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Abstract: <span>The ideathat the graviton may be massive has seen a
resurgence of interest due to recent progress which has overcome its

traditional problems.& nbsp;& nbsp;
| will review this recent progress, which has

led to a consistent ghost-free effective field theory of

amassive graviton, with a stable hierarchy between the graviton mass and the
cutoff, and how this theory has the potential to resolve the naturalness
problem of the cosmological constant.</span>
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The cosmological constant problem

One motivation: the cosmological constant problem:
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The cosmological constant problem

One motivation: the cosmological constant problem:
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Two aspects to the problem

e cxistence of the small nnmber (naturalness)

e stability under gquantum corrections (technical naturalness)

Really small
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The cosmological constant problem

One motivation: the cosmological constant problem:

I L,
h’j:r' ) h,ff;uf t -\_’/;u' \,f. f_uw

Really small
Two aspects to the problem
e cxistence of the small number (naturalness)
o stability under quantum corrections (technical naturalness)
Two roads to take:

e Take GR, the CC and known rules of QIT seriously (— anthropics, landscape)

e MNodify things
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Modifying gravity

Pirsa: 12090061 Page 6/81



Modifying gravity

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

« Should be an infrared modification, to say something abont the cosmological

constant without messing 1up solar system tests of gravity
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Modifying gravity

e Lorentz-Invariance — degrees of freedom are classified by mass and spin;
helicity

« Should be an infrared modification, to say something about the cosmological

constant without messing up solar system tests of gravity

« (GR is the unigue theory of an interacting massless helicity-2 at low energies

to modify gravity is to change the degrees of freedom

['irst thought: make the graviton massive
IR modification scale

v ¥

Viir) ~ VE ”r .oom o~ H
My,

Extra DOF: 5 massive spin states as opposed to 2 helicity states
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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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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:
- .\'it'{'[I\' illustrates the }_;t‘]lt'l'i(' obstacles encountered when ;|l11'ttl[1|in_'_', to
) ]

modifyving gravity in the IR.

- Appreciation for why GR is special
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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
modifving 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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Linear theory

Massive .H]Jill 2 ]).’lllit‘](‘j D <|1'|{;|'1'1'.~« of freedom (as n])]}n.\(‘(! to 2 for massless

helicity 2)

Fierz-Pauli action:

| ‘ , |
_)u\m,,.u‘h'” F O h, OV R — 0, WO, h A ‘)f‘)\h()‘h
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Linear theory

Massive .H]Jill 2 ]);l]1i<‘](‘j D <|1'|{§|'1'('.~« of freedom (as n])]}n.\(‘(I to 2 for massless

helicity 2)

Fierz-Pauli action:

1 ‘ , |
.,r“)\f””,r“)\h'” } r')“/.r,,\t')’ hHA (')Nh"’;')’ h 4 ‘)/)\h()\h

/

Gauge symmetry: oh,, = J,€, + O.€,

Einstein-Hilbert (massless) part
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Massive spin 2 particle:

helicity 2)

Fierz-Pauli action:

Linear theory

O degrees of freedom (as opposed to 2 for massless

| ‘ , |
_)u\m,,,u‘h“* b h OV R — 0, WO, h A ‘,f‘)\h()‘h

Einstein-Hilbert (massless) part

Gauge symmetry: dh,,,

/

Mass term breaks gauge symmetry.

&L + DL, Fierz-Pauli tuning ensures 5 D.O.f
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Linear theory

Massive .H]Jill 2 ]);|]1i<‘](': D <|1'|1;|'1'('.-\ of freedom (as 1I])])l).\('(! to 2 for massless

helicity 2)

Fierz-Pauli action:

| |
_)H\!u.,,r‘)‘h'”‘ b h ORI — 0, WO h A .,f‘)\h:‘)‘h

/

Einstein-Hilbert (massless) part. Mass term breaks gauge symmetry.
Gauge symmetry: dh,, = d,&, + O, Fierz-Pauli tuning ensures 5 D.O.f

— Y | ‘
Equations of motion: J m“)h,,,, (), t)“h,,,, (0, h 0
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Linear theory

Massive .H]Jill 2 ]);l]1i<‘]('j D <|1'|1;|'1'('.~« of freedom (as n])]}n:«(‘(! to 2 for massless

helicity 2)
Fierz-Pauli action:
Ji’

1 ‘ , |
_,U\h MY 4 A\ hHA A, WO, h ‘)U\h()\h

/

Einstein-Hilbert (massless) part Mass term breaks gauge symmetry.
Gauge symmetry: dh,, = J,&, + ., Fierz-Pauli tuning ensures 5 D.O.f

Equations of motion: O m:)h,,,, 0, O"hu 0. h 0

Hamiltonian Formulation:

S /rf“.r rr,,/),, H(hij,mij) + 2hoi (O5mi5) 4 m2hi; + hoo (T:_./J,, Aidjhi IH_‘I'J,,.)

