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Abstract: | will describe a very specia (infinite-parameter) family of gravity theories that all describe, exactly like General Relativity, just two
propagating degrees of freedom. The theories are obtained by generalizing Plebanski's self-dual (chiral) formulation of GR. | will argue that this
class of gravity theories provides a potentially powerful new framework for testing the asymptotic safety conjecture in quantum gravity.
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Perimeter talk on:
Renormalizable non-metric
quantum gravity’
November 30, 2006

http://pirsa.org/061 10041

The present talk is about the same theory

Much better understood, many more reasons
to be interested in it!

Will only discuss aspects of relevance for quantum
~gravity, ignoring other, e.g. modified gravity



Outline

® [ntroduction: Perturbative quantum gravity, non-
renormalizability, asymptotic safety

® Deformations of GR - an infinite-parametric class
of gravity theories with 2 propagating DOF

® On the UV fixed point
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Part |: Asymptotic Safety

Effective Field Theory:

Standard Model plus GR Lagrangian - only the first
few terms of an infinitely complicated Lagrangian
comprising all terms compatible with symmetries

Explains why renormalizable is what
is relevant at low energies
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Parameters of the EFT Lagrangian - coupling
constants - are energy scale dependent

Dimensionless couplings §( )

that measure interaction g(p) == gu19!

strength at given energy

scale M

9 does not run =N g(pe) -0 as p—0
gl <0

Jon-renormalizable interactions are irrelevant at low energies

Renormalizability is not fundamental,
but is a low-energy phenomenon

Pirsa: 10050002 Page 6/92



Question of Quantum Gravity:

What provides a UV completion of the EFT Lagrangian
of Standard Model + Gravity?

standard expectation is that new DOF become relevant at the
cutoff scale: pions = quarks and gluons
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'ossible alternative: Asymptotic Safety

g(#) — g« as H— X

plus finite number of attractive
- directions for predictive power
g does not run ’

An AS theory is UV safe without need for new DOF

There is now more and more
avidence that gravity (plus
matter) may be an AS theory

Perimeter Conference on: Asymptotic Safety-310 Years After
:nn { 'F‘H:ﬁ & "ifi"{ ﬂﬂz T
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Drawbacks:

® [n gravity the UV fixed point is necessarily a non-trivial
one (G, # 0 (the trivial fixed point is the IR one) =
UV physics is non-perturbative in nature

® By no means guaranteed that the UV theory is unitary
(e.g. R*2 terms)

® Seems impossible to prove AS, as the RG flow in an
infinite-dimensional space of couplings need to be
considered
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\t least some of the difficulties would be removed if had a
:ompact description of a “healthy” and sufficiently large
closed under renormalization) class of Lagrangians.

The class of actions describing deformations of GR may be
exactly such class, and has a potential to provide a powerful
new perspective on asymptotic safety.

Jeformations of GR are obtained by generalizing the so-called
Plebanski self-dual (chiral) formulation.
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lebanski formulation of general relativity:

Consider a tetrad ¢/, for metric 9. = 0,6, 11,

where 7n;; = diag(—1,1,1,1)

Take
N -—ifo A G* — %E“"CG"AQ‘{ I =(0,a)
a—123
Properties:
¥ are self-dual EEW“’”E‘;{, =13,
e A Eb S 5:1{1

EEA Y —8
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instein equations (vacuum) can be stated as:
FUd)serf—duat s self-dual as a two-form

hus | F* — $°°%°

where W% .— @b — _§°Ty(®) is arbitrary

Q|

Tr(®) ~ A

Gives a procedure for computing curvature components
that is more efficient than the tetrad method!

Pirsa: 10050002 Page 14/92















Lan reformulate everything in terms of two-forms -
lo not need a metric!

