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Why massive gravity?

@ Is there a massive gravity theory which reduces smoothly
to GR in the massless limit? Are the predictions of GR
stable against small graviton mass?

© Galactic curves, supernovae = new types of (dark) matter
and energy. Alternative approach: can these components
be associated with the gravity sector, by large distance
modifications of GR?

Massive extension of GR?

@ Linear mass terms (rierz, pauii 39)
= Discontinuity with GR in the limit mg — 0 (ve» bn. Veltnan 170)

Zakharov ’70

@ Nonlinear effects can recover continuity (vainsntein ’72)

@ Nonlinear extensions have generically an additional ghost
degree (Boulware, Deser ’72)

(See G. Gabadadze’s lectures on Sat and Sun)

A. Emir Glimrikciioglu APS2012 Cosmological perturbations in nonlinear massive gravity



Nonlinear maSSive graVity de Rham, Gabadadze, Tolley ’10

@ Gauge invariant, nonlinear mass term:

Sm[gum f;w] = Mgmg / d4X\/ —9(L2+ azls + aaly)

Loo= F(KP-IK%),  £s= g (KPP - 3IKIK? +2[K%),
Lo = i{mr_gmfmﬂ+mm¥+8mmﬂ—6WW,

- (% G ¢
Ke=ot— (Vo) . [el=TC)s fu = nasdus0,6°

@ f,, : fiducial metric; ¢2 : Stiickelberg fields.
< ¢? > breaks the general coordinate invariance.
Unitary gauge: ¢ = 07 X", fu, = Ny

@ By construction, free of BD ghost in the decoupling limit.
@ For generic f,,, free of BD ghost away from the decoupling limit.

Hassan, Rosen ’11
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Cosmological backgrounds AEG, Lin, Mukohyama ‘11 (a)

@ f,, with FRW symmetry = cosmological solutions

fu = —1P(0°)8,0°0,0° + 02 (°)Q;(£*)8,.0'0,¢
K éi1dime
1—K6/mLplxpm

/vm

(LK V=5
@ @ = §ax* in the unitary gauge. 2yl h)=opt

@ Metric ansatz: g, dx"dx” = —N(t)2at? + a(t)?Q;;dx’dx/

Equations of motion for ¢@ = 3 branches of solutions

e BranchI: a/N = a&/n = Trivial, evolution determined by f,, .

e Branches II.. : Two cosmological branches
o(t) = X: a(t) ,

1+2a3+a4:|:\/1+a3+a§—a4

with Xy = s 1 o

= constant
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Background equations of motion

@ Dynamics of Branch ll.., with generic (conserved) matter

source:
H=a
AN 3K 1 oH 2K 1
3 H2 —=A — =<n7 = P )

2
m 3/2
Ap=——"9 {(1 +u3)<2+(s¢3+2u573a4) L2 (1 +a3+a§fa4> }
(a3 + aa)

@ For Minkowski f,,,, only K < 0 solutions exists. «+— Chunshan Lins

@ For dS fiducial, flat/open/closed FRW are allowed.
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Mukohyama "11 (b)

AEG, Lin,

Perturbing the solution

@ Lack of BD ghost does not guarantee stability.
e.g. Higuchi’s ghost (u:gucni 87)

@ Scalar sector may include additional couplings, giving rise
to potential conflict with observations.

@ Can we distinguish massive gravity from other models of
dark energy/modified gravity?

