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Motivation

Not yet understood cosmological observations:
Homogeneity of cosmic microwave background.
Accelerating expansion of the universe.
Motion of galaxies and rotation curves.
Galactic mergers (Abell 520).

Bigravity: unique theory. . .
. . . containing two dynamical metrics.
. . . allowing matter coupling to each metric.
. . . avoiding Boulware-Deser ghost.

Interesting phenomenology:
Modified cosmological dynamics (dark energy, inflation).
Massive gravitons (non-interacting dark matter).
Additional matter sector (self-interacting dark matter).

Solar system consistency?
Within Vainshtein radius: same as general relativity.

Beyond Vainshtein radius?

Manuel Hohmann (University of Tartu) Bimetric gravity PPN - [1701.07700] DPG GR 7 - 14. March 2017 2 / 12



Motivation

Not yet understood cosmological observations:
Homogeneity of cosmic microwave background - inflation.
Accelerating expansion of the universe - dark energy.
Motion of galaxies and rotation curves - dark matter.
Galactic mergers (Abell 520) - dark sector interactions.

Bigravity: unique theory. . .
. . . containing two dynamical metrics.
. . . allowing matter coupling to each metric.
. . . avoiding Boulware-Deser ghost.

Interesting phenomenology:
Modified cosmological dynamics (dark energy, inflation).
Massive gravitons (non-interacting dark matter).
Additional matter sector (self-interacting dark matter).

Solar system consistency?
Within Vainshtein radius: same as general relativity.

Beyond Vainshtein radius?

Manuel Hohmann (University of Tartu) Bimetric gravity PPN - [1701.07700] DPG GR 7 - 14. March 2017 2 / 12



Motivation

Not yet understood cosmological observations:
Homogeneity of cosmic microwave background - inflation.
Accelerating expansion of the universe - dark energy.
Motion of galaxies and rotation curves - dark matter.
Galactic mergers (Abell 520) - dark sector interactions.

Bigravity: unique theory. . .
. . . containing two dynamical metrics.
. . . allowing matter coupling to each metric.
. . . avoiding Boulware-Deser ghost.

Interesting phenomenology:
Modified cosmological dynamics (dark energy, inflation).
Massive gravitons (non-interacting dark matter).
Additional matter sector (self-interacting dark matter).

Solar system consistency?
Within Vainshtein radius: same as general relativity.

Beyond Vainshtein radius?

Manuel Hohmann (University of Tartu) Bimetric gravity PPN - [1701.07700] DPG GR 7 - 14. March 2017 2 / 12



Motivation

Not yet understood cosmological observations:
Homogeneity of cosmic microwave background - inflation.
Accelerating expansion of the universe - dark energy.
Motion of galaxies and rotation curves - dark matter.
Galactic mergers (Abell 520) - dark sector interactions.

Bigravity: unique theory. . .
. . . containing two dynamical metrics.
. . . allowing matter coupling to each metric.
. . . avoiding Boulware-Deser ghost.

Interesting phenomenology:
Modified cosmological dynamics (dark energy, inflation).
Massive gravitons (non-interacting dark matter).
Additional matter sector (self-interacting dark matter).

Solar system consistency?
Within Vainshtein radius: same as general relativity.

Beyond Vainshtein radius?

Manuel Hohmann (University of Tartu) Bimetric gravity PPN - [1701.07700] DPG GR 7 - 14. March 2017 2 / 12



Motivation

Not yet understood cosmological observations:
Homogeneity of cosmic microwave background - inflation.
Accelerating expansion of the universe - dark energy.
Motion of galaxies and rotation curves - dark matter.
Galactic mergers (Abell 520) - dark sector interactions.

Bigravity: unique theory. . .
. . . containing two dynamical metrics.
. . . allowing matter coupling to each metric.
. . . avoiding Boulware-Deser ghost.

Interesting phenomenology:
Modified cosmological dynamics (dark energy, inflation).
Massive gravitons (non-interacting dark matter).
Additional matter sector (self-interacting dark matter).

Solar system consistency?
Within Vainshtein radius: same as general relativity.
Beyond Vainshtein radius?

