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Massive (b1)gravity

History

e Fierz & Pauli (1939) m*(huh*” —h?)
 vDVZ discontinuity (1970)

 Boulware & Deser (1972)

e Vamshtein (1972)

* Ghost freedom: dRGT'(2010)

* Dynamical f, Hassan & Rosen (2012)

Aspects

IR high-pass filter for CC
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Technically natural small m

Matter couplings

Tests of gravity



Bigravity Action

M? M¢? M?
S = T‘Qfdx‘L\/Tg R, + Tfjdx‘L\/?f Rr + %fdx“ﬁ U(g,f)

Uy=1
4
U(g,f) = —2m?* z B,U, (,/g—lf) U; = [X]
n=0 U, = 1/2([X]? — [X2)
Uz = 1/6([X]° — 3[X][X?] + 2[X*])

X = \/ﬁ» X, = N U, = det[X]




Bigravity Action

MZ ]\42 1\42
S = 7gfdx4\/jg R, + Tfjdx‘h/—f Rs + %fdx“\/—g U@, f)

Absorb m? into f3,,

. Uy = 1
VN =-2 ) Buln(Vgif) Ui=IX
= U, = 1/2(XP = [X2)
Us = 1/6(1XJ* = 3[X][X?] + 20¢°])

X = \/ﬁ, Xﬁ = \/g'u/lf/‘lv U4 — det[X]



Goal:

Write the second order action for bigravity on a generic background

MZ
(2) _ g pvaf wvaf uvap
§P = —7de4\/7—g (M h by + M P Ll + MY Ry L]



Matrix eigenvalues

UO =1 i
U, = 1
Ul — [X] Ul — in
_ w12 W2 L
U, = 1/2([X]° = [X=]) U, - inXk
Us = 1/6(IX]* - 3[X][X?] + 2[X3]) i<

Us z X; X X

U, = det[X] i<k<l
Uy = X1XX3Xy

Action is symmetric under exchange
9 (_)f;Mg (_)Mflﬁn H:Bn—él



Matrix eigenvalues

[am] = ar

i

s1 = U (g7f) = z/'li t, = U1 z)ﬁ/z
i

2= Up(g™Hf) = ) Ak =0, (Vorif) = Y 2
i<k i<k

s3 = U (g7 f) = Z Aidichy t; = Uy (Vg if) = z PRy e
i<k<l i<k<l

se = U (g7Yf) = M A,434, ty = U1( g_lf) = \//11/12/13/14



Matrix Eigenvalues

Relate potential U; (\/g‘lf) to U; (g~1f), which | know how to perturb

tf =51+ 21, = [Ul (x/ﬁ)r =U(g7' ) +20; ( g‘lf)

t: = s, — 2ty + 2t t5 e P ~

t3 = 53+ 2tyt, fuv = fuv + by

tZ =5, ‘a1 =1Ui( 971 )0 Sg.i :1Ui(g_1f):g
\tgg,i =5 Ui ( 9_1f) /9.9 Sggi =7 Ui(g_lf);g,g/




Second order massive action
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1 1
Mg = E\/Tg[(v —9ggti + 2=ty + V=3 tgg,i]

1 1
My = E\/Tg[(\/ —9)gtri + V-9 tgf,i]

pwes 11 [ U (Vo)
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Mass term
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Mass term

51=[2].

= s
T v
sph = q’“

st = LTS 4 (n o 0) + (060 B) (o W) D]+ L1 ((00) & (0.))

Sym {g® 5#P}
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Parametrization for cosmological backgrounds

0000 _ -4
Mgy ™ = a"ayy,
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Parametrization for cosmological backgrounds

Example: FRW

Guvdxtdx’ = a*(dr? + &;;dx'dx),

fuvdxtdx” = b?(c2dt? + §;;dxtdx’),

9uv zg_uv'l'huv» fuv zﬁw'l'l,uv-

Background Bianchi Identities:
VI =0

o1(H —H;) = 0.

Algebraic Branch:

01 = By + 2B, + Bar® =0,

Dynamical Branch:



Parametrization for cosmological backgrounds

Example: FRW

Friedmann equations

3H?% = a*(pm + py)

All 16 functions
{a.,v.,€,1m.,0.}
H? + 2H' = —a*(p,, + Pg) can be expressed in terms of

{01,02,P4, 07, 0g, Dr}

3HF = a’r? py 01 = By + 2,1 + 317

CH? + 20} = —a?r? p; oy = By + (c+ 1B, + Bscr?



Parametrization for cosmological backgrounds

Tests of gravity

* Detecting modifications of gravity.
* Identifying common parameters in scalar and tensor sectors. [Saltas et al (2014) ]

o NO-gO theorem for gr avitational Slip. [Amendola, Kunz, Motta, Saltas, Sawicki, to appear!]
ds? = a* {—(1 + ¢4)dt? + 2B,,; dtdx' + [1 + 216;; + Ey,i |dxtdx’}

ds? = b2 {—c?(1 + ¢ )dt? + 2¢By,; dtdx' + [1 + 2946;; + Ep,;j |dx'dx’}

Gravitational waves (g —sector): Slip equation (g —sector):

1" / 212 2 2
h' + 23R + k?h? + a? 1 (h—D? = 0 bg — Vg = a’ro; (Ef — Eg)



Cosmological application: 4lgebraic Branch

Algebraic Branch: [nfinite Strong-coupling

_ 2 _
01 =p1+2fr + f3r° =0, Fx: Leal = — %(an)zl:m + MLTL’T
Pl

r = const. * Difficult treatment: non-linearities

Coupling Parameters:
e Usually sick: non linear mstabilities.

Agf =VYgr = €gr =0,

o
Pgf = _2_27” Strong coupling scale: A= A5 = mZMpl
Ogf = ~Pygf- Beyond A; 1 no longer grasps the behaviour of the

helicity-0, which does not behave as a scalar.



Tensors 1 Algebraic Branch:

Would be minimal model of blgr aVityP[De Felice & Mukohyama (2015)]

B B r Stability condition:
Qh = Mga h, Ql = Mga%l
a=r1t“
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Cosmological application: Dynamical Branch

Scalar sector:

Dynamical Branch: H = Hy = 0, , o
* Infinite branch: always plagued by Higuchi ghost

0.5} ] Scalar sector: ' =0, (04 >0) [Konnig, 2015]
00 finite bran&

: / Tensor sector: ¢ = 0
_05f

~1of  de Sitter point

infinite e Fnite branch: viable background — free of

_15E
ol ranch Higuchi ghost
i . . . ) ... 004
_30f ] * Higuchi ghost or Gradient instabilitiy: E™
00 05 10 15 20 25 a0
r Gradient mstabilities: breakdown of linear

perturbation theory, nonlinear treatment



Summary

* General mass term for bigravity on general backgrounds.

* Convenient parametrization on cosmological brackgrounds.
* Algebraic Branch: Tensor as in minimal model for bigravity.
e Cosmology of tensors: tachionic mstability.

* Incorporate double matter couplings.

Thank you!



