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Abstract: General relativity is a covariant theory of two transverse, traceless graviton degrees of freedom. According to a theorem of Hojman,
Kuchar, and Teitelboim, modifications of genera relativity must either introduce new degrees of freedom or violate the principle of general
covariance. In my talk, | will discuss modifications of general relativity that retain the same number of gravitational degrees of freedom, and
therefore explicitly break general covariance. Motivated by cosmology, the modifications of interest maintain spatial covariance. Demanding

consistency of the theory forces the physical Hamiltonian density to obey an analogue of the renormalization group equation, which encodes the
invariance of the theory under flow through the space of conformally equivalent spatial metrics.
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Why modify gravity~”
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Cosmic Acceleration
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Saul Perlmutter, Brian P. Schmidt, Adam G. Riess

“for the discovery of the accelerating expansion of the
Universe through observations of distant supernovae”
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Cosmological Constant Problems
i Zii'fﬁtj:j'f. tation f\'{l]l‘iﬁll_”"‘{"i'll‘\[ Realin Y,

pa = Mpy pa & (meV)* = 107200y,

@ Cosmological Constant Problem - Why is /., so small?

o Cancellation of zero-point energies requires extreme finc-funing
|

o Weinbergs /o Co" Theorem: Cannot relax dynamically to /1 U

S. Weinberg, Rev.Mod.Phys. 61 (1989) 1-23

@ Coincidence Problem - Why is the dark energy density
comparable to the present matter density?

o Weinbergs second "No-Go” Theorem: Cannot relax to )
today without extreme fine-tuning s weinberq, astro-ph 0005265
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Common Modifications

o Scalar Tensor, f(R), higher order invariants

o Massive gravity
Braneworld scenarios: DGP, Cascading gravity
Ghost condensation
Galileons, Chameleons, Symmetrons

and many more!
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Common Modifications

o Scalar Tensor, f(R), higher order invariants

o Massive gravity

o Braneworld scenarios: DGP, Cascading gravity
Ghost condensation
Galileons, Chameleons, Symmetrons

and many more!

R I S Y PN T P S g Sy

Each of these proposals adds
| s of freedom to GR
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Degrees of Freedom

Field theories have infinite degrees of freedom, but finitely many
local degrees of freedom, which count particle polarization states

A real scalar field has 1, a massless vector field has v, etc.

GR has 'wo degrees of freedom: the polarizations of the
transverse, traceless ¢ raviton

Common modifications introduce new particles or polarizations: for
example, a massive graviton would have ve polarizations
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Degrees of Freedom

Field theories have infinite degrees of freedom, but finitely many
local degrees of freedom, which count particle polarization states

A real scalar field has o, a massless vector field has 0, etc.

GR has 'wo degrees of freedom: the polarizations of the
transverse, traceless ¢ avifon

Common modifications introduce new particles or polarizations: for
example, a massive graviton would have ve polarizations

- e - ———

Could General Relativity be modified
without new degrees of freedom?
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Can we modify the behavior of
the transverse, fraceless graviton?
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Uniqueness Theorem

S. Weinberg
® Weinbergs Theorem: GR is the unique  PhysRev. 138 (1965) B988-BI1002

Lorentz covariant theory of an o o

interacting massless spin-2 particle Gen. Rel. Grav. 1 (1970) 9-18
gr-qc/0411023

E Lorentz covariant modifications of GR
introduce 1ow drees ofireedom
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Uniqueness Theorem

S. Weinberg
@ Weinbergs Theorem: GR is the unique  PhysRev. 138 (1965) B988-81002

Lorentz covariant theory of an sl

interacting massless spin-2 particle Gen. Rel. Grav. 1 (1970) 9-18
gr-qc/0411023

5 Lorentz covariant modifications of GR
introduce new o grees oraireedom

o In particular, theories that break Lorentz symmetry
spontaneously (e.g., ghost condensation) always
introduce new degrees of freedom

o The additional degrees of freedom manifest as
nassless Goldstone bosons in the broken phase
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Modifying the Graviton

@ Lorentz covariant modifications of GR introduce
1w degrees of freedom, but we havent seen any

@ To modify the behavior of the graviton withou!
new degrees of freedom, what must we do?
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Breaking Covariance

Lorentz covariance is a very well-motivated assumption, but...

