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Abstract: <span>The solutionsto

the cosmological constant problems may involve modifying the very long-range

dynamics of gravity by adding new degrees of freedom.& nbsp; As an example of a conservative and minimal
such modification, we consider the possibility that the graviton has avery

small mass.& nbsp; Massive gravity has received

renewed interest due to recent advances which have resolved its traditional

problems.& nbsp; This kind of modification has

some peculiar and unexpected features, and it points us towards a universe

which looks quite unfamiliar.<br></span><span><em>Support

for this colloguium is provided by The Templeton Frontiers Program.</em></span>
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General Relativity
Einstein-Hilbert action:  dynamical variable is the spacetime metric gpp, and matter fields ¢

M3
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General Relativity
Einstein-Hilbert action: dynamical variable is the spacetime metric gpp, and matter fields ¢

M3

2

S

l al
/r/ r—gR+ L (Y, g)
Equations of motion for the metric -- Einstein’s equations
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10 constrained and redundant second order PDE’s for the metric tensor.
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General Relativity

Einstein-Hilbert action: dynamical variable is the spacetime metric gpp, and matter fields ¢

Mz [
,_ p ! .
S = d'v /—gR + Ly (1. g)
Equations of motion for the metric -- Einstein’s equations
R | R | T
L T Y 5 L
} 2 ; Mp /

f \

10 constrained and redundant second order PDE’s for the metric tensor.

The redundancy is diffeomorphism invariance:

' — fH(x)

Af*of’

() = (o (x
G () = S T g ()
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GR 1s interacting massless spin-2
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GR 1s Iinteracting massless spin-2

|
M

Expand in fluctuations around flat space: Guv ~ Ny 5 huy

P

' | | | ,
S /r/I‘r _)r‘),\f:;,,,r')'\/a“" ! r‘),,/i,,,\r')"f:“'\ A, "0, h 4 .)t"),\/.‘(')'\h | hy, T
\ ~ - Pl

Gauge symmetry:  dh,, = 0,8, + €,

Two physical degrees of freedom: two polarization states of a helicity 2 particle,

OrTT ~ T

L)

Plus specific non-linear interactions, constrained by diffeomorphism invariance:

| ) ] | 9
' *h? + —50*h* 4
(V7R VF
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Tests of GR

We think we have a good idea what the stress-energy tensor of the solar system is
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Tests of GR

We think we have a good idea what the stress-energy tensor of the solar system is

Parameter [EfTect Limit Remarks
1 time delay 2.3 x 1077 Classini tracking
light deflection | 101 VLBI
7 -1 perihelion shift B 1079 Jy = 1077 from helioseismology
Nordtvedt effect 23 % 101 N = 4 3 asstmed
Earth tides 10— gravimeter data
0o orbital polarization -1 Lunar Taser ranging
2 10! PSR J2317+ 1439
g spin precession b= 1077 solar alignment with ecliptic
o pulsar acceeleration I pulsar /7 statistics
1IN Nordtvedt effect 0 101 lunar laser ranging
¢y 2% 10°¢ combined PPN bounds
binary acceleration I = 1077 Py for PSROI9TSH16
Newton's Sed law 10" lunar aceeleration
Gy not independent (see Eguation (58))
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Tests of GR

We think we have a good idea what the stress-energy tensor of the solar system is

Parameter

|

flect
time delay
light deflection
perihelion shift
Novdtvedt effect
Earth tides

orbital polarization

spin precession
pulsar acceeleration

Nordtvedt effect

binary acceleration

Newton's Srd law

Liit
< 10
< 10
< 10
10
10
10
< 10
< 10

10

< 104

< 10
10

Remarks

Classini tracking

VLI
Jo 10°7 from helioseismology
1IN (18] 3 assuned

gravimeter data

Lunar laser ranging

PSR J2317+ 1439

solar alignment with e |L\»IL|
pulsar /7 statistics

lunar laser ranging
combined PPN bounds

Fy for PSROT9TS34+16

lunar aceeleration

Lot lluh'|n'ml<'ln [See |.:||L.||Lnn (as))

Hulse-Taylor pulsar

IBARAARAREE RN RERLE RAARERRR RS
=
ha
-
-
-
-
-
-
L
Ganeral Raelativity prediction N\
\
"
*
A
\
1 e L Ly N
97 Y80 )85 1990 19 000
Year

1993 Nobel Prize
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We think we have a good idea

Parameter EtTeet
| time delay
light deflection
] | |n‘t\||w lion shift
Nordtvedt effect
£ Earth tides
0o orbital polarization
oy spin precession
oy |»IL\'~.\[ aceeleration
1IN Nordtvedt effect
§
binary acceleration
Newton's drd law
Gy

Liit
2.5 < 10
1= 10
3o 10
2.3 % 10
10)
10)
2x 10
1= 10
1 = 10
0= 10
2x 10°*
1= 10
10)

9

Tests of GR

Remarks

Classini tracking

VLI
Jo 10°7 from helioseismaology
1IN 1 3 assumed

gravimeter data

Lunar laser ranging

PSR J2317+ 1439

solar alignment with e |L\»IL|
pulsar /7 statistics

lunar laser ranging
combined PPN bounds

Fy for PSR4 16

lunar aceeleration

Lot lluh'|n'ml<'llf [=ee |.:||L.||Lnn {as))

what the stress-energy tensor of the solar system is

Hulse-Taylor pulsar

ey
-
ha
-
-
-
-
-
.
-
Genaral Raelativity prediction N
\
R
*
\
\
e b Lo b L
) 180 985 1990 19 (s]a]s]
fear

1993 Nobel Prize

Data agrees with GR, but all tests of the linear regime
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Apply to cosmology

-

|

77’1‘11/
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Apply to cosmology

L —

|

—T
Mp~ "™

I
> >
h;w T 5 /l!];”,

| 0
Dir =\0  a(t)?s;,
. 14
"r_ﬁu- ( P ”,,',H )

Assume homogeneous (copernican principle) and isotropic space:
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Apply to cosmology

L —

| |
) ) T
h;w Py /lﬂ;,,, 1 l;uf
.2 ;'\l[’
| ()
. . . . D =\0  alt)?s;,
Assume homogeneous (copernican principle) and isotropic space:
I P
J ;J ”,'.JJ
« ')
- (- |
I~

a2 3M3 Z{)'
p+3H (p+p)=0

Possibilities:

) If we can measure the geometry a(t) and the matter contents, we can test GR,
2) If we assume GR and measure the geometry a(t), we can determine the matter content,

3) If we assume GR and measure the matter, we can determine the geometry a(t).
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Measuring the geometry
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Measuring the geometry

Luminosity distance:
| & Instrinsic luminosity
a ;
d7
L {7 I «= Observed flux
[f the intrinsic luminosity of a source is known, the luminosity distance

can be found by measuring the apparent huminosity.
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Measuring the geometry

Luminosity distance:

. [ & Instrinsic luminosity
dy
. || 4= Observed flux

[f the intrinsic luminosity of a source is known, the luminosity distance

can be found by measuring the apparent lnminosity.

