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Cosmic Microwave Background

Planck 2015 CMB+polarization.
https:/www.cosmos.esa.int/web/planck/picture-gallery
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Large Scale Structure

'

lllustris Simulation: www.nature.com/articles/nature13316




The standard ACDM Model

- ACDM is still best fit to observations.

» Impressive agreement with data. :

« CMB + BAO + WL agree well.

« However some questions remain: 1T I ++
S TR R T -

« Cosmological constant problem. 2

>60 orders of magnitude wrong (zeldovich

1967, Weinberg 1989). GM,I/ + glU/A — SWGT#I/

.(’), % Planck 2018 results: arxiv:1807.06209
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The standard ACDM Model
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The standard ACDM Model

» ACDM is still best fit to observations. -
* Impressive agreement with data. :

« CMB + BAO + WL agree well.
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e Cosmological constant problem. b L

* HO tension ay

» 08: amplitude of matter fluctuations.

» Growth of structure at nonlinear scales,

still unconstrained. e R
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Galaxy Clustering and Weak Lensing

* Future data coming in Large Scale Structure (LSS):
* EFuclid, WFIRST, SKA : GCsp, WL and GCph

« LSST: GCph+WL+SNIla (expansion and velocities).
« DESI: GCsp

(’-\ Image credit: http:/sci.esa.int/euclid/46681-baryonic-acoustic-oscillations-bao/
Q Image credit en.wikipedia.org/wiki/Weak_gravitational_lensing


http://sci.esa.int/euclid/46681-baryonic-acoustic-oscillations-bao/

Dark Energy

 Dark Energy: Any dynamical cause for the accelerated expansion:

H?(z) =H, (Qc(l +2)° + (1 4+ 2)° + Q. (1 + 2)*

+Qpp exp UO az 2Lt “’DE@)] )

l1+2Z

 Cosmological constant: ’lUDE(Z) = —1
* To test with observations, the most common parametrization is:

w(a) = wy + (1 — a)w,
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Dark Energy

* Current bounds from CMB and LSS alone are still large
* O(1) for wO combining Planck+GC+WL+SNIla

2
Planck TT, TE,EE+lowE+lensing
1 - +BAO/RSD+WL
0 e o e S
m
=
—1 4
_2 -
_3 I
—2 —1 0 1
Wwo

(f)\ Planck 2018 results. VI. Cosmological parameters. arXiv: 1807.06209
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Euclid IST:Forecasts

« Main goal of future LSS L0 e
surveys: gg
* Bring wO-wa errors, down i
to percent level. B
0.0 T

 |ST:F forecasts on Euclid, B e VB U :
recently published. | H
* 10 codes, 3 years. :

S 0.0- g
e GCsp+WL+GCph+XC
» 2% on Euclid alone, for ~1.0 | | 0.0
WOwaCDM ﬂat —1.3 —1.0 —0.7 —1.0 0.0 1.0

wy Wy
@ Euclid preparation: VII. Forecast validation for Euclid cosmological probes. arXiv:1910.09273 Q@)@kd,

Santiago Casas




Santiago Casas

Dark Energy and Modified Gravity

o 4
GR (LCDM) S = 16TTG/C1$ vV—9g(R—2AN+ L)

Variety of models with a single extra DoF:

f(R) \ K-essence
/d4$ \/ — [% \ {I( MV@;LSO@I/QO _“@ |

" ) —

— /d%v_gﬁin(!}#w \

Quintessence

DM-DE coupling,
Neutrino coupling

(f\ *With many more terms we get the most general stable theory with one extra
\/) scalar field and second order egns. of motion: Horndeski Theory (1974)



Gregory Horndeski
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Other assumptions can be broken

Modified gravity roadmap Constrained by

GW speed

dRGT

Massive
Gravity

General Mg > 0 W GW damping

GW dispersion

Relativity NN 4 P GW oscillations

Tensor
Unique theory f
o B

of massless g,,,

Additional
Field

Break

Assumptions

Extra
-dimensions;

s 3 3t ) KGE
LA 1

Mon-Loical

(/i\ Taken from: Ezquiaga and Zumalacarregui, arXiv: 1807.09241
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Phenomenological Description of MG

 Linearized scalar metric perturbations, two independent scalar
pOtentia|S: 2 2 2 i
ds® = a*(7) (—(14+2V)dr* + (B, + S;)drdzx
—(—2@5@' -+ 2Elj?;j -+ Ffi,j -+ Fj’fg -+ h@j)dﬂ?@da’}j)

* Modified Gravity (MG) “useful” definition: clustering of DE
component, presence of anisotropic stress and/or fifth forces.
— E*(®(a, k) + V(a, k) = 87Ga*Y(a, k)p(a)d(a, k)

—k*U(a, k) = 4rGa*u(a, k) p(a)A(a, k)
n(a, k) = ®(a, k)/¥Y(a,k)
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Phenomenological Description of MG

 Linearized scalar metric perturbations, two independent scalar
pOtentia|S: 2 2 2 i
ds® = a*(7) (—(14+2V)dr* + (B, + S;)drdzx
—(—2@5@' -+ 2Elj?;j -+ Ffi,j -+ Fj’fg -+ h@j)dﬂ?@da’}j)

* Modified Gravity (MG) “useful” definition: clustering of DE
component, presence of anisotropic stress and/or fifth forces.

