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Motivation: gravity in the early universe

Could the early universe be in some kind of
different phase of gravity? normal phase of gravity
(topological phase? Higgs phase? dual phase?) (massless graviton)

e.g.Agrawal, Gukov, Obied,Vafa (2020)

reheating

Is there anything we can do to
get a model independent handle t

on such a phase?
new phase of gravity

(no massless graviton)
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QFT RG flows

A quantum field theory is supposed to be a renormalization group flow:

UV fixed point — IR fixed point

£ 0 (@0 ~ aee

z—00 (Pp(z)p(0)) ~ mz%m
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Scale symmetry

Endpoints are fixed points of RG — scale invariant theories

Scale transformation: D = —( a;, +A)

\ scaling weight
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Scale vs. conformal

Does scale invariance imply conformal invariance?

* Proven in D = 2 for unitary theories with a stress tensor Polchinski (1987)

* Not yet fully proven in D > 2 il e
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Scale vs. conformal: E&M as a counter-example

El-Showk, Makayama, Rychkov (2011)

1
S = /de = il

Action is invariant under scale transformation in any D:

§A,=DA, . A= 55 =0

Under special conformal transformation:

5A, = (b-K) A,
\

constant parameters

58S = %/d% (D~ 4)[b: A0 A BEVFILY]

Correlators of F,, conformally invariant in D = 4, not in D > 4
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RG flow for quantum gravity

Gravity is not supposed to be a QFT (no local operators) but there are other
observables (i.e. S-matrix on flat space) we can ask about RG flows of:

72

IR theory

Low energy EF'T for gravity coupled to any massive matter:

1 [;372

g= = / dPx/—gR + O().

y

Higher derivative terms from

integrating out UV stuff
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Linearized gravity
IR fixed point is Fierz-Pauli theory:

S = / dPr { Lok O R + 8,k 20" H* — 9,k 9,h + L0\hdMh

L(D-2)

linearized metric k., = 1m3 (G = Tuw)

Gauge symmetry (linearized diffs): dh,, = 9,&, + 0.,

ohy, = - (;r’\a\ - A) Riie O =

(D -2)

I

Manifestly scale invariant:

Not invariant under the standard special conformal transformations:

¥, - [ [ A ::_}'r‘.l' ‘ Lo 3 TS a
r')”hw_, - ( 22° 270 + 2°0 2T .l) hu .;Z.I'A(L]n\)m!\ e

55’:].@% (D—2)(-+)

Page 9/33

Pirsa: 23050040



Local operators in linearized gravity

Full quantum gravity is not supposed to have true local operators, but

in linearized gravity we do have local operators:

Linearized Weyl tensor (gauge invariant, non-zero on shell)

4!

4 _4PViver3re 5 =« L
l'l[‘z{‘:%l'l b ‘l Pﬂljugi(.‘“1{)1;1()1;:5]’1;2‘;1 ) A_

v | 1

+ 1

Projector onto traceless

Satisfies equations of motion:
11117 - :
W s =0 conservation

Olus Wit paliivs =0 dual conservation

All other local operators are products of derivatives of W, modulo these relations

« D = 2: Lagrangian is a total derivative
« D = 3: No independent Weyl tensor, so no local operators (theory is topological)

consider only D =4 from now on.
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Local operators in linearized gravity

Weyl operator: Wy, opaps | Al 4

2

No stress tensor (A = D symmetric tensor):
can’t make a symmetric tensor from derivatives of W
using more than one W gives A > D

No marginal or relevant (A < D) scalar operators:
Can’t make a scalar from derivatives of W

using more than one W gives A > D

Linear gravity can’t be a UV fixed point, inducing RG flow via relevant local operators:

Linear gravity

T2
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Correators 1n linearized gravity

Must gauge-fix the action to compute correlators

Faddeev-Popov procedure + ignore decoupled ghosts

)

S5 = / dPz [ — 20RO + B,k 20" B — 8RO b+ LONhO R — & (0¥ Ry, — %ggaﬂh)ﬂ

[

v

Two gauge fixing parameters

Correlators of W independent of gauge fixing parameters

{2 = 2 not allowed: fails to fix the gauge, residual local symmetry: d&h,, = 9,0,
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Correators in linearized gravity D>4

When D > 4, a useful choice for the gauge-fixing parameters is

D+2 , D+4

£ ¢
s B D

Decompose into traceless+trace: Ry = hyw + ¢, h_f"“ =0.

