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Quantum gravity

 One says

* Quantum gravity based on the Einstein-Hilbert
action is not renormalizable.




Quantum gravity

 One says

* Quantum gravity based on the Einstein-Hilbert
action is not renormalizable.




ontents

 Asymptotically safe gravity:

* non-perturbatively renormalizable quantum gravity

* Universality class at fixed point




Asymptotic freedom

- Asymptotic freedom
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Asymptotic safety

. Asymptotic safety ¢ = Gnk?
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What Is asymptotic safety?

- In UV Iimit (A >

- Asymptotic freedom: asymptotically reach to a free

theory (Gaussian FP). Perturbative




Asymptotically safe theories

D=3 non-linear o model (Scalar theory

D=3 Gross-Neveu model (Fermionic theory




Functional renormalization group
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exact flow
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Functional renormalization group
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Critical exponent




Relevant: 6> 0

- Free parameter
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Gravitational system

- Effective action for pure gravity
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Gravitational system

—ffective action for pure gravity
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Einstein-Hilbert truncation e.g. scholarpedia
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with anomalous dimension induced by quantum gravity
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Gravitational system

- Fixed point
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Higher derivative truncation :
f(R) truncation

f( q) truncatlon (pure graVIty) Phys.Rev. D99 (2019) no.12, 126015

Fk=/d4$\/§f(R)=/d4$f9 9o+ 1R+ g2R* + gsR® + - - - |
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Up to R7!

Finite number of
relevant couplings
=Renormalizalbe!

3 free parameters?




Higher derivative truncation :
R2+C2 truncation

- Inclusion of higher dimensional operators

S.Saswato, C. Wetterich, MY, JHEP 03 (2022) 130
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- Asymptotically safe fixed point




Higher derivative truncation :
R2+C2 truncation

- Inclusion of higher dimensional operators

S.Saswato, C. Wetterich, MY, JHEP 03 (2022) 130
M?

Dzl d a0l B CRE - DO

coupling ~ k¢

- Asymptotically safe fixed point
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An Example of
asymptotically safe theories

* Non-linear oc model in 3 dim.
» Scalar theory with a field constraint (¢'¢?) = f25

* Symmetry breaking O(N) = O(N-1) in the linear c model.




An Example of
asymptotically safe theories

e Linear o model




Phase diagram of 3d linear c model

Arrows: From UV to IR
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Phase diagram of 3d linear c model

Arrows: From UV to IR
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Phase diagram of 3d linear c model

Arrows: From UV to IR
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decouples from the dynamics




Phase diagram of 3d linear c model

Arrows: From UV to IR
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Same universality class

non-linear o mode|




1o summarize

Nown-Linear o model L =2 dim
O (N-1)

e Perturbatively non-renormalizable

« Asymptotically safe (UV FP)

» Constraint on fields

Asywmptotically safe gravity
e Perturbatively non-renormalizable

« Asymptotically safe (UV FP)

 Constraint on fields




ontents

e Asymptotically safe gravity:

e non-perturbatively renormalizable quantum gravity

* Universality class at fixed point



Scalar-gravity system

. Effective action
2y
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Critical exponent of scalar
Interactions

- Effective potential

Ll adict ol




Gravity-induced anomalous
dimension

- RG for scalar couplings




Critical exponent
> 2 A O =—y=-A
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Gravitational interaction tends to
make scalar couplings |



Irrelevant 6< 0O

- Predictable
(k) Landau pole
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A(k) Relevant Irrelevant
due to yt QG dec

Predicted




Top quark mass
VS.
Higgs mass

For mi=1/71.3 GeV, mn=126.5 GeV

Shaposhnikov, Wetterich, Phys.Lett. B683 (2010) 196-200

. For m=230 GeV, mp=233 GeV




HIgQs portal interaction

« SM extension including new scalar S

MAS ED - i ELE 2 lel e (e L ) olfis L (ol g E

Eichhorn, Yuta.Hamada, Lumma, M.Y., Phys.Rev. D97 (2018) no.8, 086004

* All couplings irrelevant:




Possible extension of the SM

e [he boundary condition at the Planck scale:

A== Arrci=——i A ce—uf) g o=

e [o generate finite values in low energy
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trong prediction

* 7/ parameters (AH, AHs, As, YL, YR, 9X, Omix
— 1 parameter

e © constraints:




Prediction to Dark matter physics
(Majorana fermionic DM)

— XENONIT

1.4 1.6
Dark matter mass [TeV]
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Asymptotic safety

Theory space

. Suggested by S. Weinberg

S. Weinberg, Chap 16 in General Relativity _ r//" - o cfritical
Tt ~- Sy - surface

Existence of UV fixed point

Continuum limit k—oo.

UV critical surface (UV complete theory) is defined by
relevant operators.

Dimension of UV critical surface = number of free
parameters.

. Generalization of asymptotic free



Asymptotic
freedom vs safety

Asymptotic freedom Asymptotic safety




Relevant: 6> 0

. QCD case




Irrelevant 6< 0O

- QED and scalar theory
(k) Landau Ie




RG flow of
Newton constant

Relevant
g(k) ~ k=2

[gn]=+2

large anomalous dimension
induced




Degenerate [Imit

e First-order formalism

e e=dete,* ~C*—0

e Some components of vierbein degenerate.




lnverse metric

 Metric =0 hlﬂ/

e Canonical normalization wv = Guv +
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Modael with null limit

* Including matters, at a certain scale,

M? -
D= /d4xe — VA ea“eb”F"’bW o St tetas ) il b




Degenrate limit

* Higgs potential

HYH)=m?(H'H HTH)?

* In terms of invariance and renormalizability




| L gauge theory

 Ordinary YM theory

= ——trF,, F*" + (0, — igAST*

* commutes with y2.
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Make LL gauge field
Dynamical

* [he staring action has no kinetic terms except
for spinor fields.

e Fermionic fluctuations make other fields
dynamical.




Analogy to QCD

 QCD

e Nambu-dona-Lasinio model = QZZ&P S &P ; T
Bosownlsation

- ¢ ~ P

* Quark-meson model L = i) — %—qbz + Yoy
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How to formulate”

* Metric theories are diffeomorphism invariant.

Diffeomorphism




First-order formalism

 Based on SO(1,3) local Lorentz symmetry (and diff.

» Vierbein e,”

* Local-Lorentz (LL) gauge field g




Skippable

First-order formalism

S:/d4a:e — A4 ea“eb”F“bW

e Equation of motion AR Tt B 0 oo

U




Degenerate [Imit

* Non-linear c model: O(N-7) invariant

» Constraint on fields (¢*®’ =f7%5’ij

* {2 0:symmetric phase (O(N) invariant




Model with degenerate limit

* Including matters, at a certain scale,

2
D,, = 8, — igr(4Au)**Zap + - -




Spontaneous local Lorentz
ymmetry breaking

g SO 1,3 local X d”cf

* (Generation of expectation value of vierbein

* A possible solution would be a flat spacetime.




Skippable

Spontaneous local Lorentz
symmetry breaking

* Local Lorentz gauge symmetry is broken.

Sy mmetric part (metric)
(radial modes)
Awntl-s Y mmetric part (torsiow)
(NG wodes)

* Degrees of freedom (d.o.t.):

 Vierbein e“a’ = 6.d ol = 10+ Baote. e




RG flow (1deal

4 M2 U vamab Z"ﬁ TRSIEt U ) .
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After LL gauge symmetry breaking
UV Fe R FP ;




