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Abstract: <p>If we want a mechanism for the current cosmic expansion that is alternative to (and possibly more a€cenaturala€e the
cosmological constant, there exist intriguing proposals within the dark energy and modified gravity realm.</p>

<p>First, | will briefly review the status of one of the most promising ideas, massive gravity: cosmological solutions, some formal aspect
recent developments. Then, | will present recent work aimed at constraining such models with LSS probes. </p>
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Motivations

Why modified gravity ? Technically natural mechanism for cosmic acceleration

Old: “understand why the vacuum energy is so small”

Cc hy not A then ? —< Weinberg, arXiviastro-ph/00056265

New: “why it is comparable to the present mass density”
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Instrument of Choice

Non-linear massive gravity (ARGT) + extensions

I

Ghost-free, Lorentz-invariant 4-d theory of a m;lxcss massive spin 2 field
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(X2 Fierz and Pauli (1930)

Linearly
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vDVZ discontinuity
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At odds w/ observations: angle for the bending of light at impact parameter b off by 25% w.r.t. GR
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Non-linearities better play a crucial role,
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Non Linearly

Vainshtein effect: non-linearities screen helicity-0 mode in the presence of matter

A[ | /:5
rv = Most of what is verified analytically is static and spherical

M3Em?

screening in an area within rv, where GR is recovered / linearized theory good outside

Not easy

nh = —m2ME V=g ([I-X)?] - [I - X]?)

where X':: = f[“”r./.r\*i/

helicity-0 mode n
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generic non-linear interaction will carry an Ostrogradski ghost
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Non Linear with Special Structure, dRGT
! de Rham, Gabadadze (2010)
de Rham, Gabadadze, Tolley (2010)

g
‘ Mp, [ m* - :
Sln(ll{ = 2I : /dll-'r g (R[(]] * % Z ("HCH[K‘[”»./”)

n=>()

where [CH = ¢ — \/W; and LolK] = 4 /"T\'
LKl = 3[K] N
LK) = 24([K]? - [K?%)
La[K] = ([K]®-3[K][K?] +2[K3)
L4K] = (K]* —6[K]2[K?] + 3[K?]% + 8[K][K?] — 6[K4])

- th . - . Hassan Rosen
Absence of ghosts verified in countless ways at full non-linear level T

Extensions, e.g. bigravity = massive gravity + H-E for metric f; 7 healthy dof

Evidence that structure of the potential is preserved under quantum corrections
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Is it empty?

Is is stable?

Is is observationally viable?
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No FRW solutions in dRGT if “f” Minkowski*

D'Amico, de Rham, Dubovsk;;
Gabadadze, Pirtskhalava, Tolley

Yes, we can live with inhomogeneities

Vainshtein guarantees inhomogeneities unobservable before late times

Inhomogenities only appear on scale set by inverse graviton mass

\\

Volkov; Koyama; Gumrukcuoglu et al; Gratia, Hu, Wyman;
Kobayashi et al; DeFelice et al; Tasinato et al;
Not updated, many many more!!

*natural for interacting massive spin-2 representation of
Poincare” group

INHOMOGENEOUS SOLS
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Inhomogeneities carrled by Stueckclbergs fields

Mz m? LK) :
Ky = hf: RAGEY Lo f;.'.u = ('),':.(/)”’(')u(/)hfu,b

R
1/3
r _____p R
* ;
:’»M pn 2
T f)( 0
the Universe filled with pressure-less dust of density P

2 regimes

P> Peo 5P < Pco. s

P 2 Peo In a Hubble patch  1/H ~ (p/3M2Z)1/?

m
inside the Vainshtein and therefore small corrections, 0(( )

H matching...

