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Based on 1703.07785 with Moritz Platscher & Juri Smirnov.


https://arxiv.org/abs/1703.07785
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Make GR graviton g,,, massive
= introduce 2nd tensor field g, = two spin-2 fields

= g and g, couple differently to matter

Propagating states # detected states

Two Neutrino approximation

SN
MM

[:> Expect to see Gravitational wave oscillations.} !

Probability
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Making the graviton massive

1. linearised GR: g,,, = 1 + hpw IN Sen

1 1 1 1
— IU.I,/ . ILI, ro _ lLl.l/ .
L£=—h,0h 2h,wa O h"™ + 2h8u6,,h 4hDh

— add mass term m?[a(h,,,)? + b h?] = 4m?*(a + b)m [FPm + ...
x

hpw — hl_ «l, wt

pvo "ty

Problem?

2 — ! = lim ! ! !
L 2 =022 \0O—-c2 O+c?

[—> avoid ghosts by settinga = —b ]
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Making the graviton massive

2. Fierz-Pauli 1939:
L = Lin-cr +m[h3, — h’]
linear coord. invariance:  hy, = hy + 0 &y v
Add 4 Stiickelberg fields x¢: Xu — Xu — 3u.

= A second tensor:

Express the auxiliary fields as §,,, = 8#X“81,beab

[Giving a mass to g, = 2nd ‘metric’ Q,/,,]
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3. Massive Gravity: (drRGT 2010)
recover nonlinear coordinate invariance:

M2 i =
S:%/d"xﬁ R(g) + m*M? /d‘*x =9 Buen(v/37'9)
n=0

9w — physical metric J,v — reference metric

Coupling terms with v/g—'g = X:
LX) =[], ex(x) = 5 (1% - 7).

e3(X) = ([Xf —3[X] [X?] 42 [Xﬂ) ,e4(X) = detX.
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4. Bimetric Gravity: (Hassan & Rosen 2011)
recover nonlinear coordinate invariance:
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4. Bimetric Gravity: (Hassan & Rosen 2011)
recover nonlinear coordinate invariance:

M2 i =
5= [ dx=g Rig)+ mMy [ dx/=g Y pren(v/aT)
n=0
M2 -
+ %/d“x\/ —g R(g) + /dAX'\/jQ Liatter
9, — physical metric J,v — reference metric

Coupling terms with v/g—'g = X:
eo(X) = 1, e(X) = [X], ex(X) = % (1% - %)),

e3(X) = % ([Xf —3[X] [X?] 42 [Xﬂ) ,e4(X) = detX.
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Where can we take this theory?

— GW150914 & GW151226!
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Background cosmology

Why?

dewisxex = 400 Mpc < 4 Gpc =~ H-

[Reason: GWO will depend on 4 parameters mg,sinz(ﬁ), Vi, 6]
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Background cosmology

Ansatz: double-FRW with conformal time n
ds? = a(n)*(—dn’ + dx*)
d8% =b(n)*(=t(n)’ dn* + d¥®)

¢(n) < propagation speed of GW

— Value of ¢ in cosmological solution?

Eom’s yield 2 Friedmann-egs: H=2,)=%y="

L S (W R =AY+ 75

dynamical CC:  A(y) = m2sin® 8 [Bo + 3By + 3622 + Bay°]
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Background cosmology

Take y 2% v, + oy (y=b/a)
p(n) %

m2r. M2, _2p-y: 7
ot st cos? 0

oy’

C(n) =1+ o

=1-(1+w)

—0

Results of background cosmology.

- Stable solution exists (von Strauss & co. 2012).
- Modes can be sub-/superluminous.

- For reasonable values, ¢ = 1.
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Gravitational waves

The story so far:

Inspiral Merger Ring-
down

/" Production + detection
) () c‘ v/~ detg Limatter

dg(,4g) in ‘flavour’ basis

Propagation
h4,h, in mass basis
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Gravitational wave oscillations

Eom’s of TT tensor perturbations: @ s = +67
89" + R26g + sin @ m>T,a%(6g — 6G) = 0
- - m’r, -
6§" + R*5g + cos’ 0 Taz(ég —469)=0

*

M2,

GWO mixing angle: cos?(9) = &I, sin’(6) = —‘
Change of basis
hy = cos268g + sin’ 0y2 6§ h, = 6g — y2 6§
decouples one equation:

B + Khy =0
hy + R2hy + a’mg hy = a’mgrk(6, y.)h;

with m3 = m?.(sin” 0 + cs’0) 9
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Gravitational wave oscillations

Solution:
(e _c052 6 cos (Rt) + y2 sin® 6 cos (, [R? + m2 t)
T c0s26 + y2sin’ 6
cos?@cos (kt) — cos?dcos ((/R? +mit
5Q(t7 l?) = 3 2( )
cos? 6 +y2sin“ 6
Expand: ,/k2+m§ ~ R {1 + ] = wp + ow
Note:

- frequency dependent modulation
- myg — 0 recovers linear. GR perturbations

- oscillation for ¢ = 1!



Application to GW15091

NumGR by Einstein Toolkit et al. + SXS collab.
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NumGR by Einstein Toolkit et al. + SXS collab.
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Application to GW150914

NumGR by Einstein Toolkit et al. + SXS collab.
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Application to GW150914

Graviton mass determines deviation of waveform profile:
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Application to GW150914

Graviton mass determines deviation of waveform profile:

15H —  bigravity GR 1 g 15F| —  bigravity GR |
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— large my or z: decoherence
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Application to GW150914

Graviton mass determines deviation of waveform profile:

15 1 15
10 H‘ 10
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[:> indistinguishable from GR at largerz]
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~ 2R
Leoh = m?

Probably not.



Bigravity mass bounds from LIGO
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Future analysis
- More LIGO events = better exclusion? Probably not.

- But: compare expected distribution of BBH systems with
observed event rates at large z. 13



Bimetric gravity:

- natural extension of (massive) GR
- many phenomenological implications
- double-FRW cosmology v/

- nonlinearities not yet fully understood
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Bimetric gravity:

- natural extension of (massive) GR
- many phenomenological implications
- double-FRW cosmology v/

- nonlinearities not yet fully understood

[ Extensions to GR testable today! ]

14
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Effects on observations

Bounds on my — and do they apply?

- GW150914: mg < 1.2-1072 eV v

- weak lensing: mg < 6-10732 eV X
ACDM without Bigravity effects

- precession of mercury: mg <7.2-1072 eV ?

R\/d'mshtm'n > Rsom system



Helicity-0 mode « — why don’t we see it locally?

L=—-3(0ur) — 7(8,m)*Or + %7 T
8 1 1
Renormalised — v < I

7 is screened - ‘Vainshtein effect’
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