Frange -
Auxiliary variables Lagrange Multiplier
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Linear theory
Massive .a]:ill 2 ]);t|1i<‘]l‘i D <|1'|{;|'1'('h of freedom (as n])])n.\(‘(l to 2 for massless
helicity 2)
Iierz-Pauli action:

: : . . L, | , )
MY 4 A\ hHA ()J,,f.t’”(?,,h f ‘)(l\fu')\h l,ln"(hw.ff‘m h<)

/ !

Einstein-Hilbert (massless) part Mass term breaks gauge symmetry

l
_,()\I’Jil

Gauge symmetry: oh,,, = 0,€, + O.&, Fierz-Pauli tuning ensures 5 D.O.f

|':||1];I1i¢1|1r~ ol motion: ] f”:}/."”, (0, fl)'”h‘,.., 0. h ()

Hamiltonian Formulation:

S /u’“.r ,T,,/J,, H(hij,mij) + 2hoi (O5mij) A ',”'-'h"—:i - hoo (T."h,, Aidihi Hr"h,,)

Auxiliary variables Lagrange Multiplier
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[Linear solutions around sources

Amplitude for interaction of two conserved sources:

I - 1 LA i L, ‘
A ~ ,\/;:_/ rf'jfl,-, { ) {f / (!.l),‘,”,(/)] :;] (m)T(p)

- m-=

For GR this would be 1/2

mr

| (M
e
3 r

Newtonian Potential: @y

Source
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[Linear solutions around sources

Amplitude for interaction of two conserved sources:

| ' |
./'l i jl P ‘ .‘,’””J ',‘rl‘
_”P‘/r !’p_, s 2 { (P) Ly (p)

| (M
e
3 r

mr

Newtonian Potential:  @pn

Source

L
{"f‘(p)f(p)

For GR this would be |

Massless gravity vs. massless limit of massive gravity:
m — ()

I (M
3 r
Light bending angle 1M

(at impact parameter b) b

Newtonian potential

r~1/m

the vDVZ discontinuity

/2
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Non-linearities

Take interactions to be those of GR: h,”, G Uy

1if. ' | / / | 2 ey 121
d'r |(V—gR)— f/lm"u’ N7 (huvhas — huahus)

2
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Non-linearities

Take interactions to be those of GR: tr!,”, Gy Uy

1!!—], ' | / / I 2 Loy 14)3
d'r |(V—gR)— f/lm"r}’ N7 (huvhas — hualus)

)
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Non-linearities
Take interactions to be those of GR: h,”, Gy Uy

M2,

‘)

: Lo ’
/ d'x {( vV—gR)—\/—n Im"r;”"f}’ i (hpvhap — huahug)

Non-linearity expanslion of the |}n1('|1|1.‘|l: f"(f‘) ‘-’tl("') Fepy(r) + ¢ f."__l(i'] }

| (M (l | M

3 r 6 miro
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Non-linearities

Take interactions to be those of GR: trf,”, Gy Uy

)

M2 [ ., ‘
f / d'x {(V’ gR) — / qlfn"u”“u’!(hﬂph“ 3 — hyahug)

Non-linearity expansion of the potential: P(r) Golr) + edy(r) + €“pa(r) 4

1 (M | (M
a(r) | - — 4 ..
3 r 6 miro

Non-linearity become important at the Vainshtein radius:

‘v D GM\'"®
T (’I" ) ( m )

Source
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The Boulware-Deser ghost

ADNM variables:

Hamiltonian:

i / (flr‘n”"r_ﬂ”;, v(C N, C'

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

ADNM variables:

Hamiltonian:

K / (fir,rf'"r_f”;, s N,C'

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

ADM variables: 900
T
iy

Hamiltonian:
- / dta

In GR, |.l|r'.l

A" (hy i hag hach) 4 ; 2N h,;, +2N; (g"

o) N,

‘rJ”"r_f”f, s N,C'

and shift are lagrange multipliers enforcing gauge constraints
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The Boulware-Deser
ADNM variables: oo
i

iy

Hamiltonian:

