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Abstract: <p>More than a decade after its discovery, cosmic acceleration still <br>
poses a puzzle for modern cosmology and a plethora of models of dark energy <br>
or modified gravity, able to reproduce the observed expansion history, have <br>
been proposed as aternatives to the cosmological standard model. In recent <br>
years it has become increasingly evident that probes of the expansion his- <br>
tory are not sufficient to distinguish among the candidate models, and that <br>

it is necessary to combine those with observations that probe the dynamics <br>

of inhomogeneities. Future cosmological surveyswill map the evolution of <br>
inhomogeneities to high accuracy, allowing us to test the relationships be- <br>
tween matter overdensities, local curvature, and the Newtonian potential on <br>
cosmological scales.</p>

<p>I will discuss theoretical issuesinvolved in finding an optimal framework to <br>
study deviations from General Relativity on cosmological scales, giving an <br>
overview of recent progress, with a focus on model-independent, parametrized <br>
approaches. | will summarize where we stand and what are the next steps <br>

we should take.</p>
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Cosmological Tests of Gravity: why & what?

[t is now an exceptional time for modern cosmology, when we can
observe the universe with high precision and connect cosmological
measurements with theory.

eBOSS
()n&mnl_, dlld upu)mmf:, nldg._llgldJm‘u,mL, and

y are in line to map

more than a 100 cubic-billion-light-year of the

Universe: exquisite measurements of expansion ’
rate, reconstruction of lensing potentials and

cosmic structure growth rate reconstructed to 1% bl
in 0<z<2, over the last 3/4 of the age of the SURVEY

Universe !

EUCLID.

pping |I|e geometry of {he tark Universe:
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Cosmological Tests of Gravity: why & what?

... yes, right! We do face some major challenges ... in the theory camp, we still lack
theoretically compelling models for what is making up ~95% of the current energy budget
of the universe, i.e. the nature of what we call dark matter (and is responsible for the
structure we observe around us) and dark energy (which is sourcing cosmic acceleration).

As well as a deeper understanding of the mechanism that set up primordial conditions, and
these puzzles have deep roots in particle theory and gravity.
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One of the challenges in front of us

That the expansion rate of the Universe is accelerating is now a firmly established aspect of
cosmology and a testament to the breathtaking convergence of techniques that has emerged in
observational cosmology. In turn, cosmic acceleration has introduced new wrinkles into almost

every part of theoretical cosmology: what is sourcing it 2?
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One of the challenges in front of us

That the expansion rate of the Universe is accelerating is now a firmly established aspect of
cosmology and a testament to the breathtaking convergence of techniques that has emerged in
observational cosmology. In turn, cosmic acceleration has introduced new wrinkles into almost

every part of theoretical cosmology: what is sourcing it 2?

Modified qravit Y

Dark Energ id?
¢

S
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One of the challenges in front of us

source of
acceleration?
dynamical A baokredstion modened
DE grath
landscape
wminimally MO~ meLmaLLtj massless spin-2 broken MAsSLVe Spin-2
coupled cowpled graviton Lorentz-inv. graviton
h [ &
y ost
quintessence scalar-tensor 9 :
theories condensate tnfunite
f(r) extra-dimensions
9 1 IR
k-essence bi-meetrie ’ ‘
theories wodifications
Teves
Galileons DGP
degravitation

AS., M.Trodden, Rept.Prog.Phys, 72 (2009), Clifton, Ferrelra, Padilla,Skordis, Phys.Rep. 513 (2012), Hinterbichler, Rev.Mod.Phys. 84 (2012)
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Cosmological Tests of Gravity: why & what?

So until we have a compelling theoretical model,
let’s keep an open mind and use that to:

1. test the co;«,si,stcwog with LCPM (GR)

2. explore the parameter space allowed to alternative models
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Cosmic functons of interest

2

ds* = —a®(7) [(1 + 2¥(7, &)) dr* — (1 — 29(7, F)) dF*]
Expansion history: a(7)

Non-relativistic dynamics
(growth of structure, pec. vel.): W (7, ¥)

Relativistic dynamics
(weak lensing, ISW): (® + V) (7, ¥)
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Cosmic functons of interest

-r photons

--
---
------
--
-D'

. 3 dark matter

baryom

neutrinos

Boltzmann egs.: df A
Fri C[f]

where f'is the phase-space distribution function of a given species

1 f o1 *1Q A\l A
Einstein eqgs.: G <1,
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Cosmic functons of interest

k (=scale-!)

zomp ~ 1100 er——
redshift

Pirsa: 15030103 Page 10/56



Pirsa: 15030103

Cosmic functons of interest

k (=scale-!)