P < Pco vDVZ regime, far from GR

INHOMOGENEOUS SOLS
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(Slightly) Modify Assumptions to allow for FRW

Open Universe solutions (Gumrukcuoglu et al, Vakili et al) unstable
Make reference metric dS (IMF, Tolley)... 2 slides away

( Generalized massive gravity)but keep the § d.o.f. (de Rham, MF, Tolley)... later

Reference

Tiigr;lvil'y: metric )

dynamical _

— Significant modifications (not just) to allow for FRW

Lorentz violating massive gravity
Quasi-dilaton massive gravity + generalizations
Varying Mass

Multi-vierbeins

Extended massive gravity

Nonlocal massive gravity
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Solutions with metric “f” as dS or FRW

} MF, Tolley i

Add matter content to gauge model independence

Ly ~ /rll.:'\/—y[-‘-I)-(f)r,f))z + V(o)

Simple algorithm

Existence of the solution
Check stability of the theory

Early + late-time dynamics from Friedman equation
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 Stability bound

H=ap*+B8¢+7(Ve)?*+..

\ \ gradient inst.

tachyon inst.

coefficient of kinetic term > O

Quickest route to the Higuchi/unitarity bound in dS:

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

me=0 G.R.
frn2 — 2H 2 Partially massless theory
Higuchi bound . 2 2 Massive
in massive gravity MY o 2H
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Bound from Observations

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

3H? = A+ 3m® x 6(1) + ...

2 2
S H

combining Stability and Observations then:
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Generalized Higuchi:

i of H H= B
771.3(11) = m i, ((3 + 3ag + ay) — 2(1 + 2a3 + m)m + (ag + ”')7[?) > M

N.B. independent on precise form of matter

Friedman Side:

H By 2o H 2
(=6 — 403 —ay) +2 (H,r) (34 3az + ay) — 2 (”;) (1+ 203 + 04) + 3 (”f) (vg + n-_;)) < 2H~

o

I

7 ¢
m =

el

Combined:

k
poly;”(2)

(K) > 1 Hard to satisfy even using (X3, (V4
polys ' (z)

Impossible when we account  H = H (1)
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What now? GGo bigravity !

:'1

1 . . 1 .
L= 5\/-‘_(;' MER(g) —m?> Bulln (g7 f) | + - vV —fM;R(f)+ Ly

B,

%

Guv e f;wa j\/fP = Mfa /87:, = /64—'n,

This fact must be reflected on the bound itself

Crucial for Galileon Duality

*Matter breaks this

BIGRAVITY
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Stability Bound in Bigravity

} MF, Tolley t

Soon in a more symmetric form

Stability bound

Minisuperspace action \/

‘ H:/M-: 2 2 / Decoupling limit /
ﬁl;z 1 -+ (ﬁ) 2 2H2 s g
= % PM check /

Symmetric \/

Recover Massive gravity bound in the limit Mf o &, @) Mp, Hf finite.

BIGRAVITY
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Not possible before: e e not directly invoking m

Friedman side

3

(-{ = H)!n! []!

n=0

3 n
3Im? /‘)’ H 9 I
" . [l._. — e
w,, ok +Z (3—n)! (u,) ] 1S 4 3]\/]{

m? x O(1) < H? it’s the only direct requirement on m, but now:

fhithe v H regionwith (31 # () solve for /n? Hr, bound reads:
3H? > 2H?

M; ~ Mp
The (most pressing) stability vs observations tension is resolved in bigravity !
BIGRAVITY
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Stable Self-accelerating Solution

| Akrami, Koivisto, Sandstad
| (2012,2013)

Set: [y =0=fa; B1 =2M%

1 S 12 mA NS,
6% \ PO+ ’)((")2+Tﬁ

H? =

Model Bg B, Ba By By Om ,\-;‘"i“ p-value log-evidence
ACDM free 0 0 0 0 free 546.54 0.8709 -278.50
(B, 19) 0 free 0 0 0 free 551.60 0.8355 -281.73

=

Observat icm;|||_v viable (?) ! Small part of the whole table

Stability bound? It reduces to

1 12012
S L S e

e
Stable as well.
BIGRAVITY
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Further work on Cosmo Solutions

Our focus has been on unitarity (Higuchi), but ought to check gradient instability

H = ap® + B¢* + v(Vq)?