D42

y . s o AT Ly #q 3 Ar T ) (D=4)(D=2) yy 122
Ser = /d”m{ Lo O R + S48, 20" P + =022 (D)

This action is conformally invariant:

fz.li,,, and ¢ are primaries of weight A = %(D - 2)

Page 13/33



Correators in linearized gravity D>4
Correlators take the conformally invariant form for conformal primaries:

) ‘ DR(Z 1)
2(D — 4)(D - 2)nD/2 Gh = W

/ |

iy / Cop n 9 L2
(¢(2)6(0)) = & (Ppsn (2)R12(0)) = _” Taz s (h (E10(0) =

A=1(D-2 A=3(D-2) //

v = L} (VL Iv2 Jr‘lif 1:1) ”MHZ”L—‘HJ!

12 M1 P2 1 2

' ’ ph ot
m =gt -2

]
e

h qv  Violates spin-2 unitarity bound: A > D

but fwzm, is not an operator in the theory (not gauge invariant)
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Correators in linearized gravity D>4

W correlator takes the form of a descendent:

<I".rﬂlﬁ’-2ﬂ:iﬂl(.;I')‘I;T’l""’2’":;1"-1(U)> = 16’Pp”)2p:”)1 'ngfﬁ.gﬂlam aﬁ:;aﬂlaﬂ:i(hl-’zm(;")]"0201(0»

M1 231

Satisfies the conservation conditions:

E)Hl (HIVH L2314 ("I")I'I"vm valizliy ((n) o U
('..)[u-, (I'I':ti|;tg];1:aﬂt 1 (I)H.PI VoV [U]> = U

f Non-Unitary CFT \

h
~ )

uv

Unitary SFT

\ Wf—"lﬂzl’l VzJ
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Correators in linearized gravity D = 4

Cannot reach the conformal gauge in D = 4. Using any other
gauge:
O¢

<“;“ﬂy‘u”;1( )“ “”“IJ“JI(O)) [!)] ['U) ’,Ui [,Ul PH“J)H”!

L 2% [ L 21 pP2P3P
7T H17 H27 (3T R4 7 P1P2P3P4

f

Conformally invariant form for primary W, .0, A = 3

Requires using dimension dependent identities for D = 4.

Saturates unitarity bound for AT

Conservation conditions follow from the conformal algebra

8“” I'"T"rulp.zylyz = ) a[psnr#niz]ulvz =0
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Correators in linearized gravity D = 4

Cannot reach the conformal gauge in D = 4. Using any other
gauge:
O¢

<“}“ﬂy‘u”;1( )‘I ll:h”if!l([))) [!)] ['”) ’,Ui [,Ul PH“J)H”!

L 2t [ L 21 P2P3P
7T H17 H27 (3T H4 T P1P2P3P4

f

Conformally invariant form for primary W, .0, A =3

Requires using dimension dependent identities for D = 4.

Saturates unitarity bound for Ko B

Conservation conditions follow from the conformal algebra

gaw... -0 W =0

p1 ol ve

[ Linear gravity is a CFT in D =4 ]

even though the action is not invariant in the usual way
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1-form generalized symmetries cuomo cpsn savergwites ot

2-form current: dige =

Conserved charge: Q= ]{ J 4 3

Q

Conservation of j 4= @ does not change under deformations of the 2-surface

Example: E&M in D = 4 has two 1-form symmetries

2-form current charge charged solution
. ~ ]
electric: P Q= ¢ F A= —ﬁdt Coulomb
Sn
~ 1
magnetic: F,Lw = §E“yngpa Qu = jfng Ay = %(1 —cosf)dp, As= %(—1 — cos 0) dep
Ay —As =dA Dirac monopole
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Generalized symmetries in linear gravity

Penrose (1986)

Jezierski (1994-present)

C o U1V Casinl, Magan, Olive (2021)
2-form current: ']1-11#2 [s] = H'm#z il

anti-symmetric “killing tensor”
ONS ion: 2 ] = TE AM2 cV1v2
conservation: 0 'Jmm [R] " s U]W() £ 0

: : 3 : .
orgvve _ U[ugz]m - Um[r 19 gvle —

D-1 e

Generalized conformal Killing equation: traceless mixed symmetry part vanishes |

General solution: Killing-Yano tensors

. ; gg
Shitr — [\:1[:12-‘“13 : X

Dk da
[ /

anti-symmetric constant coeflicients H

D+2 dimensional conformal embedding
1+22 1- g ﬂ)
y I

D) ) .2

“

space coords: X(r) = (
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Generalized symmetries in linear gravity
-[{/uq‘: ~ Cupp; K 2 T Cup o 5 (-‘;“,- K L © Chpe— (‘;“,r‘ K 1,—2

