by Einstein-Hilbert Lagrangian:

1
i — ddx, /—o (R —2A

« UV divergencies induce counterterms in a quantum field theory of gravity:

N = [ddx‘ [—g 1 R — e Tree-Level
167Z'GN 87TGN .
Do we have to give up QFT?
+2; 1R* + A ,R  ,R" + oiE One-Loop
+ 3 (R + ...+ ACP° CH CP + .. Two-Loop
3,1 C%\ g ap po [Goroff and Sagnotti, 1985]
[van de Ven, 1992]

First on-shell divergence beyond EH 3



Are there UV complete QFTs?
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Are there UV complete QFTs?
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Predictive Power of Asymptotic Safety

o« Couplings must flow into UV fixed
point g3

o Not all trajectories reach UV fixed

point r

o Only trajectories on UV critical
surface (purple) are
asymptotically safe

Graphics taken from [Eichhorn, 2018]
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e Count parameters by linearizing
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Predictive Power of Asymptotic Safety

e Count parameters by linearizing

flow around fixed point g3
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Are there any asymptotically safe theories?

« Gauge-Yukawa Theories in 4d ILitim and Sannino, 2014]

== g+ (i) -y [989) + [2679,6] - m? [$%6] — u [67987] v [679] [

« Conventionally Renormalizable

e Rigorous UV fixed point under perturbative control a, X € with € = V — 7
C

e Gross-Neveu model in 3d [Gross and Neveu, 1974]

Fan =Y (id — My) Yo + %(%%)2

e« Rigorous UV fixed point despite being conventionally non-renormalizable
~ Large N’ conformal bOOtStrap, FRG’ [Rosenstein and Warr and Park, 1989]
. . [de Calan et al, 1991]
e Blueprint for Quantum Gravity
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Functional Renormalization Group

. Introduce scale dependent Legendre effective action 1, (effective average action)
RG-scale dependence introduced by IR regulator in path integral

JJ, 2] = JQZ h e/ dx\/gh, R8N, ~S[g+h]+ [ dx\ /3 J*hy,
y Uy

Functional Renormalization Group

1 0, R,
ol =—Tr [Wetterich, 1993]
2\ TP+ %,

Reproduces Perturbation Theory
Successful in non-perturbative territory (QCD, Wilson-Fisher, ...)
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Non-Perturbative Approximations

« FRG is non-perturbative in couplings
e Various approximation schemes can be applied that are not based on
expansions in coupling
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Non-Perturbative Approximations

« FRG is non-perturbative in couplings
e Various approximation schemes can be applied that are not based on
expansions in coupling
o Approximate by truncating form of effective action:

A R
Fk — Jddx\/g _ +ﬂR2R2 2l /IR/,U/R R'MUR L + /IEE
872Gy 167Gy o

+ AR + AC7 + ...

+ AR + ...
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Einstein-Hilbert Gravity

o Fixed Point can already be seen in
Einstein-Hilbert [reuter, 1996]
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Einstein-Hilbert Gravity

o Fixed Point can already be seen in
Einstein-Hilbert [reuter, 1996]

oo =

10 -

2% =0.11867 g = 0.94305

0=—24113+ 1.94711 N

o Is this a predictive theory of 0.1
quantum gravity?
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Curvature Invariants in QG

Curvature Invariants

dim-0 1
dim-2 R
dim-4 R?, R, R" R,z RPTH LR

dim-6 RS ’RR/WRMV’ RRPUMVRpa'uya RWRWRZL, RMPRVJRMVpay RﬁRyaﬁvRuaﬁva

% pPo G
R* R R,

RypeR" /s RV*7P N ,RV*R, V,R,, V"R
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Predictivity of AS

o Fixed point persists in
models with larger number
of curvatures, e.g. f(R)
gravity

f(R) = Z AsR?
£=0

e 3 relevant directions

 Eigenvalues follow
canonical scaling
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[Ohta and Percacci and Vacca, 2015] [Demmel and Saueressig and Zanusso, 2015] [Falls and Litim and Schréder, 2018][YK and Litim, 2020]
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Predictivity of AS

o Fixed point persists in

models with larger number j P L
P ..'o’
of curvatures, e.g. f(R) o] e s
gravity AN i P .;625&% _
0 o> ¢
o _ i '
f(R) — Z /IKRK 50 - ...;’vw i
f=0 i ..’.‘c»',‘ |
é.)‘v . l t
. . o3 irreievart
e 3 relevant directions Oh;-"t"""""""""""'re'lgv-a;lt ----------
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 Eigenvalues follow

canonical scaling ™ small quantum corrections?