2 o B ' m?
/ (’if‘fJ“h_lj”Ir Vi N, C' . §ik gt (Pl

Michgr) +

2N8"h,: + 2N, (g"

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

In massive GR, they are auxiliary variables
Phase space DO

G spatial metric + 6 canonical momentum - 0 constraints 12 - 6
real space DOF

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

Hamiltonian is unbounded.
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Stukelberg analysis, linear theory

. ‘ , l L, . ) I
ONhHY 4 Oyl \ O hHA A, h"aLh A ‘,r'l\fu‘)\h 5= By W h=) + v/
2 2 Mp

I
)
'__?‘ \h

by T

s

Two problems:
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Stukelberg analysis, linear theory

. ‘ , l I, . ) I
ONhHY 4 Oyl \ 0O hHA A, h"aLh A ‘)r'l\hr‘)\/r 5= By W h=) 4 v/
& = ip

I
)
'__?‘ \,f

By T

s

Two problems:

1) Massless limit is not smooth (DO are lost)

2) Propagator looks bad at high energy

i ]

p? 4+ m2 |2

p..;n\ [['.mf’a\ - PoaPas)

Familiar power-counting doesn’t work
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Stukelberg analysis, linear theory

I, , ) |
).’H“ih ht! h=)

b e T

- , ; I
l):’)\hw‘()\h’” Dy hy 0 h#A A, h"aLh A ‘)H\hr‘)\h

Restore the gauge invariance broken by the mass term by introducing a Stiitkelberg field

R

I ) ; 2 I ) ‘ 1 ’ ] ’ l v ’
5 (hy " — h=) m*F,,F"" — 2m=* (h,,0" A" — hd, A") 4 ”j'/:;,,. I+
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Stukelberg analysis, linear theory

| , ‘ I | _ ) I .
l):’)\frfwt')\fw”' F Dphn0' | L A, h" L h A ‘,r')\hr‘)\/r 5= Iy W h=) 4 v/ hy TH
& & L p

Restore the gauge invariance broken by the mass term by introducing a Stiikelberg field

Py

1 , ) o | y . 9 ,
Lm=0 _).rn“(h;,,.h‘” h=) _)m“/'“,.l"” 2m= (h,,0"AY — hd, A")

Dy T
Mp !

There is now a gauge synunetry

: o ¢ , .
ohy,., Ny + A€, r\.-l',,

Unitary gauge A, 0 recovers the original lagrangian
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Stukelberg analysis, linear theory

'.l_’r')\hr‘)\h .l,v’”.-'“r’w‘hm‘ h*) 4 4\-:1'

OMhHY 4 f),,fi,,\r')"fi‘“\ A, h" oL h hy, THY

|
5Ny

Restore the gauge invariance broken by the mass term by introducing a Stiitkelberg field

— FOLA, + LA,

Lom=a = 5m® (huh™ = h*) = Sm? Fu F* = 2m* (hu @ A" — hdu A*) + +—hyu T
N p

There is now a gauge svnunetry

: o ¢ , '
ohy,., N + €, r\.-l,,

| 0 recovers the original lagrangian

Unitary gauge A,

A ) m=0 limit is still not smooth

Canonically normalize, A,

Page 32/81

Pirsa: 12090061



Stukelberg analysis, linear theory

Introduce a further Stiitkelberg field ;l“ » _l,, b,

) i ) | - . ) e , , , . )
_).ru‘l‘fr’,”‘h” h=) _’u."f'w I 2m= (hy,, 0" A ho,A") = 2m= (h,,,0"d" ¢ — hd“p)

There is now a urther gauge symmetry r‘s'_-l“
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Stukelberg analysis, linear theory

Introduce a further Stikelberg field _-l“ . _l,, } ()“r':
Lon2(h i — B2y — L2 E e o2 (b gk AY — ha ARY — 2m?2 (., OROY ¢ — h?
S (hyh 1<) Smky, 2m L O 4 1), . 2m L MO 1= )
1 e

b TH

M

There is now a further gauge symmetry r‘i_-l“ i);,.\. b
. . . |
Canonically normalize A, "

massless limit
n=

I ' JITE Lyl -
~ F,. F' 2 (f“,,.:')" "D — h* a) f

] ] AL
L-up 1) .\lilhju 'IJ

, This is the vDVZ discontinuity
Diagonalize kinetic terms  h,,,, = h X X7

scalar fifth force

1
1-|‘m Il(hﬁ}

I I
" e D ATl 1 / L
_)lj.,,./ 30,00" ¢ f.'“,,f

2 Mp ' ,u,,”!
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Stukelberg analysis, linear theory

Introduce a further Stikelberg field _-1“ . _l,, } ()“r';