Clalculate the Luminosity distance from the geometry:

2 - (/_'l' N ”(Jnri,-«'
d; = (14 z2) / ; l + 2
L Jo [[(:’) Lo

[f we can find dy(z) for a bunch of objects over a range of z we can find a(t)

Pirsa: 12110061 Page 18/110



Pirsa: 12110061

Measuring the geometry

Luminosity distance:

. [ & Instrinsic luminosity
5
L i €— Observed flux

[f the intrinsic luminosity of a source is known, the luminosity distance

can be found by measuring the apparent lnminosity.

C'alculate the Luminosity distance from the geometry:

9 Eody Qb
d? = (14 :)/ , ) LT as s
Jo f[(" ) em

[f we can find dy(z) for a bunch of objects over a range of z, we can find a(t)

For small z, this is Hubble's law:

| 5 | . k .
[[,H,J’ z 1 obs ) =7 1 f obs ’{ -JJ' } .“"“ } 2 2 :‘g I
bsdr 3( Gobs) 5 ( ol Uobs 1 Jol ”Jm”ﬂm)
| d?a _ 1 d%a
( = . -
{ H=a dt J H3a dt
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Measuring the geometry

Luminosity distance:

. | & Instrinsic luminosity
dy
. | F' 4= Observed flux

[f the intrinsic luminosity of a source is known, the luminosity distance

can be found by measuring the apparent huminosity.

Clalculate the Luminosity distance from the geometry:

) " (/_'l' N ”r)nri,-«'
d7 = (14 z) / 5 l 4+ 2
L Jo [[("") Lo

[f we can find dy(z) for a bunch of objects over a range of z, we can find a(t)

For small z, this is Hubble's law:

l 5 | 5 k .
l[au.n‘(’ z 1 (Jobs ) 2~ 1 } Hobs :{(-,,- f IUH f 5] B :.; f
btk g1 = Gobs) (i( fob fobs 7 ol ftmhﬂzm)
| d?a _ 1 d%a
( = . -
{ H=a dt J H3%a dt
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The problem:
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The problem:

Suppose we measure the matter by counting up all the galaxies we see (and the dark matter)

l L
h)-,m/ — Ell)fj!,_;/ ;é El"“/

obscrved expansion history

observed mass/encrgy

(including dark matter)
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The problem:

Suppose we measure the matter by counting up all the galaxies we see (and the dark matter)

l L
[I)'fu/ — E[‘).q,luf ;é j\{TL‘“’

observed expansion history

observed mass/encrgy

(including dark matter)
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The problem:

Suppose we measure the matter by counting up all the galaxies we see (and the dark matter)

l L
h)-,m/ — E[l)_(j!,_;/ ;é EI"“/

observed expansion history

observed mass/energy

(including dark matter)

Fasy to fix:
Alter right hand side

1 9
D [[“,, — T”';“:\g,uu] Mysterious dark enerey

1
Ry — 2["'9“” - my
[J
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The problem:

Suppose we measure the matter by counting up all the galaxies we see (and the dark matter)

l L
[l).f”, — E[l)fj!,_;/ ;é EI"“/

observed expansion history

observed mass/encrgy

(including dark matter)

Fasy to fix:
Alter right hand side

1 9
D [[}“, — T”,;;J'\.(h“,] Myvsterious dark enerey

1
Ry = SR = 3
.

Or alter left hand side
] | -

h)-,u,u — [‘)-U,Lut + Aguu = D) 1;_1:/ Modified gravity
2 mp
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Supernova data 2011 Nobel Prize

['it to a two component universe with matter w=0 and vacuum

energy w=-1 (assuming GR).

p wp.,  p~a 3(1+w) ”(_')‘_’ Z l;/;llyg (14 :)Z{(_l Fuy)

f
(!
44 .
42 .
o 7
@ 40 ”
L= e
38 r
:" 4 "‘ (1,03 02,07 ]
E an sk .
0 o (2,03, 0,00 7
34 ' 1,100,000 4
('/ 4 ()
ey p—p———t R RA Q,
) 1
0
') #~
1.0 ) ‘
PV
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Supernova data 2011 Nobel Prize

['it to a two component universe with matter w=0 and vacuum

energy w=-1 (assuming GR).

p wp, p~a 3(14w) [[(:).’ Z l{l__':l;g (1 + :)Z{(_l Far,)

f
(!
44 L]
42 .
= ’
@ 40 /
S 0y
38 ol
:.' a - 1,203, 02,07 ]
F 8t 1
S 38 st 2,03, 0,00 7
Y ) |
34 Y (100,00 4
g { ()
et ——r— e bt rrr—] i,
y ]
o
o
©
.' Q
=
£
= o -
1.0 1 ‘
M U, | Q
0.01 0.10 1.00 M

Data shows AMp, ~ pas
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Contributions to Lambda are expected
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Contributions to Lambda are expected

 Phase transitions: Appase ~ _\'l’/,"l/;?].
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Contributions to Lambda are expected

e Phase transitions: A, pase ~ AV/M?
pha / ! _“.}

« Vacuum energy of quantum fields: vV—g=h+---

v ) ntofl ") ] ]
(.if\) ~ ~ 1 / " : (/W"AI_ ~ '1!":I1HH' S ,f\ . A\ [l'llll)”. tuff helow the eutof
Y I Mp . )2 Mp 7 4Algquantum ﬂl;,‘),
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Contributions to Lambda are expected

e Phase transitions: A,pase ~ AV/M?Z
phas / ! _\1.‘

« Vacuum energy of quantum fields: vV—g=h+---

v ) utofi ") ] ]
(h) ~ ; o] /u. "R Mg o a Mo o
Y I Mp . )2 Mp 7 4Arguantum ;"\l;,‘),
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Contributions to Lambda are expected

e Phase transitions: A,pase ~ AV/M?Z
phas / I AV

« Vacuum energy of quantum fields: vV—g=h+---

. e
Mnorn 2 / .