[Codello and Percacci and Rahmede, 2008] [Machado and Saueressig, 2008][Dietz and Morris, 2013] [Falls et al, 2014] 14
[Ohta and Percacci and Vacca, 2015] [Demmel and Saueressig and Zanusso, 2015] [Falls and Litim and Schréder, 2018][YK and Litim, 2020]



[Baldazzi and Falls and YK and Knorr, 2023]

AS In cubic Gravity

o Using field redefinitions, a complete derivative expansion to sixth order was
performed
o Action only needs to include on-shell terms

", 1
_ 4 PO UU af
[, = Jd x\/g[—8 " Te NR+0EE+GC3(I e aﬁ(f

po
o Off-shell terms absorbed by field redefinitionsisen Ai-zinati and Baldazzi and Falls, 2021}

(0:8) = Vo 8 + YRR 8w + Vs Sy + TR2R™ g + ..

15



[Baldazzi and Falls and YK and Knorr, 2023]

AS In cubic Gravity

* Unigque non-trivial fixed point

g = 0.364
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* Only one fixed point!
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[Baldazzi and Falls and YK and Knorr, 2023]

AS In cubic Gravity

* Unigque non-trivial fixed point
g = 0.364

g% = 4.490 -[10~7]

* Only one fixed point!

Near-Perturbative? 8¢
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[Baldazzi and Falls and YK and Knorr, 2023]

AS In cubic Gravity

e Critical exponents are stable
between different orders

order (91 (92
O(0%) 2239 ] —
OO | 2.228 | —
O(0%) | 2.225 | —3.850

* Goroff-Sagnotti term
irrelevant Gies et al, 2016}
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AS from the FRG

o Evidence for existence of fixed point in quantum gravity
o Finite number of relevant directions
o Operators with large mass dimensions are irrelevant

o Eigenvalues follow canonical scaling
o Perturbatively small fixed point for Goroff-Sagnotti coupling

o Challenges:
o Diffeomorphism symmetry?
o Lorentzian signature?
« Negative norm states?
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Could AS be pertul rbatlve‘?

X 2409 09252



A Perturbative Approach to Quantum Gravity

e Start with action

R A
S=|d*,/= E— Y O)) 55 +..

o Calculate observables as perturbative series in Newton coupling
« Compute Feynman diagrams to calculate observables

O O &
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A Perturbative Approach to Quantum Gravity

o Start with action Could be as small as 10~ at the fixed point!
T [Baldazzi, Falls, YK, Knorr, 2023]
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A Perturbative Approach to Quantum Gravity

e Start with action Could be as small as 10~ at the fixed point!
I [Baldazzi, Falls, YK, Knorr, 2023]

R A
S=|d*,/= E— Y O)) 55 +..
[ 5 167Z'GO 87Z'GO 2

o Calculate observables as perturbative series in Newton coupling
« Compute Feynman diagrams to calculate observables

O O &

o« But can we see a fixed point for the Einstein-Hilbert terms?
20



Quantum Gravityind = 2 + ¢

o First indications for asymptotic safety from perturbation theoryind = 2 + ¢
[Kawai and Ninomiya, 1990]

dg [Jack and Jones, 1991]

i 2 3 [Kawai and Kitazawa and Ninomiya, 1993]
,u@—eg—Blg +@(8) |
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Quantum Gravityind = 2 + ¢

o First indications for asymptotic safety from perturbation theoryind = 2 + ¢
[Kawai and Ninomiya, 1990]

dg [Jack and Jones, 1991]

i 2 3 [Kawai and Kitazawa and Ninomiya, 1993]
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Quantum Gravityind = 2 + ¢

o First indications for asymptotic safety from perturbation theoryind = 2 + ¢
[Kawai and Ninomiya, 1990]

dg [Jack and Jones, 1991]