1 5, o ) | P - ) i 43 , ) , . 0
m=(h,.ht h=) m=°F, F' 2m=(h,,0"A hi), A") = 2m~ (h,,d"d"¢ — hd=¢)

9 L P ji i T

';u

l
f /

1 I'I'}rl
Mp' ™

l.) \ ("‘l )

There is now a further gauge symmetry 4.A4
H /H
|

Canonically normalize A, A, , massless limit
=

A I ] JITE b 3 2 ] 117,
[--m () ! .I"‘ 2 (thr-")Jr} 1] /H}'U) { ,\[,.hi” .l"

o "

, This is the vDVZ discontinuity
Diagonalize kinetic terms ., + &nu scalar fifth force

Y

e STV AT
Myt M !

1
N ! 1 Vil " ¢ =YY
L‘JH Il(h ) 2]‘!“.,'1 .{()'“{.l()’ «H -4 “[!'

In massless limit, Stitkelberg fields are helicity 1 and 0 parts of the massive graviton

|
Propagators are now well behaved ~ 1/p~
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De-gravitation

I » ; ) l Y wn . ’ » ’ I o ,
Lin=0 .ru"(h“,,h’”’ he) .ru“f',.,,,l"'” '_Z.r.ff*[f.r‘,,.{)“,l} fn')‘,.\"] | h“,,f'”
2 2 Mp

Integrate out the vector field
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De-gravitation

] » 2 “ l » - ' ’ ) ; l 4
L—0 m=(hyht h*) m*F,,F* 2m= (hy,o0" A’ ha, AM") 4 hyr, T
2 2 Mp

Integrate out the vector field

Ry, THY

jut

Equations of the motion now look like gravity seen through a high-pass filter

‘L’H:‘.u j‘/-’”.g I l m-= -I-',ur'
M p ]

~ 1 for d = m
I for o < m

A massive graviton is hll[)]!il?‘ﬂ‘ll to be able to screen a large CC
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Stukelberg analysis: interacting theory
M2

‘)

' . | .
/«f'.:' [(\, gR) v =1 lm'r;’”'u’ ‘(h,,,.f'r,,, hyahus)
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Stukelberg analysis, linear theory

“~

Introduce a further Stiitkelberg field A » A

{ f),,r')

H /H
1 5, " ) | - niid - 2 ol il , ) - 2 . 2
_)ru‘l‘fr',”‘h; h=) _’u."f IS 2m= (hy,, 0" A ho,A") = 2m= (h,,,d"0" ¢ — hd“¢)

';:i

|
1 h,, TH
Mp'

AN, S

There is now a further gauge syimmetry r‘i_-l“ y

. . ) | I .
Canonically normalize A, L. - massless limit
rn =

. I ' g L 2 ] LS
L'iH 0 ~ I‘f'i'l"‘ 2 (hlrr-")"f) Q@ j“)r.'i) t \[,.hl” -l"
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Stukelberg analysis: interacting theory

, [ . L 5 L0
/d'.:' [t\, qgR) vV ,r;lm':;"'u ‘(h,,,.f':,,, hjuahus)

Must restore full non-linear diffs

aY gy ”

_r/“,,(.f'} g (’_fu- Al o (Y (1))

There is now a diffeomorphism symmetry

af*cof’

Iuv () = S oS 9ap (f(2)),  YH(x) = f LY ()"

Expand around unitary gauge

Y (x) = a2 + A" (x)
Introduce scalar Stikelberg

,‘1” > .'I,, } f')“c':

Replacement becomes
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The effective field theory

h~Mph, A~mMpA, ~ m*Mpao

There are now interaction terms:

\ TR (DA) A (D2 p)"

m:.\lf.h“"(r').‘l)” VDD ~ A

o

L/ A

Fox 3o , . . f A1
Various .‘allnl]}.;rnllphll;; scales: A, (Mpm )

The larger A. the smaller the scale
The smallest scale is carried by a cubic scalar interaction:

(f)JrJ]j
A?

Ar (.U,r-m')'

P~

This is the (UV) strong coupling scale of the theory
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Stukelberg analysis: interacting theory
M2

.

