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@ ACDM model: only 5% visible matter.

o Dark matter explains “missing mass” in galaxies.
o Dark energy explains accelerating expansion.
e Constituents of dark universe are unknown!
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@ ACDM model: only 5% visible matter.

o Dark matter explains “missing mass” in galaxies.
o Dark energy explains accelerating expansion.
e Constituents of dark universe are unknown!

@ |dea here: Additional “dark, negative mass” standard model copy.
@ Only interaction between both copies: repulsive gravity.
@ Universe contains equal amounts of both types of mass:

~ Dark galaxies “push” visible matter & light towards visible galaxies.
= Explanation of dark matter!

~ Mutual repulsion between galaxies drives accelerating expansion.
= Explanation of dark energy!
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Action and equations of motion

@ N metric tensors and N standard model copies.
@ Matter action: sum of standard model actions.
@ Gravitational action:
N
Salg',....g"] /d“x\/_ [Z (x+ys*)g" Ry + F(S)

1,J=1

@ Symmetric volume form go = (g'g?...gV)"/N.

e F(SV) quadratic in connection difference tensors SV =T/ — Y.
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Action and equations of motion

@ N metric tensors and N standard model copies.
@ Matter action: sum of standard model actions.
@ Gravitational action:

N
Salg"s -+ 9" / d*xv/% [ S (x+ ys¥)g"RY + F(S’J)] .
1,J=1

@ Symmetric volume form gy = (g'g?...g")"/N.
@ F(S"¥) quadratic in connection difference tensors S¥ =/ — .
= Equations of motion:

I /90
Tab = a

+ terms linear in V'S’

N N
1 )
N e J; (x +yo ") g7 R} + ;(X + yé“)FfJab]

+ terms quadratic in SV .

= Repulsive Newtonian limit for N > 3. n, m. wonitartn 10]
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@ Multimetric cosmology
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Simple cosmological model

@ Homogeneous, isotropic FLRW universe.

@ Matter content given by perfect fluid matter.
@ Copernican principle: common evolution for all matter sectors.

— All metrics are equal: g\, = ga»
— All energy-momentum tensors are equal: T, = T
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Simple cosmological model

@ Homogeneous, isotropic FLRW universe.

@ Matter content given by perfect fluid matter.
@ Copernican principle: common evolution for all matter sectors.

— All metrics are equal: g\, = ga»
— All energy-momentum tensors are equal: T, = T

= Equations of motion simplify for repulsive Newtonian limit:
1
(2—=N)Tap = Rap — ERgab-

= Negative effective gravitational constant.
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Cosmological equations of motion

@ Insert Robertson—Walker metric into equations of motion:

3 (& k
pzm(%*%)’
2-N\a & a)

— Positive matter density p > 0 requires k = —1 and & < 1.
= No solutions for k =0 or k = 1.
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Cosmological equations of motion

@ Insert Robertson—Walker metric into equations of motion:

3 (& k
pzm(@*%)
2-N\a & a)

— Positive matter density p > 0 requires k = —1 and & < 1.
= No solutions for k =0 or k = 1.
@ Acceleration equation:

N-2

4
2= 6 (Pt+3p).

= Acceleration must be positive for standard model matter.
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Explicit solution

@ Equation of state: p = wp; dust: w = 0, radiation: w = 1/3.
@ General solution using conformal time 1 defined by dt = adn:

2
1 3011
a=ap (cosh(sw; ("7—770)>) " ,
6w+6

p= ﬁ (Cosh (%(n - no)))sw+1 :

= Positive minimal radius ag. mH, M. wohitarth 10}
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Cosmological evolution
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© simulation of structure formation
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Structure formation

@ Structure formation in ACDM not fully understood:
o Missing dwarf problem. (voore et al. '99)
) Core-cusp—problem. [Dubinski, Carlberg '91; Navarro et al. '96]
@ Structure formation in multimetric gravity:
o Perturbation of cosmological background solution.
o Model dust matter by point particles.
o Interaction between point particles given by Newtonian limit.
@ Implementation:
o Large particle number requires high computing power.
= Use GPU computing!
@ Results:
o Galactic clusters and filament-like structures.
o Seemingly empty voids contain “invisible” matter.
= Repulsive gravity effects from galactic voids.
= Negative gravitational lenses in galactic voids?
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e Post-Newtonian consistency
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Parametrized post-Newtonian formalism

@ Obtain “fingerprint” of single-metric gravity theories. rorne, wil 71; wii 93
= 10 parameters, constrained by solar system experiments.
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Parametrized post-Newtonian formalism

@ Obtain “fingerprint” of single-metric gravity theories. rorne, wil 71; wii 93
= 10 parameters, constrained by solar system experiments.

