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@ Not yet understood cosmological observations:

e Homogeneity of cosmic microwave background.
o Accelerating expansion of the universe.

e Motion of galaxies and rotation curves.

o Galactic mergers (Abell 520).
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@ Not yet understood cosmological observations:

@ Homogeneity of cosmic microwave background - inflation.
@ Accelerating expansion of the universe - dark energy.

o Motion of galaxies and rotation curves - dark matter.

o Galactic mergers (Abell 520) - dark sector interactions.
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@ Not yet understood cosmological observations:

@ Homogeneity of cosmic microwave background - inflation.
Accelerating expansion of the universe - dark energy.

e Motion of galaxies and rotation curves - dark matter.

o Galactic mergers (Abell 520) - dark sector interactions.

@ Bigravity: unique theory. ..

@ ...containing two dynamical metrics.
e ...allowing matter coupling to each metric.
e ...avoiding Boulware-Deser ghost.
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@ Not yet understood cosmological observations:

@ Homogeneity of cosmic microwave background - inflation.
Accelerating expansion of the universe - dark energy.

o Motion of galaxies and rotation curves - dark matter.

o Galactic mergers (Abell 520) - dark sector interactions.

@ Bigravity: unique theory. ..

@ ...containing two dynamical metrics.
e ...allowing matter coupling to each metric.
e ...avoiding Boulware-Deser ghost.

@ Interesting phenomenology:

e Modified cosmological dynamics (dark energy, inflation).
e Massive gravitons (non-interacting dark matter).
o Additional matter sector (self-interacting dark matter).
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@ Not yet understood cosmological observations:
@ Homogeneity of cosmic microwave background - inflation.
Accelerating expansion of the universe - dark energy.
e Motion of galaxies and rotation curves - dark matter.
o Galactic mergers (Abell 520) - dark sector interactions.
@ Bigravity: unique theory. ..
@ ...containing two dynamical metrics.
e ...allowing matter coupling to each metric.
e ...avoiding Boulware-Deser ghost.
@ Interesting phenomenology:
e Modified cosmological dynamics (dark energy, inflation).
e Massive gravitons (non-interacting dark matter).
e Additional matter sector (self-interacting dark matter).
@ Solar system consistency?

e Within Vainshtein radius: same as general relativity.
e Beyond Vainshtein radius?
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Field content and action

@ Field content: metrics g, f; matter fields ®9, d7.
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Field content and action

@ Field content: metrics g, f; matter fields ®9, d.
@ Action:

2 2
S= /d4x [még\/—detgﬁ’g + mTf\/—det fR'
M
4
—m*/~detg)  Bnen <\/g1f>
n=0
+/—detgd(g, d9) + /—det fL (f, o)
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Field content and action

@ Field content: metrics g, f; matter fields ®9, d.
@ Action:

2 2
S= /d4x[ngx/dethg+ mTf\/—detfRf
M
4
—m*/~detg)  Bnen <\/g1f>
n=0
+/—detgd(g, d9) + /—det fL (f, o)

@ Terms in the action:
e Einstein-Hilbert terms for each metric
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Field content and action

@ Field content: metrics g, f; matter fields ®9, d.
@ Action:

2 2
S= /d4x [még\/—detgﬁ’g + mTf\/—det fR'
M

4
—m*/~detg) " Bnen <\/g1f>
n=0
+\/—detgrd(g, d9) + /—det fLL (f, )

@ Terms in the action:
e Einstein-Hilbert terms for each metric
e interaction potential
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Field content and action

@ Field content: metrics g, f; matter fields ®9, d.
@ Action:

2 2
S= /d4x [még\/—detgﬁ’g + mTf\/—det fR'
M

4
—m*/~detg)  Bnen <\/g1f>
n=0
+\/—detgLd (g, d9) + /—det fLI (f, o)

@ Terms in the action:
o Einstein-Hilbert terms for each metric
e interaction potential
e matter coupling
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Field content and action

@ Field content: metrics g, f; matter fields ®9, d.
@ Action:

2 2
S= /d4x [ng\/—detgﬁ’g + m7f\/—det fR'
M

4
—m*/~detg) " fBnen <\/g1 f>
n=0
+\/—detgrd(g, d9) + /—det fLL (f, )