Hy =8 B,g*+ 0 (g’)

[Kawai and Kitazawa and Ninomiya, 1993]

« Extrapolate to Are we allowed to do this?
« UV fixed point!
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Running Couplings in Quantum Gravity

 p-functions in 4d one-loop quantum gravity in dimensional regularization with MS
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Running Couplings in Quantum Gravity

 p-functions in 4d one-loop quantum gravity in dimensional regularization with MS

« NoO power-law divergences

dA
//ta — —/1 (2 +A3gﬂ> + @ (g2>
8 g (2-Bygd) +0()
'ud,u 8 28 g

e No one-loop fixed point
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Running Couplings in Quantum Gravity

« p-functions in 4d one-loop quantum gravity

po-=—2i-g ( +/1'42/1+A3/12) + 0 (g?)
1
quad div)div
d
u—= =2g — g2 (B, + BoA) + 0 (g°)
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Running Couplings in Quantum Gravity

« p-functions in 4d one-loop quantum gravity in dimensional regularization with MS

Is dimensional regularization blind

« No power-law divergences .
to power-law divergences?

dA
//ta = — A (2 +A3gﬂ) + O <g2)
8 g (2-Bygl) + 0 (&)
'Md,u g 28 g

« NoO one-loop fixed point

24



Power-Law Sensitive Dimensional Regularization

« How to identity power-law divergences in dimensional regularization?

dp 1 d—1 1 d—2 d
[ﬂd/2p2+m2=J'dpp Jdep2+m2=m L 1_5
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Power-Law Sensitive Dimensional Regularization

« How to identity power-law divergences in dimensional regularization?

dp 1 d—1 1 d—2 d
[ﬂd/2p2+m2=Jdpp Jdep2+m2=m L 1_5

« Integrand on the left-hand side is quadratically divergentind = 4
« It also contains a logarithmic divergence (linear in mz)

« The right-hand side is divergentind = 2,4,6,...
« Power-law divergences lead to divergences in d < 4 veltman, 1981]

25



Power Divergence Subtraction:
Renormalize bare couplings to remove divergences ind < 4

[Weinberg, 1979]

[Jack and Jones, 1990]
[Al-Sarhi and Jack and Jones, 1990]
[Al-Sarhi and Jack and Jones, 1992]

[Kaplan et al, 1998]
[YK, 2024]



[Cresswe I-Hogg and YK and Litim, 2026]

PDS Renormalization in the Gross-Neveu model

o Let's test PDS with an easier theory
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[Cresswell-Hogg and YK and Litim, 20206]

PDS Renormalization in the Gross-Neveu model

o Let's test PDS with an easier theory

Fan =Y (id — My) Yo + %(%%)2

« Compute renormalization parameters including al divergencesind < 3

Vo =~Zy¥  My=pZym  Gy=p*"Zsg
o Standard particle physics computation (QGRAF, FORM, FIRE, MATAD)

27



[Cresswell-Hogg and YK and Litim, 20206]

PDS Renormalization in the Gross-Neveu model

o Let's test PDS with an easier theory

Fan =Y (id — My) Yo + %(%%)2

gN-1 g|IN-D)m* N-1 , (N-1(@N-3)
27 d — 2 4772

Z :1‘|‘ | |
& 24 d—-3 4(d—2) 2(d — 2)°

Z¢=1I

g [IN-1 5(N-1) m?
A2 |4 d — 2 48 d—3
gN—2 g

Zy =1+ — |
S 2 d — 2 4n2[

13N-31 m® N-2 (N-2)
12 d-3 2(d—2) (d-2)

27



[Cresswell-Hogg and YK and Litim, 20206]

Gross-Neveu Fixed Points

ﬁ N 2
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[Cresswell-Hogg and YK and Litim, 20206]

Gross-Neveu Fixed Points
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o Fixed Points with vanishing m
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[Cresswell-Hogg and YK and Litim, 20206]

Gross-Neveu Fixed Points

50 -

B N 2

1 (N=2)=2 .(N—z Al 31m2)g— 10

g 27T 6 477,'2 5
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[Cresswell-Hogg and YK and Litim, 20206]

Gross-Neveu Fixed Points

2
@zl—(N—z)g :(N—z 13N_31m2)g— 10
ﬁ—mz—l—(N—l)g N_1(7m2—6)g—2 A
m 2m 12 4772 N
« Fixed Points with vanishing m E —%
N
=a|1F A\l 9‘ = —14 1 | 2 ..

