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Gravitational wave signal from Massive gravity

We assume EoM of GW is modified by
time-dependent graviton mass:

2

a(t)?

Vi + 3H vy + ( E—A[éw(i)}> Y. = 0

=>» Argue how to detect Mg, (1)
from observational signals
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Gravitational wave signal from Massive gravity

(Initial) motivation:

Cosmological solutions & perturbations
in the Nonlinear Massive Gravity model

In this model, the tensor mode EoM is modified by
a time-dependent mass term.
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Massive Gravity

Motivation: IR modification of gravity

Pauli-Fierz massive gravity (1939)
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{YSuffers from

/d4:v

Ghost at non-linear level
vDVZ discontinuity
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Non-linear Massive Gravity

Non-linear extension of FP massive gravity
(de Rham, Gabadadze & Tolley 2011)

£r= 3 (KPP k7). L= (K] — 3IKIK?) + 20K7)
Ly = % ([K]* = 6[KJ?[K?] + 3[K?)* + 8[K][K*] — 6[K1])

]CMI/ — 5M1/ o ( g_1f>uw []C] — tI']C, f,ul/ — fabau¢aal/¢b
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Non-linear Massive Gravity

Non-linear extension of FP massive gravity
(de Rham, Gabadadze & Tolley 2011)

R
S = J\ﬁ;l /dﬁl;l;\/g [E + m?] (Lo + a3l + agLly)

No BD ghost even at non-linear level (Hassan & Rosen 2011)

Cosmological solutions, exact solutions
Cosmological perturbations
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Non-linear Massive Gravity

Cosmological perturbations
(GUmrukguogluy, Lin & Mukohyama 2011)

Background solution: FRW with A

3K
3H” + — <ALt

Ay =—m;(1-X4)3— X4 +a3(l—Xy)]
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Non-linear Massive Gravity

Cosmological perturbations
(GUmrukguogluy, Lin & Mukohyama 2011)

Background solution: FRW with A

2 scalar + 2 vector + 2 tensor modes
Scalar & Vector:
Vanishing kinetic terms + Finite mass terms
Tensor:
GR + Mass term

. : k2
Vi + 3H Y + (a(t)Q +> Vi =0




Non-linear Massive Gravity

Tensor: GR + Mass term

. . k2
Vi + 3H . + (a(t)Q +> Y =0

. (1 ' ﬂ%)

Modification only for tensor modes by Mg, ()

—> Probe by gravitational wave observations

Direct observations of gravitational wave
CMB polarizations
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FRW solution is unstable!!

10:30-11:30 Tanaka(Yukawa)
14:00-15:00 Tanahashi(UC Davis)

THP

Grivitational wave signal from massive gravity
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New cosmological solutions in massive gravity
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Non-linear Massive Gravity

(Initial) motivation:

Cosmology in the Non-linear Massive Gravity model
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fon-linear v
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fon-linear v

Assume a general quadratic action
with modifications (only) in tensor sector:

1= = [ e Na V& | 4555 40 (Z () 2)

) (1
n=>_
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Gravitational wave signal from Massive gravity

Assume a general quadratic action
with modifications (only) in tensor sector:

n=>_0

= & | dtdx* Na® N2 Y Yig Y Z C ( )” 5 | vis

[(_'Zsj = —N()?dt* + a(t)* [Qi; (z") +vi; {_'/._1'*"(_7._1""]



Gravitational wave signal from Massive gravity

Assume a general quadratic action
with modifications (only) in tensor sector:
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Gravitational wave signal from Massive gravity

Assume a general quadratic action
with modifications (only) in tensor sector:

M2 : I 1 .. (‘:? t) ..
I =—2 / dtd*z Na®VQ [\,Qﬁ,l-fﬁ,” + 5 E, )"‘}” (A = 2K)~ij — Méw ()77~ j]
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Evolution of gravitational wave

Pure GR:
Vi l ( ) Vi = 0
A
K
aH




Evolution of gravitational wave

Pure GR:




Evolution of gravitational wave

Pure GR:

%( )’YA:ZO

WKB solution with thin-horizon approximation

T = A(k)% exp (z f %ﬂt)

H,
A(k) = . Pri i i
[ () N k372 PrlmordlalamplltudeJ
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Evolution of gravitational wave

Pure GR + Mass term:

A

aMg\y
K

aH

>
d



Evolution of gravitational wave

Pure GR + Mass term:
Largek :Same as pure GR




Evolution of gravitational wave

Pure GR + Mass term:

Medium K : Suppression of y near today

A




Evolution of gravitational wave

Pure GR + Mass term:

2

a(t)?

Vi + 3H A, +£( + Af%w(t)ﬂ% =0

WKB solution with thin-horizon approximation

a3 W |
Vi = A(k)\/a(tgzw(t) exp (@/w(t)dt>
. . A o . ']]-
[GR: Tk = AUJ(,U) Y (’ / ZWH




Evolution of gravitational wave

Pure GR + Mass term:

Medium K : Suppression of y near today
Mgy dominant

A /\Sa/n:SGR »

----------------------




Evolution of gravitational wave

Pure GR + Mass term:

Smallk :Dominated by Mgy (t)
A .

kcrit




Evolution of gravitational wave

Pure GR + Mass term: = w*(t)

2

Vi + 3H Ay +£( + Mg:w(ﬂ)}% =0

a(t)?

