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Introduction: Theory

@ Inspiration (Arkani-Hamed et al. 2002, Dvali 2006)
1 e g 1 P 2
Loroca = =g Fu F¥" =S AAF A & La=—5Fu (1—%) Frv—A+

where (O71¢)(x) = [ d*y G(x,y)o(y)

@ Applying the same idea to Fierz-Pauli massive gravity

1
Lo =1h, (1 = >5WP hoo — 2m2x 50,8, (h — ™ h) + 5y, TH
— Obstruction: covariantization = g"*” R, =0 "Covariant vDVZ discontinuity”

T
|:(1 — g) Guy:| =8rGT.w (Porrati 2002; Jaccard, Maggiore, Mitsou 2013)
g

> Unviable background cosmology
> D_lRW C D_lGW generates instabilities (Ferreira, Maroto 2013)

> g“,,l:l_lR C D_IGW, stable (Foffa, Maggiore, Mitsou 2013)
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Introduction: Phenomenology

Model RT : G — m? (gWD,’e%R)T =87G T, (Maggiore 2013)

e Two models modifying General Relativity nonlocally — in the infrared

» m? sets a new reference energy scale

— Nonlocal terms contributes for [J, < m? and vice versa

@ Phenomenological approach

@ Interesting cosmology:

» FRW background/linear perturbations

» Observational constraints and model comparison

Model RR : SRR = ﬁ f d4X\/—g [R — %m%‘?é R] (Maggiore, Mancarella 2013)




Cosmological evolution
°

Application to Cosmology

Model RT Model RR
Gy — m* (g0t R)T = 81GT,, Guv — M* K (Ot R,02R) = 870G,

@ Resolution method: Localisation
OV=R = V=01Rr4 ylhom

> Auxiliary fields with vanishing initial conditions
> They are not genuine (freely propagating) degrees of freedom

Guv + m” | Uguw — 3(VuSu + VuSu) | =8nGT G — m*K,,(V,S) = 87GT,.

O,V=R 0,S=V
O,U=—-R,  8,U=1V,(V,S" +V"S,) e o DeS

@ Specialisation to flat FRW

ds? = —dt® + a*(t)5;dx dx’



Cosmological evolution

Background evolution

@ Modified Friedmann equations :

H2(t) = 8rG Y2, i) + m?Y ({ Vi, H(2))
+ auxiliary EoM for {Vi} }

@ m’Y = ppe(t): Dynamical dark energy

° IZI*1R|RD = 0 : Late-time effectiveness

@ Flatness today: mgt ~ 0.67Hp, mrr ~ 0.28Hy

@ From ppe = —3H(1 + wpe)ppE e -
Fit : w(t) = wo + (1 — a(t))wa e

RT: wo ~ —1.04, w, >~ —0.02 -109
RR: wo ~ —1.15, w, ~ 0.08 J

— On the phantom side: wpe < —1 !



Cosmological evolution
°

Scalar perturbations and Structure Formation

@ Gravitational W and lensing potential (\IJ — <I>) (YD, Foffa, Khosravi, Kunz, Maggiore 2014)

V= [1+ u(z, k)]Wacom, (V—o) = [1+X(z,k)] (V- ) ncOMm

z z z

> Fit: p(t) = psa(t)® RT: us =0.01, s =0.8, RR: us =0.09, s=2 (EUCLID: Aus = 0.01)

@ Gravitational slip and RSD (6dF, , BOSS LOWZ4CMASS, , VIPERS)
n=(V+®)/o, = 9D with D(a) ~ dm(a)

~0005
0015 -0010
= -o015

-0020

-0025

> Consistency with structure formation

> Nonlinear structure formation for RR: N-body simulation (Barreira etzal- 2014)
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Observational Constraints
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Boltzmann Code and Parameter Inference