@ Terms in the action:
o Einstein-Hilbert terms for each metric
e interaction potential
@ matter coupling

@ Parameters: masses my, m¢, m; couplings /o, ..., (4.
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Field equations

@ Field equations:
1
ms <Rgu - Zg,ul/Rg> + m4 ng = Tgu’

]
m? (R[w - 2f,WF?f> +m v;u - T[W.
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Field equations

@ Field equations:

1
2 4 _
mg <Rgu - 2gHVRg> +m Vﬂgy - Tug,l/a

1
2 [ pf f 4yt _ f
ms¢ (RW - Ef,WF? ) +m*'V,=T,,.
@ Energy-momentum tensors:

o 0 (« /—detgL¥(g, d>g))

79 = — :
m \/—detg ogHr
- 5 (vV/—detfLl (f, &)

2% :

J/—detf 5fhv
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Field equations

@ Field equations:

1
2 4,0 _
mg <Rﬁu — 29#,,RQ> +m*Vi, =T9,,

1
2 ( pof f 4\ /f f
mf (R;LV — EfMVR ) + m ‘/,UIJ = T,LLI/ .
@ Energy-momentum tensors:

o 0 (« /—detgL¥(g, d>g))

79, = — :
v \/—detg ogHr
o2 5 (vV/—detfLl (f, &)

wv :

J/—detf 5fhv

@ Interaction terms:

3 3
ng = Gup Z(_1 )"BnYn’u(A) V;iu = lup Z(_1 )"Ban an,,(A_1) :
n=0 n=0
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Unique ghost-free interaction

@ Matrix square root:
AGAT, =gl .
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Unique ghost-free interaction

@ Matrix square root:
ALLAT, = gMfy .
@ Matrix invariants appearing in the action:

ex(A) = Ay, - AR
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Unique ghost-free interaction

@ Matrix square root:
ALLAT, = gMfy .
@ Matrix invariants appearing in the action:
ek (A) = Ay, - A

@ Explicit form of matrix invariants:

bkl -

]
ei(A)=trA, ex(A) =3 [(trA)Q—trAQ} ,
e(A) =1, e3(A) = % [(trA)3 — 3trAtr A2 +2trA3} :

e4(A) = (tr A)* — B(tr A)? tr A% + 3(tr A%)? + 8tr Atr A% — 6trA4} :

1
24
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Unique ghost-free interaction

@ Matrix square root:
ALLAT, = gMfy .
@ Matrix invariants appearing in the action:
ek (A) = Ay, - A

@ Explicit form of matrix invariants:

bkl -

]
ei(A)=trA, ex(A) =3 [(trA)Q—trAQ} ,
e(A) =1, e3(A) = % [(trA)3 — 3trAtr A2 +2trA3} :

e4(A) = 21—4 (tr A)* — B(tr A)? tr A% + 3(tr A%)? + 8tr Atr A% — 6trA4} :

@ Interaction terms appearing in the field equations:
n

Yo(A) = (—1)kex(A)A™X.

k=0
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Flat, proportional background solution

@ Assume existence of vacuum solution with ¢ > 0:
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Flat, proportional background solution

@ Assume existence of vacuum solution with ¢ > 0:
@ Insert into field equations (with 3x = c/3):

0= VI = (B + 351 + 36>+ ﬂs)mw :
0= Vf = (B1 + 32 + 3P + Ba)c P .
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Flat, proportional background solution

@ Assume existence of vacuum solution with ¢ > 0:
@ Insert into field equations (with 3x = c/3):

0= Vg(0 (Bo + 361 + 3062 + 53)77;w ,
0= Vf = (B1 +3F2 +3P3 + F4)c 2 -

= Consider only models which satisfy
Bo=-38B1—3B2— B3, [a=—Pp1—3B—3P.