() ~ :_ o / ,/’A-A . Mivor o At m (T helow the entofl

VY | .”w , I‘"Q “”,J” quanturn ﬂl;,'},

e Bare CC: Ly ~ ‘-‘"”I,'), / (fl.l‘\/—i_(}:’\];;m. -+ - tufl above the eutol
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Contributions to Lambda are expected

 Phase transitions: Appase ~ _\1’/,\/;}3.
AV

« Vacuum energy of quantum fields: \/—5’} = h+---

v ) utof ") ] ]
(h) ~ ; ~ /”' o Maven oA M vofe 2 boalw ik prtta
Y I Mp . )2 Mp 7 4Argquantum ﬂl;,'),

e Bare CC: Liv ~ f”f; / (fl.l‘\/—i_q.-"\];m\(. + tufl above the eutol

Observed CC is sum of evervthing:

Anlmvrw-l — Ali;n'e- + *f\c[u.‘mlum + f\plmm- + e
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The cosmological constant problem

l
> > y T 122
II‘,,, g 9 ll.(l)‘:‘.” +.‘\!}I”, 2 lf”" : ~ l{l

Really small
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The cosmological constant problem

I I A\ v
= d ~ 107122

“"‘\ / I

|
> > |
l';rr! o 9 l‘.(f;uf + “\.q;u/
- i}

Really small
Two aspects to the problem:

e cxistence of the small number (naturalness)

¢ stability under quantum corrections (technical naturalness)
“I;\tlll.‘\(‘l‘\‘i'l — AH;nw- + “f'\(lll;mi.mll + Ap}mm- t o

Old CC problem: why is the CC zero and not large (i.e. planck or electroweak scale?)

New CC problem: why is the CC non-zero and ~ matter density today
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Possibilities
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Possibilities

« Anthropics
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Possibilities

« Anthropics 'i:, - O
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Possibilities

« Anthropics < 9

» Modified or additional dynamics (new DOF)
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Possibilities

« Anthropics '~'  - O

N
o Modified or additional dynamics (new DOF) N — /
/
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Possibilities

« Anthropics & 9

N
» Modified or additional dynamics (new DOF) N — /
/

e Sheer Tuck
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Possibilities

« Anthropics - B
‘..__4 — —— -
N 7 NN
« Modified or additional dynamics (new DOF) N— / \ /
/ /f "\ \

e Sheer Tuck
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Possibilities

« Anthropics 'i:,_ B
‘-.___)_' — e =
\\ A \.. \
« Modified or additional dynamics (new DOF) N — / \ /
/ /f -\ \

e Sheer Tuck

e Calculation wrong a\,—}-QJ:Ej_}
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Z.00 of modified gravity

Any proposed theory should
have something to say on two

fronts:

1) Why is the universe
accelerating at such a small

rate?

2) Why does a large CC not

curve the universe?

Dark Energy?

[ Graviton has
/’ [Erp—_—
Graviton \
15 ot spin-2, massless |y
feld Comistent IR
Lorentz invariance modification of

s broken wravity

S,

Nonlaculity condensite

Ghast

o Should be an infrared modification. to say something about the

cosmological constant without messing up solar system tests of gravity

o GR is the unique theorv of an interacting massless helicity-

2 at low

energies — to modify gravity is to change the degrees of freedom
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Historical case of modified gravity vs. dark energy
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Historical case of modified gravity vs. dark energy

Mid 1800°s: Newtonian gravity is the accepted theory, Uranus has a discrepancy in its orbit
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Historical case of modified gravity vs. dark energy

“

Mid 1800°s: Newtonian gravity is the accepted theory, Uranus has a discrepancy in its orbit

Le Verrier discovers Neptune (with the tip of his pen) ’
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Historical case of modified gravity vs. dark energy

Mid 1800°s: Newtonian gravity is the accepted theory, Uranus has a discrepancy in its orbit

Le Verrier discovers Neptune (with the tip of his pen)

Mercury has a discrepancy in its orbit: perihelion precession by 437 per century
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Historical case of modified gravity vs. dark energy

Mid 1800°s: Newtonian gravity is the accepted theory, Uranus has a discrepancy in its orbit

Le Verrier discovers Neptune (with the tip of his pen)

Mercury has a discrepancy in its orbit: perihelion precession by 437 per century

Le Verrier postulates the planet Vulean
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Historical case of modified gravity vs. dark energy
Mid 1800°s: Newtonian gravity is the accepted theory, Uranus has a discrepancy in its orbit
Le Verrier discovers Neptune (with the tip of his pen)

Mercury has a discrepancy in its orbit: perihelion precession by 43" per century

Le Verrier postulates the planet Vulean

Vulcan never found: precession later explained by GR
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Lorentz invariance: degrees of freedom & interactions

o Lorentz-Invariance — degrees of freedom are classified by mass and spin/helicity
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Lorentz invariance: degrees of freedom & interactions
o Lorentz-Invariance — degrees of freedom are classified by mass and spin/helicity

spin (m=>0) 0 ‘ l ‘ 2 ‘ s=3

states (0 ‘ -1.0.1 ‘ -2.-1.0.1.,2
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Lorentz invariance: degrees of freedom & interactions
o Lorentz-Invariance — degrees of freedom are classified by mass and spin/helicity

spin (m=>0)

states () ‘ -1.0.1 ‘ -2-1.0.1,2

helicity (m=0) 0 ‘ | ‘ 2 ‘ s=3

states 0 ‘ -1.1 ‘ -2.2 ‘ -S.8
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Lorentz invariance: degrees of freedom & interactions

o Lorentz-Invariance — degrees of freedom are classified by mass and spin/helicity

spin (m=0) U ‘ l ‘ 2 ‘ s=3
states (0 ‘ -1,0,1 ‘ -2.-1,0,1,2 | -s,..-1.0,1,..8
helicity (m=0) 0 ‘ | ‘ 2 ‘ s=3
states 0 ‘ -1.1 ‘ -2.2 ‘ -S.8

Theorems:
e Yang-mills is the only way for helicity-1"s to interact at low energies
« GR is the only way for helicity-2 to self-interact at low energies

« Helicity 23 can’t interact at low energies
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Lorentz invariance: degrees of freedom & interactions
o Lorentz-Invariance — degrees of freedom are classified by mass and spin/helicity

spin (m=>0) 0 ‘ l ‘ 2 ‘ s=3

states 0 ‘ -1.0.1 ‘ -2.-1.0,1,2

helicity (m=0) 0 ‘ | ‘ 2 ‘ s=3

states 0 ‘ -1.1 ‘ -2.2 ‘ -S.8

[nteractions

Anything Yang-Mills GR

Theorems:
e Yang-mills is the only way for helicity-1"s to interact at low energies
« GR is the only way for helicity-2 to self-interact at low energies