Manuel Hohmann (University of Tartu) Bimetric gravity PPN - [1701.07700] DPG GR 7 - 14. March 2017 2 / 12



Field content and action

Field content: metrics g, f ; matter fields Φg ,Φf .

Action:

S =

∫
M

d4x

[
mg

2

2

√
−det gRg +

mf
2

2

√
−det fRf

−m4
√
−det g

4∑
n=0

βnen

(√
g−1f

)

+
√
−det gLg

m(g,Φg) +
√
−det fLf

m(f ,Φf )

]
Terms in the action:

Einstein-Hilbert terms for each metric
interaction potential
matter coupling

Parameters: masses mg ,mf ,m; couplings β0, . . . , β4.
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Field equations

Field equations:

m2
g

(
Rg
µν −

1
2

gµνRg
)

+ m4V g
µν = T g

µν ,

m2
f

(
Rf
µν −

1
2

fµνRf
)

+ m4V f
µν = T f

µν .

Energy-momentum tensors:

T g
µν = − 2√

−det g

δ
(√
−det gLg

m(g,Φg)
)

δgµν
,

T f
µν = − 2√

−det f
δ
(√
−det fLf

m(f ,Φf )
)

δfµν
.

Interaction terms:

V g
µν = gµρ

3∑
n=0

(−1)nβnYn
ρ
ν(A) , V f

µν = fµρ
3∑

n=0

(−1)nβ4−nYn
ρ
ν(A−1) .
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Unique ghost-free interaction

Matrix square root:
AµσAσν = gµσfσν .

Matrix invariants appearing in the action:

ek (A) = Aµ1
[µ1
· · ·Aµk

µk ] .

Explicit form of matrix invariants:

e1(A) = tr A , e2(A) =
1
2

[
(tr A)2 − tr A2

]
,

e0(A) = 1 , e3(A) =
1
6

[
(tr A)3 − 3 tr A tr A2 + 2 tr A3

]
,

e4(A) =
1

24

[
(tr A)4 − 6(tr A)2 tr A2 + 3(tr A2)2 + 8 tr A tr A3 − 6 tr A4

]
.

Interaction terms appearing in the field equations:

Yn(A) =
n∑

k=0

(−1)kek (A)An−k .
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Flat, proportional background solution

Assume existence of vacuum solution with c > 0:

g(0)
µν = ηµν , f (0)µν = c2ηµν .

Insert into field equations (with β̃k = ckβk ):

0 = V g(0)
µν = (β̃0 + 3β̃1 + 3β̃2 + β̃3)ηµν ,

0 = V f (0)
µν = (β̃1 + 3β̃2 + 3β̃3 + β̃4)c−2ηµν .

⇒ Consider only models which satisfy

β̃0 = −3β̃1 − 3β̃2 − β̃3 , β̃4 = −β̃1 − 3β̃2 − 3β̃3 .

⇒ New free parameter c > 0 instead of β0, β4 in the action.
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Static point mass source

Energy-momentum tensors for perfect fluid:

T g µν = (ρg + ρgΠg + pg)ug µug ν + pggµν ,

T f µν = (ρf + ρf Πf + pf )uf µuf ν + pf fµν .

Static point mass source:

ρg = Mgδ(~x) , Πg = 0 , pg = 0 , ug ∼ ∂t ,

ρf = M f δ(~x)

c3 , Πf = 0 , pf = 0 , uf ∼ ∂t .

Rescaling of mass parameters:

m̃g = mg , m̃f = cmf M̃g = Mg , M̃ f = cM f .
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Post-Newtonian metric ansatz

PPN metric ansatz:

g00 = −1 + 2
α̃ggM̃g + α̃gf M̃ f

r
,

gij = δij + 2
γ̃ggM̃g + γ̃gf M̃ f

r
δij + 2

θ̃ggM̃g + θ̃gf M̃ f

r3 xixj ,

c−2f00 = −1 + 2
α̃fgM̃g + α̃ff M̃ f

r
,

c−2fij = δij + 2
γ̃fgM̃g + γ̃ff M̃ f

r
δij + 2

θ̃fgM̃g + θ̃ff M̃ f

r3 xixj .