= New free parameter ¢ > 0 instead of 3y, 34 in the action.
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Static point mass source

@ Energy-momentum tensors for perfect fluid:

Tgl“/:(pg_i_pgng_i_pg)ugﬂugV_i_pggﬂl’,
Tfuy:(pf—l—pfnf—pr)UfMUfy+pffuu.
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Static point mass source

@ Energy-momentum tensors for perfect fluid:
TIW — (p9 + p9N9 + p9)udrud” + pIgh”
Tf/uz — (,Of —I—pfﬂf _|_pf)ufuuf1/ +pffuu )

@ Static point mass source:

= M95(X), ne=o0, p?=0,  WI~0,
5(X

f () pf:O, quat‘

RS
||
-
=X
I
o
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Static point mass source

@ Energy-momentum tensors for perfect fluid:

Tgl“/:(pg_i_pgng_i_pg)ugﬂugl’_i_pggﬂl’,
T””’:(pf—l—pfﬂf—l—pf)uf“UfV—l—pff’“’.

@ Static point mass source:

ny=o, p? =0, ud ~ o,
ol = MI222 n=o, pf=0, u' ~ 0.

@ Rescaling of mass parameters:

Mg =mg, fMy=cmy MI=MI, M =cM.
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Post-Newtonian metric ansatz

@ PPN metric ansatz:

&99 M9 + a9 M

Joo=—-1+2 P ;
599 9 + 79f gt G999 + §ot it
g,l:é,-,-+27 v dj+2 3 XiX;
~ngg ffo
c 2fyy = —1 +2+,

ngg ffo e”ngg éffl‘"/lf

o 2fy =gy 2 T s RO

r re
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Post-Newtonian metric ansatz

@ PPN metric ansatz:

&99 M9 + a9 M

900 = —1+2 . :
gj = 5 + L 10M? - M 8 + 2§gg"~/’g; égf’r/’fx,-)q ,
c %Moo= —1+ 2W
c 2y =05+ 2&ngg r+ M dj + Zéngg; o XiXj .

@ PPN parameters (in general depend on interaction distance r):
e a%9, a9 a9, a': Newtonian interaction.
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Post-Newtonian metric ansatz

@ PPN metric ansatz:

&99 M9 + a9 M

9oo = —1+2 P ;
9 = 0j + ziggMg :r 'Nygfmféi/ + 2§ggMngg éngfx,-X,- ;
c %Moo= —1+ 2W

@ PPN parameters (in general depend on interaction distance r):
e &9, a9 a9, &: Newtonian interaction.
e 799 59" 319 51T Spatial curvature, light deflection.
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Post-Newtonian metric ansatz

@ PPN metric ansatz:

&99 M9 + a9 M

900 = —1+2 . :
gj = 5 + L 70M9 r*’ﬂygfmfé,-,- + 2§ggMg; 5gf"7’fx,-)q ,
c %Moo= —1+ 2W
c 2y =05+ Z&ngg r+ M dj + Zéngg; o XiXj .

@ PPN parameters (in general depend on interaction distance r):
e &9, a9 a9, &: Newtonian interaction.
e 799 59" 319 5 Spatial curvature, light deflection.
e (99 (9 % ": Off-diagonal contribution.
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Post-Newtonian metric ansatz

@ PPN metric ansatz:

G999 4 GO

9oo=—-1+2 p ;
SOOI SO GSSRAT 4 ot
~fg/\"/,g ~ff/\"/,f
C_2f00 =1+ 2%7
~fg/\"/,g ~ffo e”fg/\"/,g NIEK
o2y gy 2 MM S BOM L BT
Iy /] r Iy r3 )

@ PPN parameters (in general depend on interaction distance r):
e &9, a9 a9, &": Newtonian interaction.
e 799 79" 319~ Spatial curvature, light deflection.
e (99 99" ¢ ¢ Off-diagonal contribution.

@ Gauge choice: (99 = (" = 0.
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PPN parameters

@ Solution for PPN parameters:

SFnS +4mzeH 32 + 4ﬁ7§ef“’

&99 — A S S — S —
24m M (M2 + MZ) 247 M2 (M2 + M3)
- gf 3—4e M g 3—4e M
o = ———a, 7= ——a——0F,
24 (M2 + M3) 24 (M2 4 M3)
oy BRI 3R 4
24n Mg (M2 + M3) 24n M2 (M2 + M3)
gl _ 92 + 2(M5 — 2MZ)eH" _opr(pr+3)+3 __
72w M2 (M2 + ﬁ’IS) 36m M2 p2r? ’
g _ 93 + 2(M2 — 2Mm3)e " _pr(pr+3)+3
72r (M2 + m3) 36m Mz r2 7
gof — pr(ur +3) + sefur gfa — pr(ur +3) + 36*/”
127 M2 p2r? ’ 127 M3pu2r2 '
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Physical interpretation

