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Introduction

Cosmic tug of war

The force of dark energy surpasses
that of dark matter as time progresses.

Cosmic acceleration
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Introduction

¢ Cah we give graviton a mass?
Fierz and Pauli 1939 G = T

£1~'1’ = f“1 (h';whuu 5 hz)

van Dam-Veltman-Zakharov discontinuity

A ‘ ~ 1
LY i v _ 2cv gy — THRY mC
T, 'h, =T, (h, + mgd,¢) =T, h, N T
4

Vainshtein 1972 non-linear interactions
Boulware-Deser (BD) ghost 1972

Lack of Hamiltonian constrain and momentum constrain

-
6 degrees of freedom

Helicity £2, 1, Guww= 5 dof?
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Introduction

@ Can we give graviton a mass?
Fierz and Pauli 1939 G = My + Ny

£1"P = f4 (h;wh;w 5 h2)
van Dam-Veltman-Zakharov discontinuity

A 1
THRY, = TH (hY, + m38%¢) = THhY, + 7 L8
Pl
Vainshtein 1972 non-linear interactions

Boulware-Deser (BD) ghost 1972

Lack of Hamiltonian constrain and momentum constrain

-
6 degrees of freedom

Helicity £2, £1, Gwww= 5 dof?

Mini-workshop "Massive gravity and i

its cosmological implications”
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Introduction

C. de Rham, G. Gabadadze and A. Tolly 2011

I = Mf,l/d T/ — [ +m, ([:z + azLly +01£1)]
4 Stukelberg scalars

B sp e\l . 69 b respect Poincare
K:u = du ( g f) ' fm/ - T/aba,ucf) v P Symmetry
£ = 5 (KPP~ [K%) . K] = TrK 8"+, ¢° - AL
Py l)(iq* ~ 3[KJ[K?) + 2[KY) ,

(f) #0
([;(; 1 _ 6[KJ?[K?) + K22 + 8K [K?] — 6[KY)) Source of

N|__.

MASS !

Eliminate a helicity-0 mode, the so called BD ghost in the
decoupling limit.

Kuy = 0,0, e L5.L3. L, all become total derivative

It is also BD ghost free away from decoupling limit.
(Hassan & Rosen 2011)
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Introduction

* FRW solutions
arXiv:1109.3845...et.al...

¢ Ghost instability
® Linear perturbation: vanishing kinetic term
* Non-linear perturbations:

A new ghost instability found
¢ Towards healthy massive cosmologies

¢ Relax FRW symmetry
¢ Extended massive gravity theory
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Quasi-dilaton

* The simplest extension with dilaton-like
global symmetry

o — 0 —aMp, 0" = " 0"

S = \I“ / d4l \/_ [ —2A+ 27713 (EQ(’C) T+ 03£ (,C) E (K:))

_

T mdtlt_r

The building block tensor

Kt — Kl = 8 — M (Vif)
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Quasi-dilaton

¢ We choose the Minkowski fiducial metric and FRW
physical metric

fl“’ = —n2 (f)(so(so = 5l]5z (5‘7

Hmov [T %)
, P TR A 2 2 Tt ol
gudz! dz¥ = —dt* + a®(t) 0;;dz’ dz
The eom of Stuckelberg scalar yields

' onstant
(1-X)X [3 +3az+a;— (Baz+2ay) X +as X 2} __ constan

a’
There are 4 attractors

X =0,X=1and X = X, with

- daz+ 204 \/9 (x;"; — 12 a4

X
* 20y
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Quasi-dilaton

* The Friedmann equation

3 — £>H2:1‘\+x\+.
( 2 o
f ,,l‘:; ( € ‘I y 2 ¢ 2 ( 2 N 5 A">2
Ay = ~5a3 [.) (Baz —6aza4+20;) £ az(9a5 — 12ay)” }

sensible cosmology requires

w <6
The eom for dilaton 23, _
00 |,
f=
X 48 1 d \ . i \ : P” \ d
“MuaN S0, N& (T) cona (” : ﬁ) AN (\_\>
. Ir(1 - 2X 6X 4+943(X-1)(r(3X -1)4+ X -3)ag - (X -1)%(r(4X -1 3 X =)
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Quasi-dilaton