@ Implementation in CLASS: Computation of CMB and LSS observables
@ Observational constraints and model comparison with MONTEPYTHON
(Lesgourgues, Audren et al.)
@ Cosmological scenario: Planck baseline
> 6 cosmo parameters varied: {wp, we, Ho, As, Ns, Zreio }
> Neutrino: Two massless species Neg = 2.03351, one massive m, = 0.06eV
@ Datasets:
> CMB: Planck 2013 (TT+lens.), Planck 2015 (TT+TE+EE+lens.)
> Supernovae: SDSS-1I/SNLS3 Joint Light-Curve Analysis (JLA 2014)
> BAO: BOSS LOWZ+CMASS DR10&11 (iso., aniso.), 6dF and SDSS MGS
> Ho: HST (70.6 £3.3,73.0 £ 2.4,73.8 £ 2.4)

(YD, Foffa, Kunz, Maggiore, Pettorino, 2014)
(YD, Foffa, Kunz, Maggiore, Pettorino, in prep.)



Observational Constraints
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Observational constraints and parameter inference

@ Bayesian inference:
> Observed datasets: Planck 2013/2015, JLA, BAO, HST, etc
> Statistical models: ACDM, RT and RR with {wp,we, Ho, As, ns, Zreio }

> Parameter estimation: Update our degree of belief through observations

P
u v
o .

0.20f . 000

T N Tl |

> Minimum x? estimation:
2= 3 i 2 = (eih *efh, )?
X = Zdataset Xdataset  WIth  Xdataset = Zi t(e;"T?
obs 015

e

g




Observational Constraints
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(YD, Foffa, Kunz, Maggiore, Pettorino in prep.) o



Observational Constraints
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Observational constraints and parameter inference

Planck BAO+Planck+JLA
Param ACDM g0 IR RO2R ACDM g0 IR RO?R
we 0.119470007% | 0.11957006:% | 0.110170%07% || 0.1197556; | 0119770501 | 01217551
Ho 67575 68.86"59° 71517058 67.6710% | 68.76795 | 70.44753°
Coin 12943.3 12943.2 12941.7 13631.0 13631.6 13637.74
BAO+Planck+JLA+Hy = 73.8 +2.4
Param ACDM .0 IR RO2R
We 0.1185799%0 | 0.1194739%0 1'0.120773:501
Ho 67.9319% | 68.910% | 70.6510%2
Coim 13637.5 13636.1 13638.9

@ Few parameters with 2 1o deviation from ACDM
— Bigger Ho in nonlocal models

@ Nonlocal vs ACDM: Overall |Ax?| <2

@ M
Z2 13
® |

1@ 1N
C )

@ Planck: RR fits slightly better C,/'" at low-/

— Mostly statistically equivalent to ACDM

@ BAO-+Planck+JLA: RR creates a Planck-JLA lo-tension

10




Observational Constraints
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Observational constraints and parameter inference

Planck BAO-+Planck+JLA
Param ACDM gM,,D_lR RO2R ACDM gWD_lR RO2R
we 0.11947590% 1 0.11957990™> [ 0.1191 7990 || 0.119799°7 | 0.119773907 [ 0.1217395%
Ho 67.575% 68.8619%° 71517980 || 67.67794 | 68.761031 | 70.44792C
AXZ 1.6 1.5 0 0 0.6 6.7
BAO+Planck+JLA+Hy = 73.0 £ 2.4
Param ACDM g“,,D’lR RO2R
we 0.117700013 | 0.118270501% | 0.1201755013
Ho 68.72°0%L | 60.6075%5 | 71.141572
Asznin 16
@ Few parameters with 2 1o deviation from ACDM
— Bigger Ho in nonlocal models
i o
191 i @ Planck: RR fits slightly better G at low-/
& N,
21X @ BAO+Planck+JLA: RR creates a Planck-JLA 1lo-tension
= @&
: i A @ Nonlocal vs ACDM: Overall |Ax?| <2
‘@SN — Mostly statistically equivalent to ACDM
CB )
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Observational Constraints
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Observational constraints and parameter inference