Introducing perturbations
@ f,, does not depend on physical metric. FRW symmetry is

preserved even when ¢ are perturbed.
@ Perturbations in the metric, Stiickelberg fields and matter fields:

goo = —NE(O)[1+26] ,  gos = N(a(t)5;, gy = &(t) [Q4(x*) + hy]

o] = 050) + doy

1
P=x+ 7+ §7Tb6b7ra + O(€%),
@ Matter sector: a set of independent degrees of freedom {o}.
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Gauge invariant variables

@ Scalar-vector-tensor decomposition:

Bi=Dip+ Si, m =D+ 7], D« Q;, A=Q'DD,
1 ; D'S;=Dn] =DF,=0
hj = 2¢Q; + (D,‘Dj — §Q,]'A) E + 3(DiF; + DiFi) + D"W — "/;‘ =)
@ Gauge invariant variables without Stlickelberg fields:
= _ (0) 0 _ 2 F
Originate from g,.., Q = do 1£ZU’ 0’ = _%B—’_ WE
fiel o — - ij
and matter IedsS\Lq; = ¢— Nat(NZ )7 Zi = %QU(D/'E+ Fj)
— a 70 1
v = w_gz__éAE7 Under x* — x* 4+ &# .
B = Si—-anh 24— 2" + gt
@ However, we have 4 more degrees of freedom: G
1 a, / .
wﬂzwngwféw, E"=E-2n, F=F —2m
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Quadratic action

@ After using background constraint for Stiickelberg fields:

2) _ g (2) (2) a(2
S( ) - H + Smaller + s/\i + sr(na)ss
—~—
depend only on Qy, &, W, By, vy Sk =Sk S

@ The first part is equivalent to GR + AL+ Matter fields o;.
@ The additional term:

. 1 1 .
B8 = M2 [d*x NV M2, |3(v™)2— %ZE’TA(A +BK)ET + o Fr(A + 2K)FT — ooy

@ The only common variable is ;.
@ E™ o7, F" have no kinetic term! We treat them as nondynamical.

@ Scalar and vector sector = same dynamics as GR, with additional
cosmological constant AL and same matter content.

@ The only modification at linear order is in the tensor sector:

- M2 B
58, = =2 / o x N &/ My
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Tensor modes

@ Assuming no tensor contribution from matter sector,

M2 ! j
S =~ / d*xNaVva [N27 3+ 57 (A — 2K); - Mgwyfy,-,],

@ The mass function M%,, is time dependent:

Maw = £(r — 1)m5 X54/1 +as + a2 — a4

Time dependence provided by r = {2 = XL (H = Niy H; = %>

m 3\1

@ Stability is determined by the sign of (r — 1)mj

@ Fiducial metric f,, — Evolution of r.
eg.1: Minkowski fiducial = r o« a
eg.2: dS fiducial = r < a/a
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Possible signals?

@ For M2, > 0, the spectrum of stochastic GW will undergo a
suppression (w.r.t GR) when (k/a)? < M2,

@ For Mgw ~ O(Hp), the suppression may be observed.

=]
Logso 2
Per k Example for Mg, = constant.
-4 -3 -2 1 2 7 Assumed initial scale invariance.

o
o
-2 @ Small scales: Same as GR signal.
o
o

Lo
3 d10 Ke

Larges scales: Suppression.

) Frequency dominated by M3, at
=8 large scales.
-8 o Cutoff: k/keq = (Maw/2Heq)'’®
10 (Here: ~ .02)

Work in progress, with S. Kuroyanagi, C. Lin, S. Mukohyama, N. Tanahashi
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Summary/Discussion

@ Gauge invariant study of perturbations of self-accelerating cosmological
solutions in potentially ghost-free nonlinear massive gravity.

@ Dynamics of scalar and vector modes are same as in GR, at the level of
quadratic action.
= No stability issues in scalar/vector sectors.

@ Tensor sector acquires a time dependent mass.
= Modification of stochastic GW spectrum, CMB B—mode polarization
at large scales.

@ Expected 5 degrees for massive spin 2
= Only 2 degrees (2 GW polarizations). Cancellation of kinetic terms at
quadratic level. Possible connection with the cosmological branch of
solutions?

@ Strong coupling vs Nondynamical?
= Need to go beyond perturbation theory.

@ Radiative stability?
=-First step: strong coupling scale in the cosmological branch?
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