¢ Perturbations
Guv = g)‘::[ilx: +0guv
bgoo = —2N* @,
8goi = Na (B! +8,B) ,

- 2 | e 1 r ' . / l . 'A ]
0g;; = a* h:" - ;(HI E; + J, E')+26,;V+ (UIH‘ - —;-A (’)H') E,

Where FrIF =hIT'=0, &BY =0, 8E'=0.
Then we introduce the perturbations for scalar

o =ocY + M, éo .

In our calculations, we choose unitary gauge, and write action in
Fourier plane waves

V2 5 —k2, d®x — d3k.
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Quasi-dilaton

¢ The tensor mode

g M, 3, 3 i TT |2 k? /2 TT|2
T = e d’k a’ dt |h,~]~ ¢ — 22 + Mgw |h’i.7
where
v g (r—1) X% 2, (T & =
Mow = ¥ 1 + H®w r—l+X—l "=N
generally,

I\-'I(; w O ( H )

so even if the tensor modes are tachyonic, the
time scale of their instability is of the order of the age
of the universe.
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Quasi-dilaton

¢ The vector mode

‘,‘,1'2 ) ) T |2 o .

Sy = —H /d‘ik a® dt k? lL,' l. - Mgw|ET?

i =y
20 H* w

o In the case (1 —1)/w > 0,

2w

7
1—14?

if (r? —1)/w < 0, critical momentum scale, k. = aH.
Ay (1 —7?)/(H*w) < 2.

&

¢ Canonical normalize the vector perturbations
N
£T = ;” Ty ET .

3 3 4 .T 2 2 7’ 2
= - : Ndt | —|&: —_ W :

Mini-workshop "Massive gravity and
its cosmological implications”
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Quasi-dilaton

The dispersion realation

2.

H2(12(1+4(12) o k%
(1+ ¢q2)? :

© The 2nd term is fine, if the 1st term is
positive

® On the other case ifmZ, <0 and ¢> > 0.

2H?w
\f‘ ~ 2 1-.
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Quasi-dilaton

® The scalar mode
8gop = —2N* @, d0goi = Na0;B,
. | oc=00 ¢ M, o0 .
(5{],’) = a” {2 (51‘1‘ W 4 ((),()j . —;(5,} 0{01) b] N

After integrating out the non-dynamical mode and the
would-be BD ghost mode, we have

°k 3 YT
S = /(—a N dt

.f\

) ,y | Y 2

Where Y = (():0, 1,;). do = ﬁ (P - do)

13F4810HEH=



it is sufficient to study the

determinant
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Quasi-dilaton

1 ghost

No ghost

02 "

w
3 K S 6

Mini-workshop "Massive gravity and
its cosmological implications”

det K =

3 M, k° w?a* H*
[wa.QHQ- | (r —1)2

Along with ) < w < 6,

No ghost requires

k w(6 — w)
aH - 5

At least 1
ghost
subhorizon
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Quasi-dilaton

* There is one extra term, but it doesn’t
change the kinetic determinant

fddx / e‘ia/pr’

¢ Higher derivative terms, the kinetic
metric receive order 1 modification,
but it is still negative

(00)2(820)" + - - -
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Varying mass gravity

* Promote the graviton mass parameter to a
function of a scalar

' M2 < 1
S / diz /—g {?’ Rig| — 2A +2m(o) (L2 + az(o) L3 + ay(o) L4 } = gf},‘a o — l'(c‘}

- -

—_ M

Ky =6t - (Vo ig) -
Judztdz’ = —n(t)*dt? + a(t)?d;;dz'dz’ .

The eom for stuckelburg scalars

m;“;(X - 1)

3 [3 - 3(X=1)ag+ (X - 1)2(}',;} = constant,

X =1/a and r = an.

