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Time
(~15 billion years)

Accelerated expansion

Flatness

expansion > * ‘; Dark Matter

2 Farthest
Slowing supernova

Expanding universe

Dark Energy




Two different problems?

Modified Gravity

/ \

Dark Matter <=+ Dark Energy

A new particle or a new force at cosmological scales

Is this ‘exotic’®




A Dark person looking at 4% of its Universe

proton
(neutron)

nucleus

. ~10""2cm
atom~10"cm ~10"%cm

Fundamental Force Particles

Gravity ) graviton
acts between all particles | (not yet infinity much
objects with mass withmass | observed) weaker
w;:t:;;“ quarksand | W', w, 2° short
R leptons | (Wandz) range
Electromagnetism
acts between electrically Y PP
electrically charged | charged | (photon) indty
particles Y
Strong Force** quarks and g short much
binds quarks together gluons (gluon) range stronger

nxIBHCO

o electron
<10"%cm

quark
<10""%cm

STANDARD MODEL OF ELEMENTARY PARTICLES

CHARM
1,275 GeV/&
%

%

HIGGS BOSON

126 GeV/c*
0
0

STRANGE
95 MeV/c

%

%

ELECTRON
0,511 Mev/c

= §
Y2

MUON
105,7 Mev/c

&l
12

wzZ20-vwovmr

ELECTRON
NEUTRINO
<22ev/c

i

MUON
NEUTRINO
<0,17 Mev/c*

0
%

nZonowmAacrn

Download from
Dreamstime.com

[ ssssoatr

[E pesignua | Dreamstime com

We are much

more exotic than
any MG model.

Physics at solar
system scales
extrapolated to
cosmology?




Cosmic acceleration




Einstein equations Gy = 8rGT ),

Acceleration equation: 1 d%a 4G
q aar =3 2ot
l

Density and pressure | D; = W; ;.

pn~a”?

Matter
—r 4

Radiation w=1/3 ~

- pr deceleration

a < ()

Most of the universe is not made of ordinary matter!



Supernovae

Supernova Cosmology Project
and the High-z Team

In 1994 the High-z Team was formed: “To
Measure the Cosmic Deceleration

of the

Universe with Type la Supernovae”

Science

ACCELERATING =

UNIVERSE

Breakthrough of the Year

n‘ AMERICAN ASSOCIATION FOR THE

18 December 1998

Vol. 282  No. 5397
Pages 2141-2336 57




2 ¥ Dynamical Dark Energy?

8% \Vetterich 1988, Rafra & Peebles 1988

e
e

W g

i=4 Does it involve a modification of Gravity?




Cosmological constant
Gu * Aguy 5 8nGT,,,
radiation Tﬁ’?,c = (A/87G)guy

matter
Pvac = —Pvac = A/87EG

w=p/p =1

Today

Cosmological
constant

agrees with experiments, but theoretically notunderstood.

11



s it a theory?

PA = (10_36V)4

Contributionfrom quantum zero-point vacuum fluctuations of each field of the
standard model. Itis necessary tointroduce a cutoffand hopethata more complete
theory will hold at higher energies. If the cutoffis at the Planck scale,

Pvac = (101°GeV)?

pE\theory) N 10120,05\0193)



CMB anisotropies

S—
. e

Temperature fluctuations are related to primordial density fluctuations.
CMB + CMB lensing alone are enough to require cosmic acceleration (at 20+ sigma).



Evolution of perturbations

Expand in Fourier space

* Projectthe fluctuationsin the sky

* Spectraas 2 pointcorrelationfunction ofthe
coefficients of the expansion in spherical

harmonics

o1

_(ﬁ) — Z Aim Yim (ﬁ)

T m 04 =Aa/Da

< alma/zk/m/ >: 6ll/5mm/0l
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Plot by Wayne Hu
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Window to the early and late Universe .=

)

t“_‘} . i A
e Confirms the physms of the acoustic oscnla’uons in the baryon-
photon fluid

Tests early and late universe, from inflationary theories to
accelerated expansion via CMB lensing or in combination with
other probes.