Lemma: Given a triple X“ of
two-forms satisfying:

@ A Eb = é‘*ab!
= A (B2 =0,
Re(Z°AX,) =0

there exists a unique real Lorentzian
signature metric such that

1 .
Y= -— i@ A0 — —g0 N6

[
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Idea of the proof:

Declare Y “to span the space of self-dual
two forms wrt some metric

fixes the conformal metric uniquely

S = -G posa b ¢ _abe
—99ury ™ € Epazuﬁzpaf

1
then use a multiple of —X% A X,
0

as the volume form
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Action principle (Plebanski)
1
5= i/E“/\F“" —~ —2411“"2”»\2*’
field equations:
¥ EraARF..
T DY =10

A =0

for simplicity and the
reality conditions

L =L ¥ A (E5)* =0,
@ (L .
X P =W 2 Re(E° A E,) =0

to be imposed by hand

Constrained BF theory
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I'’he way propagating DOF are introduced is very interesting
SBF _/Eﬂ:}qa _I_AuD Eﬂ.l _|_Ba ~i 1k Jk

here : = 1.2.3 are spatial indices

Bg; are Lagrange multipliers for £7; =0
generators of

Blil =g Bﬂ. e drff_t

in Plebanski theory 5 out of 9 of these multipliers

are set to zero by the ?” constraints, leaving only
the diffeos (and SO(3)) as gauge
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I'he way propagating DOF are introduced is very interesting
SBF = fEulfla + AaD Ea: + Bu ~ijk Jk

here : = 1.2.3 are spatial indices

a =l a
Bg; are Lagrange multipliers for £7; = 0
generators of
B* — B® +dn*°

in Plebanski theory 5 out of 9 of these multipliers

are set to zero by the §?® constraints, leaving only
the diffeos (and SO(3)) as gauge
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xample:

5= /dt (pltjl + P2g2 — A1p1 — f\2P2)

| p1 =0 g1 — q1 + A
first class constraints: generate
p2 =0 g2 — g2 + A2

can get a system with DOF via ‘.

S = fdt (P1G1 + P2g2 — Aip1 — A2p2 — Y A2)

AG2

1
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tompletely constrained system with a single DOF /2 as a relevant variable




lo motivate a construction that follows consider
different way to get a system with DOF

o = /dt (P11 + p2g2 — Aip1 — Aep2 — V (A1, A2))
where V(al;, alz) =aV (A, A2)
introduce 7 = A2 /A
S = /dt (P1qr + p2G2 — Ai(pr +7p2 + f(7)))

where f(r):=V(l.r)
r non-dynamical =

S = [dt (Plfh + paga — Ai(p1 + f(P?)))

here f — f — rf’ Legendre transform













0 motivate a construction that follows consider
different way to get a system with DOF

S = fdt (P1g1 + P2g2 — Aip1 — A2p2 — V(A1, A2))

where VF(O{)tl, (I)Lg) — (}:V(/\l, )\2)

introduce r = A2/

= fdt (P11 + p2g2 — Mi(p1 +rp2 + f(1)))

where f(r):=V(1,r)
” non-dynamical =

S = /dt (pu:h + paga — Ai(p1 + f(m)))
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here f — f — rf’ Legendre transform




xample:

r = —pa/m

=

f(r) = mr?/2

f(p2) = —p3/2m

G = /dt (Pﬂh + p2ga — A (p1 —

fonstraint generates

1 — ¢+ M\

P2
g2 —> @ — —M
m

n — oc gives back
the original system

Pirsa:

~

1005000‘2:E!thang§

relevant vars i

g2

relevant coordinate

Q

P2
2m

p2 #0

q1

D2

=gzt —
m
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xample:

fonstraint generates
1 — q1 + A

g2 — G2 — s
Tl

n — o0 gives back
the original system

R = () interchanges

the relevant vars 7

N

f(r) = mr?/2

r=—pa/m

f(p2) = —p3/2m

2
. : D
S = /df (’Pwl + paga — A (p1 — = )

g2

relevant coordinate

2m

p2 0

qd1
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Deformations of GR

Sszi/\FwV(B*'/\BJ)

where the potential satisfies
V(iaX"?) = aV(X%Y)
VIAXAT) =V(X) VA e SO(@3)

kemark: integrating out B’gets a pure connection theory
S= / J(F* A FT)

most general diff. invariant gauge theory;
closed under renormalization?
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Deformations of GR

S:/B’:/\Fi + V(B* A B?)

where the potential satisfies
V(iaX"V) = aV(XY)
V(A XAT) =V(X) VA eSO

kemark: integrating out B’gets a pure connection theory
S5— f f(F* A F?)