' , | R ,
/d'.:' [(\,-' gR) vV Im'r;’”'q' ‘(h,,,,h,,r hjyahus)

Must restore full non-linear diffs

aY « agy”

[
et et

_rh”,f_r} '("jll‘ Jex l(}(f)l
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Cubic lagrangian and the decoupling limit
Decoupling limit: Massless limit where we focus in on the strong coupling scale
m — 0, Mp — oo, As fixed

All that survives is the leading cubic scalar interaction

Y 2 q I
3(99)° + 15 |(B0)” — (O)(9u0,0)° | +

oT
M p
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Cubic lagrangian and the decoupling limuit

Decoupling limit: Massless limit where we focus in on the strong coupling scale

m — 0, Mp — oc, A5 fixed

All that survives is the leading cubic scalar interaction

a2 | PR
3(dDh)” 4 AG (Oop)? (I Jr'J)(t)“(),,f_:) | .\/;-‘

A

The scalar non-linearities are responsible for the Vainshtein radius

Source

Page 44/81



Boulware Deser ghost (again)

oT
Mp

.';('.f.):):l"' } {.' ' ( ‘t?'\ﬂt'ﬁ'“!'ﬁ',,fji‘w

Higher derivative lagrangian, fourth order equations of motion — two degrees of

freedom — manifestation of the Boulware-Deser ghost
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Boulware Deser ghost (again)

3(00)2 + — [(Od)® - | \“mr,;;,“;ﬂ oT
Al | ’ M p

Higher derivative lagrangian, fourth order equations of motion — two degrees of

freedom — manifestation of the Boulware-Deser ghost

l‘:XIJ.'It]ll around the ‘-])i]l‘['ii al background: ¢ ‘|’(!')

(Dp)” 4 == (0 “ + interactions

1
1

A3 , M
2 P(r) O Mp ) Ar

Source

g host
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Boulware Deser ghost (again)

oT
Mp

.';('.f.)r!:l"l t {' )3 ( ‘ti]ﬂ('ﬁ'“!'ﬁ',,fjl"w

Higher derivative lagrangian, fourth order equations of motion — two degrees of

freedom — manifestation of the Boulware-Deser ghost

I':x|:;|t||| around the \]);ll‘['ii al background: ¢ ‘|’(!')

a2 o (OPR) o o _
(Dp)” 4 \5 (0%p)° + interactions

., Al
Mignont () ~ 55573

Source

g host
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The Vainshtein mechanism

Scalar field profile for a spherical solution around a source of mass M

M 1
\ip r?
1/2

M “ Ab/:
@~ (_u,‘) i

)~
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The Vainshtein mechanism

Scalar field profile for a spherical solution around a source of mass M

M 1
\Ip r®
1

]
MM T AD/2 3/2
h ~ (_H,‘) Ae' "1 .

H-th force on a test particle is suppressed inside the Vainshtein radius:

)~

I, rl’(!‘)g'.lh»
!'-\r\\‘llr“ 1"[ﬁ.."j
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The Vainshtein mechanism

Scalar field profile for a spherical solution around a source of mass M

M 1
\ip r®
1/2

M TAD/2 a0
O ~ (_U,‘) Ar’ "1 .

H-th force on a test particle is suppressed inside the Vainshtein radius:

D~

I &' (r)/Mp
!'-\r\\lnn 1"‘[}7’..’:

r (06)2 + ()2 4 _\" —‘,_.4{-- i _]]‘,»“l‘ | ,\f,u(”[

The Vainshtein mechanism: The ghost cancels the force of the longitudinal

mode, restoring continuity with GR.
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Quantum corrections

A small graviton mass is technically natural: gange symmetry is restored when
m=0. Quantum corrections to the mass are proportional to m.
In the decoupling limit, we should generate all operators with the symmetry ¢
, 2 >
(D)D)

1
. AP _ 3p—q+4 n gp .. 2p 16—d4q—2p A y2p—q-+4
‘,”,‘) h \3"l"'.f R y A Mpm m My

This includes a small mass correction

) BN
i ) ] ( m-
orn- m- D
Az
And a detuning of the Fierz-Pauli mass term, with ghost at
Radius at which quantum operators become important:

_ MO\ .\I)
e (-Um) As 97 (-Um

1

Source

() «
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Quantum corrections

A small graviton mass is technically natural: gauge symmetry is restored when

m=0. Quantum corrections to the mass are proportional to m.