1
] 9 , o L/ 9 U D] / 9 “).
6“1“; — (-.r“lﬂ.- (-.J‘H“;f '):1! (-..[a”l-]:.”.-} I C [J” l“..?_»i".-].?_-f" C ﬂl;”.-.]_»

R SR A
5§ ° H

20 independent components in D = 4

¢ a1 — 4- T — A7 12520
Dual currents in D = 4: JilEl =W 6

\ dual Weyl telnsor

57 170102
Wi pavive = .)E.rnuzmpzn Vv

ar Ii!l—‘l#zl-’l va =09 O Wy polvrne =0

Charges:

Ad=¢  Ja, Q- $ g
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Generalized 1-form charges in linear gravity

Killing-Yano component

physical quantity

Charged solution

O

B

1
:
:

energy-momentum

dual energy-momentum

angular momentum

dual Angular momentum

Schwartzchild metric

Taub-NUT metric

Kerr metric

C-metric

Everything manifestly gauge invariant, charges are integrals of gauge invariant

local currents (unlike ADM charges)

The charged solutions all exist non-linearly
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Anomalies: simple example
Consider a spin-1 A=1 primary operator in a D=2 CFT.

Conformal algebra implies:  9,J* =0, 0,J,; =0
B 9 J* =0

Conformal invariance fixes 2-pt. function at separated points up to normalization:

. 1 . P adt
(@) J(0)) = (s -2

T2 T2

Satisfies both conservation conditions:

O {J*(x)J"(0)) =0, ('i)[,,_(J,_,}(.I‘f)J’“((J)) =0
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Anomalies: simple example

What about coincident points?

Fourier transform:

7 HH 7 W

L
p

(J4(p)JY(—p)) = 2n

= conformally invariant contact term

Conservation conditions:

Pu T (D) (=p)) = (27 + C)p"

¥~ failure is local

e g o 2| s Tanalviic inip)
Dt PI-D)) = € D0,

Anomaly: no choice of contact term preserves both conditions. One (or both)

conservation conditions must fail at co-incident points
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Anomalies: effective action

(:,_I_H"'[AJ — <(f d?x A‘,,qu_...)

conservation condition — gauge invariance of the effective action

conservation =l 5:’1“ = 8,uA +— scalar gauge parameter

dual conservation — mmp 0A, =0dA

HV<+— anti-symmetric tensor gauge parameter
Effective action is only well defined up to local terms:

W[A] - W[A] + ¢ / &z %AMA“'
"

Cannot choose ¢ to maintain both gauge symmetries

gives contact term in correlator

Imposing one, failure of the other is fixed (anomaly equation)
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Anomalies: effective action (free scalar example)
Example: free massless scalar

Sz/dD;r —%(8(;))2

current;: Juy=0u0 | OJ* =0, 9,J,=0

couple to external gauge field A, :

S— 8= /d% - %(8(;5)2 + A*9,¢ + %CAQ

T \

J"A,, coupling contact term
gauge variations:

A, = A, 6p=A wa,\szfd% —(c+1)A-A mp B,(J*)=(c+1)d-A

Y 4 1 Ny It
0A, =0"Ayy, 00 =0 wap 5A5=deI i §CA'( Fp = Ou{Ju)) = §CFuu

Can choose at most one conservation condition to hold. The other is then fixed.
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Anomalies: Goldstone theorem

Delacretaz, Hofman, Mathys (2020)

Invert the argument: assume the existence of a conserved current with given anomaly
equation:

OuJ" =0, 9OJy = —aF,,
General form of the 2-pt. function:
(J*(p)J* (—p)) = F(P*)p"P” + 9(p*)p*6*
Imposing conservation relations fixes the 2 pt. function:

conservation w F(?) = —g(p*)

g . 9 a
dual (non) conservation w 1’[;:(-]:»] (p)J?(=p)) = a PjOvlp w 9(p°) = _1)_2

PPy — ")2{ y
W <Jﬂ(j)),]"'(—}'))> £ a[l:[z p2[ Y

Spectral decomposition implies the existence of a massless spin 0:

Lf v - . . =5 M : PuPu
<']£ ([))] (_1)}> = / (.{h‘ 1 (H)hgs - [)(](h’) ; ] : ! :
JO \ j) _+_ o
p1(s) =0 po(s) = ad(s)

