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@ Introduction
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@ Not yet understood cosmological observations:

e Homogeneity of the cosmic microwave background.
Accelerating expansion of the universe at present time.
Motion of galaxies in clusters and galaxy rotation curves.
Galactic mergers (“trainwreck cluster” Abell 520).
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@ Not yet understood cosmological observations:

e Homogeneity of the cosmic microwave background - inflation.
Accelerating expansion of the universe at present time - dark energy.
Motion of galaxies in clusters and galaxy rotation curves - dark matter.
Galactic mergers (“trainwreck cluster” Abell 520) - dark sector interactions.
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@ Not yet understood cosmological observations:

e Homogeneity of the cosmic microwave background - inflation.
Accelerating expansion of the universe at present time - dark energy.

e Motion of galaxies in clusters and galaxy rotation curves - dark matter.

o Galactic mergers (“trainwreck cluster” Abell 520) - dark sector interactions.
@ Theories providing potential explanations:

o Bigravity:

@ Contains additional, massive graviton and allows two matter sectors.

@ Both massive gravitons and additional matter sector are dark matter candidates.
@ Additional matter sector may contain interacting dark matter.
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@ Not yet understood cosmological observations:
e Homogeneity of the cosmic microwave background - inflation.
Accelerating expansion of the universe at present time - dark energy.
e Motion of galaxies in clusters and galaxy rotation curves - dark matter.
o Galactic mergers (“trainwreck cluster” Abell 520) - dark sector interactions.

@ Theories providing potential explanations:

o Bigravity:
@ Contains additional, massive graviton and allows two matter sectors.
@ Both massive gravitons and additional matter sector are dark matter candidates.
@ Additional matter sector may contain interacting dark matter.

e Scalar-tensor gravity:
@ Contains additional scalar field non-minimally coupled to metric.
@ Non-trivial scalar field potential may drive inflation (slow-roll).
@ Non-zero vacuum value of scalar field potential acts as cosmological constant.
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@ Not yet understood cosmological observations:

e Homogeneity of the cosmic microwave background - inflation.
Accelerating expansion of the universe at present time - dark energy.

e Motion of galaxies in clusters and galaxy rotation curves - dark matter.

o Galactic mergers (“trainwreck cluster” Abell 520) - dark sector interactions.
@ Theories providing potential explanations:

o Bigravity:

@ Contains additional, massive graviton and allows two matter sectors.

@ Both massive gravitons and additional matter sector are dark matter candidates.
@ Additional matter sector may contain interacting dark matter.
e Scalar-tensor gravity:
@ Contains additional scalar field non-minimally coupled to metric.
@ Non-trivial scalar field potential may drive inflation (slow-roll).
@ Non-zero vacuum value of scalar field potential acts as cosmological constant.

@ Solar system consistency of theories with massive extra degrees of freedom?
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Post-Newtonian approximation

@ Perfect fluid energy-momentum tensor:

T;u/ — ([) + pﬂ + p)uu,ul/ + pguu )
Four-velocity u*.
Matter density p.
Specific internal energy I1.
Pressure p.
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Post-Newtonian approximation

@ Perfect fluid energy-momentum tensor:

T = (p+ pN + p)Utu” + pg"” .
e Four-velocity u*.
e Matter density p ~ O(2).
e Specific internal energy N ~ O(2).
@ Pressure p ~ O(4).
@ Slow-moving source matter: Wy
u

@ Assign velocity orders |v/|” ~ O(n) based on solar system.
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Post-Newtonian approximation

@ Perfect fluid energy-momentum tensor:

T = (p+ pN + p)Utu” + pg"” .
e Four-velocity u*.
e Matter density p ~ O(2).
e Specific internal energy M ~ O(2).
@ Pressure p ~ O(4).

@ Slow-moving source matter: Wy
u

@ Assign velocity orders |v/|" ~ O(n) based on solar system.
@ Perturbative expansion of the metric:

oo = —1+hZ + h) +0(6), go=h2 +0(5), gj=0;+h? +04).