Planck

Launch in 2009

Nominal mission
completed in November
2010 (15.5 months, full
surveys: 5 HFI; 8 LFI)
Releases in 2013, 2015,
final one in 2017

Placed in orbit around L2.
Scans the entire sky twice per

year.
The spacecraft spins with 1
rotation per minute, tracing
circles on the celestial sphere.




Power spectrum

Angular scale

00° 05 0.2° 0.1° 0.07°
6000 [ ' ' ' -
II
5000 ,
40000 5
(q\]
V
hggsooo- s "
Q - ‘tt' ‘t't
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ACDM is a very good fit

Angular scale

90° 0.5° 0.2° 0.1° 0.07°
6000 f | ’ ;
The standard 6 parameter
5000 f LCDM model remains a good
fit to CMB data

2 500 1000 1500 2000 2500
Multipole moment, /¢

Quite impressive. From terabytes of data to 6 parameters



(1) Contents and expansion
Baryon density Q. h?

CDM density Q_h?

Peak position O (~r./D,)

(2) Initial fluctuations
Amplitude at k=0.05/Mpc A,

Spectral index n

S

(3) Impact of reionization
Reionization optical depth T

ﬁ

(1) Contents and expansion rate

Baryon fraction Q
CDM fraction Q.
Cosmol constant fraction Q,=1-Q, -Q_
Expansion rate H,

(2) Late-time size of fluctuations

Amplitude on 8 Mpc/h scales oy

(3) Reionization

Redshift of reonization yi

In addition, you can add the parameterw and test if it is different by -1

Result: it is very close to-1!

J. Dunkley



How much Dark Energy can you have in the
past?

w(a) = wy + we (1l — a)

Dark Energy models can be roughlydivided in two
Qe < 0.007 categories: with and without Early Dark Energy

Planck Collaboration
A&A and ArXiv 1502:10590

[see Martin Kunz talk]



Dark Energy at late time:
Wpe is very close to -1, so it's ACDM

Even wO,wa is (-1,0)

Dark Energy at early times: strong constraints on
how much DE you can have.

Solid confirmation of ACDM!



There Is always choices you make when you
tell a story.

In the characters you pick, in the challenges

you highlight, and in the conflicts you
encounter.

Let’s highlight also some of the challenges and
conflicts, that are part of this story.



Three tales

Expansion

w asymptotically close to -1 in nearly all models of DE and MG

Linear perturbations and CMB

Even if the background expansion is very close to LCDM, perturbations can
be different -> test with CMB

Non-Linear perturbations and structure formation

Even if linear perturbations are the same, structure formation can be

different -> test with WL and GC




1502.01590v2

arxiv

Planck collaboration: ArXiv 1502:10590

February 5, 2015
ABSTRACT

aniclerizing observables related to the gravitational potentials with a chosen time dependence; the tension increases to at most 30- when
external data sets are included. It however disappears when including CMB lensing.

Key words. Cosmology: observations — Cosmology: theory — cosmic microwave background — dark energy — gravity

1. Introduction viding information on the primordial Universe and its physics,

.. . including inflationary models (Planck Collaboration XX
The cosmic microwave background (CMB) is a key probe of 515y and constraints on primordial non-Gaussianities

our cosmological model (Planck Collaboration XIII 2015), pro- (Planck Collaboration XVII 2015). In this paper we use

* Corresponding author: Valeria Pettorino, v.pettorino@thphys.

.. L L. . B P,



N
CMB as a probe for DE and MG 5%.

CMB is a clean probe, important to test DE and MG models.

- Expansionand distanceto last scattering

- Gravitational potentials and decay (ISW)

- Lensing potential

- Growth, can lead to a mismatch between primordial
amplitude and late time measurements of oy

- Ratio between odd and even peaks

- Polarizationand B modes




General Relativity

Density
Velocities

f_ dino

dina

via modifications of the gravitational potentials




Dark Energy and Modified Gravity change the growth of structure

General Relativity Modified Gravity

¢ Density ™

Velocities

(gravitational potentials)

G 4

(conservation/Euler equation) (Poisson equation)

féz_% —kz@eraZ@

via modifications of the gravitational potentials




Then why don’t we just test theories with different
observations?

What has been tested so far?

There 1s no significant tension anyway?