@ Extension to multimetric gravity theories. p, m. woitarth 101
= Additional 14 unobserved parameters.
= 8 parameters can be obtained from linearized field equations.

@ Example: multimetric action can be chosen such that
o a™ =1, 6% = 0: standard PPN gauge choice.

o v =1, 0] = —2: experimental consistency.
o a~ = —1: repulsive Newtonian limit.
o v~ =-1,0" =0, 0 = 2: additional “dark” PPN parameters.
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Multimetric example theory

Gravitational action with parameters x, y, u, v, w, r, S 12

N N
1 i ) o o
SG = m / d4X /—go [X IEJ_; g/IjRJI_j + 2/_1: g/Ij <yRIij + USII_SII_

+ Vélkélkij‘i‘ Wélkimélmjk+glk/glmn (rélmikélnj/—FSéImijélnk/))] .

Restriction of input parameters by PPN consistency:

1 6—-N
Y=o N Ve e
6-N 1
W——4_2N-|-NX—3U, r——m'i'NX—U.

= PPN consistent theory with parameters x, u, s.
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e Gravitational waves
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Linearized multimetric gravity

o Perturbation ansatz: g/ = n + h'.
@ Most general linearized vacuum field equations:

P-0P0(ahp)p+ Q-Olhgp+ R 0a0ph+ M- 0P09hygmap+ N -Thnap = 0

@ Parameter matrices P, g, R,M,N.
@ Diagonalize parameter matrices.
= 10 parameters Py, Py, Q1, Qu, R1, Ro, My, My, N1, Ny.
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Linearized multimetric gravity

o Perturbation ansatz: g/ = n + h'.
@ Most general linearized vacuum field equations:

P-0POahpyp+ Q- Ohgp+ R-0a0ph+ M- 0P0Thygmap+N-Ohngp = 0

o Parameter matrices P, Q, B, M, N.

@ Diagonalize parameter matrices.
= 10 parameters Py, Py, Q1, Qu, R1, Ro, My, My, N1, Ny.

@ Calculate wave-like solutions of vacuum field equations.
= Gravitational waves propagate at the speed of light.
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Polarizations and E(2) class

@ Polarizations classified by reps. of E(2). (gardey, Lee, Lightman et al. 73]
o E(2) class depends on parameters P;, R;, M;.

Ng/

o —F —=
—o P+2R i 20 - M__
Nj 15 Ilg
+1 scalar +2 vectors +1 scalar

2 tensors
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PPN consistent multimetric example

Parameter values w12

Py — —2Q; = —2R; — —2My — 2Ny — ——_

2—-N
6_ N 4-N —Nx+u-—s
Po= oy ~2Nx+2u—2s, No= g h+ 2 ’
1 6-—N
QO__Z’ Ry= My = — . 4N+Nx +s.
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PPN consistent multimetric example

Parameter values w12

Py — —2Q; = —2R; — —2My — 2Ny — ——_

2—-N
6_ N 4-N —Nx+u-s
Po= oy ~2Nx+2u—2s, No= g h+ 2 ’
1 6-N
QO_—Z, Ro—Mo—_mJFNX_UJrS'

@ Dependent only on single parameter p := Nx — u + s.

Generic case: Special case p = £
o E(2)class for h': N, o E(2)class for h': N,
o E(2) class for h': N, o E(2) class for b': 1lg
= Effective E(2) class: N» = Effective E(2) class: Il
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e Conclusion
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o |dea: Repulsive gravity might explain dark matter & dark energy.
Multimetric repulsive gravity with N > 3 by explicit construction.
Cosmology features late-time acceleration and big bounce.
Structure formation features clusters and voids.

Repulsive gravity is consistent with solar system experiments.
Gravitational waves are null.

E(2) class can be one of Ny, N3, IIIs, IT;.

A
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@ Work in progress:

o Emission of gravitational waves from binary systems.
o Post-Newtonian approximation of axially symmetric solutions.
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