@ Physical meaning of PPN parameters:

Newtonian gravity light deflection
by visible | ~gg _ 3ig*+aimPe tr 599 _ Bing?+2imleh
matter ' 24ming®(My®+Mgy?) 499 — 3mg2+4m2e—nr
py dark a9 — _3-4e 1 59'409'/3 _ 1+ 2(mg?+4m;?)
matter 24m(M+ng?) agl 3m2(3er —4)
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Physical interpretation

@ Physical meaning of PPN parameters:

Newtonian gravity light deflection
by visible 599 — 3mg2+4m2e 1" 499 _ 3mg?+2me T
matter 24m Mg (M2 +Mg?) 499 — Bing?+amPe 1T
py dark 9 — _3-4e 1’ 59'409'/3 _ 1+ 2(mg?+4m;?)
matter 247T(ﬁlf2+ﬁ'192) agf 3/?1{2(39/”74)

@ Constants appearing in PPN parameters:
o Graviton mass:

~ . 1 1
"= mz\/<51 +2,6’2—|—ﬂ3) (fhf2 + ﬁ?g2) )

DPG GR 7 - 14. March 2017 10/12
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Physical interpretation

@ Physical meaning of PPN parameters:

Newtonian gravity light deflection
by visible | ~gg _ 3/g*+aime tr 599 _ Bing?+2/m2eH
matter 24ming?(My®+mgy?) &9~ 3mg2+4m2e—k
py dark 9 — _3-4e 59'409'/3 _ 1+ 2(mg?+4m;?)
matter 24m(mg+ng?) agf 3m2(3erT—4)

@ Constants appearing in PPN parameters:
o Graviton mass:

~ = ~ 1 1
p= mz\/(51 + 25+ o) (mfz + mgz) .

e Effective Planck masses iy , my.
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Solar system consistency

@ Cassini tracking experiment (Shapiro delay by the sun):
e Effective interaction distance: ry ~ 1.6R., ~ 7.44 - 10 3AU.
o Measured PPN parameter: 7o, — 1 = (2.14+2.3)-10°.
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Solar system consistency

@ Cassini tracking experiment (Shapiro delay by the sun):
e Effective interaction distance: ry ~ 1.6R ~ 7.44 - 10—3AU.
e Measured PPN parameter: Z—ii —1=(214+23)-1075.
@ Gray area excluded at 20 (with may = 1AU™" ~ 1.32- 10~ 18&)):

My

Mg + My
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Conclusion

@ Summary:
e Bimetric gravity:
@ Unique ghost-free theory of two interacting metrics.
@ Natural candidates for dark energy and dark matter.
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Conclusion

@ Summary:
e Bimetric gravity:
@ Unique ghost-free theory of two interacting metrics.
@ Natural candidates for dark energy and dark matter.
e 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.
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Conclusion

@ Summary:
e Bimetric gravity:
@ Unique ghost-free theory of two interacting metrics.
@ Natural candidates for dark energy and dark matter.
e 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.
e Experimental constraints:
@ Consider Cassini tracking experiment.
= Bounds on Planck mass ratio % and graviton mass p.

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



Conclusion

@ Summary:
e Bimetric gravity:
@ Unique ghost-free theory of two interacting metrics.
@ Natural candidates for dark energy and dark matter.
e 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.
o Experimental constraints:
@ Consider Cassini tracking experiment.
= Bounds on Planck mass ratio % and graviton mass p.

@ Outlook:
o Include Vainshtein mechanism in analysis.
o Calculate light deflection by massive graviton dark matter.
o Extend analysis to PPN parameter 3.
o Consider more general theory with more metrics.

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



	Motivation
	Field content and action
	Field equations
	Unique ghost-free interaction
	Flat, proportional background solution
	Static point mass source
	Post-Newtonian metric ansatz
	PPN parameters
	Physical interpretation
	Solar system consistency
	Conclusion