T&

{comelli et al (2012); Konnig et al; Comelli et al #2|

Non-linearities via Vainshtein? (in progress...)

&

Viable (in a reduced parameter space region) bigravity model put forward by

) " : 1 : T ; De Felice et al (2014)
especially useful in the “low energy regime | pe Pelice et al (2013 |

i T = (H3 + CoH) T

massive(massless) tensors decouple and simplify analysis of e.g. gravitational waves

MF, Ribeiro

BIGRAVITY |
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Generalized Massive Gravity

| De Rham, MF, Tolley (2014) |

Let the o, ( 3y ,,) now depend on the Stueckelbergs fields as

9 y ) 4
AS — .] t / ([1:(«' ={ ![1’ [(]] ‘l" ”:; Z (_i’-':.»,((/)”.(/)u.) H,,[K] + ﬁ]l]il‘i-l.(‘l‘ [ﬁ, 'l/-}(ﬁ)]

In pure mGR, isometry group of the reference metric is Poincare’

; ; e /
](;W = d,u,(/)” duq/))’f]u,b

keep Lorentz v/ Gen. mGR theory still has

Now: 5 d.o.f. proven ghost-free

give up Translations X s R""_’"’_ fjéf;jr‘""”” '
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m?*H 'E’im +/ﬁ;u+/j’]

SM2 H? = p+ -

Higuchi bound
Gradient instability
Coupling with matter
Vector sector

‘Tensor sector as usual

N(,w S()lutl()ns

2
m-=

; 2 [
4fya° + 361a* + Bra + — B
Ty & 6

ZEro in pure massive gravity, hence
lack of solution for f Minkowski

Hints of self-acceleration

j\[[,l («’lﬁ(,‘l + 3/3,‘[(1,_"):" S22 /3() B2
2H B1.1 P i (L/f[ |
(Bor, b1y P2 # 0 = Yalse)
__Stability

Full-fledged
analysis

=
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GW in L-B massive gravity and L-I bigravity

l Dubovsky et al | | MF, Ribeiro

For effective mass smaller than Hr, low multiples would be enhanced w.r.t massless case

‘ |
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N.B. All plots of multipole coefficients presented here are for a massive graviton only, and were obtained through CAMB by Dubovsky et al. (2010)
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no vDVZ

Porrati (2001)
AdS

More...

different
backgrounds altogether
or non-trivial b. for Stueckelberg fields

( )(L # :I:(L

Higuchi

and S\
gradient
Aoki, Maeda, Namba (2015)
almost FLRW but
non=linearities in
Stueckelberg

Raise strong
coupling scale

De Rham, Tolley, Zhou (2015)
Lorentz~breaking vacua but on
the Stueckelberg side
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Solar system tests b
Lue, Starkman (2006, i.e. DGP) LSS
Dvali et al (2003, i.e. DGP) Falck et al (2014)
e Falck, Koyama, Zhao(2015)
Gronke, Mota, Winther (2015)
Ivarsen et al(2016)

(:ﬁerturbative approach

Lensing
Wyman (2011)

Horndeski extensions
Koyama, Niz, Tasinato (2013)
Koyama, Sakstein (2015)
Sakstein, Koyama (2015)

Langlois (2016)
Sakstein et al(2016)

Binary pulsars
de Rham, Tolley, Wesley (2012)
de Rham, Matas, Tolley (2013)
Jimenez, Piazza, Velten (2016)

o Tensors 3
not screened, possible GW
signatures in e.g. bigravity,

Compact obj. vs non-rel., stars

Hui, Nicolis

e ——————

Vainshtein Screening

Analytical handle

highly symmetric, idealized setups
(static, sph. symm etc)

Numerical
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