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What is bi-gravity?



What is bi-gravity?

One of the theory of modified gravity

SEH [g] -+ Smatter [9; QbI] General Relativity
—I_Sint [g f] non-derivative interaction Massive graVity de Rham, Gabadadze, Tolley (2011)
_l_SEH [f _|_Sma,ttefr [f w bi'graVitY Hassan, Rosen (2011)

matter
Il
— 0
another metri
fuv =

Extesnatffeld —> dynamical field
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Cosmology in bi-gravity

e Known result about Cosmology Comelli et al (2011) Comelli et al (2014) De Felice et al (2014)

Starting from the simple bi-diagonal assumption
gudrtdz’ = —N2(t)dt* + a*(t)d;;dz"dz’
fudatdz” = —n?(t)dt? + b*(t)d;;dz" da’

the self accelerated cosmological solutions can be obtained,

but these solutions suffer from ghost or gradient instability.

* Does bi-gravity rejected from cosmology?

No!

There are many cosmological solutions in bi-gravity.
Other solution may express the real universe.

This is a motivation of our work!
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Action and Equation of Motion



Action and Equation of Motion

e Action

SEH [9] + Sma,tte?“ [97 ¢I] —|_Sznt [97 f] —|_SEH [f] + Sma,tter [f; wJ]

By ghost free requirement, S;,,; is limited following form:

2
Sint[Qw ﬂ — MPL /d/‘lgg,/—g de Rham, Gabadadze, Tolley (2011)
o 2
Iz 1 po2 oAV
X2 180—|'/81’Y ,u,‘|‘_62(7 w — 7V Y ,u)
2 Bo = —A+m?(6+ 403+ as)
1 3 61 = m2(73—3a3—a4)
—I_EBS(TUJJ“’ - 37”#71/9’7}01/ + Z’YMV’YVPW Ba = m*(1+2a3+ay)
" By = m*(—as—ou)
with ’Y’uu =V g_lf v (7ﬂp7pv = g“pf,ol/) B = —AN +mlay
Key Point
* Bi-gravity has 5 free parameters  Bo, 81, 82, 83, Ba m,as, oy, N, A

0
* Interaction term is described by Y"1 = v/ gtf
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Action and Equation of Motion

e Action

SEH [9] + Sma,tte?“ [97 ¢I] —|_Sznt [97 f] —|_SEH [f] + Sma,tter [f; wJ]

* Equation of motion
for gy : GH, + X|v]", = 8rGT*,
for £, : g“y o )C'[fﬂluy — 87(@7'“,/

Key Point
* Bi-gravity has 5 free parameters o, 81, 52, 83, B4 m, as, aq, A9, AT

0
* Interaction term is described by Y"1 = v/ gtf

Daisuke Yoshida, Perturbations of cosmological and black hole solutions in bi-gravity 3/10



Back Ground Solutions



Metric Ansatz

* Ansatzof g,,

Spherically symmetric solution

Spherically symmetri
Black hole solution

Cosmological solutions

gudzids’ = gu(t,r)dt? dr+gw(t,r)dr2+R2(t,7~)(d92+sin2 6do)

* Ansatzof f,

fudeids’ = ftt(t,fr)dter Fon(t,7)dr? + A2(8, ) R2(t, 1) (d6° + sin? 6do)

* The bi-diagonal solution corresponds to  gir = fir =0
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Cosmological Constant Solution

The prediction of GR with c.c. coincide with observation at least back ground level.
Then, we look for the case that the effect of bi-gravity behave a cosmological constant.

impose X, = A9 e

eff
X, = —m*(3-24+(A-3)(A-1az+ (A-1)%ay) =0
X"y = —m*(3-24+(A-3)(A—1az+ (A —1)%ay) =0

3—24+ (A — 3)(A — 1)(13 + (A = 1)2054 = or bi-diagonal case %, =~"; =0

(A'is constant)
A2_A t ’T‘T t ;'r'\t'r' T
Xt, — X% = m? (’Yt-l-’Yl)_‘Z’Yt’Y U6 (A 94 (A—1)ag) =0

A—2+(A—1az=0

+ AQ)@UJV \

Xt, = (m*(A-1) 4 _ 2tas
1+ as
G 1 — A
X'U’VZE(?’RQ 1 —|—Af) o ay = l4+az+o03
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Summary of the Background Solution