« Helicity 23 can’t interact at low energies
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Lorentz invariance: degrees of freedom & interactions

o Lorentz-Invariance — degrees of freedom are classified by mass and spin/helicity

spin (m=>0) 0 ‘ l ‘ 2 ‘ 523
states 0 ‘ -1,0.1 ‘ -2.-1,0,1,2 | -s,..-1.0,1,...8

Interactions Anvthi

nything )

helicity (m=0) 0 ‘ | ‘ 2 ‘ s=3
states 0 ‘ -1,1 ‘ -2,2 ‘ -S,8

[nteractions

Anything Yang-Mills GR

Theorems:
e Yang-mills is the only way for helicity-1"s to interact at low energies
« GR is the only way for helicity-2 to self-interact at low energies

« Helicity 23 can’t interact at low energies
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First thought: make the graviton massive

Massive particle obeys ([J — m*) =0

Generates a Yukawa potential:
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First thought: make the graviton massive

Massive particle obeys ([J — mj] (0

Generates a Yukawa potential:

IR modification scale

M 1 .
Vir)ym —-e¢ "™, m~H
Mg r

Extra DOF: 5 massive spin states as opposed to 2 helicity states
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Massive gravity: other motivations

) It is an interesting field theoretic question: is it possible to have a

consistent theory of an interacting massive spin-2 particle?
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Massive gravity: other motivations

) It is an interesting field theoretic question: is it possible to have a

consistent theory of an interacting massive spin-2 particle?

2) It gives general lessons about GR:
- Nicely illustrates the generic obstacles encountered when attempting to
modifying gravity in the IR.

- Appreciation for why GR is special
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Massive gravity: other motivations

) It is an interesting field theoretic question: is it possible to have a

consistent theory of an interacting massive spin-2 particle?

2) It gives general lessons about GR:
- Nicely illustrates the generic obstacles encountered when attempting to
modifying gravity in the IR.

- Appreciation for why GR is special

3) It shows us new mechanisms: massive gravity is a deformation of GR
» pathologies should go away as mass term goes to zero — new

mechanisms for curing pathologies
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Massive graviton: linear theory

Massive spin 2 particle: 5 degrees of freedom (as opposed to 2 for massless

helicity 2)
Fierz-Pauli action:

. I, . ;L o . B L, . L, , 2 i
L l)e),\/rf,,,f)'\fa’” FOpuhyp0' h#HA A, W0, h 4 _Jt),\hf)'\fa )m‘(h,“,h‘“ h*) 4 h T

Z - Mp
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Massive graviton: linear theory

Massive spin 2 particle: 5 degrees of freedom (as opposed to 2 for massless

helicity 2)
Fierz-Pauli action:

I l | , 9 _—
L l)i),\/:f,,,f')'\fﬂ”’ f t'),,h,,,\i)"h“’\ A, h" 0, h 4 _J(),\hf'}'\fa )m‘(h,“,h‘“ h<) hy, TH

Z M p
Einstein-Hilbert (massless) part.
Gauge symmetry: dh,, = 0,§, + 0,&,
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Massive graviton: linear theory

Massive spin 2 particle: 5 degrees of freedom (as opposed to 2 for massless

helicity 2)

Fierz-Pauli action:

(
9

L

Einstein-Hilbert (massless) part.
Gauge symmetry: dh,, = 0,§, + 0,&,

),\/:f,,,f')'\fa’”’ f (),,h,,,\i)"h“’\ A, h" 0, h 4

l l 0 ’ D]
_J(),\hf')'\fa _Jm‘(h,,,,h‘“ h*)

—

!

Mass term breaks gauge symmetry.
Fierz-Pauli tuning ensures 5 D.O.F.

I
M p

il
T
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Massive graviton: linear theory

Massive spin 2 particle: 5 degrees of freedom (as opposed to 2 for massless

helicity 2)

Fierz-Pauli action:

. L, . J ) o . ' o L ;g 1 —
L l)(),\/rf,,,f)'\fa“' F Opuhyp0' h#HA A, W o, h 4 _Jt),\hf)'\fa _Jm‘J(h,,,,h‘“ h*) 4 v huo TH
2 2 2 M p
Einstein-Hilbert (massless) part. Mass term breaks gauge symmetry.
Gauge symmetry: dh,, = 0,§, + 0,&, Fierz-Pauli tuning ensures 5 D.O.F.

Fquations of motion: (L — INB)I?,,,, = (), f')“h,”, =0, h=0
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[Linear solutions around sources

Amplitude for interaction of two conserved sources:

L, o
.;/ (»)T(p)

I ' |
A ~ /fl]in ['I”““(p)'l},,,(p) -
~

Mp p? 4 m?

4 GM For GR this would be /2
— e

3 r

e

Newtonian Potential: oy =

Hnlll‘('t‘

@, >

r~1/m
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[Linear solutions around sources

Amplitude for interaction of two conserved sources:

| ' |
A ~ / ([][) - rl”"‘”’([))’l}f,,,([’) —
ﬂl["’ .

L, o
.;/ (p)T(p)

~

p? 4+ m?

4 GM For GR this would be /2
— e

3 r

Newtonian Potential: oy = HHEE

Hnlll‘('t‘

O > 7

r~1/m

Massless gravity vs, massless limit of massive gravity: the vDVZ discontinuity

m — () m =0
Lt : _ LGM | G M
Newtonian potential ON = —— ON = —
3 r
Light bending angle 4G M AGM
(at Impact parameter h) o b Q= b
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Non-linearities
rI‘l‘ll‘;" i]l[l']}']l'l]‘(]l]ﬁ to }ll‘ 1]1”."‘-1‘ (l[(l‘l‘: I’I{”/ _q‘”,r/ = Ih”/

M2z [ — —1 4
S =—4 /r/l.r {(\/—gln’) - \/_"!T”’-"/““'!V';(/’mf/’r»-f — huahus)

2
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Non-linearities

rI‘l‘ll\-" i]ltl']}'“'l]‘(]llﬁ to }Il‘ 1]1€?Hl‘ (l[‘ (1‘[‘: ]’1{”" f};”/ o Ih”.'