' il . SET TR ot o
ISshe gravinarional secio}

lLorentz covariant?

Hard to experimentally v/ "/ the Lorentz covariance of the
graviton S-matrix - same problem arises in /1-u/1 10 physics

Might be useful to know what deviations from Lorentz
covariance would look like cosmologically

Given the mystery of dark energy, we may need to revi-i* *--
assumption of spacetime symmetry
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Cosmic Rest Frame

7
2006

hn €. Mather, George F. Smoot

i‘y_of the blackbody form and anisotropy
icrowave background radiation”

Spontaneous or Explicit Symmetry Breaking?
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Careful Breaking

o We will brea explicit Lorentz symmetry

o We will preserve explicit - il symmetry

Caution: Breaking a symmetry can introduce new
degrees of freedom, or render the theory inconsistent

o To analyze symmetries and count degrees of freedom consistently,
we will use constrained! field theory

o To avoid new degrees of freedom, we must preserve the balance
between the size of phase space and the number of constraini

Pirsa: 11110077
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Roadmap

In canonical form, GR is a theory of a spatial metric //,, (which has
<1« components) subject to (01 spacetime gauge symmetries

(S

For theories of a spatial metric, relaxing (011 spacetime symmetries to
three spatial symmetries introduces a new graviton polarization

e.g., P. Horava
6—-3=3 Phys. Rev. D 79 (2009) 084008
0901.3775

Instead, consider theories of a unit-determinant spatial metric /1,
(which has five components) subject to fhicc spatial gauge symmetries

0—3 =2

In a particular gauge, general relativity can be cast in this form!
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Canonical Field Theory
N /dtL= /dtd3m£(¢i,¢i)

Canonical ‘Action

_ { asaRRoA N SR (GRTWOE
(4.8)= [ d (aw) br(z)  omi(a) 6¢f(w))

quation of Motion Hamiltoniari
A= %é +{A, H} < /(13337{((/).,;,#"')
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Constrained Field Theory

s = [ atas (widi = Agn') =200 (657) )
; Lagrange Mulfipliers —T L constraints

Constraints (', define a surface in ; T,Da(@, ™ ) =0

phase space, the coisiraint surface K

We introduce the symbol - to denote \
“equality on the constraint surface”
or weak equality

H = /(13:1: (7—2 + )\”1/)(,4) ~ /(13:1;7-_1

Physical Hamiltonian Density J
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Constraint Classes

o Constraints | split into two classes
e First class constraints [/ 4

o Second class constraints ll"_.-\;

{Ua, U} = [,Uc ~0
{Ua, Vi) = 95 0%e ~ 0

{Vm,Vn} =Cyn =0

P.A.M. Dirac

o First class constraints generate qauge symmetries
o Second class constraints are qauge-fixing constraints

o As we will see, GR contains only first class constraints
- in other words, GR is a gauge theory
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HALN

ate gauge symmefries

=

uu-.ur 2 QO nin:J-.-;‘,"‘q]ﬂ_ "'_:) ‘;;,\,‘
1-"-‘- ol l

‘I\j.]l} uTI:Hr E:"m '?3’1"
- in other words, GR is rm +
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Maxwell Theory

1
§==5 / d*z F,, F* F,,=0,A,-08,A,

Space=lime.Splil

l_ Only ' is dynamical

b ) ¥,
A 3 L L ol ST, Y
S = /dtd . (2 (Az a,AO) EF )

Cnanrs 14 | \/ o Il " ‘ .
Canonical Momentum | "'E!""'“f-“i‘ Iransform

HE?TiAi—/‘

1 ;
H = :2-71""]'[',1 - ZFUFU a ﬂ'tai.A()
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Canonical E&M

o 1 e .
L=m'A; —H Hiz 57‘!’"71'@' e ZFiJ‘FzJ + 7' 0; Ao
SE / dt d*z ( ‘A; — wm+ 4FijF='J' —wiaz-Ao)

Inieqrate by parts, drop boundary il'l"n—'T

S = /dt A3z (71’7;}.11' — -;-‘Niﬂ'i + i—FijFij e Aoaiﬂ'i)

- .

