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Abstract: <span>l will present Cosmological FRW Solutions in BiGravity Theories and discuss their stability. After deriving the stability bound,
one realizes that in Bigravity (in contradistinction to the FRW massive gravity case) the tension between requirements stemming from stability and
those set by observations is resolved. The stability bound can also be derived in the decoupling limit of Bigravity. In this context an intriguing
duality between Galilean interactions has emerged.</span>
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BiGravity

From Cosmological Solutions to Dual Galileons

Matteo Fasiello

Case Western Reserve University

based on work with Claudia de Rham and Andrew J. Tolley
(ArXiv: 1308.2702, ArXiv: 1308.1647, JCAP 1211 (2012) 035 )
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Stability bound

H :vozp2 4 L:)’\qQ + 'y_(Vq)2 + ...

: ;. gradient inst.
ic term > O b

tachyon inst.

Quickest route to the Higuchi bound in dS:

“In the the linear (massive) theory there exist a
unitary spin 2 representation of the dS group iff:”

G.R.

Partially massless theory

Higuchi bound | Massive
in massive g.
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Bound from Observations

Before Dark Energy epoch sets in, G.R. good description:

3H°=A+3m?x0(1) +...

m? < H?

combining Stability and Observations then:

Tuesday, November 20, 13
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dRGT Theory of Massive Gravity

de Rham, Gabadadze, Tolley

MP 22611 n +£M

Det 1+ /\X Z )\n u

n=>0

* No Boulwara-Deser Ghost, at all orders
* Screening mechanism in the non-linear regime that restores continuity with G.R.

* High enough cutoff so that the theory hierarchy of scales: linear, non-linear, quantum

* Two free parameters 3, = [, (a3, a4)

Tuesday, November 26, 13
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. . ~ . . . DA , de Rham, Dub ky .
' No FRW solutions in dRGT if “f” Minkowski ety ol
[ ]

N.B. Different routes from here: introduce inhomogeneities, use “f”

"

/Allow different “f”: solutions exist for “f” dS, FRW ‘ Fasiello, Tolley (2012)

Qur setup is 2nd Route

Add matter content: 1
Lu~ [ d'av=g[5(087 +V(9)
Ghost-free theory :

“? is now FRW

Tuesday, November 26, 13
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Inhomogeneities/Anisotropies (&~

Vainshtein mechanism should guarantee
inhomogeneities unobservable before late times
- Volkov 2011, 2012, 2013,

- Koyama 2011,
Inhomogenities only appear on scale set by inverse graviton mass - Gumrukcuoglu et al 2011,

- Gratia, Hu, Wyman 2012,

- Kobayashi et al 2012,
Inhomogeneities/Anisotropies can be hidden inside

Stueckelberg fields which do not directly couple to matter, - DeFelice 2011/2013,
only indirectly through Mp suppressed terms

- Gumrukcuoglu 2012,
- Tasinato et al :2012.2013,

g # iy . ey ¥ - Maeda + Volkov 2013
Even if metric is perfectly homogeneous+isotropic, inhomogeneities

show up in cosmological perturbations, but can easily be small

D'Amico, de Rham, Dubovsky,
Gabadadze, Pirtskhalava, Tolley
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What now? Go bigravity !

‘ Hassan, Rosen

4
o ;ﬁg MER(g) —m? " Bulhn (g71f) | + ;HM? R(f) + Lm

n=0

Guv ¥ fpwa MP < Mfa 671, < 184—71—‘

This fact must be reflected on the bound itself

Will be crucial when we get to Galileon Duality later
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Stability Bound in Bigravity

Soon in a more symmetric form

Stability bound

Minisuperspace action /

2 / Decoupling limit

H/Mp

s PM check

Symmetric

Recover Massive gravity bound in the limit Mf — OC, MP, Hf finite.

Tuesday, November 26, 13
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Stability Bound in Bigravity
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not directly invoking m

o [ 1 [~ 3, (E\™Y
)] - ”?“a‘.u;[z(s‘_",;fs;:(u;) ]

L]

m? x o(1) « H*? it’s the only direct requirement on m, but now:
LY

regionwith 3) # 0 solve for 2 Hr, bound reads:

3H2 > 2H? /|

The stability vs observations tension is resolved in bigravity !

