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@ 'ntroduction
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@ ACDM model: only 5% visible matter.

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

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

@ |dea here: Additional “dark, negative mass” standard model copy.
@ Only interaction between both copies: repulsive gravity.
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@ ACDM model: only 5% visible matter.
o Dark matter explains “missing mass” in galaxies.
e Dark energy explains accelerating expansion.
o 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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Multimetric gravity

@ No-go theorem for bimetric repulsive gravity. mH, m. wonttarth '09)
@ Solution: multimetric gravity with. . .

e N > 2 metric tensors g/,
e N > 2 copies of standard model matter '
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Multimetric gravity

@ No-go theorem for bimetric repulsive gravity. mH, m. wonttarth '09)
@ Solution: multimetric gravity with. . .

e N > 2 metric tensors g/,
e N > 2 copies of standard model matter '

= Cosmology features accelerating expansion. H, m. wonitarth '10]

= Compatible with PPN bounds at linearized level. p, v wohitarth “10]
= Testable using gravitational waves. w11

= Structure formation features clusters and voids.
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Multimetric gravity

@ No-go theorem for bimetric repulsive gravity. mH, m. wonttarth '09)
@ Solution: multimetric gravity with. . .

e N > 2 metric tensors g/,
e N > 2 copies of standard model matter '

= Cosmology features accelerating expansion. H, m. wohirarth 10]

= Compatible with PPN bounds at linearized level. p, v wohitarth “10]
= Testable using gravitational waves. w11

= Structure formation features clusters and voids.

@ Experimental consistency at full post-Newtonian level?
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e Multimetric PPN formalism
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@ Gravitational field equations:
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@ Gravitational field equations:

@ Matter is given by perfect fluid with
e density p/

pressure p’

specific internal energy N’

velocity v/
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@ Gravitational field equations:

@ Matter is given by perfect fluid with
e density p' ~ 0(2)
e pressure p' ~ O(4)
e specific internal energy M’ ~ O(2)
e velocity v/ ~ O(1)
@ Slow-moving source matter.
= Expand quantities in “velocity” orders O(n).
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@ Gravitational field equations:

@ Matter is given by perfect fluid with
e density p' ~ 0(2)
e pressure p' ~ O(4)
e specific internal energy N’ ~ O(2)
e velocity v/ ~ O(1)

@ Slow-moving source matter.

= Expand quantities in “velocity” orders O(n).
@ Weak gravitational field.

= Expand metric around flat background:

Ghp = Nab + hap = nap + h;(;) + h;f) + h;f') + hla(;)

o Each term hlY) is of order O(n).
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Post-Newtonian metric

@ Post-Newtonian metric ansatz:

pe — _ Z@'J A

=

hgg) _ Z (291J J’aﬂ _ (,YIJ i QIJ)AXJ(SQB) ’

J=1
N

AEY = > (AW + M)
J=1
N 2

h(')(:) _ Z <¢IJ¢J oMol + Z‘*’ QJ) + Z ZwIJKWJK‘
J=1 A=1 J,K=1A=1
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Post-Newtonian metric

@ Post-Newtonian metric ansatz:

N
h(l)(oz) = — Z ozlJAXJ ,

J=1
e <
hofﬂ) _ Z (29/J J’aﬂ _ (,YIJ i elJ)AXJ(SaB) ’
J=1
N
hee =3 (W + o)
J=1
N 2
hy =S <¢’J¢J + OHOY + Zwﬁ;’ﬂj> + Z Z VR W
J=1 A=1 J,K=1A=1
o Parameters o, vV, 0" ol ol ol Wl WF YK K,
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Post-Newtonian metric

@ Post-Newtonian metric ansatz:

He) — Z N

N
I
hof? _ Z (ZQIJXJ@B (M QIJ)AXJ(SQB) ’

J=1
(3 A
I/ [/ -
AED =3 (Awet + )
J:1

2
o) = Z <¢’J¢J H¢‘H+Zwﬁfﬂi> + Z Zw“’ﬂu
A=1

J=1 J,K=1 A=1

o Parameters o, vV, 0" ol ol ol Wl WF YK K,
e Potentials x/, W', &, o, Q],Q5, Wi/, ... WY,
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PPN potentials - part 1

@ Superpotential:
X' = —/p"p?— X'|d%x" .

@ Vector potentials:

v X, — X" )(x5 — x,)v!
Wf’:/p"(r @ i(a f)([j 5)%s d®x .