most general diff. invariant gauge theory;
closed under renormalization?
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Deformations of GR

Sszi/\Fi+V(Bi/\Bj]

where the potential satisfies
V(iaX?) = aV(X?Y)
VIAXAT) =V(X) VAeSO(®3)

kemark: integrating out B’gets a pure connection theory
i / f(F* A F?)

most general diff. invariant gauge theory;
closed under renormalization?
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Properties:

® Describes two propagating DOF forany V' : V" £ 0

Pirsa: 10050002

(complex for SO(3,C))

Deformations of GR, for any of the theories can
be continuously deformed back to GR without
changing dynamical content

Can be shown to be about the conformal metric
wrt which B’ are self-dual: matter moves along
geodesics of one of the metric in this conformal
class
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Deformations of GR

S:/‘BEAF‘E+V(B"E/\B}]

where the potential satisfies
V(iaX"%) =aV(X"Y)
V(AXAT) =V(X) VAeSO(3)

kemark: integrating out B’gets a pure connection theory
55— / f(F* A F?)

most general diff. invariant gauge theory;
closed under renormalization?
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Properties:

® Describes two propagating DOF forany V' : V" £ 0
(complex for SO(3,C))

® Deformations of GR, for any of the theories can
be continuously deformed back to GR without
changing dynamical content

e Can be shown to be about the conformal metric
wrt which B* are self-dual: matter moves along
geodesics of one of the metric in this conformal
class
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Properties:

® Describes two propagating DOF forany V' : V" £ 0
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(complex for SO(3,C))

Deformations of GR, for any of the theories can
be continuously deformed back to GR without
changing dynamical content

Can be shown to be about the conformal metric

wrt which B’ are self-dual: matter moves along
geodesics of one of the metric in this conformal

class
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Reality conditions:

Bi A (Bj)* —8 plus a condition for

the volume element

the physical metric is real

Unlike in the Plebanski case, this does not guarantee
reality of the action.

Current prescription - take the real part of the arising
complex action. Consistency’

Pirsa: 10050002
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A lot is known about the classical theory:

® spherically-symmetric problem can be solved exactly;
spherical symmetry implies staticity; very interesting
effects of singularity resolution inside BH’s .00 "

® Newtonian limit - MOND-like (arbitrary function of
second derivatives of the grav. potential)

® linearized theory around Minkowski - gravitational
waves unmodified Freoer 08125200 KK 0911 4903

® Friedman equations are unmodified

KE+Shtanov: 1002.1210

® Scalar perturbations around FRW background are
modified - time-dependent effective speed of sound
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A lot is known about the classical theory:

® spherically-symmetric problem can be solved exactly;
spherical symmetry implies staticity; very mterestmg

KK+Shtano 0705.2047

effects of singularity resolution inside BH’s ... 0°

® Newtonian limit - MOND-like (arbitrary function of
second derivatives of the grav. potential)

® Llinearized theory around Minkowski - gravitational

TPl

waves unmodiﬁed Freidel: 0812 .3200. KK: 0911.48903

® Friedman equations are unmodified

{K+Shtanov: 1002.1210

® Scalar perturbations around FRW background are
modified - time-dependent effective speed of sound
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txplicitly metric formulation is possible
B* defines a (conformal) metric wrt which it is self-dual

construct X“ for this metric satisfying 2% A 2% ~ §%°

B*=b%* forsome b € GL(3,C)
[ modulo
ké&=18 9 18-5=13 | | —
rameters parameters parameters b:: - bg(ﬁ_ )ﬂ Ay
. - o g geyk SESNEL]

9+13-4=I8 bt — A~1b:
2E — A"
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File

Edit Insert

_.