'?-A. vy v 1)
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Not possible before: M’; > Mo not directly invoking m

Friedm

3

‘ n < ‘ (n—3)
v 1 :i'fn‘!ﬁ” H 2 Jﬁn-:—i H
i ik : Hf = :
o 3M3 pla)+ Z (3 —n)!n! (Hf) ] ! : — (3 —n)in! \ Hy

n=0
m? x ({-)(1) < H? it'sthe i i on m, but now:

Inthe 1 Jg regionwith (31 # 0 solve for /? Hr, bound reads:

M;y P
3H? > 2H? \/

The stability vs observations tension is resolved in bigravity !
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Stable Self-accelerating Solution

‘ Akrami, Koivisto, Sandstad
(2012,2013)

Set: B2 =0=fq; B =2M}

12m’1Mf",

Pla) +4/p(@) + =52

Muodel o . m "m“ p=value log-ovidonce

ACDM rox { [ ( roc 540,54 ).8T00
(B4, 020, ( o 551,60 ).8355

Observat ionally viable ' Small part of the whole table

Stability bound? It reduces to

1 12M3
H)>0 vV
Mf,+7n4ﬁ12

Stable as well.

Tuesday, November 26, 13
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ArXiv:1302.5268 Akrami, Koivisto, Sandstad

... The data we use include the position of the first peak on the cosmic microwave background
angular power spectrum, the ratio of the sound horizon at the drag epoch to the dilation scale at
six different redshifts, the luminosity distances to 580 Type Ia Supernovae,23 and the present

value of the Hubble parameter...
I
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Stable Self-accelerating Solution

‘ Akrami, Koivisto, Sandstad
(2012,2013)

Set: B2 =0=f; B =2M}

12m’1Mf,

Pla) +4[pl@)? + =52

Maodael o Y m - p-value log-evidence

ACDM rod [ ( roc 546,54 ).8709
(B4, 02, oo o 561,60 ). 8355

Observat mn:l[]y viable | Small part of the whole table

Stability bound? It reduces to

1 12M§
H >0 v
Mf,—}_m‘*ﬁ%

Stable as well.
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Stable Self-accelerating Solution

‘ Akrami, Koivisto, Sandstad
(2012,2013)

Set: By =0=fs; B =2M}

12m’1Mf",

Pla) +4/p(@) + =3

Muodel o . . m "”m p=value log-ovidonce

ACDM e ( [ ( o 546,54
(B, 02, roc 561.60 ). 8355

Observat l(m.'l[]y viable | Small part of the whole table

Stability bound? It reduces to

1 12M§
H) >0 v
Mf,+7n4ﬁ12

Stable as well.
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Summary and Conclusions
No FRW solutions in dRGT if “f” Minkowski. Where does one go from there?
inhom

hiG
Possibilities are manyfold... L

Stability and Observational constraints combined rule out FRW on FRW in massive gravity
N.B. not a general no-go, just for exact FRW on FRW

I
Bigravity: stability bound relaxed if Hi/M>> H/Mp. Combined constraints not too stringent on 7i?

Not shown here but vector sector ok if /2 = ()

Stability vs Observations tension resolved in bigravity
Understanding of the dynamics

Self-Accelerating solution

Tuesday, November 26, 13
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Further work on Cosmo Solutions

Perturbations in bigravity solutions also performed in: ‘ Comelli, Crisostomi, Pilo

- Naively different dS result: upon closer inspection, we agree

- Gradient instability... Our focus has been on unitarity (Higuchi)

Etc Etc...

Tuesday, November 26, 13
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FRW on FRW dRGT Stability

Texact

re-derived in minisuperspace

-

but not viable

FRW on FRW BiGravity Stability

minisuperspace _/

symmetry check

decoupling should capture v
&

H2 - H? :
+£) > 2HIH®

i .
2 M M;

BLH? + 26, HH; + /33}12] (

Tuesday, November 26, 13
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FRW on FRW dRGT Stability

T exact

re-derived i minisuperspace

but not viable

FRW on FRW BiGravity Stability

minisuperspace /

symmetry check

decoupling should capture v
&

H? H}

=+ =% | >2H3H®
M}%+M)" !

m2
T 2
2 f

,31H? = ZﬁQHHf +53H2] (

Tuesday, November 26, 13
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Decoupling limit of BiGravity

1 .
v Do — 41)“"8351),13

MpA3 .
e Alz® + AF20%T)(n? + IA)YH

1 ny
h¥¥ (z) X" + oM, Uy ;

//'

E'u"'(iu”'(ﬂ g I[)nnli n,

~

4
1 B, ‘
A U st (0 (g e R I1 (n=1),,4—n
20 S e g

n=I()
I 6,1(91_,7T
ab = q
A.‘i

Two massless spin-2 and a funny looking Galileon contribution
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Decoupling limit of BiGravity

Mp—>00; Mp—o>00; m—0

Az = (m*Mp)*/® = constant ; Mp/Mp — constant ; By = Bn/M? — constant

].im Sb' c 't — S . e __+_ S e + ¥
Mp—00,A5—const igravity hglic’ltﬂy 2/0 helicity 1/0

aJ ]' Sl ].
bﬁ — 63 -+ éﬂ?phﬁ’ f‘;j = 5; + QE'Uﬁ

1 :
Aab:ew ;,:5ab+aab+2~acwcb+_l.