\(yis a Lagrange multiplier enforcing Gauss's Law: [8.,;7r"‘ ~ 0

Poisson Bracke
0C s+ 46D oC aD
d0A;(z) ént(x) d omi(x) h'A,-(.r))
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E&M Constraint Algebra

@ne Constraini Eirst Clase

P = o {D(2), T(y)} = 0

-3 U(1) gauge symmetry
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E&M Constraint Algebra

One Constraint Eirst Glass

¥ig O {F(z),T(y)} =0

-3 U(1) gauge symmetry

Radiation/Coulomb Gauge

p L1 - Lionint ol ¢ / 1 -1 p
Gauge-hxing Constraint BoTh Consiraints Second Class

X = 6;A° {x(z),T(y)} = 0,:0,:6°(x —y) = 0

——3 No residual gauge symmetry
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ADM Action for GR

Einstein=Hilbert Action
o= /d“:c V=9 (R(4) - ZA)

ds® = g, dztdz”

= —NAdt*+ by, (dz® + "N dtda’ + V' dt)
L Arnowitr-Deser=Misner Decomposition

S = /dt d*z NVh (Kfﬂ'Kﬁj —K?4+R® — 2A)

I b ra ’ f \/ i iy
(T) yIC CUrvanrure

| : —-—) Only /1, is dynamical
Kij= >N~ (h.,-_,- Vi V‘,-N.,A) R
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Canonical Action for GR

= ‘;L = Vh (K" - WV K)

The N*s are Lagrange multipliers enforcing § 7, ~ 0

;(n"iﬁ) +vh (2A - R®)

The graviton is:

3) (sh-m.n (:) )
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GR Constraint Algebra

After much labor, one can show that

{Ho(x), Ho(g)} =7 f”(ﬂ?)&cfc‘53(5lc —y) — H'(¥)0y:0°(z — v)
{"[( ) i(y) k= ()3 0 (x —y)
{H (’y)}—f 2)0:0°(x = y) = 1. ()03 0°(z ~ y)

This algebra is 115t class, i.e.,
,H“NU -—-—) {H U)}NO } 250
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What is the gauge symmet, "2
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General Covariance

o The //,s generate the deformations of a ¢ TaNolbeim
spacelike hypersurfacesin a Riemannidn spacetime™ Annals Phys. 79 (1973) 542-557

o This general covariance algebra encodes the
local Lorentz covariance of a canonical action

" ] GR |S fhe "‘”‘: ie minimal repi esentrarion,; '|'|"\|S S. Hojman, K. Kuchar, C. Teitelboim
result complements Weinbergs Theorem PRI AR 0) 88-135
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Equation of Motion

Consistency of constraints with equations of motion requires

H = /d%N“Hu ~0

= -8—4+{A,H}

at 'Q"'-'(-‘l-’(!f' Redundat ICY.

0A 3 =
=1 g 1 l ’{'!-:-' 0 }
ot +‘/d yN"(y) | (9

Fu(e) = [ @y N“@) (4

_--) ?'.[“NO
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Degrees of Freedom

o Phase Space: (hi;,m")

@ Constraints: H,

@ Arbitrary Functions to be gauge-fixed: N*

6 bﬁf% +671% - 4Jfﬁ,g -4 N"%s
= 4 canonical degrees of freedom

'wo real degrees of freedom: the polarizations
of the transverse, traceless gravifol

To avoid new degrees of freedom, we must preserve the balance
between the size of phase space and the number of constraint:
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Examples

@ Ultralocal Limit of GR

- Neglect spatial derivatives in //,

D. Salopek
Phys. Rev. D 43 (1991) 3214-3233

- Same phase space, number of constraints as GR

{Ho(z), Ho(y)} = 0 €&=————— Abelian Time Translation
{Ho(@), 1)} = Ho(y)0ai 6% (@ — y)
{Hi(=), H; (@)} = H,;(x)8x:8%(x = y) = Hi(Y)By: 8 (x — y)