Our ability to test DE and MG is
not in the ‘precision’ era yet




Data < AUGLELE




EFT
Disformal Quantum Bigravi
Pangotcﬂnﬂog: Hi ?Muslus
Order Chamelcon Gcnorallzed

Relaxation r av l ty lg’:lalzl:'ys?muw

Covarlant
O“"QY Dynamical

o Features DGP Unified
wTheoriest:::

uvltaﬂona.l mlar
Cold MOG osmlcé’
(Cou led
% model

flati
°.:.'."..-.-1"az;.;.};:.:Energ yg..
Torsional
::a::.t:nﬁ- Matte' & Uber-Gravity

Horava\J@ctor-Tensor

Scalar-Tensor Horndeski self-gravitating

Example of suggestions | got, to be tested with future experiments




Einstein-Dilaton-

Gauss-Bonnet Cascading gravity :--——L—(j—r-e?sz- Zi-o—lét-i??-—; Conformal gravity
' Horava-Lifschitz
' R
Strings & Branes\ f (E) (@)
DGP
Randall-Sundrum | & |1 Some degravitation i
2T gravity \ scenarios Hi ghe r-order
Higher dimensions Non-local General R,
\ f(R) ORetc.
Kaluza-Klein

Vector

o -

i Einstein-Aether .

| Modified Gravity

Generalisations

" Lorentz violtion
of SeH . .
Teves — New degrees of freedom Massive gravity
Gauss-Bonnet ) wrawty
Scalar-tensor & Brans-Dicke Chern-Simons Tensor
Lovelock gravity =~ Ghost condensates Cuscuton EB|
Galileons ||
the Fab Four Scalar Chaplygin gases Bimetric MOND
Tessa Baker2013 e e e
KGB f :
1310.1086 Cousled Oui i (M :
upled Quintessence ) : Einstein-Cartan-Sciama-Kibble :
Horndeski theories ©~ T

Torsion theories
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o)

ST Challenges: stepa
theories

No agreement in the community on which models to test

Background formulations
a. W expansion
b. Early Dark Energy
c. Generic potentials

Perturbation formulations
a. Effective FieldTheory (EFT) General Descriptions?

Horndeski

Beyond Horndeski

Gravitational potentials

Non-localtheories

Single models?

o a0 o



Interactions and forces beyond LCDM

Be aware of similarities, in order to identify differences

D2

Get Cosmology to
the precision level of Early Coupled | ST,F(R), | Growing

: : Dark Quintesse | EQ neutrinos
particle physics. Energy | nce

) D2 & Warm Non
For the first time -
atte Dark minimal

general descriptions Matter, DM
of stable theories. F

creenings

Y
N\ % assive
\\\ 1(\}/Iravity, IS:(R), K-
P Homdees
\ and
beyond,
\ y

Model




Testing Challenges: stepl

theories

In general descriptions like EFT or Horndeski or gravitational
potentials, you need to parameterize several free functions (of time
and/or scale, depending on the formalism)

Pros of general formalisms:

— Allow to include a large number of theories in Boltzmann
codes (practical if you don’t have a code)

Cons of general formalisms:

— 1f you pick one specific prediction, you end up using a very
general formalism in a very specific model




Testing Challenges: stepl

theories

Which models?
Which parameterizations?

Stability conditions?
Already excluded by theory (DGP)?
Already excluded by past data (MOND/TeVeS)?
Is there any range of parameters left which makes it any different
from LCDM (massive gravity, bigravity)?




Dealing

- Chall : step 2
with Data Al

Planck
Which data have publicly available likelihoods? Planck + BSH
Are data for the same probe compatible with that model?
Problematic even fortf\e same erc))be (ex. Kidsvs DES) and Planck + WL
sometimes from same collaboration, releasing different Planck + RSD
likelihoods/results! Planck + WL + RSD
Are different probes compatible with that model?
If yes, how do we combine them?
How large/small is the effect of cross-correlation terms?
Are there model dependent assumptions within the
likelihood released? Which assumptions do they contain?
Careful about possible systematics
Impact of non-linear physics