-
WHAT FEATURES SHOULD WE
] LOOK OUT FOR IN THE LARGE
SCALE STRUCTURE ?
.\
N
Horizopy + veii
zemp ~ 1100 — i
redshift
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Signatures on LSS: the LCDM lore

. . 71;;/
..itis basedon GR: G, -1’[._,
4 !,

Ty = —(p+dp)

‘ o) 6t 4 3 - T

... the energy-momentum tensor is characterized
by An K dp K dp
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Signatures on LSS: the LEGDM lore

1 '[}IV
- -. 2
.‘\[!.

..itisbasedon GR: G,
Ty = —(p+dp)
T = (p+p)v;
I; = (p + dp) ()'.j- + % (p+p) (V"Vl,- — %(‘);A) /8
... the energy-momentum tensor is characterized
by Am < dp < dp

LCDPM: w = —1 b =Y P =
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Signatures on LSS: the LCDM lore

. . '[71'1'/
..itis basedon GR: G, \’[._,-
4 !.

To = —(p+dp)

l!“ = (p+ p) v,
i ~ -7 I ] ] W/
T; =(p+dp)o; + 5 (p+p) (V W 3()-13) s

... the energy-momentum tensor is characterized
by An < dp < dp

(12 f)f/\
LCDPM
- relativistic and non-relativistic probes respond to the same metric potential

- the growth of structure is scale-independent

- the growth rate is easily inferred from the expansion rate
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Signatures on LSS: Moditied Gravity

When the theory is modified, and typically is of higher order,
involving an extra scalar d.o.f., we find that while there is enough
freedom to reproduce any expansion history at the background level,
still the dynamics of perturbations can be quite different.

Overall we observe a scale-dependent pattern of growth and a non-
negligible anisotropic stress. The dynamics of perturbations is
richer, and different observables are described by different
functions, not by a single growth factor.

Hence the growth of structure offers a way of testing gravity that is
complementary to distance measurements

Pogosian & A.S., Phys. Rev. D77, 023503 (2008)

A.S., M. Trodden, Rept. Prog. Phys, 72, 096901 (2009)
and references therein
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Signatures on LSS: Moditied Gravity

When the theory is modified, and typically is of higher order,
involving an extra scalar d.o.f., we find that while there is enough
freedom to reproduce any expansion history at the background level,
still the dynamics of perturbations can be quite different.

Overall we observe a scale-dependent pattern of growth and a non-
negligible anisotropic stress. The dynamics of perturbations is
richer, and different observables are described by different
functions, not by a single growth factor.

Hence the growth of structure offers a way of testing gravity that is
complementary to distance measurements

Pogosian & A.S., Phys. Rev. D77, 023503 (2008)

A.S., M. Trodden, Rept. Prog. Phys, 72, 096901 (2009)
and references therein

pA

a
MG: Weft ~ —1 ®F W e k2 2M3%,
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Signatures on LSS: Moditied Gravity

When the theory is modified, and typically is of higher order,
involving an extra scalar d.o.f., we find that while there is enough
freedom to reproduce any expansion history at the background level,
still the dynamics of perturbations can be quite different.

Overall we observe a scale-dependent pattern of growth and a non-
negligible anisotropic stress. The dynamics of perturbations is
richer, and different observables are described by different
functions, not by a single growth factor.

Hence the growth of structure offers a way of testing gravity that is
complementary to distance measurements

Pogosian & A.S., Phys. Rev. D77, 023503 (2008)

A.S., M. Trodden, Rept. Prog. Phys, 72, 096901 (2009)
and references therein

- relativistic and non-relativistic probes DO NOT respond to the same metric potential
MC|Z - the growth of structure is scale-dependent

- the consistency btw expansion and growth rate is broken
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How to conclude something ?

> 4 > U
< A0 o I H

irsa: 15030103 Page 18/56



How to conclude something ?

parametrizeo ﬁ
"__> framework | [

THEORY

> 4 >V

" cosmic analogue of PPN”
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On parametrizing

What to parametrize?

solutions of equations of motion == ( “ . ’\/)

and equivalent choices, ... many authors..

the action ——— E [*Vl 1

references to come ...
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On parametrizing

What to parametrize?

/PAQL'Q--\
\Q"‘O(o\(}.
; n ‘ . . te,
solutions of equations of motion — (“ : '\/ ) N

and equivalent choices, ... many authors..

te,
the action — E [-{1rl N

references to come ...
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(1,y)

MGCAMB

Pirsa: 15030103



(1Y)

Energy-momentum conservation eqs.

