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Abstract: In this talk, we first introduce the basic idea of asymptotic safety and discuss its application to quantum gravity. We compute
non-perturbative flow equations for the couplings of quantum gravity in fourth order of a derivative expansion. It is shown that the beta functions
admit two possible fixed points: One is the asymptotically safe fixed point, and the other is the asymptotically free one. The corresponding critical
exponents to these fixed points are eval uated.

Next, we argue that asymptotically safe gravity could be an effective theory emerging from the spontaneous symmetry breaking in an ultraviolet
(UV) theory. We consider a UV theory invariant under SO(4) local Lorentz symmetry and diffeomorphism. In particular, we impose the degenerate
limit (zero eigenvalues of vierbein) on the action and then show that only spinor fields can be dynamical. We will discuss prospects whether or not
this UV theory could be a fundamental theory underlying asymptotically safe gravity.

Zoom Link: https://pitp.zoom.us/j/94422371986?pwd=a25pS3cy UmJIKNWJIHL 3hicINhNIozQT09

Pirsa: 22030030 Page 1/45



Pirsa: 22030030

Asymptotically safe gravity
and beyond

Masatoshi Yamada
(Ruprecht-Karls-Universitat Heidelberg)

Based on
Phys.Lett.B 813 (2021) 135975
JHEP 03 (2022) 130

Perimeter Institute@Zoom

Masatoshi Yamada

Page 2/45




Quantum gravity

 One says

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

 Because the Newton constant is mass-
dimension -2.
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action is not renormalizable.
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Contents

« Asymptotically safe gravity:
* non-perturbatively renormalizable quantum gravity

e Universality class at fi§<ed point

» Duality between asymptotically safe and free theories

 Fermion-induced spacetime
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Asymptotic freedom

- Asymptotic

89 = —Pog>, Bo >0

“ L
~
2




Asymptotic saftety

- Asymptotic g = Gnk?

0tg = 29 — 50923 Bo >0




Functional renormalization group

I |
9i , L

I‘k=fd4$[9101+9202+---+g@05+---}

‘ > projection
. 2 92
S =Ty 4: '

truncated flow T’y ~ fd4x[g101 + g20s]

g1

. : 1
Wetterich equation k0, = §Str[(I‘§f) + Ry) kO Ry]
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Functional renormalization group

I'= Tz
gZ I h=0

Fk:fd4$[9101+9202+---+g¢0¢+-~}

‘ > projection
Wt o 92
S =Ty 4 :

truncated flow Ty =~ fd4;v[g101 + g205)]

g1

: : )
Wetterich equation k0,Tx = §Str[(I‘§€2) + Ry) kO Ry]

kT = [ dial(9kg1)O1 + (0kg2)0s + -+ (Rugi)O; + -
Fi(9) Ba(9) Bi(9)

Fixed point ~ kOxI'y, = 0 Bi(g*) =0
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- Solution of RG eaq. \‘ S —

gi(k) = gi + i G (%)

Critical exponent

£ — (o)

- RG eq. around FP g

.49 9Bi
A Bz s )eab o 9ij — 9jx
dk g ) 893 ( Z d ) irrelevant

g=gx
B )
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Relevant: 6> 0

- Free parameter
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Irrelevant 6< 0O

- Predictable parameter

Landau pole
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Irrelevant 6< 0O

- Predictable parameter
Landau pole

e : e : e s st 3 = = ﬁ~;. g
No dangerous dN

=Safel
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Gravitational system

Effective action for pure gravity

]2

, !
Fk:/d4$\/§ PR+ CR?=.DE>" +-

9 pvpo
Einstein-Hilbert truncation eg. scholarpedia

B.(g.4) = (2 + ny)g,

5
Pi(8:A) = =2 —ny)d — % I5 In(1 -2 -2 + 7 nN],

with anomalous dimension induced by quantum gravity
2¢g 18
67 +5g | 1 —24

(g 4) = — + 5In(1 —2&)—{(2)+6‘.
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Gravitational system

- Fixed point

69 — 6)\ =0 (9*:’\*) e (0: 0)1

- Critical exponents

0Bg 084
0g oA
9Bx

oA

I=Guw s A=Ay
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Higher derivative truncation

Inclusion of higher dimensional operators

S.Saswato, C. Wetterich, MY, JHEP 03 {2022) 130
I 2

- ]L )
Fk=/d4$\/§ V- —LPR+CR?-DC?