X —X| X — X'|3
@ Pressure:

I
pl 3./
(oY [ a—
P X —X|

d)l _/ //l—ll/ d3 ,
X —
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@ Internal energy:




PPN potentials - part 2

@ Kinetic energy:

2

Ql / d3 / Ql — / p/l [‘7/1 ) (} - )_()/)] dBx
X — ? X = X2 '
@ Non-linear potentials:
ANV = AYAANY DAY = s ANX s,
ANV = A Anx, DAY =5 A
ANVY = AN DAY, DAY = A s0x s,

IJ / J
ALBVT = X apy6Xiaprs -
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Matter content

@ Perfect fluid energy-momentum tensor:

N
Too = ¢’ (1 +n' vy Za’JAXJ> +0(6),
J=1
Téa = _plvolz + 0(5) )

Tls = p'Vlvh+p'das + O(B).
@ Conservation laws:

0= VaT"% = plg + (p'Va).a + O(5).,

av/ N
0=VaT'® =p/= 2+ P+ 50 > aAxs +0(6)
J=1
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Gauge transformations

@ Invariance of the action under diffeomorphisms.
@ Diffeomorphism generated by vector field &.
@ Tensor fields change by their Lie derivatives:

0cGhp = (Le@')ab = 2V (48 -
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Gauge transformations

@ Invariance of the action under diffeomorphisms.
@ Diffeomorphism generated by vector field &.
@ Tensor fields change by their Lie derivatives:

0cThy = (Le9")ab = 2V (4b) -

@ Require form-invariance of the PPN metric.
= Vector field must take the form

N N
I 1 I
§o = ZMX,O, o = ZAzX,m
=1 =1
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Gauge transformations

@ Invariance of the action under diffeomorphisms.
@ Diffeomorphism generated by vector field &.
@ Tensor fields change by their Lie derivatives:

0cGhp = (Le@')ab = 2V (48 -

@ Require form-invariance of the PPN metric.
= Vector field must take the form

50—ZA1><0, @—ZAM

@ Use gauge invariance to eliminate potentials from the PPN metric.
= PPN parameters ¢/ = 0 and ¢! = ! in standard gauge.
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Lorentz transformations

@ Transform metric to moving coordinate system.
@ Relative velocity w of order O(1).
@ Express PPN potentials in new coordinate system.
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Lorentz transformations

@ Transform metric to moving coordinate system.

@ Relative velocity w of order O(1).

@ Express PPN potentials in new coordinate system.
= New w dependent terms in the PPN metric appear.
= New terms vanish if and only if

a4 yW oM oM =0,
20£+w4‘j+wé‘j:0,

o 420V — 25 — WM =0,
291‘/4—05—0/,‘/—20”—014-0!:0.

= Simple test for Lorentz invariance of a gravity theory.
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Order-wise solution of field equations

@ Second velocity order O(2):
e Solve field equations KO'(()Z) =8r ng2> and Ka’fg) =8r T(i(ﬂz).
o Determine metric components h.’ and h').
= Obtain PPN parameters o/, v V.
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Order-wise solution of field equations

@ Second velocity order O(2):
e Solve field equations KO'(()Z) =8r ng2> and K(i(g) =8r T(i(ﬂz).
o Determine metric components h.’ and h').
= Obtain PPN parameters o/, 7¥ V.
@ Third velocity order O(3):
@ Solve field equations Kéf) =8r Téf).

e Determine metric components h(')(j).
= Obtain PPN parameters o¥.
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Order-wise solution of field equations

@ Second velocity order O(2):
e Solve field equations Ko'(()z) =8r T’(Z) and K’(Z) =8r T(i(g).
o Determine metric components h'(z) and h'(z)
= Obtain PPN parameters oV, ¥, 9“
@ Third velocity order O(3):
@ Solve field equations Kéf) =8r Téf).

e Determine metric components h(')(j’).
= Obtain PPN parameters o¥.

@ Fourth velocity order O(4):
o Solve field equations Ky = 87 Tyy" and K. = 87 T..

@ Determine metric component h(')(;)
= Obtain PPN parameters 0¥, ¢, of,w¥ , wl, UK, . K.
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e Relation to standard PPN formalism
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Standard PPN formalism

@ Only one metric g» and corresponding matter source Tgp.
@ Standard PPN metric:

h@) — 2qU,
h®) = 24U,

]
h(():i) — _§(3+4'y+a1 —ap+ (1 -2V,
]
— 5(1 +az — (4 +2§)WOH
hg(‘r)) = 2807 —26dy + (24 2 + az + 3 — 2¢)dy
+2(14 8y =28+ G+ )02 +2(1 + G3)0g
+2(37 + 3¢ — 26)P4 — (¢ — 29)A.

o Identify gap = gl and Tap = T),.
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Translation of PPN potentials

@ Standard in terms of multimetric PPN potentials:

U= —%AX‘ . U= %w}‘ +2ull 4 %wy +wll,
W+ —1 +1_ -1
v, = W +Wao oy Wa =W
2 2
1 1 1
¢1:Q1, ¢2:ZW}1+§\U;1+Z\U%17 ¢3:¢|1'|7 ¢4:¢;1)7
1 1
Oy = — Wi vyl — gwy -2 — gl -8, A=0;.