M2z [ — 1 . )
H — .)I / 'fil"’. |:(\/_.(il',] _ \/_'fililjifi‘r'}ff g (h;ufhrn.f — /';u}h::.!]
Non-linearity expansion of the potential:  @(r) = @o(r) + ep(r) %*fszg(F) L

_ 4 GM | M
(;f')(,r‘) = — — | — — — L ..
3 r 6 mdrd
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Non-linearities

rl‘}ll\'l' i]l[l']‘f\l'l]‘i]l]h‘ to }ll‘ 1]1”.“-{‘ (l[(l‘l‘: ]’1{”" f};”/ o Ih”/

M2z [ — 1 . )
H — .)I / 'fil"’. |:(\/_.(i/” _ \/_'filijjif;‘rl}f’I;(h;ruhrn.f _/';u}h::.!)
Non-linearity expansion of the potential:  @(r) = @o(r) + €pi(r) + fzfﬂg(lj + o

_ 4 G N | (M
o(r) =—= | — = _ ...
3 r 6 mtro

Non-linearity become important at the Vainshtein radius:
; 1/5
vy aM\Y
e~{—) , rv=[—
r m

O i i —

r~2GM roeTy r~1/m

Source
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Non-linearities

rI‘l‘ll\-" i]ltl']}'“'l]‘(]l]ﬁ to }Il‘ 1]1€?Hl‘ (l[‘ (1‘[‘: ]’1{”" f};”/ o Ih”.'

M2z [ — — 1 . )
H — .)I / 'f[I"V |:(\/_.(i/” _ \/—J']*IINJJ'}““I]IJf(h,,,,l),,,{ _/';u}h::.!)
Non-linearity expansion of the potential:  @(r) = ¢o(r) + €pi(r) + fzfﬂg(lj Sp e

_ 4 GM | M
o(r) = —= | — = _ ...
3 r 6 mdro

Non-linearity become important at the Vainshtein radius:

ry o GM L8
€~ (—) ‘ ry = |
r m

Source

— ;
r~2GM roeTy r~1/m

vDVZ discontinuity could possibly be cured by non-linearities
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The Boulware-Deser ghost

ADM variables: 9o N* + g N;Nj;,
o ‘\'a-
Yij Hij

Hamiltonian:
M2 ,
S ‘)" / r/l.r;ﬂ”hlr;,,;,

NC — N;C

In GR, lapse and shift are lagrange multipliers enforcing gauge constraints
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The Boulware-Deser ghost

ADM variables: 9o N* + g N,N;,
o -\'a-
Yij Hij

Hamiltonian:

M2 [ ) me< . . . 9 e : . 1
S ‘)', /{/l.rﬁ”h;},,h / | |r5“r'r3ﬂ [h,,:"f;‘p hi !'f,,t) } '_’f\”fli,‘, 2.\'0”4’!,‘, F 2N, (g (}’.f) .\,_

NC — N,C'

In GR, lapse and shift are lagrange multipliers enforcing gauge constraints
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The Boulware-Deser ghost

ADM variables: 9o N* + g N;Nj;,
o ‘\'a-
Yij Hij

Hamiltonian:

M2 o[ . m= . .. . 9 . . . .
S ‘;, /"ll-rﬁ”hf}’rrh i [ |nf-r-[‘jﬁl [hr;‘f”.f’ hrj" h,u') T ‘—}””hu 2-\_("’,}:_,’ 1 -,\-’ (.’l‘” {‘U) '\f_

NC — N,C'

In GR, lapse and shift are lagrange multipliers enforcing gauge constraints

Pirsa: 12110061 Page 74/110



The Boulware-Deser ghost

o

ADM variables: 9o N*+ ¢ N;N;,
o \a
Yij Hij

Hamiltonian:

Mz [ me .o . a e . .
S "‘ /{/l.r yub Gup — N |r5”r'r!”l (hijhige = highy) + 26 hi; — 2N=6" hy; + 2N, (¢" — 6") N,

2 / f |

In GR, lapse and shift are lagrange multipliers enforcing gauge constraints

In massive GR, they are auxiliary variables

Phase space DOF = 6 spatial metric 4+ 6 canonical momentum - 0 constraints = 12 — 6
real space DOF

Extra non-linear D.O.F. is the Boulware-Deser ghost

Hamiltonian is unbounded.
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Helicity analysis

[ntroduce Stitkelberg fields: /i,,,, — /J,,,, + d, A, + ('),,;l“ + 20,0,
f,-

hy ~ helicity + 2 2 DOF
h,u.U e ;l‘” ~ Il(‘li('it-_\' + 1 2 DOF
5 DOF relativistic lmit e —» 0 . 7
¢ ~ helicity 0 | DOF
-
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Helicity analysis

Introduce Stitkelberg fields: /),,,, — /i,,,, + 0, A, + ('),,;l“ + 20,0,
(_
By ~ helicity + 2 2 DOF

h,u.U e ;l‘” ~ Il(‘li('it-_\' + 1 2 DOF
5 DOF relativistic limit m —» 0 .
¢ ~ helicity 0 | DOF
-
. . l I _
Canonically normalize A, ~ . Ay, ¢~ 0 massless limit
" ] 1 % L )2 ol
Lo = 5 Fu " = 2 (00”6 — ho*$) 4 b T
P4 v p
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Helicity analysis

[ntroduce Stitkelberg fields: /),,,, — /i,,,, + 0, A, + ('),,;l“ + 20,00

r/'
By ~ helicity + 2 2 DOF
huy — A, ~ helicity £1  2DoF
5 DOF relativistic limit m —» 0
J - . -
¢ ~ helicity 0 | DOF
-
. , | I .
Canonically normalize A, ~ m-l,,. ¢~ —50 massless limit
" ] 1 % NYIEAY] )2 ] Sk
L= — =B F¥ — 2 (h,,,,uf 8" é mm;;) b ——h T
2 M p
p ‘ This is the vDVZ discontinuity:
Diagonalize kinetic terms  h,, = f)m, + O Ny scalar 1”{}[(;.-( e
] ] I - ‘11”/ iy i ey 1 I ! r 1,;1.! | - 4
Lyp=o(h') — =FuF — 30,0 0" ) + .—/)m,l + — 1
.2 f\[}" .‘"\[]’
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Interaction terms

- I,
/r/l.r‘ {(\/ gR) — v/ _z,rlm‘l'(q.h} :

Vi(g, ) = Valg, h) + Valg. h) + Vilg, h) + Vs(g. h) + -

Va(g. h) (h*) = (
Vi(g. h) Fer(h?) ‘
Vi(g. h) Fdy (WYY + do(BPY (R + dy(h®)2 + dy(h2) (h)? + ds(h)*,
Vs(g.h) Ff(R) + f |
(h*)
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The effective field theory

After l‘{‘|)|€1['{‘lll<‘ll| h;uf ? h;u' f ('),,‘1:' f f)a:-‘l-;r f '_3,')”(),,,‘; -+ there are interaction terms:

|

y — 2 dng g ,
\ AT 9 A)na (92 )

m2MER" (DA)" (92 p)" ~ A

_— . 1/A 3ng 4+ 2n,4 +n |
Various strong {-uuplmg scales: Ay {.\/,,,”\ 1) Y S -‘} . h -
p— ey ¥4
['he lareer A, the smaller the scale l h
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The effective field theory