9 urvpo

Asymptotically safe fixed point

ve = (V/EY). #0  we = (M7/(2k%)), #0 C, #0 D, #0

1
—vx + wap? + D.pt

Asymptotically fixed point
ve = (V/k"), #£0 wy = (M3 /(2k%))x # 0 e o= =

Graviton propagator: G ~

Graviton propagator: Gl o
D,pt
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Higher derivative truncation

Inclusion of higher dimensional operators

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

o . 4 A{g 2 &
Bt il Rpacon2anie

9 uvpo

coupling ~ k~°

- Asymptotically safe fixed point
Vo= (V/kY e £ 0 e = (M2/(2K%) 50 Bt D, #0
Qii=u3:il Qog=—=.2: 63 = 10.9 04 = —88.1

- Asymptotically fixed point
ve = (V/k*)u #0 w, = (M3/(2k%))« # 0 SO e

=4 =2 fa=t—i0
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Higher derivative truncation

Inclusion of higher dimensional operators

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

0 ﬂ . )
Fk=/d4x\/§ V- QI’R—i—CRz—DOZ

urpo

Asymptotically safe fixed point

vy =VEA) e A0y = (M2 (282)), 0 C, #0 D, %0
N
—vy + wep? + Dypt

Graviton propagator: G ~

Asymptotically fixed point
ve = (V/k*)s #0 w. = (M3 /(2k%)). # 0 gn - Dl

Graviton propagator: (¢,
h
D,pt
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Gravitational system

- Fixed point

/89 — /8A =0 (g*:’\*) = (Ov 0)=

- Critical exponents

8ﬁg 0B,
dg O\
. 9Bx

oA

I=Gus s A=Ax
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Higher derivative truncation e

Inclusion of higher dimensional operators

S.Saswato, C. Wetterich, MY, JHEP 03 (2022) 130
2

o . 4 A{I) 2 2
Dp—al diemlva B R cp2_ DO

9 uvpo

) ) _ coupling ~ k~°
- Asymptotically safe fixed point

v = (V/kY) #0  w. = (M]/(2k%)), #0 C, #0 D, #0
0y = 3.1 O = 2.4 s =109 60, = —88.1

- Asymptotically fixed point
ve = (V/k*)s # 0 wy = (M3 /(2k%))« # 0 B, e =

=4 B, =2 03 =04 =0
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Contents

* Universality class at fixed point

» Duality between asymptotically safe and free theories

* Fermion-induced spacetime
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|s asymptotically safe
theory ultimate”




Asymptotically safe theories

e D=3 non-linear c model
e D=3 Gross-Neveu modz|
e D=5 Yang-Mills theory??7?

e D=4 gravity???

These theories are perturbatively NON-renormalizable

but (could be)

Unitarity??
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Asymptotically safe theories

e D=3 non-linear o model <=> linear c model

« D=3 Gross-Neveu model <=> Higgs-Yukawa model

These theories are perturbatively NON-renormalizable

but (could be)

Unitarity??
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An Example of
asymptotically safe theories S—

* Non-linear c model in 3 dim.
« Scalar theory with a field constraint (¢'¢’) = f25%
* Symmetry breaking C(N) = O(N-1) in the linear o model.
¢ = (o,7t,..., 7V 1) o
* Describes dynamics of massless NG bosons (pions). S[q‘ri]

» Perturbatively non-renormalizable
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An Example of
asymptotically safe theories

 Linear c model
3 |1 i\ 2 i
S:/d:r[i(c')ﬂgb) - —
qéi:(o,ﬂl,...,TrN_l)

 Non-linear c model

= fd:%m [f;(aﬂi)iz " g(w“' )2 4 - ]
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Masatoshi Yamada

]
'
L
¥
Y
f
Y
;
t
;
Y
¢

r

. qathSl’,le'u (nv) FP
— (PBY‘tLLIr‘bﬂti,\/ﬁ)

(dimensionless mass)

Page 27/45

Pirsa: 22030030



Arrows: From UV to IR .;

Masatoshi Yamada
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Arrows: From UV to IR

Masatoshi Yamada

Nown-trivial LV Fp

(no n-pertue rbative)
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Masatoshi Yamada _

Same universality class

P

non-linear o model
N iietad Aabd AN 7

bative)

(nown-pertur
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To summarize

Nown-lLinear o model Ln = dime
o (N-1)

» Perturbatively non-renormalizable
» Asymptoiically safe (UV FP)

» Constraint on fields

(¢'¢7) = frd"

O (N) Linear o wodel tn = dim

» Perturbatively renormalizable
* Unitary (at Gaussian FP)
* Asymptotically free (Gaussian FP)

* IR fixed point (Wilson-Fisher FP)
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Asyweptotically safe gravity
« Perturbatively non-renormalizable

* Asymptotically safe (UV FP)

« Constraint on fields

G

%

Masatoshi Yamada
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How to formulate?

* Metric theories are diffeomorphism invariant.

? SSB

o g‘ua‘gar/ — 5;:

* |n this work, we consider local Lorentz SO(1,3):

50(1;3)“%4' X D‘.}C)C-
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First-order formalism

» Based on SO(1,3) local Lorentz symmetry (and diff.)
* Vierbein e,”
* Local-Lorentz (LL) gauge field (A“)ab

* Minimal action (Einstein-Hilbert)

= /d4m e[ A+ —BapebVFabuy

J buv = (814,, — 8,/14# -+ [A#, Ay])ab

irsa: 22030030
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Skippable

First-order formalis

M2
S = /d4xe[ — A+ Tea”eb”F‘lbW

- Equation of motion  (A4,)% = e,%D,

* (QObtain the EH action in the vierbein formalism

« Kinetic term of LL gauge field

1
ZFabquab“y ol s 3 R“VPG_RMVPU N
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Degenerate limit

Non-linear o model: O(N-1) invariant
+ Constraint on fields (¢'¢’) = f25"
* f2 — 0: symmetric phase (O(N) invariant)

(el Cd,

_ 2
. . (8474 L/ gﬂy (X C
« Constrain on metric guag™” =9, G o C—2

Gravity in first-order formalism

« C' — 0: symmetric phase (SO(1,3) invariant).