Explicitly metric formulation is possible

B* defines a (conformal) metric wrt

construct X “for this metric satisfyin

for some




- Explicitly metric formulation is possible

B* defines a (conformal) metric wrt

construct X “for this metric satisfyin

B*—bp¥Y* forsome b




txplicitly metric formulation is possible
B* defines a (conformal) metric wrt which it is self-dual

construct ¥“for this metric satisfying ¥% A ©% ~ §%°

B*=bX* forsome b e GL(3,C)
‘ modulo
k6=18 9 18-5=13 | | &
Fameters parameters parameters b, — by (A7) \ € SO(3.C
- “ i . () -3' N
. = s 3=, AZFS e

9+13-4=18 A S
Y — AX
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n rewrite the theory as that of quantities b/,
ropagating’’ on a given metric background

leed to solve DB =0
sing the metric 1

B 2 det(B)

sing DY"* =0 o (Db )5 cugep‘:;ie
Jra — a 78 %

B*"BI V"B,

__i__ : =i T 1 e | | — * -
o= o a pyb vyre pTd Iy Lt 73 N
| D] 5 /\/ g (4det(b) (Z3 2%, “Xg #2%,;) (B2 D78)) (bbD bff) + 2V (m))

a-model of a new type
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rewrite the theory as that of quantities b/,
ropagating” on a given metric background

eed to solve DB’ =0
sing the metric 1

A= 2 det(B)

sing DX —0 | 3 cuzepfiie
V*Bi, = (D"B)E5,

B* B V"B,

b = %/V —4 ( 1: (Ef; ”Ei it pgﬁj) (biDabfl) (bgﬂdb‘;) — QV(m.))

here m,; = b.b]d;;

o-model of a new type
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n rewrite the theory as that of quantities #/
ropagating” on a given metric background

eed to solve DB’ =0
sing the metric 1

M= 2 det(B)

sing D3® —0 _ CUEE:;MQ
V“BLH — (D”b;)Zﬁ_,_,

BB N B,

LB} = 3 / vV—g (4det(b) (= o F’ZPJ) (b2 Db},) (b‘;}D bff) + 2V (m))

here m,;, = b'b]d;;

a-model of a new type
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What is the dynamical field is in general
a matter of choice

® Can interpret the metric as dynamical and
eliminate b, via constraints (or field equations) =
Effective metric action as an infinite expansion in
curvature invariants '

e Can solve for the metric in terms of b, (at least in
perturbation theory around a fixed background)
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What is the dynamical field is in general
a matter of choice

® Can interpret the metric as dynamical and
eliminate b’, via constraints (or field equations) =
Effective metric action as an infinite expansion in
curvature invariants |

® Can solve for the metric in terms of b’ (at least in
perturbation theory around a fixed background)
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What is the dynamical field is in general
a matter of choice

® Can interpret the metric as dynamical and
eliminate b’, via constraints (or field equations) =
Effective metric action as an infinite expansion in
curvature invariants <« 05 490

® Can solve for the metric in terms of b, (at least in
perturbation theory around a fixed background)
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pnsider the theory for a fixed metric

huge-symmetries: SO(3,C) b, — A’b]
_ ye _, 2ye
conformal transformations ; —
b — Q2
SO(3.C) b — (A,

r-model on the coset

M = GL(3,C)/SO(3,C) x SO(3,C) xC

F b= AAAT, A, A € SO(3,0)

A = diag(ay.as. a3)

then M coordinatized by ratios
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)ipeculations on the nature of the UV fixed point

R

Infinitely steep potential V - General Relativity
(or potential of the order M)

relevant dynamical variables - metric

b: — §° variables of the order Weyl /E\Iﬁ o

Torres-Gomez+KK: 0911.3793 KK: 0911.4903

effective metric Lagrangian -
expansion in curvature invariants
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v

5 energy increases the derivative terms become more important
han the potential (alternatively, potential becomes flatter)

pproaching the topological BF theory corresponding to
V = const

even though the fixed point is not a

int!
fixed point. dynamical theory, its neighbors are

| this the fixed point controlling the UV behavior?

rthat are the relevant variables?