The time dependence of m, and o34 allows the
nontrivial Cosmological solutions.
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Varying mass gravity
¢ The background eoms

. 1 :
3H2=A e o m/) s H=_ G o (4 m m
+ 3z (Po t Pm) 321z, (o +Po) + (pm + pm)]

pm+3}1(pm+pm)=_Q, po+31'1(pa+po)=Q-

Pm = .‘"fgl"lg (X — l) [6 +4das+ a3 — X (3 + Hasz + 2()4) -+ X2 (03 + ()4)] s
Pm = Mpm; [6+4as+a;— (2+7) X (3+3a3 + ay)
+(14+27) X?°(142a3+a4) —r X3 (a3 + (r.;)] ;

Q =Mgmié(X - 1)2{(1; A=X-=-3rX)+aj(X-1)(rX-1)

2m' ] . =
R g [3— (X — 1as + L [3—3(X— 1)as + (X — 1)'04]]},
my X -1
a? a?
o = — V. o — —_—— ‘/- 68
P 2 +V, D 5 , ( )

where prime denotes differentiation with respect to o.

Mini-workshop "Massive gravity and
its cosmological implications”
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Varying mass gravity

¢ Tensor perturbation

— n2h1IT
5gU = a hq; )

:\‘f? . q ae | [ p——. k2 ” ———
S = T‘ ‘/d"ka“ N dt (Flhly |2 - (a_‘z + ;\-I&H.) |h!)! ‘..>

2 (r ].) ‘X'.’ 9 - Pm 1 2X Pm + Pm
M2y, =S 2 Ip2(x—1)-Lm|_ + Pm
e S At v el s i gus ) Ry 7

The stability of long wavelength tensor modes is ensured by Mz, > 0.

Mini-workshop "Massive gravity and
its cosmological implications”
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Varying mass gravity

¢ Vector perturbations

a2

6901 =Na B{I . 5{];1 - 7 (OIEJI + alEli) ?
M, 31. .3 2 |sz [* 12 T2
Sy == [ d*ka®dtk — o Maw | E; |
2a* (prn "'Pru)

Ghost free for all momentum below cut-off

‘,\2’. / 1_ 2 m m
m(‘ 7")<2’ Rz—p,jp,
H?R ME H?

1+ ——=—=—1In 2 _ 1] H2R ANH dt

1 d, (RMZw\] MBy(1—r?) 3 1 dln(Mgy)
SN H dt 2

Mini-workshop "Massive gravity and
its cosmological implications”
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Varying mass theory

¢ Scalar perturbations

~ 2 N ~ 2 - 1 ~
0goo = —2N*“P, 0G0 = Nad; B, Og,} =a“ [2 OU ¥+ (()l()‘ — ,—;03.‘. (?g(')’) EJ

while the scalar field is expanded as,
o=00 + M, b0 .

The quadratic action

/—a N dt
1

~ M, HN _
where Y = (4o, E), bo = s (\Il— = 00)

f
7 %+Y— MY + Y1 MI%—Y*Q Y

Mini-workshop "Massive gravity and
its cosmological implications”
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Varying mass

¢ Define the new variable to diagonalize the matrix

A'i ‘[ 30 (pm+pm) 3
_ dol |
1= 30H [E ("/_(1 2/\24\12(,—1)) 71
k

\/‘6”’ (E+6\/§5}y) ,

The quadratic action can be written as
&3k AR
ik /_“‘\d< NN NN

-1
k 2 Pm + Pm ] i
— : . y Ko = 1.

ZQE

Mini-workshop "Massive gravity and
its cosmological implications”
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Varying mass

The momentum should satisfy

<p0+po —§>—1 iy Pm T Pm
AMZH? 2) a2 M2
de Sitter like expansion, i.e. |H| < H?,

4 k?

R+ 277> >0, mmm——) R>6.

Mini-workshop "Massive gravity and
its cosmological implications”
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Conclusion

¢ Ghost in quasi-dilaton theory is a
robust feature.

¢ varying mass gravity can be Ghost free
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