Planck BAO+Planck+JLA
Param ACDM g, O 'R RO2R ACDM g0 R RO2R
oo | 010475 [ 0.1105° 00 | 0119173 [ 0.1} [ 0.1107°5%01 | 012175 %%
Ho 67.575% 68.8619%° 71517980 || 67.67794 | 68.761031 | 70.44792C
A 1.6 15 0 0 0.6 6.7
BAO+Planck-+JLA+Hy = 73.0 £ 2.4

Param ACDM g“,,D’lR RO2R

we 0.11775007% | 0.1182707067 | 01201755013

Ho 68.72°0%L | 60.6075%5 | 71.141572

Asznin 1.6

@ Few parameters with > 1o deviation from ACDM
— Bigger Ho in nonlocal models

@ Planck: RR fits slightly better G at low-/

@ BAO+Planck+JLA: RR creates a Planck-JLA 1o-tension

@ Nonlocal vs ACDM: Overall |Ax?| <2

— Mostly statistically equivalent to ACDM

13
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Observational Constraints
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Observational constraints and parameter inference

Planck BAO+Planck+JLA
Param ACDM g, O 'R RO2R ACDM g0 R RO2R
oo | 010475 [ 0.1105° 00 | 0119173 [ 0.1} [ 0.1107°5%01 | 012175 %%
Ho 67.579:% 68.8619%° 7151198, || 67.6710% | 68.7610% | 70447938
A 1.6 15 0 0 0.6 6.7
BAO+Planck-+JLA+Hy = 73.0 £ 2.4

Param ACDM gWD’lR RO2R

we 0.11775007% | 0.1182707067 | 01201755013

Ho 68.72°0%L | 60.6075%5 | 71.141572

DX 16 0

@ Few parameters with > 1o deviation from ACDM

— Bigger Ho in nonlocal models

@ Planck: RR fits slightly better 7 at low-/

@ BAO+Planck+JLA: RR creates a Planck-JLA 1o-tension

@ Nonlocal vs ACDM: Overall |Ax?| < 2
— Mostly statistically equivalent to ACDM

15




Observational Constraints
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Bayesian model selection

@ Computation of the Bayes factor: done by considering the nested models

Guw —m? (g0t R)T —guu\ = 87GTy | L= ez [R—2A—m*RO72R] + Lm )

with cosmological parameter space {wy, Ho, As, Ns, Zreio, Qn, Qae }
— Non-informative priors are flat on Qp and Qe
@ Three statistical models in each case: Mpaide, Mn, Mye

@ Bayes theorem
P(d, M|6)P(0|M)
P(d, M)

P(0|d, M) =

@ Savage-Dickey density ratio:

. _ P(d,Mp)  _ P(Queld, Mntae)
A/ (A+de) P(d, M- de) P(Qde| Mptde)

Q4e=0

— Model A (dis)favored with betting odds Ba/(a+de) : 1 wrt A+ de

16



Observational Constraints
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Bayesian model selection

@ We are interested in,

g _ P Ma) _ P(d M) P(dMnige) _ Baesnige) _ P(Qnld: Mnide)lo,—o
w7 P Mp) T P(d Macae) P(dMA) T Bayinrae)  P(Queld, Marae)la,—o
Planck+BAO+SNIa T ' ' ' Planck+BAO+SNIa
+H0=73.8
Prellminary
—— RT — RT
s RR mmmm— RR
101 1 08}
00.57 — m0.4’
3 c
G 0.0}
0.0 b
—041
0400 04 08 00 05 10 -04 00 04 08 0400 04 08
A Qde Q/\ Qe

17



Conclusion

Conclusion

G — m* (g0t R)T = 87GT,, ] L=15z [R—mRO?R] + Lm J

@ Two observationally viable models of gravity
(JCAP 1504 (2015) 04, 044, arXiv:1411.7692)