@ Superscripts correspond to velocity orders: hf[,’,) ~ O(n).
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Post-Newtonian approximation

@ Perfect fluid energy-momentum tensor:

T = (p+ pN + p)Utu” + pg"” .
e Four-velocity u*.
e Matter density p ~ O(2).
e Specific internal energy M ~ O(2).
@ Pressure p ~ O(4).

@ Slow-moving source matter: Wy
@ Assign velocity orders |v/|" ~ O(n) based on solar system.
@ Perturbative expansion of the metric:
goo = —1 -+ hig) + g + O(6). a0 = ) +O(6). gy =05 +hP) +O(4).
@ Superscripts correspond to velocity orders: hL’,’,) ~ O(n).

@ Quasi-static solution: time dependence enters only through motion of source matter.
= Assign additional velocity order dy ~ O(1) to every time derivative.
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Standard parametrized post-Newtonian (PPN) formalism

@ PPN metric perturbations in standard gauge:

he) =2u,

h? = 2yUsy,

;) :—%(3+4’Y+041 — oz + (1 —25)\/:'—%(1 +az — ¢+ 25 W,

B = 28U — 260y + (2+ 29+ ag + Gt — 20)1 +2(1 + 3y — 26 + G + €2
+2(1 + (3)P3 +2(3y + 3¢4 — 2§)Ps — (¢ — 26)A.
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Standard parametrized post-Newtonian (PPN) formalism

@ PPN metric perturbations in standard gauge:

he) = 2u,

h® = 2yUs;,

MY = 1@+ 4y oy —aat G -20Vi- L1 +az— G+ 20W.

hi) = —28U2 — 26y + (2+ 27 + ag + (1 — 26)D1 + 2(1 4+ 3y — 28+ (o + £) b
+2(1 + (3)P3 +2(3y + 3¢4 — 2§)P4 — (¢ — 26)A.

@ PPN potentials depend on source only:

e U: Newtonian potential

e V. W;: moving source matter
o &4, A: kinetic energy

e ®&,: gravitational self-energy
e ®j3: internal energy

o ®y4: pressure

e dyy: anisotropic interaction
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Standard parametrized post-Newtonian (PPN) formalism

@ PPN metric perturbations in standard gauge:

he) = 2u,

h® = 2qUs;,

MY = 1@+ 4y oy ot G- 20Vie L1+ 0z G+ 20W,

hi) = —28U2 — 26Dy + (2+ 27 + ag + (1 — 26)D1 +2(1 4+ 37 — 26 + (o + £) b
+2(1 4+ (3)®3 +2(37 + 34 — 2§)Pg — (¢4 — 26)A.

@ PPN potentials depend on source only: @ PPN parameters depend on theory:
e U: Newtonian potential
e V;, W;: moving source matter @ ~: spatial curvature per unit mass
e &4, A: kinetic energy e [3: non-linearity of Newton’s law
e ®,: gravitational self-energy o ¢: preferred location effects
e ®3: internal energy @ a1, ap,ag: preferred frame effects
o dy4: pressure @ as,(y, (s, (3: violation of
e ®u: anisotropic interaction conservation laws

Manuel Hohmann (University of Tartu) Bimetric & scalar-tensor gravity PPN GeomGrav2017 - 28. August 2017 6/23



© Massive bimetric gravity: PPN parameter
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Field content and dynamics

@ Field content: metrics g, f; matter fields w9, W',
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Field content and dynamics

@ Field content: metrics g, f; matter fields W9, W',
@ Action:

2 2
S= /d“x[zg\/—detgﬂg + %\/—detﬁ-’a’f
M

4
—m*\/—detg ) Bne, (y/g—1f> +/—detgrd (g, v9) + /—detfLl (f, W] .
n=0
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Field content and dynamics

@ Field content: metrics g, f; matter fields W9, W',
@ Action:

2 2
S= /d4x[29\/—detgﬂg + %\/—detﬁ-’a’f
M

4
—m*\/—detg ) Bne, (y/g—1 f) +/—detgrd (g, v9) + /—detfLl (f, W] .
n=0
@ Field equations:

1
2 4v9 _
m (Rﬁu — 2g#,,th") +m*Vd, =T9,,

1
m? (R[w - 2fWHf) +m v;;u = T;V.
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Flat, proportional background solution

@ Assume existence of vacuum solution with ¢ > 0:

gffl) = N flgg) - C277;w-
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Flat, proportional background solution

@ Assume existence of vacuum solution with ¢ > 0:
g;(g) = Nuv f;gg) = P
@ Insert into field equations (with 3, = c*8y):

0= VIO = (Fo + 351 + 362 + Fa)muw ,
0= VIO = (B + 862 + 383 + fa)c 2w -
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Flat, proportional background solution

@ Assume existence of vacuum solution with ¢ > 0:

0)

2
(O :7’/“/7 f/SV :Cnll«l/’

gt
@ Insert into field equations (with 3, = c*8y):

0= VIO = (Fo + 351 + 382 + Ba) 1 ,
0= Vf = (B1 + 32 + 3P + Ba)c P .

= Consider only models which satisfy
Bo=-3B1 -8B —f3, [a=—P1—3B—30s.

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

@ Energy-momentum tensors for perfect bi-fluid:

TIHY — (pg +pg|'|g +pQ)U9#UQV _i_pggﬁ“/7
Tf’“’:(pf—i—pfl'lf—i—pf)uf“uf”—i—pff‘“’.

Manuel Hohmann (University of Tartu) Bimetric & scalar-tensor gravity PPN GeomGrav2017 - 28. August 2017



Static point mass source

@ Energy-momentum tensors for perfect bi-fluid:
TI = (p9 + pIN9 + p9)u9 u9” + p9gH”
wa/ — ([)f —|—pr'|’ +pf)ufuuf1/ _|_pff/“/ )

@ Static point mass source including both dark and visible matter:

= M95(X), ne=o, p?=0, ud ~ oy,
! (X) n=o, p'=0, u'~ oy

>
| |
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Static point mass source

@ Energy-momentum tensors for perfect bi-fluid:

Tg/rW:(pg_i_pgﬂg_i_pg)ug#ug’/_i_pgg#’/7
Tf‘“’:(pf—i—pfl'lf—i—pf)uf“uf”—i—pff‘“’.

@ Static point mass source including both dark and visible matter:
) I_Ig:O7 pgzov ugNata

ol =M =22 n=o, pf=0, u ~ 0.

@ Total visible mass MY, total dark mass M.
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Static point mass source

@ Energy-momentum tensors for perfect bi-fluid:

Tg/rW:(pg_i_pgﬂg_i_pg)ug#ug’/_i_pgg#’/7
Tf‘“’:(pf—i—pfl'lf—i—pf)uf“uf”—i—pff‘“’.

@ Static point mass source including both dark and visible matter:

) I_Ig:O7 pgzov ugNata
ol = M=22 n=o, pf=0, u ~ 0.

@ Total visible mass MY, total dark mass M.

@ Rescaling of mass parameters:

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

@ PPN metric ansatz:

&99 M9 + a9 M’

9oo=-1+2 P ;
gi = bj + L 30M? r*'?gfmfé,-j + 2§gg"7’g; égf’r/’fx,-)q ,
c 2o = —1 +2M’
c 2ty = 55 + ZW% + ZWX,'X]- )
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Post-Newtonian metric ansatz

@ PPN metric ansatz:

&99 M9 + &9 M

9oo=—-1+2 P ;
gj=0j+ Z&QQMQ +3M j 2§ggMg:g énginXj,
C %o =—1+ ZW,
o2y = b+ 2W(5,j + Q‘WW |

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

@ PPN metric ansatz:

&99 M9 + a9 M’

Joo=—-1+2 P ;
gy = by 4+ 22 * M 2§gg"7’g; M
o2y = A+ 20T+ AT ;L &M
c 2y =5+ Z—VQMQ ;L i djj + 2—§ngg +O7M XiX; .