Preserves sSpafialsGovariance

@ “"Covariant” Horava-Lifshitz Gravity

- Larger phase space, more constraints than GR R

P. Horava, €. M. Malby-Thompson
ys. Rev. D B2 (2010) 064027

- Obeys “non-relativistic covariance algebra” P Horava, ¢\
f fral l GR Phys. Rev. ©
analogous to algebra of ultraloca 1007.2410
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Modifying the Graviton

The Hamiltonian Constraint

o Ideally, one would like to solve the constraints /', modify the
equations of motion on the /1 :ic0l phase space of the graviton

o In general, cannot solve the Hamiltonian constraint |/

o This is an obstacle to canonical ¢ ium qravity
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Modifying the Graviton

The Hamiltonian Constraint

Ideally, one would like to solve the constraints '/, modify the
equations of motion on the /1 0l phase space of the graviton

In general, cannot solve the Hamiltonian constraint '/

This is an obstacle to canonical v qravity

Our Approach

Solve Hamiltonian constraint in a cosmologically motivated gauge,
reduce size of phase space, retain momentum constraints //

Modify the ensuing spafially covariant theory
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Flat FRW Meftric

ds® = —dt* + ui"(:/')dz-jdmid:vj Hyguw =

"Phase space” is (a, Hy.p)

Scale ftactor. Is analogous to a canonical coordinoie
Hubble parameier is dl"llegOUS to a canonical omentum
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Flat FRW Meftric

ds® = —dt* + a*(t ﬂ)éz—jd:cida:j Hyguw =

"Phase space” is (a, Hyup)

Scale factor is analogous to a canonical coordinale
Hubble parameler is analogous to a canonical iomentum

N=] Nt=0

vh =1a° Y =""6a* Hyg.

Conformal part of spatial metric is conjugate
to the trace of the momentum tensor
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Conformal part of: spafial metric is conjugate
to the frace of the momer*um tensor
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Conformal Decomposition

Split spatial metric h . info a volume
factor () and a unit-determinant metric // ij

Cohtormal o2t
L h T = 2
Phase Space b 3w

Unit=-Determinan det'’h: =% h” =0
] B o
Phase Space

4 (| 1 :3
_‘_l_ih .'ﬂ'w-w/

(h"ij& ﬂ-U) S (wa ﬂ-w) 9 (’NL‘ija ﬁ-’J)

This decomposition is completely general
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Conformal Decomposition

Split spatial metric // . info a volume
factor (. and a unit-determinant metric // i
Contormal . be 27Tt¢
Phase Space

Unit=Determinan?

Phase Space

(h"i.ja ﬂ-u) S (wa ﬂ-w) 3 (i?'f_]a ﬁ-’J)

This decomposition is completely general
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Cosmological Gauge

o Use ' as our clock; valid about an FRW
background, where (.’ evolves monotonically

X Ew — w(t)

o Impose | || witha Lagrange multiplier '

{XaHO} = () ——) X, Ho are second. class

o The second class property allows us to solve for
the corresponding Lagrange multipliers '\ and

o Gauge-fixing constraint \ eliminates arbitrary
function /\/, preserves counting of DOF
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Wiy i
l.‘_ PFQP i : 4 " ,-. {
the corresponding Lagrange multipli rs [\ and A

ve

© Gauge-fixing constraint X eliminates drbifmry
function IV, preserves counting of DOF

Page 44/78
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Phase Space Reduction

By taking a square root, we can
solve #{p ~ 0 to obtain 7y ~ TR

7r”7r3_,,
RGR™= \/- - w_2/3 + 2A

Expandi g
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Phase Space Reduction

By taking a square root, we can
solve %y ~ 0 to obtain 7, ~ TR

7r”7r33
TGR = \/‘ - w_2/3 + 2A

ant 1IN«

-~

(I’Jijﬂ'”i‘j)/(ﬂ()ax) F ionp < (w,‘rrw),(,,;,- 7
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Spatially Covariant GR