— k*(®(a, k) + U(a, k)) = 87TG é\(a,@)p(a)c?(a, k)

Clusterlng

—k*U (a, k) — 4nGa’u )A(a,,k)

n(a, P (a k> -
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Phenomenological parameters

Planck+WL Planck+WL

* Late-time parametrization: * Early-time parametrization:
DE-related Time-related
] | lPJ’anck | | | ]Pfanck |
1.0 | \\\ : Planck+BSH 7 1.0 | Planck+BSH 7]
|

Planck+WL+BAO/RSD ] Planck+WL+BAO/RSD |

?}'D_l ‘I}'.g—].

* Depend on parametrization and

* Constraints are roughly ~O(1). inclusion of scale-depence

(fi Planck 2015 results. XIV. Dark energy and modified gravity. arXiv: 1502.01590
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The problem of parametrization

* Late-time parametrization:

ula, k) =1+ E11Qpg(a)
n(a,k) =1+ E2Qpr(a)
22 SO e 17 * Early-time parametrization:
20 :\\ A \\,\ GC 1_52
\ ) wL I oI
NN & J— T pla, k) =1+ Ey + Ei2(1 — a)
7o N N A . Z:; | ~ | 1}, ’r](a, ]{3) =14+ F91 + Egg(l — (1)
1.4 ! N S B | B | e -
12 ) \\\ ::\ 1-25 N e
o N ::\ \ 1.1
08 09 10 11 12 13 08 10 12 14
p p

* Results are strongly
parametrization-dependent.

H M

o Casas, Martinelli, Pettorino, Kunz; arXiv: 1703.01271, Phys.Dark Univ. 18, 73-104
) )
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The problem of parametrization

* Late-time parametrization:

[ GC+WL(nI-HS)+Planck ﬂ
[ SKAl B Euclid I SKA2
E - £ ..-f:
1) - ——
p:h .
h
" —
Mg
s‘zbh
s‘ch__ -
0.0 0.5 1.0 1.5 2.0 5 10
o(%)

* Late-time parametrization better
constrained by future LSS
(degeneracy breaking).

5

15

* Early-time parametrization:

GC+WL(nI-HS)+Planck

[0 SKA1l B Euclid W SKA2
E | A I
??—- o ,
H |
h

10 15 20 25

Casas, Martinelli, Pettorino, Kunz; arXiv: 1703.01271, Phys.Dark Univ. 18, 73-104
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Euclid forecasts for Modified Gravity

* Results are parametrization dependent — Redshift binning (discretization)
of MG parameters — Correlated errors

* Non-linearities: reduce correlations. FoC goes down 65->32.

(linear) GC: Correlation Matrix (non-linear) GC: Correlation Matrix

0.5

-1.0

QcQpns As h iy p2 p3 Pa s M1 N2 N3 Na 1Ns QcQpns As h py 2 Pz P Ps M N2 N3 Na Ns

(6\ Casas, Martinelli, Pettorino, Kunz; arXiv: 1703.01271, Phys.Dark Univ. 18, 73-104
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Euclid forecasts for Modified Gravity

* Results are parametrization dependent — Redshift binning (discretization)
of MG parameters — Correlated errors

* FoC goes down 65—32, also in WL, not visible by eye.

(linear) WL: Correlation Matrix (non-linear) WL: Correlation Matrix

0.5

-1.0

QcQpns As h Wy Y2 s pa s M N2 N3 Na Ns QcQpns As h iy Uz Y3 g s N1 N2 N3 Na Ns

(’5 Casas, Martinelli, Pettorino, Kunz; arXiv: 1703.01271, Phys.Dark Univ. 18, 73-104
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Euclid forecasts for Modified Gravity

* Results are parametrization dependent — Redshift binning (discretization)

of MG parameters — Correlated errors

* Using non-linear scales, improves constraints by 1 order of magnitude.

* P(Z)CA analysis shows that only 2 independent mu,eta bins can be

measured.
Euclid (Redbook) (A, 11 12 L3 [l [ m M2 M3 N4 N5 MG FoM
Fiducial 3.067 [1.108| 1.027 | 0.973 | 0.952 0.962 | 1.135 | 1.160 | 1.219 | 1.226 1.164 relative
GC+WL (lin) 11.3% [ 5.8% | 10% |19.2% | 282% | 469% | 7.9% | 9.6% [16.1% | 276% | 2520% 12
GC+WL+ Planck (lin)| 1.1% |3.4% | 4.8% | 7.8% | 9.3% | 131% | 6.2% | 7.7% | 91% | 12.7% | 23.6% 27
GC+WL (nl-HS) 0.8% |2.2% | 3.3% | 82% | 24.8% | 34.1% | 3.6% | 5.1% | 8.1% | 25.4% | 812% 24
GC-+WL+ Planck
(nl-HS) 0.3% |1.8% | 2.5% | 5.8% | 7.8% | 10.3% | 3.2% | 4.1% | 5.9% | 9.6% | 19.5% 33
GC-+WL+ Planck
(nl-Halofit) 0.4% |1 2.0% | 2.4% | 5.1% 7.4% 10.2% | 3.5% | 4.1% | 5.8% 9.2% 18.9% 33

<5

Casas, Martinelli, Pettorino, Kunz; arXiv: 1703.01271, Phys.Dark Univ. 18, 73-104
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Phenomenological Parametrization

* Analysis of similar parametrization had been done in CFHTLenS: Testing the Laws of
Gravity with Tomographic Weak Lensing and Redshift Space Distortions, Simpson et al,
2012, arXiv: 1212.3339

* We find the same degeneracy directions.