PPN parameters (in general depend on interaction distance r ):

α̃gg , α̃gf , α̃fg , α̃ff : Newtonian interaction.
γ̃gg , γ̃gf , γ̃fg , γ̃ff : Spatial curvature, light deflection.
θ̃gg , θ̃gf , θ̃fg , θ̃ff : Off-diagonal contribution.

Gauge choice: θ̃gg = θ̃ff = 0.
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γ̃gg , γ̃gf , γ̃fg , γ̃ff : Spatial curvature, light deflection.
θ̃gg , θ̃gf , θ̃fg , θ̃ff : Off-diagonal contribution.

Gauge choice: θ̃gg = θ̃ff = 0.
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PPN parameters

Solution for PPN parameters:

α̃gg =
3m̃2

g + 4m̃2
f e−µr

24πm̃2
g(m̃2

f + m̃2
g)
, α̃ff =

3m̃2
f + 4m̃2

ge−µr

24πm̃2
f (m̃2

f + m̃2
g)
,

α̃gf =
3− 4e−µr

24π(m̃2
f + m̃2

g)
, α̃fg =

3− 4e−µr

24π(m̃2
f + m̃2

g)
,

γ̃gg =
3m̃2

g + 2m̃2
f e−µr

24πm̃2
g(m̃2

f + m̃2
g)
, γ̃ff =

3m̃2
f + 4m̃2

ge−µr

24πm̃2
f (m̃2

f + m̃2
g)
,

γ̃gf =
9m̃2

f + 2(m̃2
g − 2m̃2

f )e−µr

72πm̃2
f (m̃2

f + m̃2
g)

− µr(µr + 3) + 3
36πm̃2

f µ
2r2

e−µr ,

γ̃fg =
9m̃2

g + 2(m̃2
f − 2m̃2

g)e−µr

72πm̃2
g(m̃2

f + m̃2
g)

− µr(µr + 3) + 3
36πm̃2

gµ2r2
e−µr ,

θ̃gf =
µr(µr + 3) + 3

12πm̃2
f µ

2r2
e−µr , θ̃fg =

µr(µr + 3) + 3
12πm̃2

gµ2r2
e−µr .
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Physical interpretation

Physical meaning of PPN parameters:

Newtonian gravity light deflection
by visible
matter

α̃gg =
3m̃g

2+4m̃f
2e−µr

24πm̃g2(m̃f
2+m̃g2)

γ̃gg

α̃gg =
3m̃g

2+2m̃f
2e−µr

3m̃g2+4m̃f
2e−µr

by dark
matter

α̃gf = 3−4e−µr

24π(m̃f
2+m̃g2)

γ̃gf+θ̃gf /3
α̃gf = 1 +

2(m̃g
2+4m̃f

2)

3m̃f
2(3eµr−4)

Constants appearing in PPN parameters:

Graviton mass:

µ = m2

√(
β̃1 + 2β̃2 + β̃3

)( 1
m̃f

2 +
1

m̃g
2

)
.

Effective Planck masses m̃g , m̃f .
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Solar system consistency

Cassini tracking experiment (Shapiro delay by the sun):
Effective interaction distance: r0 ≈ 1.6R� ≈ 7.44 · 10−3AU.
Measured PPN parameter: γ̃gg

α̃gg − 1 = (2.1± 2.3) · 10−5.

Gray area excluded at 2σ (with mAU = 1AU−1 ≈ 1.32 · 10−18 eV
c2 ):
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Conclusion

Summary:
Bimetric gravity:

Unique ghost-free theory of two interacting metrics.
Natural candidates for dark energy and dark matter.

Solution derived in post-Newtonian limit:
Consider static point mass source.
Express solution in terms of PPN parameters.

⇒ Strength of Newtonian interaction and light deflection.
⇒ Effects by both visible and dark matter are covered.

Experimental constraints:
Consider Cassini tracking experiment.

⇒ Bounds on Planck mass ratio m̃f
m̃g

and graviton mass µ.

Outlook:
Include Vainshtein mechanism in analysis.
Calculate light deflection by massive graviton dark matter.
Extend analysis to PPN parameter β.
Consider more general theory with more metrics.
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