@ Phenomenological side
> Well behaved dynamical dark energy

> Same number of free parameters than ACDM
> Fit the data as well as ACDM

— Provide observationally consistent alternatives to ACDM
@ Theoretical side: Effective models/terms

> Suggest effects/mechanisms for dynamical dark energy
generation

» Dimensional transmutation, conformal anomaly
(Maggiore 2015)

18
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Structural aspects

Model RT : Gu — M (guTiR)" = 871G T,,

|

1 3 1 3
Eh’n — 5 huygﬂuadhaﬁ _ E ITIZ hpl/ PHVPQJI_’QB

J Covariantisation

Srr = M2/dd+1x«/—g {R - %m2R%R]

Model RR : Gu—m?K,, [D;}R, I:I,’efR} =8rG T,

20
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Model RT : G, — m? (g,,,uD:e}R)T = 871G Ty

l

1 3 1 3
['h'n — Ehwlglwud ha}3—§m2 hHVP;wPud ha{j‘

l Covariantisation Propagator l
= —i —i
SRR = M2l/dd“x\/ {Rf—m RDzR] DGR(k)Jrﬁer

— No vDVZ discontinuity
— Scalars are not genuine DoF

Model RR : Gu—m?K,,, [EI;}R EI,’SER] =81G T,

21
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Model RT : G, — m? (g/l,I/D:e%R)T = 871G Ty

l

1 3 1 3
['h'n — Ehwlglwud ha;3_§m2 hHVP;wPud ha{j‘

l Covariantisation Propagator l
. —i —i
SRR:/\/F/dd“xw {Rffm RDzR] Der(K)+ 12+ —ja e
— No vDVZ discontinuity
Localisation — Scalars are not genuine DoF

S = /ddﬂx\/fg {MRCD + #(m)?]
J Einstein Frame

_ 1- _ 1- _ 2 N .
Sloc _ / dd+lx\/_7g, {M2R _ EV#Q;V;LO + Evﬂvaw _ m?e—(¢+w)/Mw2:| (YD, Mitsou 2014)

+ Solving for scalars w/ vanishing IC

J Jordan Frame + Var. Principle

Model RR : Gu—m?K,,, [EI;}R EI,’SER] =81G T,

29
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Not ghost-free but ghost not free

@ Scalars have vanishing initial conditions - :S:: 7
@ Do not contribute to the DoF count s / .
@ Do not propagate freely > .
(D — m2)¢ =0 and vanishing IC o ]
= ¢=0 -2 -1 0 1 2

> But propagate once sourced
@ On Minkowski massive ghosts are unstable for |p] < m
Es=VPP-—m = o(kx) ~ e VFmt

pl<m L IF—mle

| 0

S

emt

23
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Big Rip scenario

1.0 T
@ In our (phenomenological) case m ~ Hy ™™
— FRW solution that makes sense 2 os
@ RR: Perturbations tamed by Hubble friction & o4
> Big rip scenario: 02
0.0 . L s
. -10 -8 -6 -4 -2
||m a(t) = In(a)

t—trip

i

-10 0

(YD, Mitsou 2014)
oa
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Backup
The m*(g., 0 *R)"T & m?*RO"2R Models

G — m* (g0 'R)T =81GT,,

(Maggiore 2013; Foffa, Maggiore, Mitsou 2013)

@ Structural features

» No ghost-like DoF (Foffa, Maggiore, Mitsou 2013)

» Degrees of freedom: Massless graviton

» No vDVZ discontinuity (Kehagias, Maggiore 2014)
» Correction to GR of O(m?r?) on Schwarzchild in ry < r < m~1

@ At linear level is equivalent to

_ 1
~ 167G

1
L {Rm2RD2R] + Ly

(Maggiore, Mancarella 2013)

25
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@ Inspiration (Arkani-Hamed et al. 2002, Dvali 2006)

Loroca = —3F FFV —TEA AR _ALj# & Lo =— iFuy< )F"” At

where (O71¢)(x) = [ d*y G(x,y)o(y)