3

H, + CMB + BAO + CMB +

2.51 @ RrsD . 2.51 @ RsD
ot B CFHTLenS - ot B crHTLens
15k @ crHTLens + RSD | 15k B crHTLens + RSD .
] CFHTLenS + RSD (]isw
1r +1SW+BAO ] 1T
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Phenomenological Parametrization

* Analysis using PCA also performed previously by Hojatti et al, arXiv: 1111.3960.
* They include scale dependence in mu and Sigma.

* Results difficult to interpret due to large number of eigenmodes and PCA choice.

LSST+SNe+CMB %0
"J I r“ ' |‘| 3 '|'|‘|'
1 ol . 13
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Effective Field Theory of DE

« History of the Universe: Invoking accelerated expansion twice.

* In expanding Universe: time translation invariance is broken.
« EFT started in the context of inflation!.
 Add 1 scalar Degree of Freedom:

o(t,7) = 3(t) + 601,3)

« Unitary gauge: Perturbations of field absorbed in the metric.
Const. time hypersurfaces coincide with const. field hypersurfaces.

» Construct EFT with operators invariant under time-
diffeomorphisms:

0, oY -
v vem Kw=hVen, g% R

7~~~ 'Creminelli, Vernizzi, Senatore, several papers around 2007~2010.
S



Effective Field Theory of DE

The action reads?:

1
S = §/d4$ V=Y [Mgﬁ(t)R — 2A(t) — 2¢(t)g"
+My () (0g™)* — mi(t) 690 K — Mj(t) 6 K°
—M;(t) 0K, 0K", + 1§ (t)og™ 0 R + mj(t)h*" 0, 9”0, g™
+ .. ] + S-m[gpu: Xm} ;

e g” appears because of the unitary gauge.
» K is the extrinsic curvature of the constant time hypersurfaces.

e First line: functions that affect the background and linear perturbations.
» Second and third lines: functions that affect only the linear perturbations.

(f)\ ! Following notation by the latest review: Frusciante, Perenon (2019). arXiv:1907.03150



Effective Field Theory of DE

* Can also capture GLPV theories (Beyond Horndeski).
* Also Lorentz-violating theories like Horava.
* With additional operators also recover DHOST.

5



Effective Field Theory of DE

* Can also capture GLPV theories (Beyond Horndeski).
* Also Lorentz-violating theories like Horava.
* With additional operators also recover DHOST.

* Built for perturbations at linear order.

« Extension to nonlinear perturbations by Frusciante et al., Cusin et al.
and others. Nonlinear terms seem to be mostly relevant for bispectrum
of LSS. (not so much for NL power spectrum)
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Effective Field Theory of DE

* Can also capture GLPV theories (Beyond Horndeski).
* Also Lorentz-violating theories like Horava.
* With additional operators also recover DHOST.

* Built for perturbations at linear order.

« Extension to nonlinear perturbations by Frusciante et al., Cusin et al.
and others. Nonlinear terms seem to be mostly relevant for bispectrum
of LSS. (not so much for NL power spectrum)

« Standard EFT resides on the Jordan frame, universal coupling between
matter fields and metric.

« However some extensions also to species coupled explicitly to metric in
different ways, have been developed?.

7~ 1Gleyzes, D'’Amico, Tsujikawa and respective collaborators.
S



Effective Field Theory of DE

f 1"‘1

ACDM 1 const.
Quintessence 186] [87] 1/v
K-essence [88 1/v
Brans-Dicke [89] [90]
f(R) [911192]
Kinetic braiding 93]
DGP [04
f(G)-Gauss-Bonnet
Galileons [96][97]
Horndeski 33
GLDV [34] 5]

low-energy Hotava |46

74 =3 T2 T2 2 2

™

AN
-t‘\

NENENENENENE

SN ANENENENENEENEN
N ENENENENENENENENENEN
SN ANENENENENENE
SN ANENENENFSENE

!
f
f -
v

NENENESENN
e e ==

Table 1: Examples of well known DE/MG models described by the EFT action : v indicates that the EFT function is
present, § means the corresponding EFT function is related to other EFT functions, — indicates the EFT function is not

present.
Horndeski: s —, )
m3 = 0
— Table from: EFT, a review. Frusciante, Perenon (2019), arXiv:1907.03150



Effective Field Theory of DE

B, A, c

* Modified Friedmann equations contain these three functions and H.
By specifyng two out of those three functions, one can obtain the rest (2 egns).

e Usually: Fix H to wOwaCDM, assume some form for “f” and then obtain Lambda
and “c” through the Friedmann equations.

* To map one particular theory to EFT: Start from the covariant action and then
transform to unitary gauge and compare terms!.
» Simple example with Quintessence:

1 1 - .
Lo~ —5(00) =V (6) — =509 = V(9)
unitary gauge
1 - _
ot) = 6%, Alt)=V(@)

1 This mapping procedure is cumbersome for more complicated theories, in those cases better to do ADM

S/) decomposition.



