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Proposal

Make GR graviton gµν massive

⇒ introduce 2nd tensor field g̃µν = two spin-2 fields

⇒ gµν and g̃µν couple differently to matter

Propagating states 6= detected states
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⇒ Expect to see Gravitational wave oscillations.
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Making the graviton massive



Making the graviton massive

1. linearised GR: gµν = ηµν + hµν in SEH

L =
1
4
hµν�hµν − 1

2
hµν∂µ∂αhνα +

1
2
h ∂µ∂νhµν − 1

4
h�h

→ add mass term m2[a(hµν)2 + bh2] ≺

hµν → hTµν , πTν , πL

Problem?

πL�
2πL → 1

�2 = lim
c→0

1
2c2

(
1

�− c2
− 1

�+ c2

)
X

→ avoid ghosts by setting a = −b
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Making the graviton massive

2. Fierz-Pauli 1939:

L = Llin-GR +m2[h2µν − h2]

linear coord. invariance: hµν 7→ hµν + ∂(µ ξν)

Add 4 Stückelberg fields χaµ: χµ 7→ χµ − 1
2ξµ.

⇒ A second tensor:

Express the auxiliary fields as g̃µν = ∂µχ
a∂νχ

bfab

Giving a mass to gµν ⇒ 2nd ‘metric’ g̃µν

3
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Massive Gravity

3. Massive Gravity: (dRGT 2010)

recover nonlinear coordinate invariance:

S =
M2
g

2

∫
d4x

√
−g R(g) +m2M2

g

∫
d4x

√
−g

4∑
n=0

βnen(
√
g−1g̃)

+
M2
g̃

2

∫
d4x

√
−g̃ R̃(g̃) +

∫
d4x

√
−g Lmatter

gµν – physical metric g̃µν – reference metric

Coupling terms with
√
g−1g̃ ≡ X:

e0(X) = 1 , e1(X) = [X] , e2(X) =
1
2

(
[X]2 −

[
X2]) ,

e3(X) =
1
6

(
[X]3 − 3 [X]

[
X2]+ 2

[
X3]) , e4(X) = detX .
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Bigravity

4. Bimetric Gravity: (Hassan & Rosen 2011)

recover nonlinear coordinate invariance:
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Where can we take this theory?

→ GW150914 & GW151226!

4



Where can we take this theory?

→ GW150914 & GW151226!

4



Background cosmology



Background cosmology

Why?

dGW15xxxx ≈ 400 Mpc� 4 Gpc ≈ H−1

Reason: GWO will depend on 4 parameters mg, sin2(θ), y∗, c̃
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Background cosmology

Ansatz: double-FRW with conformal time η

ds2 =a(η)2(−dη2 + d~x2)
ds̃2 =b(η)2(−c̃(η)2 dη2 + d~x2)

c̃(η) ↔ propagation speed of GW

→ Value of c̃ in cosmological solution?

Eom’s yield 2 Friedmann-eqs: H = a′
a , J =

b′
b , y =

b
a

I. 3
a2

(
H2 + k

)
= Λ(y) + ρ(η)

M2
g

II. 3
b2

(
J2/c̃2 + k

)
=

ρ̃(y)
M2
g̃

dynamical CC: Λ(y) ≡ m2 sin2 θ
[
β0 + 3β1y + 3β2y2 + β3y3

]
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Background cosmology

Take y t→∞−→ y∗ + δy: (y = b/a)

c̃(η) ' 1+ δy′

y∗H
= 1− (1+ ω)

ρ(η)

m2Γ∗M2
pl

y2∗
2ρ̃∗y4∗

3m2M2
g̃Γ∗

− cos2 θ︸ ︷︷ ︸
→ 0

Results of background cosmology.

• Stable solution exists (von Strauss & co. 2012).
• Modes can be sub-/superluminous.
• For reasonable values, c̃ = 1.
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Gravitational waves

The story so far:

8

Production + detection√
−detg Lmatter

δg(, δg̃) in ‘flavour’ basis

Propagation

h1,h2 in mass basis



Gravitational wave oscillations

Eom’s of TT tensor perturbations: (∼)

g µν = ηµν + δ
(∼)

g µν

δg′′ + k2δg+ sin2 θm2 Γ∗a2(δg− δg̃) = 0

δg̃′′ + k2δg̃+ cos2 θ m
2 Γ∗
y2∗

a2(δg̃− δg) = 0

GWO mixing angle: cos2(θ) ≡ M2eff
M2g

, sin2(θ) ≡ M2eff
M2g̃

Change of basis

h1 ≡ cos2 θ δg+ sin2 θ y2∗ δg̃ h2 ≡ δg− y2∗ δg̃

decouples one equation:

h′′1 + k2h1 = 0
h′′2 + k2h2 + a2m2

g h2 = a2m2
gκ(θ, y∗)h1

with m2
g ≡ m2Γ∗(sin2 θ + cos2 θ

y2∗
)

9
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Gravitational wave oscillations

Solution:

δg(t, k) =
cos2 θ cos (k t) + y2∗ sin

2
θ cos

(√
k2 +m2

g t
)

cos2 θ + y2∗ sin
2
θ

δg̃(t, k) =
cos2 θ cos (k t)− cos2 θ cos

(√
k2 +m2

g t
)

cos2 θ + y2∗ sin
2
θ

Expand:
√
k2 +m2

g ' k
[
1+ m2

g
2k2

]
≡ ω0 + δω

Note:

• frequency dependent modulation
• mg → 0 recovers linear. GR perturbations
• oscillation for c̃ = 1!
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Application to GW150914

NumGR by Einstein Toolkit et al. + SXS collab.

0.0 0.1 0.2 0.3 0.4 0.5 0.6

-1.5×10-21

-1.×10-21

-5.×10-22

0

5.×10-22

1.×10-21

1.5×10-21

t (seconds)

S
tr

a
in

〈
(δg)2(t, k)

〉
T0�t�T∗

=
cos4 θ(

cos2 θ + y2∗ sin
2 θ
)2
[
1+ 2 y2∗ tan2 θ cos

(
m2
g

2k
t
)

+ y4∗ tan4 θ
]

11

mg = 10−22 eV, y∗ = 1, θ = π
4
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Application to GW150914

Graviton mass determines deviation of waveform profile:

−0. 1 0. 0 0. 1 0. 2 0. 3 0. 4

t[s]

−15

−10

−5

0
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15
S
tr
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n
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0
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22
bigravity GR
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−15

−10

−5

0
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S
tr
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n
/1

0
−

22

bigravity GR

→ large mg or z: decoherence

⇒ indistinguishable from GR at larger z

12
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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.
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Summary

Bimetric gravity:

• natural extension of (massive) GR

• many phenomenological implications

• double-FRW cosmology X

• nonlinearities not yet fully understood

Extensions to GR testable today!
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Questions?
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Effects on observations

Bounds on mg – and do they apply?

• GW150914: mg < 1.2 · 10−22 eV X

• weak lensing: mg < 6 · 10−32 eV X
ΛCDM without Bigravity effects

• precession of mercury: mg < 7.2 · 10−23 eV ?

RVainshtein > Rsolar system
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Nonlinearities

Helicity-0 mode π – why don’t we see it locally?

L = − 1
2 (∂µπ)

2 − 1
Λ3 (∂µπ)

2�π + 1
Mpl

π T

Renormalised→ 1
Mpl

√
Z � 1

Mpl

π is screened – ‘Vainshtein effect’
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