3

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

@ PPN metric ansatz:

&99 M9 + a9 M’

9oo = —1+2 P ;
gj=0j+ zﬁggMg :F:Yngféij + 2éggMg:g éngN/IinXj ;
c %Moo= —1+ 2W
o2y = b+ 2W(5,j + Q‘WW |

@ PPN parameters (in general depend on interaction distance r):
e a9, a9 a9, &: Newtonian interaction.
e 7§99 59" 319 ~- Spatial curvature, light deflection.
e 799 49" " ¢ Off-diagonal contribution.
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Post-Newtonian metric ansatz

@ PPN metric ansaiz:

G999 4 GO

9o =—-1+2 p :
599 M9 + 59" M’ G999 + G9* fnf
gj = 0;+27 r” 5j+2 > XiX;
~fg/\"/,g ~ff/\”/,f
2o = —1+2° :roz —
~ fg A"/Ig ~ ff Mf gf9 Mg Q"fbiw‘"f
o2 =g+ 20 T M s oPVE T ok
j = Oj p j 3 j

@ PPN parameters (in general depend on interaction distance r):
e a9, a9 a9, &: Newtonian interaction.
o 799 ~9' 2fa 5. Spatial curvature, light deflection.
e 799 49 ¢ ¢ Off-diagonal contribution.

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

Manuel Hohmann (University of Tartu) Bimetric & scalar-tensor gravity PPN GeomGrav2017 - 28. August 2017



PPN parameters

@ Solution for PPN parameters:

3r”n§ +4mzeH 32 + 4ﬁ7§ef“’

&899 — ) &= S —
24m Mg (M2 + MZ) 247 M2 (M2 4 M3)
- of 3—4e M g 3—4e M
v = ———— 5 (o5, O = ——— 55,
24 (M2 + M) 24 (M2 4 M3)
52 | 5E2 o 50 | A2 o
590 — 3mg + 2mze " o 3ms + 4imge "

2ariR(M2 + AR)’ | 24nm(AR + mE)’
29f _ 9 + 2(f"§ — 2/mZ)e  pr(pr+38)+3

—ur
: 72 mR (M2 + ) 36m M2 u2r2 .
g 9!775 +2(M2 — 2ﬁ7§)e"” pr(pr+3)+3 .,
72m (M2 + m3) 36m Mz r? ’
g9t — pr(ur +3) + Sefur gfo — pr(ur +3) + Sefur‘
127 M2 p2r? ’ 127 M3p2r2
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Physical interpretation

@ Physical meaning of PPN parameters:

Newtonian gravity light deflection
by visible | ~gg _ 3ig*+aimPe tr 599 Bimg’+2mPe H
matter 24wy (M +mg?) G99 = BfgPt+amPe 1T
by dark| ;o _ _s-aewr U093 g 2mgAim)
matter ' 24m(M+ng?) agf 3m2(3erT—4)
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Physical interpretation

@ Physical meaning of PPN parameters:

Newtonian gravity

light deflection

by visible | ~gg _ 3ig*+aiPetr 599 _ 32 +2im ek
matter — 24nfg?(M+g?) a9 — 3mg2+amile i
py dark §9f — _ 3—4e” §9'+69'/3 _ 1+ 2(fg2+4ms?)
matter - 247T(mf2+mg2) d’gf o 3fhf2(3e”r74)

@ Constants appearing in PPN parameters:

@ Graviton mass:

;L—m2\/(/§1 —&—2524—33) <r~r:f2 + ﬁ’l12)
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Physical interpretation

@ Physical meaning of PPN parameters:

Newtonian gravity

light deflection

by visible 599 — 3mg2+4mle— 1 599 3 2+2mle M
matter - 24ﬂmgz(mf2+mg2) a99 — 3mg2+4ﬁ7f29_ur
by dark| g _ _3-de FH09/3 _ y | 2(mgP 4 ?)
matter - 247r(fnf2+r7792) d,gf - 3fn,2(3el”74)

@ Constants appearing in PPN parameters:

@ Graviton mass:

~ ~ ~ 1 1
u—mz\/(51+2ﬁ2+53) (mf2+m2)-

e Effective Planck masses iy , my.
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Solar system consistency