The alpha basis

» The alpha-basis is a redefinition of EFT functions, that allows for a more physically-motivated

description of the cosmological properties of the theory. Developed by Bellini and Sawicki in
2014.

1 o g M? . )
o . =
+ SKLEOK) — (a5 + 1)(0K)* + (oq{ + ogggaz) H?*(6N)?

+ (1+an)h(RoVA) b,

» Despite this physical picture, there can be stability issues with any model, such as
Ghosts, Gradient instabilities or Tachyonic instabilities.



Effective Field Theory of DE

M?2§ + m? M2 2¢ + 4M}
ap(t) =——-m—, ar() =35 =c -1, ax(t)=—F5 75",
202 + M2
1 dln M? -
— M?=(t) = M=4f— M3
QX H dlnt (t) _ plf 3

» alpha_H: beyond Horndeski, vanishes in the case of Horndeski we showed above.

 alpha_M: related to variation of the Planck mass (i.e. Newton's G). Modifies growth of
structures, introduces anisotropic stress and changes friction term of GW'’s.

 alpha_B: Braiding. Appears among others for non-minimal coupling to gravity. Impacts
clustering properties of DE.

» alpha_K: Is a purely kinetic term. It affects speed of propagation of DE fields. Also
suppresses sound speed of DE.

» alpha_T: Affects speed of GW, strongly constrained after GW170817.

5
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Einstein-Boltzmann codes for EFT

* Huge code comparison among Einstein-Boltzmann solvers. Also covering non-EFT models, such as Non-Local.

* Agreement better than 0.5% for most scales, except at low-ell, where also precision settings from CAMB and

CLASS influence results.

5
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Figure taken from: A comparison of Einstein-Boltzmann solvers for testing General Relativity. arXiv: 1709.09135.
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Einstein-Boltzmann codes for EFT

* Main codes: EFTCAMB and Hi_CLASS. Contain designer, mapping, full and alpha-
basis approaches.

COOP " NL-CAMB

aﬁﬂftlb ns cita.utoronto.ca/~zqhuang/coop Y
parameterization Y emmm T T
n iy bt
hi class | Honlocal
hiclass-code.net EFT-DE ‘ """""""""""
4 \
parameterization ! NL-CLASS
N e e eficamb.org I .
Covariant e
': GEI"CAMB gﬂﬁ[‘?ﬂﬂ ': :l‘ _‘k‘\
\ ‘J ______ AN CLASS_EOS_ R N
/ BD-CAMB Jordan 1 :
DAS, h'EfD Brans Dicke
. CLASSIg

L -
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EFT constraints from Planck

Planck 2015/2018 considered a simple case where:

ak 18 fixed
aM — —AaB

1 Q (a) p— f O“/T — a“/H = O 104 — Planck TT,TE,EE+lowE-+lensing_
- | — +BAO/RSD+WL RO
=== Planck TT,TE,EE+lowE
0.8 4 === +BAO/RSD+WL
— b amo o 061
aM — aMOa > Q(a):exp{7 ’B}—l a
0.4
I
0.2 - /
I
14
f, A Y
0.0 r—— T ] |I
—-0.4 —-0.3 —0.2 —0.1 0.0
Q(I]EFT
With CMB lensing Without CMB lensing
Planck Planck Planck Planck
Parameter +BAO/RSD+WL +BAO/RSD+WL
QEFT ............. —0.049fg:8ﬁ (1.60) —0.019’_’3:8%3 (0.80) —0.101f§j:8§3 (2.10) -0.021 +0.025(0.90)
Apty - e ~0.040*004! ~0.015+0019 —0.075+0073 —0.01470017
B 0.72+038 0.66044 0.66038 0.62+04
T oo e 0.0489f8:gg§3 0.0549313??6 0.0497 £ 0.0082 0.0528 + 0.0086
Hy [ km s™'Mpc g 68.19 + 0.67 68.22 + 0.46 68.30 £ 0.71 68.16 = 0.46
[0 2 S 0.8198 + 0.0074 0.8151 £ 0.0067 0.845fg:g£ 0.8164418:8%7
Sg e 0.826 +0.013 0.8205 + 0.0098 0.849 + 0.017 0.823 £ 0.011
A? . -4.3 -2.1 -9.7 -2.9

Planck 2018 results. VI. Cosmological parameters. arXiv: 1807.06209



EFT constraints KIDS+GAMA

(1) = @; Qpg(7)

» KiDS: Kilo-Degree Survey, 450 sq. deg.
« GAMA: Galaxy and Mass Assembly survey m = 1 P+ P Horndeck
. . N PE + psm 4+ P Horndeski
» Cosmic shear, galaxy-galaxy lensing and | w..,\ B ', Planck (TT + lowTEB) Horndeski
galaxy-clustering. A
» Constraints on alphas ~0.4 al
» Addition of Planck improves by roughly a &°°
factor 2. 0.0
105} \,u'ﬂ'.l
Sosol (A | (MR | J\
05| ) " 1 i ; | .'| I'.‘
; } } ; ; } /‘./l'“.‘ \.‘
0.4+ T + 1 f\ Iql
Y
E 03l (/ < | ../_. . | | II| I'|I| ||
| T | 1 = | /N
I S Sl A U
1.05/ N I 1 | ] P
_ . _ [
oo 0.90F R T 4 + = T (i 1 ,I|I|\|
N ) : M
0.75| é + ©> T+ ’ + V 1 j'l l"“'.l
I A R B/
0.0,08 1.6 075090105 02 03 04 0.75§.90 1.05
m 8

ofvo.'s 1.6
ap 05| (OF:]

arXiv1901.03686

Spurio Mancini et al, KiDS+GAMA: Constraints on Horndeski gravity from combined large-scale structure probes,
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GW170817 events

