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Introduction: Theory

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

Looca = —LFu FF— A A _Aj# & Lo = —iFW<1—'§> Fiv — A, j#

where (O71¢)(x) = [ d*y G(x,y)o(y)

@ Applying the same idea to Fierz-Pauli massive gravity

1 7 1
Lot =Lh <1 = g)gwwhpa — 2m2x 58,0, (h — 0 h)
— 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 : Gy — m? (gu,,Dfe%R)T = 871G T, (MM 2013)

where (O7'¢)(x) = [ d*y G(x,y)¢(y)

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 = ﬁfd“xw/—g [R — %mzRéR} (MM, Mancarella 2013)
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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” | Uguy — 3(VuSu + VuSu) | =81GT 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: pus =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)
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> 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 Negr = 2.03351, one massive m, = 0.06eV
@ Datasets:
> CMB: Planck 2013, Planck 2015
> 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, MM, Pettorino, 2014)
(YD, Foffa, Kunz, MM, 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
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> Minimum x? estimation:
2= 3 i 2 = (eih *efh, )?
X = Zdataset Xdataset  WIth  Xdataset = Zi t(e;"T?
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Observational Constraints
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(YD, Foffa, Kunz, MM, Pettorino 2014)



Observational Constraints
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Observational constraints and parameter inference

Planck BAO+Planck+JLA
Param ACDM g0 R RO2R ACDM g0 'R RO2R
We 0.119473902% 170.119573-99%¢ | 0.119179-9527 | 0.117579:507% | 0.118875:501% | 0.1204 739012
Ho 6756115 68.95773 7167113 68.4313%% 69.379%% 70.941797%
A2 9801.7 9801.3 9800.1 10485.5 10485.0 10488.7
BAO+Planck+JLA+Hy = 73.0 £ 2.4

Param ACDM g“,,D’IR RO2R

we o.117t368§i1 0.1182t%%?%ﬁ 0.1201t%;?%32}§

Ho 68.72108L | 69.6019%5 | 71147072

A, || 104889 10487.3 10489.3

Tenelelll
DDREIDIN

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

Nonlocal vs ACDM: Overall |Ax?| < 2

— Mostly statistically equivalent to ACDM

Planck: RR fits slightly better ¢,/

at low-/

BAO+Planck+JLA: RR creates a Planck-JLA 1lo-tension
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Observational
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Constraints

Observational constraints and parameter inference

Planck BAO+Planck+JLA
Param ACDM g0 R RO2R ACDM g0 'R RO2R
We 0.1194t3~ig§§g 0.1195t3’i‘3§§g 0.1191tg’13§,§§ 0.1175t%%%§i 0.1188f§'_§§ﬁ 0.1204+%‘3%%11§
Ho 6756712 68.95"13 7167713 68.4310.00 69.310:68 70.94707
A 16 1.2 0 05 0 37
BAO+Planck+JLA+Hy = 73.0+2.4
Param ACDM g“,,D’IR RO2R
we 0.11773%01% 1 0.118273905 | 0.12017390%2
Ho 68.72°0%L | 60.6075%% | 71.141572
A 16 0 2
@ Few parameters with > 1o deviation from ACDM
‘ — Nonlocal models prefer a bigger Ho
@ .II @ Nonlocal vs ACDM: Overall |Ax?| <2
@ . — Mostly statistically equivalent to ACDM
@ @ . @ Planck: RR fits slightly better G at low-/
@ BAO+Planck+JLA: RR creates a Planck-JLA 1lo-tension
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Observational
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Constraints

Observational constraints and parameter inference

Planck BAO+Planck+JLA
Param ACDM g0 R RO2R ACDM g0 'R RO2R
We 0.1194t+‘3)~ig§§g 0.1195t§’i‘3§§g 0.1191t§’13§,§§ 0.11753%%%3 0.1188;(‘)3'_;;(’&3 0.1204%‘3%%11‘;
Ho 67.56713 68.95773 7167113 68.4313%% 69.379%% 70.94707
A2 1.6 1.2 0 0.5 0 3.7
BAO+Planck+JLA+Hy = 73.0 £ 2.4

Param ACDM g“,,D’lR RO2R

we 0.117%8&1 0.11821;%%%113 0.1201;%-_%%}3

Ho 68.72°0%L | 60.6075%% | 71.141572

A 1.6 0 2
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Few parameters with > 1o deviation from ACDM
— Nonlocal models prefer a bigger Ho

Nonlocal vs ACDM: Overall |Ax?| < 2

— Mostly statistically equivalent to ACDM

Planck: RR fits slightly better C/T at low-/

BAO+Planck+JLA: RR creates a Planck-JLA 1lo-tension
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Observational Constraints
0000000800

T T
BAO (RT)

| JLA (RT)
Planck (RT)

90

60 - 1

Awe = A(Qeh?) ~ 1%

0.15 0.30 0.45

BAO (RboxR)
| JLA (RboxR)
Planck (RboxR

90

] 75 b

0.15 0.30 0.45

14



Observational
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Constraints

Observational constraints and parameter inference

— Mostly statistically equivalent to ACDM

Planck: RR fits slightly better G at low-/

Planck BAO+Planck+JLA
Param ACDM g0 R RO2R ACDM g0 'R RO2R
We 0.1194t+‘3)~ig§§g 0.1195t§i‘3§§g 0.1191t§ig§,§g 0.11753%%%3 0.1188;(‘)3‘_;5&1 0.12042%%%11‘;
Ho 6756712 68.95"13 7167713 68.4310.00 69.310:68 70.94707
A 16 12 0 05 0 37
BAO+Planck+JLA+Hy = 73.0 £ 2.4
Param ACDM g“,,D’lR RO2R
we 0.11775007% | 0.1182707067 | 0120175013
Ho 68.72°0%L | 60.6075%% | 71.141572
A 16 0 2
1 e @ Few parameters with > 1o deviation from ACDM
e ‘ — Nonlocal models prefer a bigger Ho
© @ Nonlocal vs ACDM: Overall |[Ax?| <2

BAO+Planck+JLA: RR creates a Planck-JLA lo-tension
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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 —gu\ = 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



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)
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