In the decoupling limit, we should generate all operators with the symmetry ¢
na7a2 i\
(D)

1
8T ] Ip—qg+44 ’ 1) ; « 2p 2p— I
"p‘;,‘)"h" ~ \"'l"'{ R A .‘.f;.u:" (H'JIl bg—3; _'\/,.r " )

This includes a small mass correction

) AN

5,002 0 ( m*
orm- m- D
Az

And a detuning of the Fierz-Pauli mass term, with ghost at

Radius at which quantum operators become nmportant:

_ M ) i1 (M )
'Pa " (-Um As e n (-”t-f

Source

() «
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“Bad” massive gravity

Quantum

(lassical

|

Non-linear (classically)

Linear (classically)

| |

(host
[

| M
e (1“"”)
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Other non-linear interactions

1 5.,
(vV—glt) — v ;,rlrlr'\ (g, h)

Viig. h) Volg, h) + Vilg. h) + Vilg. h) + Vi(g, h) 4

Va(g., h) (h*)y — (h)*,

Vi(g, h) Fer(h?Y 4 ea(R*Y(h) + es(h)?,

Vi(g, h) Fdy (WYY + do(R*Y(hY + ds(h*)? + dy(h*)(h)? + ds(h)?,
Vs(g,h) FALRY 4 f2(hY)(h) + fa(hP)(R)? + fa(h®)(h®) + fs(h*)?(h)

Ffa(h®Y(h)? + f7(h)”,
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Other non-linear interactions

1 y
(v—gR) \ r,rlnr'\'it,r.fll

Vilg. h) Volg, ) + Vilg. h) + Vilg, h) + Vi(g, h) 4

Va(g, h) (h*)y — (h)*,
Vi(g, h) Fer(h?y + ea (WY (h) + ez(h)?,
Vi(g, h) Fdy (WYY + da(h?Y (h) + dy(
Va(g, h) FLLRY 4 fa (WYY (R + fa(RPY(h)? 4
Ffa(h*Y(h)? + fr(h)°,
After Stiikelberg-ing, h,,, — h

Y } '_’f)“f),,t,‘i U“(')”r_u'),,[}"u

the bad terms, those with cutoffs < Ay [H-‘."I.”;')I % are the scalar self-interactions

(f‘)-"f_))”
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Raising the cutoft
At each order in phi, there is a total derivative combination

(the characteristic polynomial)

3% - ol

. L 1o L.
det(1 + 11) FLYP(IT) + S L3P (1) A _{,L.!"(lh

.
I’L,I"(lli

('an choose the interactions. order by order in h, so that the scalar sell

interactions appear in these combinations.

There is a three-parameter family of ways to do this (graviton mass m plus 2

other parameters)
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The Az theory

'|'|u' niu't.‘llut.‘-« t‘.‘l!'l'\'ill}L 1]11‘ .Hl'.‘lll' \ are
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The A3z theory

'|'|u' nlu't.‘ltut.‘-« 1‘;|l'|'\'ill_!L 1]11‘ .Hl'.‘lll' \ are

The decoupling limit is now m — 0, Mp

I ; I
[l LIRS Jii
~h0 hag — 5h

LX D () 4

fl,"
X tensors:

r(n) 0 . TD
X - —— LT, (1)
( mr

1) 5, — I,

()% = [11%]) mye — 2 [11] 10, + 2112,
(()* = 3[11) [11%] + 2 [11%])

1{ G

A3

3([1)*

1)

X

3y

v

)

.\,g 1i.\'l'll

()

1,

16(8dr + ¢3) ,\""_‘[::I |
AD o M,

1,

!)“f),,rld

F 6112, — 6Ir?
fti Ji

Iy
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The Az theory

'|'|u' {Ii)l'!.‘ll(b!h r.‘l!'['\'ill_',L 1]]1‘ .Hl'.‘lll' \ are

The decoupling limit is now m — 0, Mp X0, Ay fixed

| ; | (13 1(Gey 1) Y 16G(8dr, + ¢4) 1 |
[l LIENETE. Jars (1) J (2) \ ] 3 #(3) L

=P, h, 5 X)) (&) A X () G X (d) AT

X tensors:

0

\'Iu\
%
| r"”I”.