Hi'= —2h5V3 77" — wVir,

o~

N%:':'. are | agrange mul] i'}[\.in"‘] S enForcing ’Hz ~ O

0A

Y. Qs
roal

{AHyS = /d?’m (—d;,. r +Ni7'2i)

Physical Hamiltoniar |.>'-|f'.i‘;.f'——T

(4 B A / . ( A 6B JA OB )
A, — az = S o~ BT 1
| (Shm”(;) hﬂ_mu(:) ATF’”“(Z) ('511.,,,_,,(:)
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0A dB dA
Ohmn(z) 67™™(2)  dwmn(z) Shnn (2) )
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Degrees of Freedom
@ Phase Space: (Fbij,ﬁi‘j )
o First Class Constraints: H; {{H;(z),H;(y)} ~0

@ Arbitrary Functions: N’

5his+ 5746 3IHE-3IN'S
= 4 canonical degrees of freedom

Counting depends solcly on

o Size of phase space

o First class constraint structure
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Modified Gravity

o Modify the physical Hamiltonian density on the reduced phase
space /), ., "

o Focus on /.., the scalar part of the physical Hamiltonian density

o To represent spatial covariance and preserve counting of degrees of
freedom, we demand two conditions:

First Class Algebra Consistency

(Hi(2), 7 ()} ~ 0

(Spatially covariant GR satisfies both)
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Modified Gravity

o Modify the physical Hamiltonian density on the reduced phase
space /) ., "

o Focus on /.., the scalar part of the physical Hamiltonian density

o To represent spatial covariance and preserve counting of degrees of
freedom, we demand two conditions:

: | / / A - .
l “ I:| ‘.lﬁj|||x fh‘y|L:E‘|\l (1 ﬁ ¢?i|1i§5bi1liir‘ ,"g!

—~

{Hi(x), Hi(y)} ~ 0 Hi~0

(Spatially covariant GR satisfies both)

What freedom is there to modify 7. ?
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Gradient Expansion

@ Expand in powers of spatial derivatives '
Tw = TGt 71'1(6;‘) + Wz(ﬁiﬁj) o S

@ Aside from the momentum constraints '/, ,
there are no vector quantities, so /(| vanishes

@ Taking only the lowest order term yields &2
ultralocal theory of gravity

Page 55/78




Pirsa: 11110077

Ultralocal Gravity

cf. Salopek

@ Assume . contfains no spatial derivatives;
this is a long-wavelength, deep /1ifarcd limit
in which gravitons have only “irc'ic energy

@ Preserve form of momentum constraints

’Hz‘ — —zhijvkﬁjk 3 wV,-u J

@ Most general /. is an arbitrary function of
time / and the scalars (/)
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Computing the Algebra

lensor: pai i Scalar Part
= e Y Hy = TR
i —2h,;ijﬂ'Jk K

i = —wVim,

Variations of ./, /' involve spatial derivatives acting on
the field variations, complicating the Poisson brackets

To compute Poisson brackets, introduce the smoothing

functions / (', 7 (1], and compute Poisson brackets of the
smoothing functionals

FJ Efdsmfi$ FK E/dSIfi’Ci

Gy = / d*y g* T, Gk = / d*y ¢" K,

o Derive distributional identities, i.e., identities which hold
“for all | g A4

’
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Sample Bracket

Fy= [ &P 1, G = / &y g T,

{5 G} [ Bz By Fa)g* () 7 (2), Tulw))

ol

=28 1R f - O (AT - %ﬁ'n"{?if" o = 280 by V!