EP/NP = N2 gIP N—-2 (N -2)>2

3 3
mp/Np = 0 QmP = = e
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[Cresswell-Hogg and YK and Litim, 20206]

Phase Diagram

g_""|""|""""|""|IIII

|
l-U
|

— (/)]
v
- 9
N
E 0
- E G
0
(/)]
(/)]
1 I~ 2 D
| - q
I o P 2 P‘
] =
2 N




[Cresswell-Hogg and YK and Litim, 20206]

Phase Diagram

_ |« Additional fixed points with non-
2 +vanishing m
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[Cresswell-Hogg and YK and Litim, 20206]

Phase Diagram

_ |« Additional fixed points with non-

2 +vanishing m

L JT
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_ § G
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[Cresswell-Hogg and YK and Litim, 20206]

Phase Diagram

SRR {4 /7 . Additional fixed points with non-
2 +vanishing m
/NP = 6N’i - (19N — 48 FVA)
| () dem BB eony
0 é G
. . e gp under perturbative control
=t 5 % P : « UV safe + trajectories to
A : AT Gaussian FP
oF :
j | o Asymptotic Safety from perturbation
. | | | | - theory!
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[YK, 2024]

One-Loop Quantum Gravity

o Starting from

R Ag
S = |d*, /= —
we compute one-loop divergences

' = éTrlog{S(z)} — iTrlog{S(gzr)]}

ind =4,2,0

30



[YK, 2024]

One-Loop Divergences

» Logarithmic divergences, i.e.d = 4

13 53 ] 1
—10A% + —AyR ——E - —R R" — —R*| + 6(1).

M
3 90 20 * 120

n 2
d=4—2¢ (471-) )

e |hese are universal

31



[YK, 2024]

One-Loop Divergences

» Quadratic divergences, ie.d = 2

(M

| 13
(4r)e 6

+ O(1).

d=2—2¢

« Quadratic Divergences
e Missed in MS!

32



[YK, 2024]

One-Loop Divergences

« Quartic divergences, i.e.d =0

i = 0(1).
d=—2¢

« No quartic divergence present
. Trace of heat kernel cancels poleind = 0

« Consequence of using regulator preserving diffeomorphism invari-
ance? [Akhmedov, 2002] [Ossola and Sirlin, 2003]

33



[YK, 2024]

Renormalization

« One-loop renormalization leads to f-functions

d - 28 /1+4 ,
z—ﬂdﬂ 38 Bng
g 2-26 , 20 ,
— -2 = Do — O
b, ﬂdﬂ §-——3 & 3-8

. f-function in d = 2 with ¢ scalar fields:

2 2
ﬁg - — (26 —= C);g [Falls, 2015]
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[YK, 2024]

Phase Diagram of One-Loop Gravity
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. A = 0is a fixed point of the Ag
RG flow

35



Some Remarks

e Fixed point is generated by quadratic divergences

« Divergences in d = 2 are determining its properties
o Isthe UV of gravity two-dimensional?

o Quartic divergences are absent in this scheme

« A =0is a fixed point
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Conclusions...

« Non-Perturbative techniques lead to indications for UV fixed point in guantum
gravity
o Near-perturbative properties!

o Study of Asymptotic Safety with power-law sensitive renormalization
schemes

« Dimensional regularization expresses power-law divergences as
divergences in lower dimensions

o This provides perturbative UV fixed points, such as in 4d quantum gravity
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...0Outlook

« PDS allows for applications to higher orders
o Fixed points in two-loop quantum gravity?
« What happens if matter is included?

e PDS Iin other non-renormalizable field theories?
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Any Questions...?