@ Applying the same idea to Fierz-Pauli massive gravity

1 2
Lo = 5hu (1 — E)E‘“’p"hp —2m? XDa D, (R — i h)
— Obstruction: covariantization = gH” Ry, =0 "Covariant vDVZ discontinuity”

-
|:(1 — E—Z) GW:| =8rGT (Porrati 2002; Jaccard, Maggiore, Mitsou 2013)

> Unviable background cosmology
> 07 'R,, C O 'G,. generates instabilities (Ferreira, Maroto 2013)
> g0 'R C 071G, stable (Foffa, Maggiore, Mitsou 2013)

26
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Model RT:  G—m? (g TreiR)" = 87G T,

@ Phenomenological approach

8w = v + My .
J > Ad hoc construction

gmaBp o P pep o 8rG th > Causality imposed by hand
with P hag =071 (0™ — 9*9%) hag
J @ Other nonlocal models
> RF(O7'R) (Deser, Woodard 2007)

where
f(X) = 0.245tanh(0.350X +...)

1 p 1 ;
ﬁ//'n — 5h‘wglwadhwj7En,,,Zhlw pHv Pn;ihag

J Covariantisation

SRR

16‘G /d“x\/ {R —om RDQ R} @ Effective models motivated by

> Loop quantum corrections

1

Var. Principle > Dissipative effects
+ Causality: 071 — O

— Schwinger-Keldysh or in-in
formalism

Model RR: G, —m*K,,[0riR, 02R] = 817G T,

27
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Backup
Perturbations and EoM for m*RO 2R

> Equations of motion for m*RO"2R:
2 2 1 1 1.\’
Gap|1— =R 7 2 251 R ~—g| =—R
b( 0z )er{(v% g )<|32 )+4gb(|3g )

1 c 1 d
— 7 \&ac a c — Sabsc —R —R = U.
2(g 8bd + 8ad8bc — Gab8ed)V (Dg )V <D§ )} 0

Gy — m*K,,(V,S) =8rGT,, @ Specialized to
Ov=R,6 OS=V ds? = —(1 +2W)dt? + a°(t)(1 + 29)dx?

f (W, 00 H, k) = g + 6 + dpe (m?, ..., O, sUY)

where §; = dp;/p; and the same for 6;, o; and C527,-

(69,00, 00 W K2) =0
2) =0

fi (00 w0 g su" H, k2

28
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Scalar perturbations and Structure Formation

@ Gravitational W and lensing potential (\IJ — <I>) (YD, Foffa, Khosravi, Kunz, Maggiore 2014)

V= [1+ u(z, k)]Wacom, (V—o) = [1+X(z,k)] (V- ) ncOMm

10
z

> Fit: p(t) = psa(t)® RT: us =0.01, s =0.8, RR: us =0.09, s=2 (EUCLID: Aus = 0.01)
@ Gravitational slip and RSD (6dF, , BOSS LOWZ4CMASS, , VIPERS)

n=(V+®)/o, f=9nD with D(a) ~ dm(a)

0020 ~0005

0015 -0010
= -o015
0010

-0020

-0025

00 05 10 15 20 00 05 10 15 20 00 02 04 06 08 10
z z z

> Consistency with structure formation: Rf(O07!R) did not pass the test  (Dodelson, Park 2013)

> Nonlinear structure formationfor RR: N-body simulation (Barreira et al. 29:9[4)
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Scalar perturbations and linear structure formation

@ Gravitational pot. W and growth fog (YD, Foffa, Khosravi, Kunz, Maggiore 2014)

V= [1 + /L(Z7 k)] \U/\CDMa f= (Z/||r.]12 with D(a) ~ (5M(a)

(6dF, , BOSS LOWZ4CMASS, , VIPERS)

Do?s/

> Fit: p(t) = psa(t)®, RT: us =0.01, s =0.8, RR: ps =0.09, s =2
— EUCLID: Ay, = 0.01
> Consistency with structure formation
— Deser-Woodard's "R f(0"'R)" did not pass the test (Dodelson, Park 2013)