* GW170817+EM counterpart: . o . J2 -
Almost simultaneous arrival of hi; + (3 +an)Hh;; + (1 + ar)—h; =0
photons and gravitons. @

* Strong constraint on speed of

gravitational waves. ~3.107° < cg/c—1 <7 10710
* alpha_T function constrained to be
basically zero. CE} = 1 4+ o,

* Remaining Horndeski:

Sorr f /=g [K(6, X) + Gs(6, X)00 + Ga($)R

Notice yet another
notation

. 2
* Corresponding EFT: S :/d4$\/jg{% 1+ Q(a)] R+ Aa) — c(a) a26gﬁﬂ

a a
n mgH{% ”Ylé ) (a25gﬂ0)2 - m%H{] ’}’2£ ) a26g%° 5K}

p— N.Frusciante, S.Peirone, SC, N.Lima, (2018), arXiv: 1810.10521. The road ahead of
S/) Horndeski.



EFTCAMB basis

4 73 T2
Y1 = M2 Y2 = Ml Y3 —M2
T 2 27 2 ) 27
M2 M2 m3
Y4 = 5 5 = 5 /6 = 2
0 0 g

Recent studies of decay of GW and instabilities, have even constrained further the
allowed EFT operators. See: Filippo Vernizzi and collaborators, recently.



Horndeski after GW170817 in EFT

* We consider two models with a e Mla:

wOwa background:

* M1a/b Qa) = Qpa™ vi(a) =0,
* M2a/b e M1b:

* gamma_1 and alpha_K are related. s s
Samma. % AT Ana- O(a) = Qa*,  yila) = 7fa,

(12

* alpha_K does not have much effect

on LSS. e M2a:
. g§mma_1 d.oesn’t enter Quasistatic O(a) = Qa3 twotwa) o—3wq(1-a)
limit expressions. vi(a) =0,
e M2b:
’)/P (Z = 1.}, 2) are constants Q(a) = Qﬂa_3(1+wﬂ+wa)ﬁ_gwa(1_,1)'J
%;(a) _ ,.Y?a—fi(l—l—w{]—l-wa)e—lgwa(l—a)?

p— N.Frusciante, S.Peirone, SC, N.Lima, (2018), arXiv: 1810.10521. The road ahead of
\(/) Horndeski.



Horndeski after GW170817 in EFT

* However:

* gamma_1 is very important for stability
conditions. 0.8 30 =0.1

*Ghost stability issues analogous for |
alpha_K (see Kreisch,Komatsu (2017) 0.4 - ' - =

2 2
-

and Bellini et al (2016))
w

* Changing gamma_1, changes stable ¢ 0-
CPL space from blue to vertical-dashed
to horizontal-dashed.

-0.41

-0.8 . 1 r . ,

1.2 -1.0 0.8 0.6 0.4 0.2

p— N.Frusciante, S.Peirone, SC, N.Lima, (2018), arXiv: 1810.10521. The road ahead of
SJ) Horndeski.



Horndeski after GW170817 in EFT

* MCMC Likelihood analysis with: [ Model 10” Ay s Q Hy | Em,
. : ACDM  |2.1170:1210.96970 005 [0.297F0015 [68.7 176
Planck TT+lensing (2015) ACDM+v|2.221023 10 97410012 | () 35 +0-015 g 4 +1.21 - 9gg
* BAO BOSS DR12 Mla 2.21%05110.97470701510.29570 016 68.77 1 7
Mla +v |2.2970-2510.9760-0130.29870 015 [68.47 -5 | < 0.281
*JLA M1b 2.19%0:2510.973%0:015[0.29370:01768.971 %

. KIDS M1b +v |2.2870:2210.97579:91210.29575018 168.8718 | < 0.347

' M2a 2.27+9:2110.97270:01010.302+9-01% 1681713
M2a +v 2.35t§:§§ 0.975i§;§ﬁ U.303t§jg}f} 67.971% 1< 0.236
M2b 2.20703610.9680015 10.300 0 010 |68.6 1%
M2b +v |2.3070:39]0.970F7:013 [0.30470017168.571 (| < 0.543

Model wWo Wy Qg S0 f}{’ S1 '}fg S9
Mla —1.04t§-§% o.zziﬁ%‘é —o.oﬁﬁji% > 0.435

Mla +v| —1.0270% | 0127050 | —0.047557 | > 0.240

M1b ~1.07t0% | 030709 | 0.03705% [>0.215|> 0.217|——| —0.9753 |> 0.330
M1b 4v| —1.08F0 1% | 0.247058 | 0.0175355 [> 0.296> 0.103| ——| —1.9720 |> 0.147
M2a | —0.946"0 000 | —0.0980-220.018 003

M2a +v —0.950t§1§§§ —0.11+9-32 10.01975037

M2b | —0.947015 | —0.3170g, 0.047 70 00) >0.205)  [-0.23702

M2b +v| —0.93701 | —0.617588 |0.0807 (%] > 0.151 —-0.36703°

p— N.Frusciante, S.Peirone, SC, N.Lima, (2018), arXiv: 1810.10521. The road ahead of
SJ) Horndeski.



