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Motivations for massive gravity

-2 Theoretically, does a consistent, interacting, massive
spin-2 field theory exist?

-2 Experimentally, there is only an upper bound on the
graviton mass.

de Rham, Deskins, Tolley & SYZ, “Graviton mass bounds”, RMP, to appear

-® The dark energy problem: Maybe the graviton mass is of
the current Hubble scale?



Fierz-Pauli theory

& Fierz-Pauli theory: Fierz & Pauli, 1930s
Ml% 1 o sz% 1 2 1 1%
L — —Th'u gﬁyhpo' — 8 (hﬁh’u — ]'L ) —|— §h,u,/T’u
linearized GR mass term matter coupling

The unique,/ghost-free, linear, Lorentz invariant, massive spin-2 theory

..&. vDV/Z discontinuity: van Dam, Veltman & Zakharov, 1970s

Scattering amplitude between 7} and T},

A x MJ;Q 27T — gT T
(k2 — m2 + ie) (1) * (2)pv 3 (1)+(2)

GR value =1
O(1) deviation!



Vainshtein Mechanism

-® Nonlinear Fierz-Pauli theory: Vainshtein, 1970s

R m?

L=Mi/—g {2 : (hohy, —h?) + L,

-® Vainshtein mechanism (nonlinear screening):

For example:

M: a star
Zone1: close to GR
Zone2: closetoFP Zone 2

“Strong gravity” regimes of MG are much more common!
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Problems of Nonlinear FP

..&. BOUlware'Deser ghOSt Boulware & Deser, 1970s

6th polarization
Hamiltonian unbounded from below

-2 Low strong coupling scale Arkani-Hamed, Georgi & Schwarz, 2003
_ n—1 %
As = (Mpm™*)5 ~ (10"6cm) ! An = (Mpm™™)
1 1
M 5 —1 M 3 —1
Ry = (M—P> A5 Rghost ™~ RQuantum — (M—P> A5
/}5_1 RV Rgholst/RQuantum

>
r

Nonlinear Fierz-Pauli theory is inconsistent!
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Higher order graviton potential

M2 |74 o) m2M2 14 ]' v
L= _Tph“ ERT Npo — : E(hbhy, — h?) + §hWT“
2 i m? 2 3 4
L=Mpyv—g|5 +Ln——5 Wk, —h")+O(hy,) + O(hy,,) + -
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dRGT massive gravity

de Rham & Gabadadze, 2010
The dRGT model: de Rham, Gabadadze & Tolley, 2010

[ [

L=M2/—g (% +m2 (/Cf; Ky + askKl KLKS + auKY, /cglcg/cg]) + £m>

I =0t — &1, X#Xyp = 9" N0 or X;ﬁb — \/g“pﬁpu

The unique, Lorentz invariant, ghost-free non-linearization of FP theory!

The BD ghost is projected out by 2 second class constraints.



Strong coupling in dRGT

-®' Strong coupling scale and Vainshtein radius

MO\ 3
A3 = (MP’HZQ)% ~ (1Okm)_1 Ry = <—> A?:l
Mp
Ay’ Ry ,
| | T
GR analogy:
M 1; ! Rschwarzschild

} [
r

-&“Vainshtein on top of Vainshtein”

Atrue > AB



Non-compact NSM:
A new perspective of dRGT



Massive gravity as NSM

-® Massive gravity needs 2 metrics (spaces)

Juv Umy

spacetime reference space

-® Stueckelberg formulation

Nuv explicitly breaks diff invariance

Restore diff invariance:

Nuv — éﬁi¢f45%,¢#97l4£3

Massive gravity as a mapping gbA:

from base space guv to target space 4B
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Compact requirement for NSM

Typical nonlinear sigma model

s— [av (_%nuvauquaychfAB(qb) _ v<¢>)

The symmetry group should be compact!

fag(¢): Riemannian (+,+,+,...)
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Auxiliary gauge trick

-® p-brane action:

Ty

Spolyakor = — 2 / P (Y8, XA(€)3, XB(€)Gan(X) —p +1)

Ghost eliminated by diff invariance

-2 Cremmer—=Julia NSM

SU(1,1)/lU(1):  Scs = /dDa: (10u¢1 — Apdr]? — |8ubo — Apdbol?)
|bol? — |41]* = 1

Ghost eliminated by gauge invariance

Generally: G/H non-compact group/gauge subgroup

All known non-compact NSMs use ‘auxiliary gauge trick’.