> Nonlinear structure formation for RR: N-body simulation (Barreira et al. 2014)

20
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Backup

Scalar perturbations and Structure Formation

@ Effective Newton's constant and RSD (6dF, , BOSS LOWZ4CMASS, , VIPERS)

k2d = 4 Gege(z; k) a2 pmbm, = dInD Gith D(a) ~ du(a)

— dlna

fog
&

Gat / G

05 — Acom
— &7
030 — RR

@ Nonlinear structure formation (Barreira et al. 2014)

> Massive haloes slightly more abundant: ~ 10% at M ~ 10 Mg /h

and more concentrated: ~ 8%

» Linear biais almost unchanged

» Amplitude of nonlinear matter and velocity div. power spectra enhanced
by ~ 12 — 15% w.r.t ACDM at z=10

21
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Observational constraint

Planck BAO+Planck+JLA BA0+P|anck+JLA+H0 =73.0+24
Param ACDM g, 0 'R RO R ACDM g0 'R ROZR ACDM g0 'R ROZR
we 0.11947559277170.11957 09926 170.1191 739027 1 0.1175°5,5075 | 0.118875995% | 0.12047350%3 || 0.11775%07% | 0.1182755953 | 0.1201795953
Ho 67.56112 68.95" 1 3 71.67112 68.4315.5% 69.3196¢ 70.944574 68.7219%1 | 69.60 >gg§ 7114452
o 9801.7 98013 9800.1 10485.5 10485.0 10488.7 10488.9 10487.3 10489.3

> Few parameters with > 1o deviation from ACDM AT
— Nonlocal models prefer a bigger Hp

> Nonlocal vs ACDM: Overall |Ax?| < 2
— Mostly statistically equivalent to ACDM

90

> BAO+PI.+JLA: RR creates a Pl.-JLA lo-tension e
> Planck: RR fits slightly better C/TT at low-/ <
> RT has everywhere a smaller x? than ACDM

I“ > Nonlocal models
J Observationally consistent alternatives to ACDM

4000

@@@@,_

CES ] 20001

ki)



Parameter inference

Param ‘ ACDM ‘ RT ‘ RR
Planck
100 wp | 22017092 [ 22047003 2.20775%%8
we 0.1194*5,005¢ | 0.11957333%% | 0.11917990°%
Ho 67.56113 68.95° 73 7167133
10°A 21937992 | 21947998 | 2.10879%3
| 0962590072 | 0062275807 | g.0628+5 0%
s . —0.0074 N —0.0081 . —0.0073
Zpe 11147 11.1470 1116412
Xnin 9801.7 9801.3 9800.1
BAO+Planck+JLA
100 wp | 22157905 | 220770058 [ 219779058
we 0. 1175*?()J ‘é?ff 0. 1188*[?, ;3)8?,1;:, 0. 1204*?5 37?311;;
Ho 68.43155, 69.319 70.9419 7
10°4, | 210970 00 | 2. 1960 %%i 2.102+905%
ns 0. 9668*?, ooes | O 9636*% ooes | O 9599*% oo
Zre 11.33437 11.18477% 11.00113
Xomin 10485.5 10485.0 10488.7
BAO-+Planck+JLA+Ho = 73.0 £ 2.4
Param ACDM 2.0 'R RO2R
100 wp | 2.22270%%% 2.2127%%2% 2.2027%%%%
we 0.117+920%% | 0.11827 3015 | 0.12017990%
Ho 68.72190% 69.6019%3 71141972
10°A; | 22021992 | 21987903 | 2.19570%:3
n | 006797592 | 0.964975%%2 | 0.9607°35%%,
Ze 11.39773 1125717 1105773
Xomin 10488.9 10487.3 10489.3

(YD, Foffa, Kunz, Maggiore, Pettorino 2014)
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