@ Larger number of multimetric vs. standard potentials.
= Cannot express all multimetric in terms of standard potentials.
= Multimetric PPN formalism is more general.
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Translation of PPN parameters

@ Multimetric in terms of standard PPN parameters:

1 1
al'=a, ol=—0—y-o+50— Ta+e,

1
’711:77 0—1-1:_1_7_20417 ¢11:2+2<..3’
¢“:67+6<4+4£, wi' =242y + a3+ (1 - 2,

wh! =26 — (4, W—zg pi! = 6¢ — 2,

=l = oy 284 o e, wiT =4,

28 —1+37—6ﬁ+Cz+6£, o =471 =0
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Translation of PPN parameters

@ Multimetric in terms of standard PPN parameters:

1 1 1 3

0411:04:1, 01_1:—5—’}’—10614-2042— 50 +&=—3
1

Yl=y=1, 011:—1—7—2041:—2, o =2+2G =2,

Gp =67 +6( +4L =6, w =2+2y+ag+(—2(=4,
wy' =26~ =0, W—zs—o vl =66 —25 =~

1 3
Pl =yl =S5+ 5728+ <2+£ 0, w”‘f4§:0,
1/1”1—1+3’y—6ﬁ+€2+6§:— T =l =

@ Compare with measured values of standard PPN parameters.
= 0" =0 and ¢! = ¢! due to gauge choice.
= a'! =1 can be achieved by choice of units.
= 13 physical parameters accessible to visible matter experiments.
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e Application to repulsive gravity
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Action - part 1

Generic, simple, multimetric gravity action:

_ ] 4
SG_167'('/dX
N

\/%[Z (C1 R! + g”j (Cgél,':glj + Cs:glkélk,'j + @élk//élljk)
=1

+g'g'"g n (Cgélmikél"j/ + C1q élmijélnkl> )

N
T Z (CZQIURJI'J' +g'l <C4SIJiSUj + CeSIJkSIJk,'j + CgSle,-/SlJljk>
1. J=1

+ glijglklglmn <C1OS“ m., gk "j/ + ¢SV mijSlJ "k/) )
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Action - part 2

@ Ricci tensor and Ricci scalar:
I labnJ
R 5 g a R ab
@ Connection difference tensors:
SIJi, _ rli_k B rJiﬂ(’ SIJj _ S’Jk/k,
IJ ad aJk
e = = Zs' S’ =87k

@ Mixed volume form

Manuel Hohmann (Tartu Ulikool) Multimetric PPN formalism 25. September 2013



Permutation symmetry

@ Consider permutation / — (/) = I of sectors.
@ Action is symmetric under arbitrary permutations:

Slg',¢'1 = Sl ¢'].
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Permutation symmetry

@ Consider permutation / — (/) = I of sectors.
@ Action is symmetric under arbitrary permutations:

Slg’, ¢l = Slg', ¢l
@ All constant expansion coefficients P'*/» are symmetric:
phey _ -y

@ Most general form for 2 or 3 indices:

Py =2 pyu,

N
Py | Pgol 4 Pag™ 4 Pag¥
PEK = 3+ = + PaotlK
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Repulsive Newtonian limit

@ All diagonal elements o' are equal.

@ Units can be chosen to rescale o/ = 1.

@ All off-diagonal elements o/ = z are equal.
@ Parameter values:

a= Nz, a=1-2z.
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Repulsive Newtonian limit

@ All diagonal elements o' are equal.
@ Units can be chosen to rescale o/ = 1.
@ All off-diagonal elements oV = z are equal.

@ Parameter values:

a= Nz, a=1-2z.

@ Newtonian metric perturbation:

he = —nx' -2y

= Repulsive Newtonian limit for z = —1.

Manuel Hohmann (Tartu Ulikool)
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@ Gauge fixing conditions for standard PPN gauge:

A

+h=0,

¢1+¢1+¢1+¢1 ¢5 ¢5+¢5+¢5
N2 N N

= Provide independent equations for calculating PPN parameters.

2\ i

by = + 45 .
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@ Gauge fixing conditions for standard PPN gauge:

A

+60=0,
¢1+¢1+¢1+¢1 ¢5 ¢5+¢5+¢5
N2 N N

= Provide independent equations for calculating PPN parameters.

@ Experimental consistency with solar system:

2\ i

by = + 45 .