a
P
b mMp

0,8% = 8, (:1: "

wa

B & o
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Decoupling limit of BiGravity

Mp—>00; Mp—o>00; m—0

Az = (m*Mp)*/® = constant ; Mp/Mp — constant ; By = Bn/M?% — constant

lim e i — O e ~+ Shelici + ...
L A AN igravity helluty 2/0 helicity 1/0

1 1 a/ 1
bﬁ = 53 ar éﬂ?};hﬁ’ f‘;j = 5; - QE'Uﬁ

1 :
Aab:ew |,:5ab+aab+2~acwcb+_”

a
2ol
b ’H’IMP

0,8° = 8, (:1: +

wa

B? L o%m
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Decoupling limit of BiGravity

Can we put the -Y piece in a simpler form ? Yes: coordinate transformation

MPA:’; vy
Shclicity—2/0 e i +/d4£|: QMI']‘U;U/(-'EQ)Y‘“

(02)2 = 8,2°(x)
Z°(z® + A330%7(z)) = °

Z is the inverse map, Z is (I)_l(x)

o(x)4 = 24 + 847 (x)

Tuesday, November 26, 13
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Decoupling limit of BiGravity |
MF, Tolley (2013)

Where did we put the Stueckelbergs?

Diff(M) x Diff(M) —  Diff(M)giag

The broken Diffs Stueckebergs will give us the Galileons
in the decoupling limit

Dynamical metric I Dynamical metric I1

Guv (:C) F,u.u 7 fAB(qt’)auﬁi’AavﬁbB

: N
o+ — ' —
P
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Bigravity Duality

Guv < fpw: MP < Mfa 511 < 54—71

Dynamical metric I Dynamical metric I1

9 (T) F,, = fap(4)0,¢40,4"

i = ¢(a)" = 2 + o' {lE)

OR

k

Dynamical metric I Dynamical metric 11

G (&) = g (2)042"0p2" faB(&)

ot = Z(F)* = 3" + Op(&)
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de Rham, MF, Tolley Galileon Duality

For every Galileon n(x) there exists a dual Galileon p(x)

Inverting order by order the implicit relation for Z

Z°%(z® + A3%0°n(z)) = z°

The p(m) map

p(z) = —m(z) + 2[1\3(3W( = ma"' ()07 (2)apm(x) + . ..

k

It can be inverted (Bigravity Duality) and looks analogous

(@) = =p(e) + 5 (O (@)? + 5555 0(&)P(&)uBrp@) + ..
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Galileon Duality at Work
La[r] =7 L5, (10] ; Lnlo] = p L374[E],

n

n d
der — A20 _pypid Vg
En. [X] = A% € X.”v,a".; M v
juml k=n+1

Duality
toolbox

om(z) = —0p(Z) ;

II,,(x) =0,0,7(x); Z..(Z)=20,0,p(Z)

(n+1(z)) = (n+ (&))"

d+1

Generic Galileon - fdd.’n Z cnlLln[m(z))
n=2
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Galileon Duality at Work

d+1

e f 'z cnlLnln(2)]
'H—'t!

Dictionary:

d
55 = [ atz ( 3 (n+ Dens lc','."fmcm)l) b (@) s

1B e, kd—k+1)!
panZ( 1) am

n=]

“K)(d—n+1)!

d+1

68 = — / oz |n+ B(&) > n'c}ﬂl [n; i(i)] sp(2),

n=2

d+1 d+-1

Sdnm:] &'z zpnﬁn ()] if d'z an_cnlp(l')i )
n=2

n=2
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Free Theory dual to a Quintic

P2 = —]/12, Pa= —1/6. P = —1/8, P = —]/3(]

d+1

5= [ a2 puLalp@) §= [ dat-50m?)

n=2
Plane wave solution for unsourced eom Free theory!!
Fl(z, - t)/V?2)

Linear fluctkations propagate at

I_FH

Cs=1 and Cszw,

cs > 1 assoon as F”<U
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Free Theory dual to a Quintic

P2 = —]/12, Pa= —1/6. P = —1/8, P = —]/3(]

d+1

Sli= fddx anﬁn[p(.’ﬂ)}

n=2

Plane wave solution for unsourced eom
F[(z, —t)/V2]

Linear fluctkations propagate at

I_FH

CS=1 and C_.;:W,

cs > 1 assoon as F”<U

Tuesday, November 26, 13

S [d'*;s(—;(aw)?)

Free theory!!
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