Page 26/33



Anomalies: linearized gravity

Weyl 2-pt. function in momentum space:
L non-local part

pPppp

p2
+c1(ppnnyn+--+) +e2 (ppnnn+--+)
x

two possible local contact terms

(H'!.Ullﬁziiau4 (p)I:I';L1#2H3H4 (_p)> =

Conservation equations:

p‘m (I"'IEYHIHZHB#:L (p)I'TIHI#QHB#M (-p)) = ( )PPPT? ks failure is local

Plus <I¥u1u-2]#:suq (p)u'ymmusm('p)) = ( ) PUDTINI ¢ v

T

coefficients depending on ¢1, ¢o

If we impose conservation:
P Wy paps s @IWo papisa (—p)) = 0 W fixes c1, C2
w failure of dual conservation

Plus <I'{"iu1uz]nsp»4 (p)ﬂfmu-z#sm (*P» = 4 (ppp NNk )
A fixe

d anomaly coefficient
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Effective action: linearized gravity
Couple linearized gravity to a background gauge field through the Weyl operator:

AE ~ ‘.I."“MFHA,LU.*.,OCT
f Background gauge field

Linear Weyl operator (same symmetriess as Weyl)

1 v . ; ‘ 'n17] Y2 4 1 A H
o /dDa: —5()‘r}ff.[,,_,()’)fim T a0, O 5()!,11.()”}1 +«—— orignal action
+(i)ﬂaph vt ¢ = e ool

o ) A A, po L0 AMY.PT QA .
+c105 A;.ua,_m(-) A + c20, A 0 v"l,[u.«p,\ +—— all possible local counterterms

Conservation requires gauge symmetry:

0‘”2 ‘__I__rp”w vivy — 0. w ()‘-f‘r:l;ru,pr'r = a;xiﬁ\up.n Fre

b

| gauge parameter

graviton may also transform: 3} py = b, (OI)AW_U =t A0 AW_ ”)
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Effective action: linearized gravity D>4
Imposing invariance fixes everything:

D-3 D-3 D-3
= — ('2:—

EE e T

(_J 1

Dual conservation gauge invariance now broken:

a[us I'{":!L1£L2]V1V2 =0 W 5“4#1#-2,”11/2 = 8“ANN1#2,1"1V2 e ki

/'

gauge parameter

Non-invariance gives anomaly equation:  Opu, Wy, poliywy, = 000A + -

Can turn it around:

Anomaly equation w fixes 2-pt. function

massless spin-2 “Goldstone”
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Anomalies: linearized gravity D =4

In D = 4 we cannot impose conservation or dual conservation

This is similar to the stress tensor in a D = 2 CFT: cannot impose exact
conservation on a traceless symmetric tensor.

Need to include a trace: .
T,u,Lf = Sp,r,f -+ §T7fpu

scalar
traceless

By giving T purely local correlators, 7}, can be made conserved.
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1-form

symmetries

phases

U(1)e

Wilson lines

Phases of electromagnetism

(L)
t Hooft lines

normal phase

“unbroken gauge symmetry”

explicitly broken if there is
electrically charged matter

spontaneously broken

photon goldstone

perimeter law for 't Hooft loop

(n((’w» o e—#Perimeter{C)

superconducting phase
“spontaneously broken gauge

b
symmetry

explicitly broken

unbroken

area law for 't Hooft loop

(HY(C» ~ e #Arca(C)

confining phase

unbroken

area law for Wison loop

(Ii’(c)} o 6—#Ama{(3)

explicitly broken

monopole condensation
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1-form

symmetries

phases

Phases of gravity?

Uk

Wilson lines

U(l)i_u. sﬂfluv
't Hooft lines

normal phase
“unbroken diff symmetry”

explicitly broken if there is
normal matter

spontaneously broken
graviton goldstone

perimeter law for 't Hooft loop

(uf (C)) oy 6—#Pcrimctur(C)

Higgs phase of gravity 77
“spontaneously broken diff

3
symmetry

explicitly broken

unbroken

area law for 't Hooft loop

<I{'(C)> o 8—#Area(6‘)

Confining phase of gravity 77

unbroken

arca law for Wilson loop

(IV(C’)} o e—#Arcu(C}

explicitly broken
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Summary and open questions

* There is still much to explore about the IR fixed point of

quantum gravity

* conformal symmetry, 1-form symmetries, new anomalies

* Are any of these structures useful for saying anything beyond

the fixed point? Anomaly matching?

* Are they useful for saying anything about a possible Higgs
phase of gravity?
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