£l

[1,, = d,0,¢
1) 1,0, — 11,

([ = [11*]) e — 2 [10) 1T,

([11)* = 3(11) [11%] + 2 [11%]) 0 -G T12, — 61T,
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The A3z theory

P y h(i?
|][1' 1I!H'!.‘II(D!.‘-\ carrving 1]11‘ .Hl'.‘lll' \ are —

The decoupling limit is now m — 0, Mp — \ Ay fixed

I

| . 1) 1
Py € Phog — Sh* | —4X 1) ()

M,

1{(Gey . (2) 16(8drs + ¢3) ()
AD .\’,”_{r*l t AG .\W_[Hl

R L

B
L |
X tensors:

*{n)
X
][‘,,, t‘)“f.),,rj

11%]) 9y — 2 (1) I1,,,, + 2112,
) [11%] 4+ 2 [11%]) g — 3 ([11)° = [11%]) 1, + 6 [T 112, — 61T,

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

O yvin) ~(n
' A\!“, 0 X, has at most two time derivatives,
.\‘““ has at most one time derivative,

y

has no time derivatives
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Galileons

'_’H.H"_ 1)

Diagonalize: h,, — t oh,,. \3 ~0, 00, ¢

S(dp)”

As
1O Gey 1)(8dy,
A?
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Galileons

‘ o 2(6ey — 1) . -
Diagonalize: hyw = by + dhy,, 4 \3 D00, ¢

.;Ir'ral'. t

1O Gey

Longitudinal mode is described by Galileon interactions:

| )
(eh)®

| )
_]I-Jrl?' I1
, 1. .
L .J|,J.,;.'
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Galileons

'_’Hif"_ I

A

) . ‘
{)f‘: P{)f,F )

Diagonalize:  h vl + Oy,

Jai Ja

I

S(p)* 4

Al
10 Gey 1) (8,
Al

Longitudinal mode is described by Galileon interactions:

|

lrh;:-"
2
(¢2eh)= (11
‘)
~(a)* ([11]* — [IT%])
Ly ~(00)? ([11)* — 3[I][11*] + 2[11%])
o Equations of motion are second order (no ghost)
o Svimmetry under shifts of the held and its derivative o(ax) — olax) + ¢

« Not renormalized at any loop (
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Galileons

'_’Hif"_ I

A

). ‘
()f‘.' u)f,e )

Diagonalize:  h,, — h,, + éh,,

l .
f'li“, ErValh 4
D

()l()f 1

3(dp)= 4
As
1O Gey 1) (8,

Al

Longitudinal mode is described by Galileon interactions:

| )
(deh)®
2

| )
() (11
)

1 . . A
~(D0)* (11 112])

| y . y .
~(D)* ([11)* — 3[11)[112] + 2(11%))

« Equations of motion are second order (no ghost)

o Svimmetry under shifts of the fheld and its derivative o(ax) — olax) + ¢

« Not renormalized at any loop (
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Galileons

'_’(“f'f_ I

A3

), ‘
()f‘.' u)f,e )

Diagonalize:  h P

Jai i

D

/1“, grvanh

(Il(lf }
3(dp)= 4
Al
1O Gey 1) (8,
AD

Longitudinal mode is described by Galileon interactions:

| .
(eh)®
2
I!J-Jf"‘ I1
9
~(Qe)* ([11]* — [IT7])
_Jln’w:-"('_ll b — 3[IT)[IT?%] + 2[IT?])
o Equations of motion are second order (no ghost)
o Svmmetry under shifts of the fhield and its derivative o(ax) — olax) + ¢

« Not renormalized at any loop (
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Vainshtein Mechanism in A3z theory

2 l 0 | -
L 3(DDh)~ \:g(r')(;)'| & + iy

M,
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Quantum corrections and the effective field theory

Non-renormalizable effective theory with a cutoff A. Must include all terms

compatible with galilean symmery, suppressed by powers of the cutoff

I 2/ 0
J“(f'),'r)"(r)r).‘r]“ }

I

" (DIT)"

\u: 3n
A

[ Ao \

Galileon terms ey A3 Terms with at least two derivatives per field oy,
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“Good” massive gravity

Quantum

Non-linear Linem

e [Higher cutofl
e [ree of the Boulware-Deser ghost, to all orders beyond the decoupling limit

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

quantum mechanically, and restores continuity with GR as m ,I|I|IIIJ.I|‘|H‘.‘-\ 0,
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“Good” massive gravity

Quantum

Non-linear Linear

e IHigher cutofl
e Free of the Boulware-Deser ghost, to all orders beyond the decoupling limit

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

UL 1meciiallca V., a1l restores coneimnty wi 1 : L as m oapproacioes .
juant | 11 | rest tinuit th GR Pl hes 0
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The Az theory (dARGT theory)

The theory with this choice can be re-summed

6 D

/ dr V=g |R “:_Z;.f,;',,{\/g )

/

/

/
Characteristic Polynomials

Pirsa: 12090061 Page 70/81



Vielbein formulation of ghost-free massive gravity

. ‘ . \ B
Or in terms of vierbeins 9 = ¢,/ ¢, nan

ME2* , 2 '
{) /:/‘”.r' e|Rle|] — m*~ E a, /r Ly A€ LA
. - .