;‘\“P]' ]‘{‘])I;ll'{‘]ll{‘lll h;,,, > h;,,, f (‘),,,1,, f U,,.‘l.;, t Bf');,('),,rf) o 1]1{.]»{. are interaction terms:

|

9 3n., 2 A a2 \n.
VT EnATEe (9 A)A (92 )™

m*Mph" (0A)"(8%p)™ ~ A

. . 1/A Sng +2n4 +n |
Various strong coupling scales: Ay = (Mpm 1777 A S "} - ) =
p— T &~
['he lareer A, the smaller the scale l h

The smallest scale is carried by a cubic scalar interaction:

92h)? :
~ ((\7(,3] As (;’Upn)')l/"

This is the (UV) strong coupling scale of the theory
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After replacement hy,, — hy, + 0,A, + A, +20,0,¢ 4

The smallest scale is carried by a

s s : : As
['his is the (UV) strong coupling scale of the theory N

The effective field theory
there are interaction terms:
A

na"’;“\ﬁ»h”" (DAY A (D?p)" ~ AT nA=Ing fny, (f)-‘i)fj"‘ (")2‘:"")”"'

Y " . |
> 4 ' L/A O N A -+ Ny
Various strong coupling scales: Ay = (Mpm*h) A

- N + 1A+ 1y 2
['he lareer A, the smaller the scale !

cubic scalar interaction:

(5)2(5)3

~

Ay = (Mpm )1/8
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The effective field theory

x'\“l‘]' ]‘{‘])IE]['{‘]“{'IH h;,,, > h;”, f (‘),,,1,. } l"),,.‘lj., } 2““{'),,(“) | 1]1{\]'{‘ are interaction terms:

o o , " L—np —2 3ny 3 a A A2 T\ny
IN-,.""[,-)J)””(().'l)” 1(()_’(:l:.))i1‘,, iy f\/\ iy n A n hh (().‘l)”""(()-)(;"))”"

9 9 | |
.y ' L/A Ol N A -+ Ny
Various strong coupling scales: Ay = (Mpm*h A

. N + 1A+ 1y 2
['he lareer A, the smaller the scale !

The smallest scale is carried by a cubic scalar interaction:

(5)3(,‘\)]:}'

. ‘ IN1/5
~——— A= (Mpm") /5
S . . ‘ As
['his is the (UV) strong coupling scale of the theory
1 L) . . v r . . . Il’
Scalar self-interactions responsible for Vainshtein radius,

and display the BD ghost.
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The effective field theory

;‘\“P]' ]‘{‘])I;ll'{‘lll{‘lll h;,,, > h;,,, f (;),,,1,. f U,,.‘l.;, } Bf')”('),,rf) | 1]“.]»{. are interaction terms:

e . " f—nj, —2 3ny 3 a 3 A2 1\nq
IN-,.""[,')JJ””(().'l)”‘l(()-)(;"))””' y f\/\ iy n A n ]}”;'(().‘l)“""(()-)(;"))”"

Y " . |
> 4 " L/A O A -+ Ny
Various strong coupling scales: Ay = (Mpm ) A

- N + 1A+ 1y 2
['he lareer A, the smaller the scale !

The smallest scale is carried by a cubic scalar interaction:

(i)gnﬁ]ﬂ

. ‘ IN1/5
~——— As=(Mpm*)’”®
I . . < As
['his is the (UV) strong coupling scale of the theory
1 L) . . v r . . . I,I
Scalar self-interactions responsible for Vainshtein radius,

and display the BD ghost.

[Lev insight: Can choose the interactions, order by order in h, so that the scalar

self-interactions appear in total derivative combinations.
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The A3z theory (ARGT theory)

—— . ; 9\ ! Jrl'tf-)_'l"“
['he leading operators now carry the scale Ag = (;‘U;-m‘]l/;

Mptiman+2
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The A3z theory (ARGT theory)

T 1 / - 7 2v1/3 Jr:‘(r')"n\"
['he leading operators now carry the scale Az = (Mpm*) / o
Mp
Explicitly:
[ LHGe: l) ‘ L6(8cds + c3) .. |
fad T1LNaTE] Juts (1) | 3 (2) 1 4 5] uJ (3) ¢ el
2/”,,,; fr-',)_j —)ff ].\"”,((,J) \:: A\'m, (f,J) { \E". ‘\f”’(“) } .\/;-hf”!!
Ionerpy scale
A
Mp
Ay
As -+
m
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The A3 theory (ARGT theory)

o : A (] 2\1/3 h(9?)"
['he leading operators now carry the scale Ay = (Mpm*) / V[ 2t
M

Explicitly:

| i LGy L) .5 L6(8cds + c3) . /a [
huw &P hog =4 X () A ——— X2 (o ———- X3 (5)] 4 oy TH
2 2 ol A3 ol AS He Mp "
X tensors: Energy scale
| y A
‘\'[Hl ( “'['1} II ‘l'"l
aud n+ 1 r51|w,L”' (1Y)
;"\.J,
‘\'J‘F:’I,I ”‘”' [”JH' “N(')J,JJ]
(1) ‘\‘_. ..
A\w, (L s — 1
#(2) 2 ] y 1
X2 ([11] [1%]) By = 211 10, + 2117,
X% ()7 = 3 (10 [I%] + 2 [11%]) e = 3 ((10)° = [11%]) ML, + 6 1) 112, — 61T},
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The A3z theory (ARGT theory)

- . A (] 2\1/3 h(92)"
['he leading operators now carry the scale Ay = (Mpm*) / VT on T2

M
Explicitly:

16(8ds + ¢3) .. (a |

] NJTILNG I L r r(2 r(3 LY
2/”,,,&’ Yy ‘fr.',),j 2/!'[" ].\:I:,I(f.'i) 1 \f A\;,:JI((-"J ‘\g: -\;,.,,)(‘.") } _‘;I!-’r’f”!!'[r
X tensors: Energy seale

1§ 1
- ( Mp
x(n) : Lll‘ “} /
e ) | P 1l
;"\.‘J,
A\-."fzrlrl ”H:- [l]‘”‘ (I)’”(I)f‘“]
y () Il Il A
R | _":'.rw JL
=(2) 2 ) y I
X2 ([11] [1%]) Wy — 211 10, + 2112,
X® () = 3 (1) [11%] + 2 [11°]) mp = 3 ((10)* = [11%]) I, + 6 [IT) 112, = GIT7,

They have the following properties, which ensures that the decoupling limit is ghost free

(-)u‘\'i(fr!af) = () X, has at most two time derivatives,

=)