{F;,Gs} =2 / d*z {(?,_.f") (vig") hap e — (6,,90) (va f") i 70
-+ (ﬁkft) 63 (g"il.,'jﬁ'“jk) o (f?,,-gu) ﬁ;‘ (fiil.,;:,ﬁb")}

{Fs,Gs} = [d"‘snl"y FH(@)g"(y) (.(2)05:8° (2 = y) = 7. (4)0ya0*(z — y))

Ti(@), Ta(y)} = Tu(@)05i0°(x — y) — Ti(y)0yad°(z — y)
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The Ultralocal Algebra
lensor pari Scalar Pard

,_73- —— -QFL,;jﬁk‘ﬁ'jk }C,' - —wvi'ﬁw

{7.@), 7. ()} = 7. (@)0u* (@ — ) = 7 ()0 8%z )
(7 (), Ko@)} +4 @), 7 0)} = K (@)0ud (@ = ) = K. (1)By6%(z — )
(Ki(@), Ko ()} =0

{ '." : (:L'), .?I { ; (y) J.’ .r;' .-‘ (:E)ag:'* 53(_’1; — ’y) o ."I ff ; (y)ayj 6Ii,1(‘3€*_s’f.l]l) ’
7

—  {Hi(z),Hi(y)} ~0

Pirsa: 11110077 Page 59/78




Pirsa: 11110077

Consis’rency

@ By assumption, /(! is invertible, so we can
take . to depend on «wand ¢(n) =7, ...

—w0gs A, () + / d°y N? (y){Hi(z), 1;(y))

® The constraints are first class, so

7';[-,1 i U [Aﬂw % 0

@ This is a confo » equatio
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Conformal Symmetry

o Spatial Conformal Scaling fz' —> /)

w—Now AT

@ The invariant scalars are
i (i ¢(n) s ) ~ ”ivt—l
qb(n)=—wn oln)=Swy s ...
@ The most general solution to /\// () is an
arbitrary function of the (/)

AT, = () gy
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Spatially Covariant GR

Hi = —2hijVi#’* — wV;r,

~

N's are Lagrange mull pliers enforcing § H; ~ 0

0A

A=—2—
BE T

{AH} H= /d% (—a;,. : +Ni?f{i)

Physical Hamiltonian Density ——T

g / £ ( o4 5 5A 6B )
A, — avz = = ~ T 1
. Shmn(2) 0F™"(2)  OT™™(2) Shyn(2)
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Conclusions

@ Can we modify the behavior of the graviton?
Can we modify GR wilhoul new DOF?
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Realistic Case

@ Allow 7. to depend on spatial derivatives
through the Ricci scalar /7 of /i

@ Ricci scalar dependence is the [cocing local
correction to infrared dynamics

® Most general 7 is an arbitrary function of
time /, /', and the scalars (/) = ﬁ’;flﬁ";? ...fr"’i*f'

@ This class of theories ncludes GR

8 (2)
TGR = —\/;\/ TR EYE + 2A

Pirsa: 11110077 Page 64/78




Pirsa: 11110077 Page 65/78




Realistic Algebra

Tensor part Scalar Part

Ti = —ZFLijﬁkﬁ'jk ﬁz ey s7z 5 ’Ci ’C,‘ = —we’,-’rrw

@ As before,
{T:(x), T ()} = Tu(2)0:6%(x — y) — T:(y)Bya0°(x — y)

@ Poisson brackets involving / are /V\/Cl more
complicated in the realistic case

SR = —R*6hjr + V*V' 5hy,

@ To compute these brackets, we resort once
ngiﬂ to smoothing functionals
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o

o To compute these brackets, we r. sort once
again fo smoothing functionals

Page 67/78
Pirsa: 11110077




Sample Bracket
Fi= [darK, Gy = [dga,

9 (n+ 1) = 7 I1% (n) 1 (0) = h

= amﬂ omn mn
0 (0) Loy (rmey*  g#motn-1)

@) et sl () 5%)

SF Oy sk 11
()'ﬁ-rrm a f nzzn d¢( 6mn s I)Jk

{F; Gk} =-w [(l‘ f (9a9®) ’“22(%5( 5 ip(m) +2ufd 2 (0a9") —ER L

9, 3. (e pri\e ok (/9 a O 2 B Ts e o [ (o .a ony,
—2w /(l 2 (Va-f)V.V ((()..y ) ()R) e W /(l 2 (0ifY) V.V ((()”y ) 0!})
-4 | o -
.u-/(l": (@if) (9ag”) ( h’((%‘; + E mae(m (:DW )
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Sample Bracket