@ Cassini tracking experiment
(Shapiro delay by the

Su n) [Bertotti, less, Tortora '03]+

o Effective interaction distance:
ro ~1.6R. ~ 7.44-103AU.

o Measured PPN parameter:
,?99

1 —1=(214+23)-10°5.
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Solar system consistency

my

My + My
]

1.0

@ Cassini tracking experiment
(Shapiro delay by the
Sun) [Bertotti, less, Tortora '03]+
e Effective interaction distance:
ro~1.6R, ~ 7.44-10"3AU.
e Measured PPN parameter:
 —1=(21+23)-10°%.
@ Gray area excluded at 20 (with
may = 1AU" ~
1.32-10"8¢)):
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e Scalar-tensor gravity: PPN parameters v and 3
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Field content and dynamics

@ Field content: metrics g; scalar field ¢; matter fields V.
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Field content and dynamics

@ Field content: metrics g; scalar field ®; matter fields V.
@ Action:

5= # / d*xv/=g {A(q’)R — B($)g"" 9,90, — 2,.;2u(q>)} + S ®) g ],
M
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Field content and dynamics

@ Field content: metrics g; scalar field ®; matter fields V.
@ Action:

S= # / d4X\/jg {.A(CD)R - B(d))g“”@uq;gqu) — 2/@22/[((]))} + Sm[e&v(cb)g’ V.
M

@ Free functions A, B,U, o of the scalar field.
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Field content and dynamics

@ Field content: metrics g; scalar field ®; matter fields V.
@ Action:

5= # / d*xv/=g {A(q’)R — B($)g"" 9,90, — 2,.;2u(q>)} + S ®) g ],
M

@ Free functions A, B,U, o of the scalar field.

e Field equations (with F = %)-

A 1 A" A/Z
R — % <vﬂvy¢ + 2gu,,D<b> - <A r2F- 25 ) 0,08,
1 A K2 1
- Eg;wjgp 8p¢80¢ - Zg;w’{zu = j <T/u/ - égw/ T> )

1
FOO + 5 (J-" +2F s

A/
A

.A/ ZU—L 22/[’— 2./4/—2./40/7_

Nz
>g 8¢>8¢+A2 54 K WE
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Invariant formalism

@ Apply transformation of metric and scalar field: g, = €27(®)g,,,, ® = f(®).
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Invariant formalism

@ Apply transformation of metric and scalar field: g, = €27(®)g,,,, ® = f(®).
@ Action retains its form, but free functions transform:

A(®) = A(®), B(®) = B(P), UP) = UP), ofd)— a(d).
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Invariant formalism

@ Apply transformation of metric and scalar field: g, = €27(®)g,,,, ® = f(®).
@ Action retains its form, but free functions transform:

A(®) = A(®), B(®) = B(P), UP) =UP), afd)— a(d).

@ Define covariant / invariant quantities ar, kuusk, saal, vison 14:
e Invariant scalar functions:
e’ u

Ii=—+=1I1, Tn=-—5=1;, F
1 A 1) 2= 2 1

2AB +3A% _ (09\° -
442\ oo ‘
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Invariant formalism

@ Apply transformation of metric and scalar field: g, = €27(®)g,,,, ® = f(®).
@ Action retains its form, but free functions transform:
A(®) = A(P), B(P) = B(P), U(P) = UD), a(d)— a(d).
@ Define covariant / invariant quantities ar, kuusk, saal, vison 14:
e Invariant scalar functions:
e2a _ U _
I12721'1, I22ﬁ211, F
e Invariant tensors:

2AB +3A% _ (09\° -
442\ oo ‘

T

ny 73— fwv
A n = g2a

¢ J . [« ¢
g;,ll/ - Ag}LV7 gu,z/ =€ g/,LV) 71”/ -
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Invariant formalism

@ Apply transformation of metric and scalar field: g, = €27(®)g,,,, ® = f(®).
@ Action retains its form, but free functions transform:
A(®) = A(P), B(P) = B(P), U(P) = UD), a(d)— a(d).

