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Motivation
• Only 5% of the universe are visible.
• 95% are completely unknown.
• Idea: Add negative mass standard model.
⇒ Both copies appear mutually dark.
⇒ Well-known masses and couplings.
• Galaxies of both types should exist.
 Repulsion drives accelerating expansion.

Repulsive Einstein gravity
• Positive and negative test masses.
⇒ Two types of observer trajectories.
⇒ Autoparallels of two connections ∇±.
⇒ Attach parallely transported frames.
⇒ Orthonormalize with two metrics g±ab.
• Bimetric repulsive gravity not possible [1].
⇒ Solution: Multimetric gravity.

Multimetric gravity
• N ≥ 3 metric tensors gIab.
• N standard model copies ϕI :

⇒ SM [gI , ϕI ] =

∫
d4x
√
gILM [gI , ϕI ] .

• SM copies couple only to their metrics:

⇒ S = SG[g1, . . . , gN ]+

N∑
I=1

SM [gI , ϕI ] .

⇒ Field equations: KI
ab = 8πT Iab.

• Example gravitational part of the action:

SG =
1

16π

∫
d4x

N∏
I=1

(gI)
1

2N

[
N∑
I=1

c1R
I

+

N∑
I,J=1

c2g
I ijRJ ij + F 2(S)

]
.

• Free constant parameters c1 and c2.
• F 2(S) quadratic in SIJ = ΓI − ΓJ .

Multimetric PPN formalism
• Assume perfect fluid matter.
• Introduce velocity orders O(n) ∼ |~v|n:

gIab = ηab+h
I(1)
ab +h

I(2)
ab +h

I(3)
ab +h

I(4)
ab +O(5) .

• Post-Newtonian metric ansatz:

h
I(2)
00 = −

N∑
J=1

αIJ4χJ ,

h
I(2)
αβ =

N∑
J=1

(
2θIJχJ,αβ − (γIJ + θIJ)4χJδαβ

)
,

h
I(3)
0α =

N∑
J=1

(
σIJ+ W J+

α + σIJ− W J−
α

)
,

h
I(4)
00 =

N∑
J=1

(
φIJp ΦJp + φIJΠ ΦJΠ +

2∑
A=1

ωIJA ΩJA

)

+

N∑
J,K=1

7∑
A=1

ψIJKA ΨJK
A .

• Post-Newtonian potentials:

χI ,W I±,ΦIp,Φ
I
Π,Ω

I
1,Ω

I
2,Ψ

IJ
1 , . . . ,ΨIJ

7 .

• Constant post-Newtonian parameters:

αIJ , γIJ , θIJ , σIJ± , φIJp , φIJΠ ,

ωIJ1 , ωIJ2 , ψIJK1 , . . . , ψIJK7 .

• Determined by field equations.
• Linked to observable effects:

– Gravitational lensing.
– Lorentz invariance.
– Conservation laws.

Standard PPN formalism
• Identify visible matter with ϕ1.
⇒ Matter distribution yields PPN potentials.
• Identify visible metric with g1

ab.
⇒ g1

ab observable in solar system tests.
• Consistency with experiments:

α11 = 1 , γ11 = 1 ,

σ11
+ = −2 , σ11

− = −3

2
,

φ11
Π = 2 , φ11

p = 6 ,

ω11
1 = 4 , ω11

2 = 0 ,

ψ111
1 = 0 , ψ111

2 = 0 ,

ψ111
3 = −2 , ψ111

4 = 0 ,

ψ111
5 = 0 , ψ111

6 = −2 ,

ψ111
7 = 0 , θ11 = 0 .

• Rescaling of Newtonian constant α11 = 1.
• Gauge freedom θ11 = 0 and ψ111

1 = ψ111
5 .

⇒ 13 physical parameters can be measured.

Results
• Consistency conditions on c1 and c2:

c1 + c2 =
1

2−N
.

• Further conditions on F 2(S).
• Multimetric PPN parameters:

αIJ = γIJ= 2δIJ − 1 , θIJ = 0 ,

σIJ+ = 2− 4δIJ , σIJ− =
5

2
− 4δIJ ,

ωIJ1 = 10δIJ − 6 , ωIJ2 = 2− 2δIJ ,

φIJp = 16δIJ − 10 , φIJΠ = 4δIJ − 2

+ lengthy result for ψIJK1 , . . . , ψIJK7 .
⇒ Multimetric gravity satisfies PPN bounds.

Cosmological consequences
• Cosmological symmetry:

gI = −(nI)2(t)dt⊗dt+(aI)2(t)γαβdx
α⊗dxβ .

• Perfect fluid matter:

T Iab = (ρI + pI)uIauIb + pIgIab .

• Sector symmetry: drop all indices I.
⇒ Field equations simplify:

(c1 + c2)

(
Rab −

1

2
Rgab

)
= 8πTab .

⇒ Accelerating expansion [2]:

ä

a
=

4π

3
(N − 2)(ρ+ 3p) ≥ 0 .

• Scale factor a(t):
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• Matter density ρ(t):
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• Hubble parameter H = ȧ/a:
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Summary
• Multimetric extension of PPN formalism.
• Application to concrete gravity theory.
• Experimental consistency confirmed.
• Consequence: accelerating expansion.
• Negative gravitational lensing.

Outlook
• Effects of new PPN potentials?
• How to measure new PPN parameters?
• Multimetric conservation laws?
• Tests using double pulsars?
• Tests using gravitational waves [4]?
• Cosmological tests / CMB?
• Simulations of structure formation?
• Search for dark galaxies?