E2 for E?> ﬂ[g
(b—29) ~ Y (metric - Minkowski) the b -variables are
A p

more relevant
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ppological symmetry and its gauge-fixings

can use it to put any B'to

B — IF +d77£ one of the two forms:
Bi=4§i%° B* =8B %3
ffeomorphisms + 5 $2-fixed metric two-forms

tra transformations

/ GR
— =
: ~|bt = & ’

b
[ o-model as the
relevant theory in
the UV?
(¥ -model - _J
iy ) g )

i ]
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Summary:

® |[nfinite-parameter (parametrized by v(x*”)) class of
gravity theories with 2 propagating DOF - effective
metric Lagrangians

® Essentially s - f f(F* » F7) so, naively at least, should
be closed under renormalization

e IR - steep potential, b, =4, - GR

e UV - flat potential, BF theory as the fixed point?
Coset b’ as relevant variables?

the idea of BF theory as the UV
fixed point is not new - spin foams

Explicit description of the neighboring theories
via 7-model? UV-valid perturbative description?
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=3 | Summary:

— ® |Infinite-parameter (parametrize

- gravity theories with 2 propagat
= | metric Lagrangians

—— e Essentially s—= [ s(F A F7) so, naid
be closed under renormalizatioi

IR - steep potential, b, =9, - C
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Summary:
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metric Lagrangians
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IR - steep potential, b, =9, - C
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Summary:

=l | ® Infinite-parameter (parametrize
- gravity theories with 2 propagat
metric Lagrangians

e Essentially S=/f(PAFj) so, nai'
be closed under renormalizatiol

IR - steep potential, b, =9, - C




Summary:

® |[nfinite-parameter (parametrized by v(x*”)) class of
gravity theories with 2 propagating DOF - effective
metric Lagrangians

® Essentially s - / f(F* » F7) so, naively at least, should
be closed under renormalization

e IR - steep potential, b, =4, - GR

e UV - flat potential, BF theory as the fixed point?
Coset b’ as relevant variables?

the idea of BF theory as the UV
fixed point is not new - spin foams

Explicit description of the neighboring theories
via d-model? UV-valid perturbative description?
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ppological symmetry and its gauge-fixings

0 2 i can use it to put any B'to
B — B +d77 one of the two forms:
B*=§3%" — &
ffeomorphisms + 5 Y2-fixed metric two-forms

tra transformations

/ -
-~ . =
— bl = d:

0= —= r 3

free D o-model as the
relevant theory in
the UV?
J-model ~ ~
il ——g b - E{I

N
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rewrite the theory as that of quantities ¥,
ropagating” on a given metric background

eed to solve D, B’ =0
sing the metric 1

= 2 det(B)

sing DYX" =0 et (Db Y5 cuEE;::bie
jre % —— a [7e %

B B N B,

—

__i._” E 1 - o L c _2. X l'. ] : - F | \
L] = 5/\/—9 (Mﬂ(b) (23 %, “EC °ES,) (B D°F,) (b-gv%-;) - zv(m.))

here Magp — b.:‘b:l_l;dlj

o-model of a new type
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n rewrite the theory as that of quantities b/,
ropagating” on a given metric background

leed to solve DB =0

sing the metric 1 : |
T o

sing D" =0 : , cumle

V*“BLH — (D“bfl)zﬁv

L b] = 1)/\/?9 (Mﬂ(b) (z:ﬂ ﬂzb ) ﬂzd ;) (B2D*b) (bJD‘ij) £ "V(m))

here Magp = b{;b{)ﬁi”

o-model of a new type
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xample: f(r) = mr? /2

r= —pa/m
= r 2
f(p2) = —p2/2m
2
o . 25
S = /df (pi‘fh + pago — A1 (p1 — o )
m
fonstraint generates %
Q1 — q1 + A\ Pz 70
P2
g — @ — —N; q1
m
. — o gives back i
the original system
@ o () interchanges relevant coordinate Q:=qgx+ }EQI
relevant vars m




Deformations of GR

S:fBif\FUFV(B*'/\BJ)

where the potential satisfies
V(iaX%) = aV(X"Y)
VIAXAT) =V(X) VAeSO(@3)

kemark: integrating out B’gets a pure connection theory
55— / f(F* A F?)

most general diff. invariant gauge theory;
closed under renormalization?

Pirsa: 10050002










Deformations of GR

S:fBiAFi+V(BiABj)

where the potential satisfies
V(iaX"?) = aV(X"Y)
VIAXAT) =V(X) VA e SO®)

kemark: integrating out B’gets a pure connection theory
e /f(F*' A F?)

most general diff. invariant gauge theory;
closed under renormalization?
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