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Motivation I

B
e Original formulation of asymptotic
safety [Weinberg, 1979] based on _ ded,
results in gravity close to d = 2 9 — dc<d<de

— d=d.
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Motivation I

e Original formulation of asymptotic

safety [Weinberg, 1979] based on _ ded,
results in gravity close to d = 2 9 — de<d<d,
d=d,

Credit: H. Gies

e First application of
non-perturbative RG flow to test the
conjecture in d = 4 [Reuter, 1998]

e Non-perturmative computations
based on Functionale renormalization
group [Wetterich, 1993]

Reuter & Saueressig, 2001
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Motivations: II

Functional Renormalization Group cons:
e Theory space is infinitely dimensional — need of truncation
e Strong regulator and scheme dependence

e Gauge dependent results
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Functional Renormalization Group cons:
e Theory space is infinitely dimensional — need of truncation
e Strong regulator and scheme dependence

e Gauge dependent results

Physics lies in on-shell observables
imposing equations of motion along the RG flow e

Essential Renormalization Group e
[Weinberg, 1979; Anselmi, 2013; Baldazzi, Zinati, Falls; 2021]
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Motivations: II

Functional Renormalization Group cons:
e Theory space is infinitely dimensional — need of truncation
e Strong regulator and scheme dependence

e Gauge dependent results

Physics lies in on-shell observables
imposing equations of motion along the RG flow e

Essential Renormalization Group e
[Weinberg, 1979; Anselmi, 2013; Baldazzi, Zinati, Falls; 2021]

Revise perturbative methods
e Revise perturbative computations in d =2+ ¢

e Does the analytic continuation d = 2 — 4 interpolate higher derivative gravity?
[Stelle, 1976;...]
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Wave function renormalization

Given an action S[g] for a field g, over a background g, we have the functionals

Zljsg) = VU = / Dh exp{=S[g+h] + joha} ,
SWjl

P[H;g) = Go[HH, — W] with H, = “Z0 = ().
One loop approximation close to some critical dimension d =d. — ¢
1Trlo S = —lj S. + lAF + Al
2 & ettt e o !
F[H;g]:5‘+5;( >+ —H,Sy,H, + Aroo+Arf

S.

However j.[H] =0 < Hy = —G4yS,, = 0
o _ s _al 1
rjo;g) =S5 - Szgjm + EAFOO + Al'y
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Field redefinition

Change variable ilz = hy — %Jz and add the counterterm

Zr[j; ] =e* 2T /DB exp{—S [§+E+ %j] +jzi1z}

We can read the renormalized equations of motion from the relation between j, and
H,

— S F 5 1
leading to

1~ -y = 1 -

e S, Hy + @stg’yjy
|

PR[ ] S + Arf + jxsl/yjy

- _ . _ 1~
Tr[H;g) =S+ ATy + H, (S; + gsg’yjy)
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Composite operators

We are interested in computing the expectation value of an operator O[g]

(Olg) = / Dh Ol + h exp {~S[g + h] + juha’}

0 . 0 L
=3 /Dh exp{—S[g+ h]+ aO[g + h] + joha} = =—|  exp{W[j, o; 7]}
Q a=0 (’)a a=0
define
_ . L B 0 — _
[H, ;9] =Hejo = Wljas9) = (Olg+h))=— 5= Tj "0}, o, g]
a=0

Effectively the action is shifted A[g] = S[g] — aOlg]

%Trlog A" = %'ﬁ"log (8" —a0") = —%ng; + éAFSO +AT?,
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Composite operators and wave function renormalization

JolH] = (82, — aOl,) Hy + 5, — aO),
leading to
T[H, a: ] =5 — a0 + (Ha — é.]%)S‘; — H, O, + %Hm (5%, — aOL,) H,

+ %Arooo + ATy
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Composite operators and wave function renormalization
jo[H] = (S, — aO},) Hy + 8, — a0},
leading to

T'[H, ;5] =S — a0 + (H, — éjw)‘g; — aH,O0, + %Hz (S#y — a03y) Hy

-l-%AFOOo—i—AFf
o H0]=57'[0]=0 <« S, =a0,

Then —iJIS" — —%JIO' new counterterm to include
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PIH, 0:9) =5 — a0 + (. — - 7.)5% — aH. 0% + 5 H, (54, — aOL,) H,
+ éAFSo + ATy
o H0]=j'[0]=0 & 5 =a0,

Then —éJIS" — —%JIO' new counterterm to include
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Composite operators and wave function renormalization

JolH] = (82, — aOl,) Hy + 5, — aO),
leading to

PIH, 0:9) =5 — a0 + (. — - 7.)5% — aH. 0% + 5 H, (54, — aOL,) H,
+ éAFSo + ATy
o H0]=j'[0]=0 & 5 =a0,

Then —éJIS" — —%jzé' new counterterm to include
e Shift H, as before to take care of J,

Then —aH,0,, —» —aH,0!, — %JZO' new counterterm

OV D pao,asgl| =0+ 57.00,, - 2arg
<1> _ aarR[OJOé? g] azo _O+ 262 jzozyjy aaAPf -
S‘; + 15‘9/5/1,:\7z =
3
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Einstein-Hilbert gravity

Consider the Einstein-Hilbert action

Seulg) = [ d'V5 (90— aiR)
Diffeomorphism-invariance plays the role of a gauge symmetry: §¢gur = Vu(o + V.o (u
We look at the parametrization dependence
- A —pb 3
Guw = Gy + hyuw + Shupg” how + O(h7)
and gauge dependence of the 1-loop divergences: 8¢huy = GupVuC” 4 GupV (" + o(h)
1 ~ v
Suslhigl = [ d'eva g Bk,
1468 <
2 vuhg ’

Snlh,ceig) = [ d'ovG SEE

F, = ,ht —
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On-shell divergences

The 1-loop divergences in d = 2 4 € can be arranged in the following way

Lo = : / ddx\/E{Aﬁ + T (6“” + g—"ﬁ”“)} :

2g1

_36+3d—d° gw, 4
A= 487 ’ i = {Zd 2)’\ 6§<2+d ) d 1}

And the consequent S-function for Gy = i is

[Falls, 2015; R.M. et al., 2021; Bastianelli et al., 2022]

_ 36 +3d—d* 19,
o =G - 487 G - BG__247rG
X 48m(d — 2)
= <
G 2 —3d-36 for d<7.6
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Deformation of Einstein-Hilbert theory

Include higher derivative operators as composite:
Suplg) = — / d%z/g {a1R* + as Ry R*™ + a3 Ry po R*77} = —a- Ro

Divergences of effective action for the composite operator

_ 1 %R, g1 ORa2
I's[0,a;9] = —« {§Tr5hw5hpg Goopv — ?JHV 5houn o

— Riem?-R? -> Riem*-1R?
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Conclusions and Outlook

Conclusions:

e Essential scheme tells us we need to include one-point functions of composite
operators

e Non-trivial flow of equations of motion due to the wave function renormalization
Outlook
e Test gauge dependence of composite operators

e Two-loop computations of Einstein-Hilbert gravity in d =2 + ¢
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Thank you!
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