* More precisely, det(e”,) =0
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Model with degenerate limit

Including matters, at a certain scale,

—~ 4 M2 . v ab Z’U) Tom (D
S= | d*ze —V+7€a ep” F e (Yea*v* Dy + hoc.)

D, =08, - iQL(Au)abEab SR
Invariant under SO(1,3)iocal x diff.
Only fermions are dynamical!
No kinetic terms of vierbein, gauge fields, scalar fields.

These fields would be dynamical via fermion quantum corrections.
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Inverse metric

» Metric guv = guv +hp

1
« Canonical normalization  gu, = Guv + —huw
Mp

e Inverse metric  Yuagd™ =9,

g"’ = gt — Mph** + Mah* ,h*Y + . ..
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Degenerate limit

Non-linear c model: O(N-17) invariant
+ Constraint on fields (¢'¢’) = f26"
* f2 — 0: symmetric phase (O(N) invariant)

(o8 e T8

_ 2
s . (8'474 I/ g;l-“/ (X O
« Constrain on metric guag™” =9, G o C~2

Gravity in first-order formalism

« C' — 0: symmetric phase (SO(1,3) invariant).

* More precisely, det(eap.)
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Model with degenerate limit »

Including matters, at a certain scale,

ey 4 M2 v VFab Zw T apn h
S= | d°ze —V+7€a ep W—7(¢ea v*D,% + h.c.)
D, =08, - iQL(Au)abEab G
Invariant under SO(1,3)iocal x diff.
Only fermions are dynamical!
No kinetic terms of vierbein, gauge fields, scalar fields.

These fields would be dynamical via fermion quantum corrections.
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Spontaneous local Lorentz
symmetry breaking

* SO(1,3)i0cal  diff.

Masatoeshi Yamada

* (Generation of expectation value of vierbein

* A possible solution would be a flat spacetime.

a . a
(el (Cld o
Vireo(C) = =V C*
» Effective potential from spinor loop effects: :
Verr(C)
(cMm)*

V;:ﬂ'(c) = _VC4 -~ 2(4??)2

log (C2M2/,u?)

\ C
* Precise analysis is in progress.
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Model with degenerate limit t‘m

Including matters, at a certain scale,

. 4 M2 . v mab Zw T B
S= | d*ze —V+7€a ep” F s (Yea*v* Dy + hoc.)
D, =08, - iQL(Au)abEab i
Invariant under SO(1,3)iocal x diff.
Only fermions are dynamical!
No kinetic terms of vierbein, gauge fields, scalar fields.

These fields would be dynamical via fermion quantum corrections.
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Model with null limit

Including matters, at a certain scale,

: 4 M2 L v ab Zw L T o
S= | d*ze —V+7€a‘ebF W—7(wea‘7*Duv/)—|—h.c.)

D,=20, - iQL(Au)abEab SR

1
= —eabcde‘w‘”e““eb

=y Vecpedc, iy

1 :
peat = geabcde“”‘”ebye"pedg P 0 |

1
v vpo ¢ _d 2
ee[a‘”eb] = ﬁfabc#” Elet el s aalte ot ()

AntiSymlee, ep” ec”] = €gpeac”” ey x C — 0 No invariant term

AntiSymlee,“ep” e eq’| = eqpeae’””® Topological ~ €abeae™*? F* 1, F* 5
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Skippable

Spontaneous local Lorentz
symmetry breaking

e
Masatoshi Yamada |

e Local Lorentz gauge symmetry is broken.

Symmet ric part (wetric)

* Degrees of freedom (d.o.f.): / (vadial modes)

« Vierbein e,“ : 16 d.o.f. = 10 +
eaten.

* LL gauge field (A,)%:

* LL gauge bosons become Elale

* The symmetry parts (radial modes) are still massless
thanks to diif..

Pirsa: 22030030 Page 43/45




RG flow (ideal)

Z-‘: = -
o [d4$8 |: =V T ea,u.ebuFab'uy oy ZL (weag,yu.(aﬂ _ 1{”;14“)2.& 1. hC)

¢

After LL gauge symmetry breaking
S~ UWFP . RFP :
LI 47

wab
Wb{“g.vf‘ab LT
JL

1
i ER“ypgR'uVPU A e

Spontaneous local Lorentz
symmetry breaking

< :

Asymptotically safe gravity regime : Proposed model

80(1 ,3)global x diff.
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Summary

« Asymptotically safe gravity:
* Non-perturbatively renormalizable
« Unitarity??
* Indicate

» Einstein-Cartan theory with degenerate limit

» Connection to low energy quantum gravity
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