+4=1,

Z[-=

P1 Uyt P
=0
+ similar constraints from other PPN parameters.

= Impose restrictions on viable input parameters ¢y, ..., ¢2.
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@ 6 constants ¢y, Cg, Cs, Ci0, Ci1, C12 remain free parameters.
@ 6 constants ¢y, ¢, C3, Cs, €7, Cg fixed depending on N and z.
@ Multimetric gravity compatible with experiments.
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@ 6 constants ¢y, Cg, Cs, Ci0, Ci1, C12 remain free parameters.
@ 6 constants ¢y, ¢, C3, Cs, €7, Cg fixed depending on N and z.
@ Multimetric gravity compatible with experiments.

@ PPN parameters (+ lengthy expressions for MK ... 4K):

a= Nz, a=1-2z,
=Nz, §=1-2z,
=0, =0,

g+ =—2Nz, by=2(z-1),
5_:g(1—4z), 6_.=2(z-1),
w1 =N(5z-1), o1 =5(1-2),
W =N(1 - 2), o =z-1,
¢p =2N(4z — 1), dp=8(1-2),
on = 2Nz, dn=2(1-2).
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e Cosmological consequences
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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/, = gap.
= All energy-momentum tensors are equal: T, = Tap.
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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/, = gap.
= All energy-momentum tensors are equal: T/, = Top.

= Equations of motion simplify:

]
(c1 +c2) (Rab - 2Rgab> =871Ty.

Manuel Hohmann (Tartu Ulikool) Multimetric PPN formalism 25. September 2013



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/, = gap.
= All energy-momentum tensors are equal: T/, = Top.

= Equations of motion simplify:

]
(c1 +c2) (Rab - 2Rgab> =871Ty.

@ PPN constraints on ¢ and ¢»:

1

areTTIN-Tz

= Negative effective gravitational constant forz = —1 and N > 2.
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Cosmological equations of motion

@ Insert Robertson—Walker metric into equations of motion:
8 — i 12 + 5
TN \2 T 2)
1 a & k

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

Manuel Hohmann (Tartu Ulikool) Multimetric PPN formalism 25. September 2013



Cosmological equations of motion

@ Insert Robertson—Walker metric into equations of motion:
8 — 3 12 + 5
TN \a2 T 2)
1 a & k
= (2=+ =5 +—=5 ).
8mp 2—N<a+a2+a2>
= Positive matter density p > 0 requires k = —1 and & < 1.

= No solutions for k =0 or k = 1.
@ Acceleration equation:

a 4n(N-2)

2= 3 (p+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 = adp:

2
3w + 1 3wt
a = amin (cosh ( 5 (n— 770))) )

6w+6

3w+ 1 T 3wt
P = Pmax <C03h < w2 (n— 770))) .

= Positive minimal radius amjn. mH, M. Wohifarth 0]
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Cosmological evolution

H amin
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Outline

G Conclusion
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@ Multimetric PPN formalism:

o Assume perfect fluid matter.

Determine post-Newtonian metric.

PPN parameters o, v, 0 o o) ol wid wll K K
13 parameters accessible to VISIb|e matter experiments.

Extension of standard PPN formalism to N > 2 metrics.
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@ Multimetric PPN formalism:

o Assume perfect fluid matter.
Determine post-Newtonian metric.
PPN parameters o, v, 0 o o) ol wid wll K K
13 parameters accessible to VISIb|e matter experiments.
Extension of standard PPN formalism to N > 2 metrics.

@ Application to multimetric repulsive gravity:

e Simple model dependent on 12 constant parameters.
@ 6 parameters fixed by experimental consistency.
o
(]

Experimentally consistent model with 6 free parameters.
Relation between repulsive gravity and accelerating expansion.
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@ Experimental significance of new visible PPN parameters:

o Effects of new PPN potentials on current experiments?
o New experiments to determine unknown parameters?
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@ Experimental significance of new visible PPN parameters:

o Effects of new PPN potentials on current experiments?
o New experiments to determine unknown parameters?

@ Post-Newtonian conservation laws:

e Conservation of total energy and momentum?
o Transfer of energy and momentum between matter sectors?
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@ Experimental significance of new visible PPN parameters:

o Effects of new PPN potentials on current experiments?
o New experiments to determine unknown parameters?

@ Post-Newtonian conservation laws:
@ Conservation of total energy and momentum?
o Transfer of energy and momentum between matter sectors?
@ Further experimental tests of multimetric gravity:
e Strong fields and pulsars: parameterized post-Keplerian formalism?
o Gravitational waves: parameterized post-Einsteinian formalism?
e Cosmology: Cosmic microwave background?
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