@ Define covariant / invariant quantities ar, kuusk, saal, vison 14:
e Invariant scalar functions:

2o u - C 2AB+3A42% (0% -
1'1—7—11, IZ—ﬁ—IM ]:4.,42_(84)) F.
o Invariant tensors:
¢ J 200 ¢ TMV 3 Tul/
G = AGQuw s G =€ G T = A0 w T g2a

@ Express field equations in terms of invariants arw, kuusk, saal, vison ‘141:

R:, — 2F0,90,® — k?g5,To = k2T,

FEETE0,0 4 L gt 0,00,0 - 1 =~ Lk2(nTyTE
g uu+2g YO0y 22—4,‘6(”1) .
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Post-Newtonian metric ansatz for homogeneous spherical source

@ Energy-momentum tensor for perfect fluid:

T = (p+ pM + p)uu” + pg**”.
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Post-Newtonian metric ansatz for homogeneous spherical source

@ Energy-momentum tensor for perfect fluid:
T = (p + pl + p)u''u” + pg* ™.
@ Static homogeneous spherical source:

~_J)po fr<R n— Mg ifr<R _Jpo fr<R
~lo ifr>R’ ~lo ifr>R’ " 0o ifr>R’
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Post-Newtonian metric ansatz for homogeneous spherical source

@ Energy-momentum tensor for perfect fluid:
T = (p+ pl + p)uu” + pg* ™.
@ Static homogeneous spherical source:

~_J)po fr<R n— Mg ifr<R _Jpo fr<R
~lo ifr>R’ ~lo ifr>R’ " |0 ifr>R’

@ Scalar-tensor gravity is fully conservative:

m=a=a3=0=0=G=u=£(=0.
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Post-Newtonian metric ansatz for homogeneous spherical source

@ Energy-momentum tensor for perfect fluid:
T = (p+ pl + p)uu” + pg* ™.

@ Static homogeneous spherical source:

~_J)po fr<R n— Mg ifr<R _Jpo fr<R U d
“lo ifr>R’ o ifr>R° " )o ifr>R’ t

@ Scalar-tensor gravity is fully conservative:
m=m=03=0=0@=0G=u=(=0.
@ PPN metric ansatz:
Goo = —1+2GeiU — 28GU? + 2G3(1 + 37 — 28)P2 + Gert(2P3 + 67%4)
% =0,
g} = (1 + 279Gt V)6
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PPN parameters outside the source

@ Effective gravitational constant:

142 /1

Gy = [1 N 3ml-“:’cosh(ml?) — sinh(mR)

(2w + 3)m3R®

_ 2 3
e,rlr:|7 W:2FL172—§

8~
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PPN parameters outside the source

@ Effective gravitational constant:

K21

Gy = "t [1 N 3ml-“:’cosh(ml?) — sinh(mR)

(2w + 3)m3R®

_ 2 3
e,r'r:|7 W:2FL172—§

8~

@ PPN parameter ~:

(1 (2w + 3)m3R3e™ -
7= 2 6(mRcosh(mR) — sinh(mR))
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PPN parameters outside the source

@ Effective gravitational constant:

K21

Gy = "t [1 N 3ml-“:’cosh(ml?) — sinh(mR)

(2w + 3)m3R®

_ 2 3
e,r'r:|7 W:2FL172—§

8~

@ PPN parameter ~:

i (1 (2w + 3)m3R3e™ ‘
7= 2 6(mRcosh(mR) — sinh(mR)) '

@ PPN parameter  (only limit r — oo shown here due to length of full result):

39 + m?R2(20mR — 33)] — 3(1 + mR)[13 + mR(13 + 2mR)]e2MR

el
p=1+5 16(2w + 3)MP R

lim
r—oo

@ Result deviates from 5 — 1 due to modification of gravitational self-energy wH, scharer 171.
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Solar system consistency