13



dRGT massive gravity

-® BD ghost

is the non-compact ghost

-2 dRGT massive gravity

n=0

M? Z
Cancr = =3 (SR mtart 3o a4 £

X# — \/g“pap¢Aav¢BnAB

- Nambu-Goto p-brane as special case of dRGT

Lng = \/—gX[‘:leﬁg : ~~Xﬁg]
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The A: limit of massive gravity



vDVZ and S. C. scale in Stueckelberg

-2 Trivial (Minkowski) vacuum: 9uv = Muv, P = z°
-® Helicity decomposition:

Guv = Nuw + Ay, Ot =% + A% + 0%
-& vDVZ discontinuity and strong coupling scale

L D —MEhER — mEM2ZOADA + m>MEhddT + hT
h=h+ m27r>

L D —MEhEh — mEM2OADA —m* Mpomon + hT + m?xT

h~Mph, A~mMpA, # ~>Mpn
>

N A A A 1 "N ].
~ —h&Eh — 0A0A <~ dmodm + —hT + —al + - --
LaroT E 0A0D OO + Mo -+ Mpﬂ' +

Strong coupling scale: Az = (m*Mp)*/3
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As; decoupling limit of dRGT

To study physics around A3z, take the limit:

Mp — o0, m—0, Az — fixed

1 A 1 1+
Spi. = /d4IL’ gh“uﬁzghaﬁ + §h‘w (X‘(j,) T T%X’(‘%) -1 TX,S?)) (336)
3 3

ﬁ vpao 1 a C a C 1 C x
_ fﬁ‘b&’z <§G#wbu5 pég + (6 + 1I) “[520.) wiho + §5fj<5pwdaw o])
e (354 T2+ (54 TOR(6 + Ty + G,

- Sadty (6 TD(E + Y6 + Moo, + 3w, GH(6 + 56 + 1))

Ondo & Tolley, 2013

N.B.: the limit is established around 9., = 7., ¢% =z
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What about A; decoupling limit?

n=0

M?
»CdRGT: /—g< PR+m2MP25nXN1Xu2. 'X;ib:]_i_[’m)

A, decoupling limit?

Mpy — o0, m — 0, A2 — \/Mplm — fixed

A

1- A h
4 1 0 nv v
SdRGT — /d X (Zh’u gﬁuhpo' + QMPTM + A ENSM)

D
Lnsv = Y B X[ Xh2 o XHn Xt = \[i{#0,6°0,6% 10
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Obstruction to A,?

Problem:

D
s = B XA X2 X0 XP = \[gi00,600,80m05
n=1

Around ¢ = x“;

LR ~ —0" A0, A,

1.U(1) gauge symmetry: A; limit impossible

2. 7 strongly coupled: As limit possible

Check the number of DoFs
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DoFs in dRGT NSM

D
_ H1 2 Hn
Lnsm = Z:l BnX[MlXﬁQ e 'X,un] Xff = \/’rlp’pap¢aau¢577a6

e Nonlinear Hamiltonian analysis
e Perturbations on a generic background

e Find an exact background and check DoFs

There are 3 DoFs in 4D!

==l A, limitis possible!
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Stable backgrounds in dRGT NSM

Lnsm = Z BnXul XMQ ' XZ:] Xff = \/’rlp’pap¢aau¢577a6

There exist non-trivial vacua ¢ = ¢*(z)
e activate all 3 DoFs
e are free of ghosts

o are free of gradient instabilities
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A2 decoupling limit

There exists a A2 decoupling limit:

Mp; — o0, m — O, Az - \/Mplm — fixed

A

14 A R
SdrGT — /d437 (Zhwgﬁghm + BT 4 A%£NSM>

2Mp

D
Lnsm = Y Bu X[ X1z X0y \/nupap¢aa,,¢ﬁnaﬂ
n=1

around a non-trivial vacuum or A,vacuum:
Guv = NMuv + O(mz)a ¢A — Q_SA(:B) 7é xA

Unitary gauge. gury = u&Aall&BnAB + O(mQ)
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No vDVZ discontinuity

A

14 . Ay
SARGT — /d45'7 (Zh“”gﬁ,‘jhm + BT 4 AgﬁNsm>

2Mp

No vDVZ discontinuity around Asvacua!

Easily pass GR tests!

Phenomenologically more natural!

Az vacua have Vainshtein mechanism already built-in!
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Strong coupling scale

1 ~ iL
4 1% o nv 1% 4
SqreT — /d X (Zh“ cc,ﬁyhpa -+ QMPTM +A2£NSM>

Explicit scale: A,

o= |Hp e () 0 (7))

Implicit scale: L1

Strong coupling scale:

N

(A2L_3)i < AQ* < (AQL_l)
A2>I< > AS
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Relation between A; and As;vacua

All DoFs are activated by

Juv = Nuv; ¢a =z% + eB”

Ao vacuum
A3 vacuum
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Summary

-® By studying dRGT NSM, we find that dRGT has a A
decoupling limit

Mpy — o0, m — O, Az o \/Mplm — fixed

1 - h
4 vV opo pHv v 4
SqraT — /d €T (Zh“ gﬁyhpO' + QMPTM —|—A2£NSM>

D
Lasw =D BaXn Xz X0 XP = #0060, nap
n=1
Around a Axvacuum
Juv — M&aﬁvéﬁnaﬁ + O(m2)
e no vDVZ discontinuity

e strong coupling scale is raised to quasi-A:
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Summary (2)

-® By product: discovered a “genuine” ghost-free, non-
compact NSM

Lnsm = Z BnX'ul X'u2 ) Xﬁ:] X# = \/nup8p¢aav¢ﬁnaﬂ

Uniqueness of dRGT implies uniqueness of non-compact NSM
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Thank you!
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