Horndeski after GW170817 in EFT

* Forecasts for: Model |20 (wp) |20 (w4 ) |20(20) |20 (50) | 20(75) | 20 (52)

* DESI-ELG: GCspec Mla | 2.0% | 50% | 110% | 68% - -~

. SKAD: WL Mib | 2.2% | 40% | 128% | 96% | 240% | 136%
M2a 1.9% | 44% 22% - - -

* Only linear scales M2b | 2.6% | 18% | 48% — 40% —

* No-cross correlation

Bl GC

GC+ WL
P Planck

GC+ WL + PI1

* Shear-shear Cls:

P/ Prax

_ 9 [ WiHW; () H (2),(2) o
Cii () = —/0 dz L k)P

P/ Pax

12 —1.04 —0.88 —0.3
Wy

p— N.Frusciante, S.Peirone, SC, N.Lima, (2018), arXiv: 1810.10521. The road ahead of
S/) Horndeski.
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Horndeski after GW170817 in EFT

* Forecasts for:

* DESI-ELG: GCspec

* SKA2: WL

* Only linear scales

* No-cross correlation

* Shear-shear Cls:

9 /°° W)W () HE(2) 2, (=)
0

(1+2)*

Model |20 (wp) |20 (w4 ) |20(20) |20 (50) | 20(75) | 20 (52)
Mla 2.0% 50% 110% | 68% - —
M1b 2.2% 40% 128% | 96% | 240% | 136%
M2a 1.9% 44% 22% — — —
M2b 2.6% 18% 48% — 40% —
1.07 B Mib
. /\', M2b
SO
0.0 \ |
0.42 O " 1.0
. A
52(k, z) P < 0.025- \\ DLE‘
j a
—0.37 | 0.0
0.07 \
= 003~. .
—0.01
11 —1.005 —0.91 —0.37 0.025 042 —0.01 0.03 0.07
wy w, A

Horndeski.

N.Frusciante, S.Peirone, SC, N.Lima, (2018), arXiv: 1810.10521. The road ahead of

1 1.0

0.0

P/ Hllﬂ_){
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The Quasistatic Limit

1 1+ M2

. . . T ,k — -
The Quasistatic Limit: w(a, k) 1+Q g + M29;

1 1 M2a
E(a’ k) _ +92+ k2

* g1 and g2 are functions of the EFT 20+9) g+ M
operators.

* Computing the exact solution with
EFTCAMB and comparing, we get a
subpercent agreement for M1a/b and a
subpercent agreement below the sound
horizon scale for M2a/b.

p— N.Frusciante, S.Peirone, SC, N.Lima, (2018), arXiv: 1810.10521. The road ahead of
S/) Horndeski.
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The Quasistatic Limit

F=J'FJ,
* We can then use a Jacobian to go to
the phenomenological Sigma and mu B Op;
parameters. J = Jij = 04

* The deviations from GR are up to 4%

for k=0.01. 1.02 = Mla = Mlb = M2a = M2b
* The error bars on Sigma are small in 1_005 - ; . .
M1a/b since there is almost no ]
cosmology dependence in the QS limit 098
expressions. E‘j" |
0.96 | : o '
* Other works on Horndeski after 0.94
GW170817: Kreisch, Komatsu, Noller, |
Baker and Others. 0.92__ ....................

06 08 10 12 14 16 18 20

N.Frusciante, S.Peirone, SC, N.Lima, (2018), arXiv: 1810.10521. The road ahead of
Horndeski.



Linear-de form eq.(B.2

Basis EFT functions Constraints Dataset Ref.
_ CMB + Hj prior
. . 1R (*
0V p g ay > —1.6 (%) 95 4% C.L. 170
g = 0.5 a+1-]} ég ..
KiD5+GAMA
L, O ap = 0.207020 . i [208]
a-basis | ag, cf =1 a = 0 (fixed)
ey = 0.207 550 CMB+BAO
cp = 0.631553 +RSD+mPk [209]
crx = 0.1 (fixed) 95%C.L.
—1.36 < ¢ —0.06
y : "'*:: ;m' * | CMB+BAO
YAL, OB, 19 < ¢ .g _
4B, b | +RSD+PK 199
o, K —0.90 < ep < —0.41 o T
1 i 95% C.L.
crx = 10(fixed)
ax = 0.056 (fixed
P (fixed) CMB+GC+CS -
(aar,ap) x S(5=), | a(an) = 0.065 , 216]
| k v ) (forecasts)
o X S(g-), oglag) = 0.049
=1, ar = 0.01 (fixed) CS:
see eq. (71) ay = 126% 3DWL linear 1219
ap = 41% (forecasts)
ar = 0.01 (fixed) CS:
ay = 158% tomography linear | [219
ag = 54% (forecasts)
: cyr ) = 0.056
(pr,p) X 9(%) EE }) 0 121; S4+LSST
(e, ap) X S(), ( B ‘%'1 ‘ +SKA1-IM+DESI | [141]
) T l.’h — .. .
forecasts
see eq. (71) o(er) = 0.146 (forecasts)
7(anto) = 0.0146 GC+WL
vpg, g, .
j’? (q9e -E*q ) a(apo) = 0.0030 ISW-Galaxy 1217
Py o(82) = 0.00135 (forecasts)
—(0).7H < f?\l*ﬂ.j < 3.7H (*}
pf, (g, OV, 0.2 <ag <3 (*) CMB+BAO+RSD 10

apg, c? =1

0.382 < avy < 2.457
oy (fixed)

95% C.L.