@ Cassini tracking experiment
(Shapiro delay by the
Sun) [Bertotti, less, Tortora '03]+
e Effective interaction distance:
ro ~ 1.6Ry ~ 7.44 - 10-3AU.
e Measured PPN parameter:
y—1=(21+23)-1075,
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Solar system consistency

w

@ Cassini tracking experiment 40000
(Shapiro delay by the
Sun) [Bertotti, less, Tortora '03] -
e Effective interaction distance:
ro~1.6R, ~ 7.44-1073AU.
o Measured PPN parameter:
y—1=(214+23)-10°.
@ Interior areas excluded at 20
assuming:
@ Sun as point mass (R = 0).
@ Sun as homogeneous
sphere (R = Rg).

m
5000 10000 15000 20000 25000 30000 myy
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Solar system consistency

@ Cassini tracking experiment
(Shapiro delay by the
Sun) [Bertotti, less, Tortora ‘03]
o Effective interaction distance:
ro~1.6R, ~ 7.44-1073AU.
o Measured PPN parameter:
y—1=(21+23)-10°5,
@ Interior areas excluded at 20
assuming:
@ Sun as point mass (R = 0).
@ Sun as homogeneous
sphere (R = Rg).
@ INPOP13a ephemeris
(combined 5 and 7).

10000 20000 30000 40000 50000 60000 70000 mpy
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Outline

e Conclusion
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@ Bimetric gravity:
e Theoretical background:
@ Unique ghost-free theory of two interacting metrics.
@ Natural candidates for dark energy and dark matter.
o Post-Newtonian limit:
@ Matter source given by static point mass with dark and visible matter.
@ Strength of Newtonian interaction and light deflection from both matter types.
o Experimental constraints:
@ Consider light deflection by galaxies and Shapiro effect in solar system.

@ Bounds on Planck mass ratio Z; and graviton mass p.
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@ Bimetric gravity:
e Theoretical background:
@ Unique ghost-free theory of two interacting metrics.
@ Natural candidates for dark energy and dark matter.
o Post-Newtonian limit:
@ Matter source given by static point mass with dark and visible matter.
@ Strength of Newtonian interaction and light deflection from both matter types.
o Experimental constraints:
@ Consider light deflection by galaxies and Shapiro effect in solar system.
@ Bounds on Planck mass ratio ’:"; and graviton mass p.

m,
@ Scalar-tensor gravity:

e Theoretical background:

@ Scalar field to mediate gravity besides metric tensor.

@ Theories often arise as effective theories or from phenomenology.
@ Post-Newtonian limit:

@ Matter source given by static homogeneous sphere..

@ Effective gravitational constant and PPN parameters ~ and 5.
e Experimental constraints:

@ Consider Shapiro effect and planetary motion in solar system.

@ Bounds on Brans-Dicke parameter w and scalar field mass m.
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@ Bimetric gravity:
e Apply calculation for homogeneous sphere and PPN parameter j.
Include Vainshtein mechanism in analysis.
Calculate light deflection by massive graviton dark matter.
Consider more general theory with more metrics or derivative couplings.
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@ Bimetric gravity:

e Apply calculation for homogeneous sphere and PPN parameter j.

o Include Vainshtein mechanism in analysis.

o Calculate light deflection by massive graviton dark matter.

o Consider more general theory with more metrics or derivative couplings.
@ Scalar-tensor gravity:

o Consider multiple scalar fields.
o Consider more general theory with derivative couplings / Horndeski gravity.
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@ Bimetric gravity:
e Apply calculation for homogeneous sphere and PPN parameter j.
o Include Vainshtein mechanism in analysis.
o Calculate light deflection by massive graviton dark matter.
o Consider more general theory with more metrics or derivative couplings.

@ Scalar-tensor gravity:
o Consider multiple scalar fields.
o Consider more general theory with derivative couplings / Horndeski gravity.
@ References:
o MH, “Post-Newtonian parameter v and the deflection of light in ghost-free massive
bimetric gravity”, Phys. Rev. D 95 (2017) 124049 [arXiv:1701:07700 [gr-qc]]-
e MH and Andreas Schérer, “Post-Newtonian parameters v and /3 of scalar-tensor gravity
for a homogeneous gravitating sphere”, arXiv:1708:07851 [gr-qc].
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