X, has at most one time derivative,

=ln) . . .
Ny’ has no time derivatives.
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Galileons

X ) 2(6c5 — 1)
Diagonalize:  h,, — hp + ohy A 0y

5}
o

N TTENA TS
D&M R

)
, 66y — 1) 2 (6ea — 1) — 4(8dr + ¢4) _ N :
3(00)* ) (06)*0¢ Skl gy (1112 - (e
10(6cy — 1) (8ds + ¢3) _

Al = (90)° ( [1)° — 3[11%][I1] 2”‘;)
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Galileons

, ) 2(6e4 — 1)
Diagonalize:  hy, — hy + ¢ohp A - O, 0y,

9
o

.J['ll“’t‘!”’l“.ihu.i
. 6(6Gey — 1 ) Geg — 1)° — 4(8ds + ¢y : )
3(09) + ~o 2= (9604 — 42— ZTEB ) (g ([P

[O(Gey |}['.\H':, Foog) o, o . ,
: . Ja)” v 1= 2 '
= (00)* (1 [12)11] + 2(11))

Longitudinal mode is described by Galileon interactions:

| 0
L.._. ‘-}[r‘)u_}’ \

| )
L‘, [r‘)ri_}’ ]]| '
2

| " 9 _
L, (o)™ (17 = [IT7])

ol l ‘ 2 3 ] 2 ¢ 3
L5 = —5(90)* (11 = 3{I1][11?] + 2(117))

11-’)
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Galileons

._.)(“f'_‘{ l)

Diagonalize: h.’”’ " f";ur f ‘.-'”r"m' f 3 f)gfc,'J(),,(,';
.Jh‘”’t‘pﬁ',n.ih” ,
, 6(6cs — 1) 2 (63 — 1)* — 4(8ds + ¢3) ) 9 )
3(0)* 4 . L(06)2 0o [ ) (96)? ( e 2 )
A3 - A8 = (1]
[O(Geg — 1Ry + ¢4) _

A} = (09)° ( [1)° — 3[11%)[11] 2”;)

Longitudinal mode is described by Galileon interactions:

| 0
L.._: ‘-}[r‘)u}’ \

. L o2
L.‘.; ‘-}[riu}’ ]]| '
- | p ) D) 3q
L, S (o) ([1]7 = [IT7])
1. .
. )2 53 2 | ofrrs
Ls .-)[ri )= (] LL][11 2(117))
o Equations of motion are second order (no ghost)
o Wess-Zumino terms for shifts of the field and its derivative ¢(x) — o(x) + ¢ 4 (‘“.."“

o Not renormalized at any loop (no qu K lecony t)
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Recovering GR in the solar system: Vainshtein Mechanism

] ) t ] 1
(Op)<Jd 4 o1

E 3 ')(,‘J 2 r
(99) A2 M,
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Recovering GR in the solar system: Vainshtein Mechanism

D) 1 2 ’ 1 P
L 3(0P)- A3 (Op)<Jd v o'l
433 iVi4
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Recovering GR in the solar system: Vainshtein Mechanism

| P |
\‘,;((')(,‘J)"[ ]("J |

L 3(0)? O
i 3 1: [1

T

Solution around point source of mass M:

1/2
2 (3)= (3
Aqry’ £ &y,
: a3y NeY \
o(r) ~ , :
a (3)< [ ry (3)
3,.\13) \ v Ny e
Aigry ( ; ) 1 v

P ! . (3)
Vainshtein radius: r,

H-th force on a test particle, relative to gravity:

3/ -
Iy o' (r)/Mp N ( r_ ) r & "'{i"”~
!",\Iv\\'lun \[/(1‘[‘,",!‘}) "

(

M
Mp,

|

l

Ay
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Recovering GR in the solar system: Vainshtein Mechanism

L aip— - |
(Op)<Jd 4

L 3(00)* :
2 A2 M,

T
Solution around point source of mass M:

1/2
3 .:‘.H—- " . _I_l'pl I3
Agry (a") ’ v - : . 3) M L
i e \ L)
O(r) ~ , , Vainshtein radius: ry
q (3)% { i (3) .”p,r
Agry : r> Ty

-

3,
Fy o' (r)/Mp ~ (,."I" ) . "'(i:'”-
\[/(\[I"“r_’) \ |

!',\Iv\\'lnm

%

> f"l- )
b= +p, T =T+ 0T

2 .. e |
A3 (0,0, P — 1, 00) D" — €

2

-3(0p)” + (00)*Op + —¢
f\[[
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Recovering GR in the solar system: Vainshtein Mechanism

P |
\:i(()“)_[ Joh 4

L 3(00)° O
l 3 1: [1

T

Solution around point source of mass M:

, 1/2
9 (3)= . (3) T
3. : & i 1/3
Agry () Ty . _ _ (3) M |
4 . \
O(r) ~ . Vainshtein radius: ry
(i.‘.' ) " ,.'::"I 1/;’[ ‘\:i
> i),

[ v

I

H-th force on a test particle, relative to gravity:

3, _
Fy _ d0)/Mp _ f~ ( ) <,
["N‘_“'l'm '\[/(1‘[!_'“,_') "y .

-

—_
-
-
—

o 2 , | o | y
=3(0p)" +H 5 (0,0, P — 1, JP) O p0d” p — = (0p) Up + —— 0T
;'\ .-’\ ;'l\[[
(3) 3/2
f'\
~ ,'

Ivinetic terms are enhanced, which means that, after canonical normalization, the

coupling to dT is suppressed.  The non-lincar coupling scale is also raised.

This is known as a Screening mechanism
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Recovering GR in the solar system: Vainshtein Mechanism
1 o1

\3((’)(,‘:)2[ Jh +

L 3(0)? O
Ny M,

T
Solution around point source of mass M:

: 1/2
9 (3)= . (3) T
3 . v 3 1/3
. Agry (a'l') ’ " - . . (3) M l
O(r) ~ . Vainshtein radius: r,
(¢ "y ) (3) .‘./;),r ‘\!i
- ! 2> f‘- .

H-th force on a test particle, relative to gravity:

[ v

3/2 _
I“ (,‘Jf(i')/,'.”p ~ ( I"J__) I < f'(“.”!
FNewton -'”/(-”f:f"‘}) l \ _ (3)
~ ! f\- B
d=0+o, T =T+ 0T
a2 |2, alb o L L
-3(0p)* + AS (0,0, P — 1, 0P)|0" D" p — ﬁ(r).;)‘Ug + ﬁ-;r)'l
(3) 3/2
I'\
,

Ivinetic terms are enhanced, which means that, after canonical normalization, the

coupling to dT is suppressed.  The non-linear coupling scale is also raised.