Table from: EFT,
a review.
Frusciante,
Perenon (2019),
arXiv:1907.03150



Basis EFT functions | Constraints Data sets Ref. |
Constant form |
o L o(Mo) = 0.006 CMB-S4+DESI | . _
a-basis M, ag, ar a(af) =0.02 (forecasts) [65]
o(ad) = 0.001 T
a() = 0.01 .
EFTCAMB basis | 2, 72, 73 o(v{”) = 0.05 C}”I.B'SflfDESI [65]
‘0) ‘ (forecasts)
( ) = 0.003
early /late transition form eq. (B.10 |
("Umm ) = 0.05
o (Mjage) = 0.007
a-basis M?, ap, ar J(”"c arly ) =0.04 C}":IB_S;__'_DESI 165
(:r(n:m”} = 0.08 (forecasts) :
U((E[ u?h ) =10.02
o(ad,.) = 0.002
EETCAME basis 0 o (Qearty) = U.‘{H Cl-‘lB-S.al—.l—DESI 65
o(Qate) = 0.02 (forecasts) :
Scaling-a form eq. (B.5 |
o - 10.019 Planck18+WL
ap = —ap Eiﬂn fil’-ilk‘gio o +BAO/RSD i
L H | | P0-0.21 68%C.L.
a-basis — o = 0270 CMBIBAO
:I” i cp = 048105 +RSD+mPk [209]
St cr = 0.1 (fixed) 95%C.L.
Planck13+WP
) QFFT < 0.061 +BAO+Lensing | [G8]
95%C.L.
EFTCAMB basis (0 = —0.07+07 Cl-‘]BJrBATO
Q, CPL 50 > 0.435 ﬁ: Ig{“ Lo st
20(Q) = 110% GC+WL+CMB | -
. L [130]
20(sg) = 68% (forecasts)
(g = 0.037031
sp = 0.215 CMB+BAO
Q, v1, 72 Y > 0.217 +SNIa+WL [130]
¢;=1,CPL | +9=-09"52 95% C.L.
s5 > 0.330
20(5} ) = 128%
20(sp) = 96% , .,
20(79) = 240% (;Cf‘fl‘_.LfLm'IB (130
20 (s2) = 136% (forecasts)
) =5, 51 = 1.4 (fixed)

Table from: EFT,
a review.
Frusciante,
Perenon (2019),
arXiv:1907.03150



Basis EFT functions | Constraints Data sets Ref.
e-fold form eq. (B.7)
RSD (DESI
‘ 0.055 < p < 0.145 (*) 5 ( ) I
cv-basis ap = —20M a; = 0.5,7 = 1.5 (fixed) (forecast) K0
. Ll S N t — wt 1 -_— at < e f—jé%t}-{' C'L.
o —0.07995 < ¢y < 0.0 | CMB+BAO
(,HPL_ M 02615 < ap < 1.0 +RSD+SNIa 201]
| 0.8304 < 7 < 2.19 95% C.L.
de-1 form eq. (B.3)
pr = —0.28F000 CMB
- iy [3, €4 p3 = 0.04 &= 0.17 (Planck, WMAP) 106
[79] , o+0.068 3% (L
pa = —0.0300 555 68% C.L.
pL=0.10705
ps = 0.13703 CMB
py = —0.18704% (Planck, WMAP) [106]
pi = 0417537 68% C.L.
ph =0.03701%
p1o = —0.00075 003
¢ 0.095
Pl = —(1.127;%2% |
5 p2o = 1.6977 5755 Jos+ f+os+GN | 4=
HL o 2 64 = 0,926 5852 95% C.L. =]
p3g = 1,(122ig;§lggm
p31 = —1.4477 ¢
de-density form eq. {B,{ip
CMB+BAO
(0.032 N T T
Q. CPL Qp = —0.018"50% +SNIa+WL [130]
' 95% C.L.
EFTCAMB basis GC+WL+CMB
R 20 (Q) = 22% | N 130!
(forecasts)
Qo = 0.047 7002 CMB+BAO
2, 71, 2 79 > 0.295 +SNIa+WL [130]
=1, 79 = —0.231028 95% C.L.
CPL 20 () = 48%
{“( ;f} t”{ GC+WL+CMB .
20(~9) = 40% . 130
0 , (forecasts) —
7] = 4.4 (fixed)

Table from: EFT,
a review.
Frusciante,
Perenon (2019),
arXiv:1907.03150
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What to do about non-linear scales?
f( R ) example

* To compare data with observations
we need the matter power spectrum
at non-linear scales.

* For WL: at least k~10h/Mpc at 1%
precision ?!

P(k) / P xcom(k)
P(k) / Pycomik)

* Perturbation theory, up to: k~0.35.

* Not enough ressources to run
infinite N-body simulations.

* Emulator approach.