. k
3+ —v—-3d" =0

V. 0 aH

k

v — — T =0
at
ELnstelin eqs.
(I"3
PolLsson: kij = —/;(:({_/ )2.\[]2)/)‘&
4}
awi,sotropgl: E =1 (_(!. /1')

Pogosian, A.S., Koyama, Zhao, Phys. Rev. D 81 (2010), 104023
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(1,7y)

4 N

This is a consistent set of equations for the evolution
of perturbations that can be incorporated into std
Boltzmann codes, like CAMB

Solutions of linear cosmological perturbations in any
particular theory can be expressed in terms of Y and
Y: moreover, on sub-horizon scales they can have
particularly simple forms

Everything that observations can tell us about the
growth of structure can be stored as a measurement of
M and Y (and projected onto solutions of specific

models if needed)

They allow us to perform consistency tests of GR as
well as exploring allowed parameter space of alternative
models

. v,

‘ k
o 4k ——pyp— 30 =0

ald
Gl e
s
k20 = —u(a, k) GEN
_ = —pula,k 2!\11% P
)]
i v(a, k)

Pogosian,A.S., Koyama, Zhao, Phys. Rev. D 81 (2010), 104023
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(v

A

MGCAMB _

i/ [www.sfu.ca/~aha25/MGCAMB htm

Introduced in 2008 as a patch to the publicly available Boltzmann-Einstein solver CAMB to evolve linear
scalar perturbations in a consistent parametrized framework and perform cosmological tests of gravity

&000 T T
5000 4 - ”-\‘.
40004 — —yRr), B, »0.8 / ‘\.
0009 YAAAASI3G, 08 e / \ ‘Searching for modified growth patterns with tomographic surveys'
2000 TR // A A Phys. Rev. D 79, 083513 (2009)
/ VAU Zhao, Pogosian,A S., Zylberberg
/ \
10004~~~ ’// 1
:: ‘Testing gravity with CAMB and CosmoMC’
JCAP 1108:005 (2011)
L Hojjati, Pogosian, Zhao
y , t
( N
a , a’ o .
k=W pla, k)~ {pA+3(p+ P)o}
2Mp,
y ‘ : 3a° .
=P — ~(a, k)W jla, k) s(p+ P)o
‘ 2M 3
\ v

Hoijjati, Pogesian, Zhao, JCAP 1108:005 (2011)

Page 25/56



Pirsa: 15030103

choices for (u,y)

What to do with Y and Yy themselves?

O pick a specific functional form
S!‘\[rr]
B= g

CFHTLenS:F Simpson et al., arXiv: 12123339
O QSA:
219 4
I T --j]/\-i',l'-”
H T
1 4+ A¢k2a?

Bertschinger & Zukin, Phys. Rev. D 78, 024015(2008)

I ¥ — 24
= fp _Jﬂ“ (l f tanh ..} )

Zhao et al., Phys. Rev. D 81, 103510 (2010)
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choices for (u,y)

What to do with Y4 and Yy themselves?

O pick a specific functional form
S!‘\I:rl':l
= to—q

CFHTLenS:F Simpson et al., arXiv: 12123339
O QSA:
219 4
I T --j]/\-l-’l'-”
H T
1 4+ A¢k2a?

Bertschinger & Zukin, Phys,

I Z — %
A= iy + _Jﬂ“ (l } tanh ..} )

Zhao et al., Phys. Rev. D 81, 103510 (2010)
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choices for (u,y)
What to do with Y4 and Yy themselves?

O pick a specific functional form

Qala) I = po e el
it g\p\ = ftp 5 1 4 tanh s
CFHTLenS:F Simpson et al., arXiv: 12123339 Zhao et al., Phys. Rev. D 81, 103510 (2010)
© QSA: o fR) o
1 + -'j]/\'l',n'-ﬂ'\ 1 1 + (2,"-;)131,;{"”
M > U= T os 3 ..l. 2 4
1 — (1/6)Bya® 1 + (1/2)Bok2a

1 7)\7‘]}}»"*’«'.’"

Bertschinger & Zukin, Phys,

this is good for f(R) models
reproducing LCDM background
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choices for (u,y)
What to do with Y4 and Yy themselves?

O pick a specific functional form

Qa(a) st L (R, Tl
=i gz\ H= fto 5 1 4 tanh e
CFHTLenS:F Simpson et al., arXiv: 12123339 Zhao et al., Phys. Rev. D 81, 103510 (2010)
S RS e (R) )
1 +4 -'j] /\T,l'-ﬂ'\ & | 1 + (2.,."‘]3)13“){-'"{! )
o= o8 fh— | o 3 IT: 2.4
1 — (1/6)Bya® 1 + (1/2)Bok2a

] 4 Afkﬁu’

Bertschinger & Zukin, Phys,

this is good for f(R) models
reproducing LCDM background

O bin them in time and space and constrain directly the resulting parameters
or perform a 2D PCA (which is a very useful forecast tool)

O QSA: fix their scale-dependence, according to general arguments of
locality and then perform a |D PCA on the time-dependence
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‘Cosmological tests of GR:a PC analysis', Phys. Rev. D85, 043508 (2012)

Hojjati, Zhao, Pogosian, AS., Crittenden, Koyama

Eigenmodes of p (LSST)

redshift z

21

00

k hMpc

PCA is a very useful forecasting tool. It tells us:
- which observables are more likely to be sensitive to the modified growth functions;

- or, inversely, given a survey which features of modified growth will be better

constrained, at which scales/times, (sweek SFOES)
etc.