Choice of the parameter of theory

oy = 1+as+0;
Metric
G = gu(t,7)dt* + 2g4,.(t, r)dtdr + g, (t,7)dr? + R*(t,r)(d6? + sin® 0d¢)
fuv = fult,r)dt® + 2fu.(t,r)dtdr + frr(t,r)dr® + A2 R?(t,r)(d6” + sin® 0de)
4 = 2+ a3
N 1 + a3
Equation of Motion |
a4
GIJJU + Agfféuv — 87TGTMV Agff — mQ(A R 1) T A9
. G
G", + Af:ffé“,, = 8rGT", Bogs = 5(7”2(1 — A)JA+ M)

Any spherically symmetric solution of GR can be a solution of bi-gravity !!
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Perturbation



L inear Perturbation

* To investigate the stability of the solution, we consider the linear perturbation
Guv = Guv T 59;@/
fuv — f/JJ/ + 5f;u/

Juw = gult, P)dt® + 2g4, (¢, r)dtdr + o (t,7)dr? + R%(t,r)(d6? + sin® 0do)

fur = Fult,r)dt® + 2f.(t,r)dtdr + fo.(t,r)dr® + A*R*(t,r)(d6” + sin® Odg)

* Equation of motion can be obtained as

o0G", + 6 X", =8nGoT",

/ 0 0 0 0
sy 2 A2 A YD 9 e =0 (000 0 0
’ (1-A)? 0 0 v’ —dy%
0 0 —07’y 7%
vy =g J —1/g J= QAQIK (=A%5gxs +0fKs)  1j=0.6
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Solution ot Conservation Equation

» Key observation: , 816, T ~V,G}
X*#  must satisfy the conservation equation, v, X*, = 0, if matter is conserved.

0 0 0 0
— 2 t r t AT t T
[ wo_ 2 AT AR YY) EY =Y |00 0 0
VuéX v O 5X p=m (]__A)2 00 5?/33 _5723
0 0 =0y’ 0%

6v%2 + 67’5 =0
0p (sin 09%3) = —0s(sin 06775

1 : . 2 g 2
Singé‘g(sm 00y (sin” 06v<3)) +

1
sin® 0

3¢8¢(sin2 (95’)/22) =0

~ Laplace equation on sphere, then solution is sin® 864 = f(t,r)

If 072 s non-singular at & = 0,7 , the solution is 672 =0

From remaining equation, 6733 = 5723 =0
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Solution ot Conservation Equation

» Key observation: , 816, T ~V,G}
X*#  must satisfy the conservation equation, v, X", = 0 , if matter is conserved.

00 0 0
— 2 t r t AT t A7
[ wo_ A AN HY Y = [0 0 0 0
VuéX vV O 5X vy =m (]_—A)2 0 0 5,)/33 _5,.)/23
0 0 —67° &%
1
&'y = ﬂQIK(—AZCSQKJ +0fK7)
r __
0y g =0 0X", =0 Ofrs = A%g1s ey
* The equation of motion reduces to
Perturbed Einstein equation for §g,,,: O0G", = 8rGOTH,
3 Constraints between perturbations 8 g;;, 6f1;: 0fr7 = A2(591J
[Perturbed Einstein equation for §f,,,: oGt = 8nGOTH, ]

Dynamics of metric perturbations is completely same as GR !!

There is no unphysical instability peculiar to bi-gravity.
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Quadratic Perturbations

The same result is true for quadratic perturbations

Gur = Guv T 5guv =+ 9;(1,21)/)

f;u/ — f;u/ _|_5f;u/ +f;5,12/)

With the solutions of linear order 5fIJ — A2591J

00 0 0
00 0 0
2
XM, o g sX@2, sx@2,
0 0 6X@3, sx@3
V, XH, = §XPr, =0

The dynamics of quadratic perturbations is also same as GR !
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Summary

We showed that
1. Any spherically symmetric solution of GR can be a solution of bi-gravity.

2. Linear and quadratic perturbation of this solution is obeyed by Einstein equation.
There is no instability peculiar to bi-gravity.

Bi-gravity can reproduce the prediction of GR,

Bi-gravity

about spherically symmetric space time.
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