P(k) / P xcom(k)
P(k) / Pycpmik)

k (h/Mpc)

Emulators for the non-linear matter power spectrum beyond ACDM
(fi * Winther, SC, Baldi, Koyama, Li, Lombriser, Zhao, arXiv:1903.08798
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What to do about non-linear scales?
DE example

* Machine Learning approach.

* Good in regime with noise and low
number of realizations.

Non-Linear Pk
k in h/Mpc
1071

o*-0-@ EmuPk z=4

0000000
EmuPk z=0.0

_
»\93

000000

CosmicEmu
\
\

101
X index

SC, Schmitz, Pettorino, Starck (in preparation)
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What to do about non-linear scales?
f( R ) example

* Non-linear scales crucial to
constrain models of MG/DE with
Euclid and future surveys.

* Improvements in constraints range
from factor 2 to 10, depending on
settings.

* Cross-correlations are very
important.

* Need to study galaxy bias in MG.

B opt. HS5 GO,

opt. HS5 WL , :
W opt. HS5 GCpp, + WL+ X653 4/

R
\

1L
\

43 ks
L\
1

opt. HS5 GCyp s

B opt. HS5 GO + WL+ [C+G ' §
Pl Y

Q\A

0.03

.

P

0.34

0.80 091 0.93
gg

Euclid, TWG, WPé6. In progress, very preliminary.

—4.6

IOg(f RU)

43 —40

1.0

0.0

P/Rnn.x
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Conclusions

* GR and LCDM still passing multiple tests.
* Many of the early models of a scalar field have
been ruled out.
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the theory in an agnostic way.




Santiago Casas

Conclusions

GR and LCDM still passing multiple tests.

Many of the early models of a scalar field have
been ruled out.

With future LSS surveys, we will have 2%
constraints on wO-wa and 5-10% constraints on
effective MG parameters.

EFT is a useful tool to study remaining sectors of
the theory in an agnostic way.

However, hard to constrain all parameters at
once without the curse of parametrization.

We need to understand better nonlinearities and
wait for more GW data.




Backup
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Measuring the gravitational slip

* The ratio of the scalar
gravitational potentials can be

constrained in a model- o o ]
independent way. a al e

* Using “Machine Learning” to N e
obtain diferentiable functions from 2 2
data.

 P3~RSD, H/HO=E, P2~Eg .

* No assumptions about Dark
Matter, primordial power spectrum ™
or galaxy bias. e

* Future Constraints: ~10-20% on
r]' Nobs =

3P2(1 -+ Z)S

2E2% (P3 + 2+ =)

_1:77

= Pinho, Casas, Amendola (2018), arXiv: 1805.00027
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Euclid forecasts

 Simple scenario: Euclid can measure fsigma8 (growth rate times
amplitude of perturbations) at the 2-3% level, with marginalization
over bias.

* Redshift bins >10, useful to rule out several MG theories.

1.1}
] /P2 T N EPPE SE S S S S
Lo| I —
1.6 g (1| {“"} -------
0.9] e e T If--1
s e _HE-CS I' -
AP g g _ — — 7]
b 15 fg 0.8, 2. ,..-"TI_,,HI"‘ L —
. "./' - ——— e
gt o —_
0.7F -~ e ACDM
14| — — —  DGP
/
o6t ~— aaaaaa HR)
>~
--------------- HR)
1.3}
0.5} HR)
............ CDE
X | | | | | | 0.4 - - - -
#70 0.75 0.80 0.85 0.90 0.95 1.00 0.5 1.0 L5 20
Je Z
(/\ Cosmology and Fundamental Physics with the Euclid Satellite (Amendola et al , Living Reviews in Q
=) Relativity, 2018) A



Dark Energy with Euclid Santiago Casas

Euclid forecasts for Dark Energy

* I[n simplest case: FoM for wO-wa ~ 400. If w=-1, gives a Bayes
factor that favors strongly a cosmological constant.

* For phantom Dark Energy (w < -1), we need less precision to
strongly rule out a cosmological constant.

-0.75

1.0L
-0.80} s |

~0.85] . 0.5

-0.90+

- Y1 00;
~0.95[
f®)

~100f * -05

~1.05} "

045050055 060 065 070 0.2 0.4 0.6

% Yo Case oy Ow

b=4+1+z2 Ref. 0.02 0.017
With Opt. 0.02 0.016
£2;, fixed Pess. 0.026 0.02

Here we have fixed 2y to its fiducial value, £2; = 0

Cosmology and Fundamental Physics with the Euclid Satellite (Amendola et al , Living Reviews in
Relativity, 2018)
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Weak Lensing

 Under the influence of matter-energy, galaxies align and get
distorted in a coherent way.

 The correlation function

of cosmic shear: valuable
iInformation about matter content
and expansion.

22(6/r(), 2) Pu(¢/r(2))

L9 [ Wi(2)W(2)H3(2)Q2,(2)

(6\, Image credit en.wikipedia.org/wiki/Weak_gravitational_lensing
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Growing Neutrino Quintessence

* Coupling between Neutrino
and Quintessence Dark Energy.

* Connects mass of Neutrino
(few eV) to energy scale of Dark
Energy.

* Oscillating Neutrino
Structures.

* Very non-linear problem,
relativistic N-body simulations.

(’)\ Casas, Pettorino, Wetterich, arXiv: 1608.02358, PRD9%94, 103518