WKB solution with thin-horizon approximation

Vi = A(k)\/g(j;fgzk(t) exp (@ /w(t)dt)
B aMeaw (te)
j‘> h/k(tO)’ — A(k)\/agMGW(tO)

A , ‘ }1'
. Vi — 4‘1 ]1‘ _.47 - - ]1_
[GR' ! ( )(1(7L) P (I (1( )J .8




Evolution of gravitational wave

(k3|yJ2in MG) / (K8|y,|? in GR) for the same K
AN

1 A :

kcrit aMGW(to)



Observed spectrum

We've discussed power spectrum w.r.t. k.

d o)
P(k) = m(%‘ﬂ 7) =7 Yk (to) |’

t=to
What we really observe is power spectrum w.r.t. (0:

d y dln k
Plwo) = d In wy i) B dlnwop(k(w))

2 kQ 2

ag

t=to
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Observed spectrum

We've discussed power spectrum w.r.t. k.

d g 2k3 5
—_ AL
P(k) — dlﬂ ]f <PYZ]7 > . ‘Pyk( )‘

What we really observe is power spectrum w.r.t. (0:

d
P(wo) = —— e (i) (k(w))
t=to
2 Wa
[wé C a3 ' MGW(tO)J wh — M%;fw(to)

23rd July - gth August, 2012 YITP Workshop "Nonlinear massive gravity theory and its observational test" 31



Observed spectrum

(P(w) in MG) / (P(w) in GR) for the same @)

i : / oc (W MGW(tO))-l
T \ oc (g — I\/Icaw(to))_gl2
[ SR :
: i X
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Observed spectrum

Divergence of P(w) is sensitive to P (K):

dlnk 5
P(wo) = dlnwop(k(wo)) o¢ k™ Pprinn (B) |, ()
[wg — ];—% + ]\/[éw(t()) <:> k(wo) = ao\/wg — MCQJW(tO)J

* If Pprim(K) has IR cutoff,

lm k2P, .m(k
k0 Porim (k) < +oc

". Peak height ocC kl—i>m+0 k_QPprim(k) )



Observed spectrum

Divergence of P(w) is sensitive to P (k)

Frequency resolution ~ 1/T
2 possible suppression for |wg-Mgw(to)| < 1/Tps

1
MG 2. 2
- 7;(;3(@0) ~ —Zele o min ((%“mﬁ — 1) : JWGW,UTobs)

5 o
wo) GR7L MGy o

[a)cutoff = w(kcutoﬁ)1 kcutoﬁ < I_IO J
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Observed spectrum

(P(w) in MG) / (P(w) in GR) for the same @)
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Observed spectrum

(P(w) in MG) / (P(w) in GR) for the same @)

/ o (g — MGW(tO))-l

o (g~ I\/Icaw(to))_gl2
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Observed spectrum

Divergence of P(w) is sensitive to P (k)

Frequency resolution ~ 1/TObS
= possible suppression for |wy-Mgy(to)] < 1/T s

. Peak height - kligll—() k_27)prim(k)

2 IR cutoff of P (K)?

* Peak location = Mg (ty)
_*Peakshape 2> Mgy, (tei)
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Observed spectrum

Sensitivity range:
LISA: 1074~1 Hz
DECIGO:  1071~1Hz
SKA, PPTA:  ~1078 Hz

Current bound:

Maw(to) < 10 Hz from binary pulsar timing
[Finn & Sutton 2002]

= 108 Hz < Mgy(t)) < 10 Hz
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Observed spectrum

1
MG 2L / 2
P (UJO) N A.Fe % min ( Weutoff 1) 7 -Z\/IGW,OTOZ)S)

PEM(wo)  GR%k, \ \ Mwo
ex.)
e Mgw(ty) =108 Hz = 109 H,
. kcutoff =1 HO ~1023 ~ 105

* T ps = O Years

e Mgy (to) =10"* Hz = 1013 H,

* kcutoff =1 I_IO ~1035 — 1013
* T, = O Years
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Grav. Wave - CMB Polarizations

GW observations =2 Mg, (f) att =t;, & t.;
Mgy (1) at any other time?

GW - CMB polarizations [Dubovsky et al. 2009]
Sensitive to Mgy (t) at recombination
Suppression at lower multipoles:

(<1072 x Maw (trec)/Ho

- Mgy, () at recombination
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Summary

Probe time-dependent mass of general massive
gravity theories by GW observations

GW direct observations:
Sharp peak in P(w)
Mgw () att =1ty & t

CMB polarizations
Mg () at recombination time

Other probes for Mg, (t) ?
Qowh? ¢ w? P(w) ~ Mgw(t)? P(w) - BBN constraint?
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