CMB: Planck and polarization experiments
Useful to test the background story: BAO + SNe + H,
Useful to test perturbations story: RSD and WL



x10~7 -
g <>

-- different
MG models

Weak Lensing

The image of the galaxy is related to its true shape via
convergence (modifies the size) and shear (distorts
the shape)

|||||
‘‘‘‘

Weak Lensing is sensitive to changes in the
lensing potential O+

-----

lensing potential O+

.
'
ym
|

10! 10 10°

Galaxy Clustering and Redshift Space Distortions
Zobs — Hr + Upec

RSD sensitive to changes in 'V



Improving hallenges: step3

methods

No agreement yet on well tested set of codes in the Dark Energy

community, including non-linear regime

After Planck analysis, where we debugged codes and pointed out several
issues in MG codes, and after a similar initiative within Euclid, the need of

‘validating codes’ is getting more and more seen as a necessity (normal thing
in other communities!)

EFTCAMB /HighClass now compared and validated (linear
regime) (https://arxiv.org/abs/1709.09135)

In practice, LCDM is also the one model for which

we have a reliable well tested code




Improving hallenges: step3

methods

Open source and modular codes to facilitate implementation

and validation

Understand the non-linear regime (from theory and observer
point of view)

Profit of expertise in statistics (advanced and applied not
only to astrophysics) to decorrelate ‘observable parameters’
and reconstruct the ‘theory parameters’: what is better
constrained by data is not necessarily what we would like to
observe; is there a smart basis or way to reconstruct theory?



Improving

hallenges: step3
methods

* Need to break degeneracies
(DE, neutrinos, Q,,, 65, scale dependence...)

* Remove correlations among different redshift
bins: we mainly deal with new free functions
of time, not sufficient to test their value today.
PCA? Other statistical methods? New 1deas?



Joining theory with
observations:
examples of results
so far




D e
Effective Field Theory & Horndeski .S?fk

Gubitosi etal 2012

fd4x\/ { 011 + Q(T)IR + A1) — a*c(1)58% In general there are 9 functions
of time that include majority of

Modified Gravity models
(with both anisotropic stress

M
My )(a26g00)2 Mf(T)ZazdgoodK,‘j

2(*r) M3(7) a* M*(1) and generic sound speed)
2 3 00 s p(3)
(6K’u) > 6K55K;+ 0g " OR | | | | |
+m2(‘r)(g‘“' + n#nV)aﬂ(azg"O)ay(ang")] + S mlxi> 8uvl- 1.0 Planck i
0.8 Planck + BSH ]
' Planck + WL
E 06| Planck + RSD .
@M, aK, OB, T, H} = Planck + RSD + WL

EFTCAMB (Hu, Raveri, Silvestri, Frusciante 2014) 0.9

0.0 - ‘
0.00 003 006 0.09 012 0.15

CVMO — QO




Parameterizing Modified Gravity

2 functions of the gravitational potentials:
1L modifies the Poisson equation: directly observable

1 1s the ratio of the gravitational potentials

—k*¥(a, k) = 4nGa*u(a, k)p(a)d(a, k)
@la, k)= ®(a,k)/¥(a, k) .

In alternative:

— k*(®(a, k) + ¥(a,k)) = 87rGap(a)5(a, k)



Results from Planck

Planck Dark Energy & Modified Gravity paper

K modifies the Poisson equation Astro-ph 1502.01590 & A&A
1 is the ratio of the gravitational potentials DE-related
| ]Planck | |

I
1.0 | : Planck+BSH 7]
. .. Planck+WL
Plan(?k alqne lies at the 2 o limit | Planck-+BAO/RSD
Tension with ACDM at 36 when 0.5 |- Planck+WL+BAO/RSD T

combining RSD+WL "l' ( :
£ o0fp — — — — S — — — — — ]
Planck+WL+RSD ACDM
(present) I
—-05 | | .
B ~17% |
n ~25% —-1.0 L (l) | | |

Extra challenge: these are functions of z; amplitude in different bins is highly correlated




Tensions




Is there tension in HO?

Riess etal 2016 (more than twice R11, weak
metallicity prior, no period cut): 3.3 sigma
tension with Planck value

We reanalyzed the data using Bayesian
Hyperparameters, avoids subjective
rejection criteria for outliers

Agreement with Riess but with larger error
bars (i.e. less tension):

HO (Cardona) = 73.75+2.11 km s—1 Mpc—1
HO (Planck) = 66.93+0.62 km s—1 Mpc—1

The choice of anchor distances affects the
final value significantly: if we exclude the
Milky Way from the anchors, then the value
of HO decreases.