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

background vierbein
Ay A ¢ A
Ag A I.\|
Ajg ji\\ l‘l

‘r/\ I\:
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Vielbein formulation of massive gravity

Vielbein formulation makes it easy to see that the theory is ghost free:

Parametrize vierbeins as an upper triangular vierbein times a boost

A(p)'y
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Vielbein formulation of massive gravity

Vielbein formulation makes it easy to see that the theory is ghost free:

Parametrize vierbeins as an upper triangular vierbein times a boost
. l,rl'

\[IJJ B \ (1 1 (o
Po 0% + 3P P

, '\ )u 1 ‘\’tr f-(n' i I 1 }I, Ju}
A(p) ‘,;/'.'H'r' ; ¢ 459 r1 ol

b yoa 1 @)
¢ ] (( b " =) 1[”'!” /

Due to structure of epsilons in the wedge product, mass terms are manifestly linea
in lapse and shift

N'C"(e,p) + H(e,p)
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Ghost free bi-gravity

Two-site model: bi-gravity g q

Oo———=0

L it

_‘!'J .\['J l 9 9 N /
‘—gR[g] + —-V—-gR[g] — V~g [ My > Lo 'a)
\ ¥

M (\;;' 1;)

« Linear theory: massless graviton + massive graviton of mass m (= 7 DOF).
e One diff. invariance — generically 12 - 4 8 DOF non-linearly

e Special constraint from absence of DB ghost — 7 DOF non-linearly
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Ghost free bi-gravity

Two-site model: bi-gravity ! q

Oo———=0

L it

_‘!'J .\[': / l 9 9 =
“V—gR[g] 4 .,’ V=9R[g| — Vg 1'”_‘UJ| } £," (Vg '9)
k n

Mo (\tr;' 1:)

« Linear theory: massless graviton + massive graviton of mass m ( 7T DOF).
o One diff. invariance — generically 12 - 4 8 DOF non-linearly

e Special constraint from absence of DB ghost — 7 DOF non-linearly
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Ghost free bi-gravity

Two-site model: bi-gravity q q

O———=0O

Lnn
M? iz

) ) , d i . l ) 9 N . /
5 V—9Rlgl + —=V-gR[g) - V-g "1 Men 2_L."(We'a)
x n

V5 ( \f,:. ‘:.) |

« Linear theory: massless graviton + massive graviton of mass m (= 7 DOF).
« One diff. invariance — generically 12 8 DOF non-linearly

 Special constraint from absence of DB ghost — 7 DOF non-linearly

Vierbein formulation:

. Al A
~ r’”‘-‘l"'-"i’r(]JI""
n
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Ghost free multi-gravity

Multi-metric theory graph: one massless graviton per

connected component + tower ol massive gravitons

o—>
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Ghost free multi-gravity

Multi-metric theory graph: one massless graviton per

connected component + tower ol massive gravitons

o—>

CGhost-free deconstructed gravitational dimensions
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Ghost free multi-gravity

Most general ghost-free potential interaction of multiple gravitons

pdy Lo p AL A
l ‘,\] \__ “'"‘HHJH

New ghost-free multi-metric interactions in 4-dimensions:
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Ghost free multi-gravity

Most general ghost-free potential interaction of multiple gravitons

o philadp A1 A A2

\
\ AR

CAVA2 - ApCry Ny M

New ghost-free multi-metric interactions in 4-dimensions:

Interaction of longitudinal modes — multi-galileon interactions
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Summary and open 1ssues

massive gravity is the best behaved IR modification of gravity proposed so fa

Ay
10 year old problem of the Boulware-Deser ghost has been solved

Makes use of galileons, scalar theories with interesting and promising properties

New signals for cosmology /potential for model building

Still some underlying topological structure yet to be articulated

Still the issue of UV completion
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