190601 = [ P+ 5o [ 00 )9 (0 5)

; ¢ Ly Bfr,,.,
—w/d‘z (0 f") (Qug®) (3 Y +IZ 6¢(m))
(P 6o} = = [@=gkaans' = g [ @9 0u) 9 (05 T )
+w f d*z (0,1") (&.g")(

{F1,Gk} +{FKk,G,} =./d3zf"}C.-3ag“—/d”zg“ICua,-f‘

e ol g an
i l-lzv_ ai i Vk ( aﬂ a _id)
w [ @29 (@uf) T+ ((@ug) T

y o,
_gw‘[rl 2 Vi (9ag”) V (("f ) ,m)

{F;,Gk} + {Fk,G )} = / d*z fK,.0,9° - / d*z¢°K,8, f*

e i 4 = O%.
; . e l.i._: -)” (7] )), "l Pk . 3 :")
em) ./( (99" (940:f )< 3 OR
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Realistic Algebra

{H (), H;(y)} = H;(2)0,:8%(z — y) = Hi(1)8y:6°(= — ¥)
+ Opi (— " () Ok 053 6° (. — y)) — Oyi (— W (y)aykay.»a"’(x - y))

i —43-0)6 8”.,.

O ya . o, OTdi=s: O™,
T 2 .'.( J s 2 l.t J -
] w 8Rv 57k w 87?ka on

ot

(i), Hi(y)} ~ 0 =D

@ Ultralocal Case ipt=—"1)

“oR

16 A
Iw?/3en A

@ Spatially Covariant GR  Zi(mGr) =
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g 2 6;'1‘,- @J 6:1:.
OR

oE 8 {-’J[",}.) JH
reRs TVl 28

. - - -~ - J - —
aR " "R 04(2) 96(2) © OR

- OTGRr o 2 OTGR OTGR OTGR = -B?TGR)
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OrGr @j

Omgr 2 OmGR ImGRr A
AR ~ 96(2) 99(2) IR

AR 00(2)

Tk + 2275 (

2 aWGR aﬂ'GR

oR 96(2)k
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Realistic Summary

@ Realistic theories obey a generalized version
of the RG equation ' (1 , which encodes
invariance under flow through the space of
conftormaiiy equivaleni spaﬁal metrics

@ Realistic theories must also obey the
differential condition /. ) , which is
satisfied non-trivially by GR

@ These two conditions are necessary and
sufficient FOI" T to yleld a consistent fheory
of the graviton degrees of freedom
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Future Work

@ Classify solutions to /,

@ Generalize results to include a possible
dependence of . on more general
derivative quantities, e.qg.,

xe T SRR o RO
RinJ,R,;jTFJ,Vka’:TJ,...

@ Is it possible to modify general relativity
parameftrically in the infrared?
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Conclusions, Questions

@ Can we modify the behavior of the graviton?
Can we modify GR wi'hou! new DOF?

@ 725, in the ultralocal limit, provided the
theory is invariant under conformal scaling
of the spatial metric
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Conclusions, Questions

@ Can we modify the behavior of the graviton?
Can we modify GR i hou! new DOF?

@ /o5, in the ultralocal limit, provided the
theory is invariant under conformal scaling
of the spatial metric

@ Is GR the unique low-energy (ocdl, realistic
theory of the graviton degrees of freedom?

o If so, Lorentz invariance in the gravitational
sector could arise as an accidental symmetry

Pirsa: 11110077 Page 77/78




Pirsa: 11110077

S

Roadmap

|
In canonical form, GR \ls

sa theory of a spaﬂaLmetric\ +; (which has
six components) subjec

to four spacetime gauge symn ‘fries

IS

{ \
For theories of a spatial metric, relaxing four spacetime sy \'q:’rries to
three spatial symmetries introduces a new graviton polariza® \
6—3=3 Py

Phys Rev.D 7"\ 109) 084008

09013775\ \
Instead, consider theories of a unit-defterminant

spatial metric ), \
(which has five components) subject to three spatial gauge symm %, ‘es

5-3=2

In a particular gauge, general relativity can be cast in this form!
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