Interesting also for theory: a tension can be
explained adding early dark energy or
modifying gravity

Wilmar Cardona, Martin Kunz,
Valeria Pettorino 2016

HOLICOW 2016 (3.8%)

@

WMAP 2009 (3.1%)

b O !
Cardona et al. 2016 (2.9%) [R16 data with 2298 HP]

O
Riess et al. 2016 (2.4%)

e O a—

Planck 2015 (1.4%)

—(O—

Planck 2016 (0.9%) :
—.— R16

1

65

—_—
Hy [km/s/Mpc]

Low values of HPs might be due to unrecognised (or underestimated) systematics in the data

sets
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Robust against different assumptions in the analysis (e.g., period cut in the
Cepheid variables data, prior on the metallicity parameter ZW of the period-
luminosity relation, reddening law

the three sets of Cepheid variables in the galaxies LMC, MW, and NGC
4258 are consistent with each other: no argument to exclude any of them!

MW NGC 4258 + LMC
1 | 1 1 1 1 I 1 1 | | I 1
@ Riess et al. 2011| @ Efstathiou 2015| ' ' ]
5.6%; s :
[ O 14.6% | O i 5.6%
o) 1 3.4% } O 3.6%
| W 3.1% | O i 3.2%
0 : | e !
—e— —

66 68 70 72 74 76 78 80 82 66 68 70 72 74 76 78 80 82

B HPs in Cepheids and SN Ia| | i@ HPs in Cepheids, SN la, and distance modulus|
| @ Efstathiou 2015]

| ® Riess et al, 201'1|

| W iiliess et‘al. 2016'

[ ® wMAP 2009 (3.1%)

“ ® PLANCK 2015 (i.4%)|




Comparing Planck with Weak Lensing

ke

0.6

planck:
- WL+BAO 96
g . WL+6mc+BAO  _ -
R TG0y
= . Planck TT+lowP
e 80
P 5 ;o-
@AS ( ) WL =
- . .«\“ | 72
S RN d64 &
o o2 e
\*‘ 15
5 48
*0a d ]
Lo &
W 40
| | | | 1 32
0.2 0.3 0.4 0.5 0.6

Planck cosmological parameterpaper



Ultra conservative Weak Lensing

Z8~ P
planck:

Planck TT+lowP
WL + HL1

WL + HL4

WL + BF

WL + IA

L9
..l.i.'.

e

Qn,

0.45

100

Astro-ph:1502.01590
DE and MG Planck paper

Discarded almost all
information at non-linear
scales.

How do we model DE and
MG at non-linear scales?
Challengingand very
much approximated even
for LCDM
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THE DARK ENERGY SUF_\’VEY '
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DES: arXiv:1708.01530v1

ACDM constraints from the three DES DES Y1
combined p.robes: | | 09 R gi;ﬁ?ﬁ
1) the cosmic shear correlation function of 26

million source galaxies in four redshift bins, 0.90

2) galaxy angular autocorrelation function of

650,000 luminous red galaxies (LRG) in five & g4

redshift bins

3) the galaxy-shear cross-correlation of LRG

positions and source galaxy shears 0.78
4) Planck without CMB lensing

0.72

| | | |

0.24 0.30 0.36 0.42
.58

Sg = US(Qm/O-3)O'5



DES, comparing with Planck: https://arxiv.org/pdf/1708.01530.pdf

e DES Y1 constraints on 2,,, and Sg in ACDM are com-
petitive (in terms of their uncertainties) and compatible
(according to tests of the Bayesian evidence) with con-
straints derived from Planck observations of the CMB.
This is true even though the visual comparison (Fig-
ure 10) of DES Y1 and Planck shows differences at the

1 to 2-o level, in the direction of offsets that other recent
lensing studies have reported.