This is known as a Screening mechanism
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“Good” massive gravity

Quantim Classical

| |

Non-linean Linear

, I ( M ) b
rey ~ v ~
W " Mp A

o Higher cutoff
o Free of the Boulware-Deser ghost, to all orders beyond the decoupling limit

o Possesses a screening mechanism in the non-linear regime, which is under control

quantum mechanically, and restores continuity with GR as m approaches 0.
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“Good” massive gravity

Quantim Classical

| |

Non-linean Linean

A l ( M ) P
re ~ VoA~
* 7 Ay . Mp Ay

o Higher cutoff
o Free of the Boulware-Deser ghost, to all orders beyond the decoupling limit

o Possesses a screening mechanism in the non-linear regime, which is under control

quantum mechanically, and restores continuity with GR as m approaches 0.
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dRGT massive gravity

The theory can be re-summed:

o o D
ME== m* Z
{) (/“.1' vV —( [l‘) - T ‘_._)J“b’u( \/(} I"/)
= ' . n=>(0

Characteristic Polynomials

[ W By B | {, A |
S, (M) , B\ByBp prdy o NfAR gkt 5AD
: ' n!(D r.‘}!F Az Ap By B9 B,, Y Bp

Sol( M) |,
Si(M) MY,
| ) )
Sy(M) o (M) = [AF])
[ . .
Sy(M) o (M7 = 3[M][M7] + 2[M7])

Sp(M) = det M
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Vielbein formulation of ghost-free massive gravity
Or in terms of vierbeins 9w f,,"f‘,,“u_n;

9

ME=2 [ ) |
{) /({‘”.p' |("[|’I(" H}-ZH” /(.11*--.\“(-1” AR AN (‘-11,, A l.'l-,..| A e A l.\.;

Ghost-free mass terms are simply all possible ways of wedging a vierbein and

background vierbein:
(:\|-"l:-"l;:-\t(';h AN ("\'“) AN ("";{ AN ("']ll
fx1|:\::\.:A\1(“\l /\(“|lz A ("\'; A |‘|ll
Lt.‘\:‘\;;‘w""" A ez A 143 A 144
(‘.\I‘.\:‘.\:‘\](“\' A I“u A I'l"’ A I‘\L
€A A Ay Ay 141 A 142 A 148 A 144

Pirsa: 12110061 Page 101/110



Some features of the theory
| !]['()I['|i.(‘.|1
o Consistent, ghost free effective field theory propagating a single massive graviton
CC problem

o [Ixist self accelerating solutions, in the absence of a CC (acceleration is caused by

eraviton mass m ~ H)

o A small graviton mass is protected from large quantum corrections (diff invariance

restored as m — ()
e Screening of a large CC (works for linear theory, non-linear (7))
o Vainshtein mechanism hides 5-th force from experiments

Phenomenology /new signals:

o Forbids strictly flat homogencous, isotropic FRW solutions — signals of anisotropy

and/or inhomogeneity should be starting to become important as CC dominates
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Some features of the theory
| I]['()I['|.l(‘,|3_
o Consistent, ghost free effective field theory propagating a single massive graviton
' [;r[:|;i(‘[;\

o [ixist self accelerating solutions, in the absence of a CC (acceleration is caused by

eraviton mass m ~ H)

o A small graviton mass is protected from large quantum corrections (diff invariance

restored as m — ()
e Screening of a large CC (works for linear theory, non-linear (7))
o Vainshtein mechanism hides 5-th force from experiments

Phenomenology /new signals:

o Forbids strictly flat homogencous, isotropic FRW solutions — signals of anisotropy

and /or inhomogeneity should be starting to become important as CC dominates
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Superluminality: secret Lorentz violation
m=m(r)+ ¢

S, =4 [ [Kir)(@9)* = Ko()(0r0)° = Ko(r) 0og)]

. . . ) 9 l\', P f\".’
Speeds of radial and angular perturbations:  ¢; . &) -
' I\ Iy
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Superluminality: secret Lorentz violation

m=m(r)+¢

S, =3 /r/'.»- (K (r)(0rp)* = K, (r)(0,0)° = Ka(r)(9ag)?]
. . . . P ]\" ) Ir\'l_:
Speeds of radial and angular perturbations:  ¢; % “= T
3
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Superluminality: secret Lorentz violation

m=m(r)+¢

Sy =3 /r/'.»- [Ki(r)(0rp)? = K (r)(0,0)° = Ka(r)(9ap)?]
| . . s Py l\', " f\'l__:
Speeds of radial and angular perturbations: ¢; % “=
3

Radial perturbations are always superluminal at distances far from the source:

Crad
1.6

1.4
1.2
1

0.8
0.6
0.4
0.2

r/ Ry
01 02 03 04 05 06
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Superluminality: secret Lorentz violation
T =mo(r)+ ¢

S, =4 [ [Ki(r)(@9)* = Ko()(0r0)° = Ko(r) 0ag)]

) " ) . ~ ]\" 0 Ir\'l_a
Speeds of radial and angular perturbations: ¢; . &) ;
' Y Iy

Radial perturbations are always superluminal at distances far from the source:

c
1.6

1.4
1.2
1

0.8
0.6
0.4
0.2

rad

r/ Ry
01 02 03 04 05 06

[n a Lorentz invariant quantum field theory, we have:  [¢(x), ¢(y)] =0, (& — y)* spacelike

This is an operator statement, independent of the state (backeround
] I g
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Superluminality: secret Lorentz violation
m=mo(r) + ¢

Sy =3 /r/'.z- [Ki(r)(0rp)? — K (r)(0,0)° = Ka(r)(9a)?]
) , , ‘ , n l\', 9 lr\'w
Speeds of radial and angular perturbations:  ¢; % %=

f

Radial perturbations are always superluminal at distances far from the source:
Crg
1.6
1.4
1
0.8
0.6
0.4

0.2

r/ Ry
01 02 03 04 05 06

[n a Lorentz invariant quantum field theory, we have:  [¢(x), ¢(y)] =0, (& — y)* spacelike

This is an operator statement. independent of the state (backeround
| I oA

Suggests that the UV completion (if it exists) is not a standard, local,

Lorentz invariant quantum field theory.
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Summary and open 1ssues

o Ay massive gravity is the best behaved IR modification of gravity proposed so far
o ~ 40 year old problem of the Boulware-Deser ghost has been solved

o Makes use of galileons, scalar theories with interesting and promising properties
« New signals for cosmology /potential for model building,

o Still some Iilltlc‘l‘|_\‘illg In[n]lngi{';ll structure yet to be articulated

« Still the issue of UV completion: if it exists, it’s unlike the theories we are used to
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