DES, comparing with KiDS

Sg =0.797 £0.022  DES Y1
=0.801 +£0.032  KiDS+GAMA [62]
=0.742+£0.035  KiDS+2dFLenS+BOSS [63], <- [63] was claiming 2.6 sigma

(VIL7) discordance with Planck



DES, comparing with Planck: https://arxiv.org/pdf/1708.01530.pdf

e DES Y1 constraints on €2,,, and Sg in ACDM are com-
petitive (in terms of their uncertainties) and compatible
(according to tests of the Bayesian evidence) with con-
straints derived from Planck observations of the CMB.
This is true even though the visual comparison (Fig-
ure 10) of DES Y1 and Planck shows differences at the

1 to 2-0 level, 1n the direction of offsets that other recent
lensing studies have reported.

DES, comparing with KiDS

Sg =0.797 £0.022  DES Y1
=0.801 +£0.032  KiDS+GAMA [62]
=0.742+£0.035  KiDS+2dFLenS+BOSS [63], <- [63] was claiming 2.6 sigma

(VIL7) discordance with Planck

so we agree with KiDS+GAMA, but disagree with [63] at
greater than 1-o.



Comparing Planck TT with clusters

== CMB
B CMB +BAO
0 SZa+BAO (proj) -

Major uncertainty:
mass calibration

Clusters prefera
lower value of og

0.70 0.75 0.80 0.85 0.90

Astro-ph: 1502.01590



Can Modified Gravity release the tension?

Yes sure. A Coupling (i.e. fifth force), non-
locality, a change in mu/eta, anything that (.95
effectively favors w < -1, Pettorino 2013
probably plenty of other ways..

can solve the tension 0.9

Planck WP 6 — (0.066 = 0.018 b‘” 0.85t

+ HST

Planck WP

A non zero coupling is favoured at 3.6 ¢ 08 + BAO
when using HST Planck WP

+ HST
J

0.75 ' '
0 0.05 0.1

Euclid can constrain
B at 2% (or wgpg> 103)

Comparable to interactions among atoms!
Amendola, Pettorino, Quercellini, Vollmer 2011
I



Prospects



Challenge

/\

Can we falsify a cosmological constant?

Can we distinguish among the models present
in literature?

Structure formation is the next challenge



Me playing with a Modified Gravity Boltzmann code

:IT]T’] ity

3 models, one of them is LCDM

I
1000 10000
1




Same parameters as in the previous CMB plot

20000

10000

P(k)

5000

2000

0.01 0.02 0.05 0.10 0.20




~ BSA/C.-Carredu

N . o« N

B New =
SRR ccnecration of
experiments

HST/ACS; credit NASA/ESA

RS &0

using different probes
scanning the sky in

slices to test the growth
of structure

Colombi/Mellier




Cluster abundance in modified gravity

Pettorino Baccigalupi 2008

10'3 T L | IIIIII T T fllf!1] T T lifllfl

Baldi & Pettorino 2011 N 0.2' T

Baldi, Pettorino, Robbers, Springel 2008
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Using the non-

linear regime to
decorrelate
parameters




Combining GC and WL breaks degeneracies

227
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Casas etal 2017
arXiv:1703.01271




Different surveys

Casas etal 2017
arXiv:1703.01271

GC(nl-HS) WL(nI-HS)

[ SKAl B Euclid - SKA2 [ DESI-ELG [ SKAl I Euclid B SKA2

E E 7 /

n n

Iz T

h h
(A, (A, _

ng Nng =

Qb Qb _

Szc / I Qc I F

0 2 4 6 8 10 50 100 150 200 0 2 4 6 8 10 50 100 150 200
(%) (%)

* On the standard parameters GC performs better than WL

 However, WL surveys perform better on MG parameters

* Euclid and SKA2 perform similarly well for the WL observable alone, if
non-linearities are included




Casas et al 2017
arXiv:1703.01271

GC+WL(lin) GC+WL(lin)+Planck
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Remarkably, the combination of GC and WL is still able to constrain all Modified
Gravity parameters at the level of 1-2 % after marginalizing over the non-linear
parameters.




Non-linearities reduce correlation
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Conclusions

Planck releaseis in very good agreement with a ACDM model

Tensions appear when combining Planck with external late time probes.

WL+RSD and CMB polarization will be in the future a promising tool to
test the Dark Universe.

Challenges to be able to test DE and MG:
Predict the non-linear regime
Get reliable and fast codes
Identify the best observables to break degeneracies

Bright future for the Dark Universe! Join efforts in theory, data and
statistical methods. This is only the start!