All this while taking into account degeneracies among the functions used to describe
modified growth and cosmological parameters.

Al C=-UCPDC LC Cy d o J YC =1 d dl YU L
-

locality and then performa D on the time-dependence
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What Planck just said....

p(a) — 1= (uo — 1)Qpg(a) pla) =1 = pg + py(1 — a)
DE-related no-related
Rok(a) = Ay, ;;
[} i
1 0 1 3 1 1
| |
DE.relatec
16
T gy S
il — -2l N 9 Y
’ 2.‘];;’
000 T.. a5 1.00 ‘Planck 2015 results. XIV. Dark energy and modified gravity'
Lo -1 arXiv:1502.01590, Planck Collaboration
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What Planck just said....

p(a) — 1= (uo — 1)Qpg(a) pla) =1 = pg + p1(1 — a)
DE-related e {ated
Rok(a) = Ay ;;
[} i
1 ( 1 3 1 1
| |
DE-relatec
16
R ) o o
e (D - = —=2(a,k 5 L
’ 2.-1!;,"
000 [y ars 1.00 '‘Planck 2015 results. XIV. Dark energy and modified gravity'
Lo -1 arXiv:1502.01590, Planck Collaboration
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What Planck just said....

wa) — 1= (py — 1)pe(a) - 2 —— b
DE related " —_— 1 k]
. .. ) . A 1
Qoi(a) = Qpy ﬁ‘_‘, ; ; )

k2 (@ +

Lo~ 1 arAiv; . , Flanc ollaboration
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Tensions...?!

Adding CMB lensing into the game:

— — — ( .
pla) = 1= (po — 1)pg(a) pla) =1 = pg+ py(l —a)
DE-related DE-related
I I I I T
|
1.0 1.0
0.5 0.5
— Y —
. W< .
= 00 = 0.0 X
0.5 0.5
1.0 1 L 1 1.0 L L l
1 0 1 2 3 1 0 1 2 3
0 ] () ]

'‘Planck 2015 results. XIV. Dark energy and modified gravity'
arXiv:1502.01590, Planck Collaboration
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k-dependence
A.S., Pogosian, Buniy, Phys. Rev. D87 (2013) 10, 104015

The k-dependence of these functions should not be completely arbitrary if we wish to consider
local covariant theories with equations of motion derived from a variational principle. Restricting
to the Quasi-Static regime, it can be shown that generally

For models with one scalar obcgiwg 2nd order eoms, (this tneludes non-minimal
coupling and theories with functions of Lovelock tnvariants), u and y reduce to:

4 *\

f(R), f(R,G), quintessence, k- 1 p1(t) + pao(t)k?
-essence, couplec! ) 1+ pa(t)k2
quintessence, covariant

galilelon, scalar-tensor, ...

B + p3(t)k?
Horndeski Theortes o pa(t) + ps(t)k2

. v

{p1(t), p2(t), p3(t), pa(t), ps(t)}

De Felice, Kobayashi, Tsujikawa, Phys.Lett.B 706 (201 1)
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EFT of Dark Energy

and

EFTCAMB
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EE'T of Dark Energy
Jordawn frame, unitary gauwge action
4 N

' , ma o .
S / dax / .'f{ ‘;' 1 + Q)] R+ A(7)= a*c(7)dg™
MIT), o oove MP(T) 0c 00ern M3(T)  onig ME(T) oo
{ - (adg™)* - ' a“oqg oK f; ol oK} )” 5 oK) :U\”
a*M?3(1) . . ‘ N s Ik L ., . :
F ————=30g" R + m3(7)(g"" + n'n' M,Iirr"rf““M,i”"ﬂ””‘} + S |Guv
\ - J
Gubitosi, Piazza,Vernizzi, JCAP 1302 (2013) 032
StUcl(elberg trick Piazza,Vernizzi, Class.Quant.Grav, 30 (2013) 214007
T— T+ W(.I'“) Bloomfield, Flanagan, Park,Watsen JCAP | 308 (2013) 010

Jordan frame, Stuckelberg field action
r 2

' , ma , o | - T
S /d‘.r\,.- q{ N+ QUr + ) R+ AlT +7) = (T + 7)a? [m;"' 2— + 2Hn (n_q"" = =2 )
' . 2 ' (= = 1=

me

2789 + 297 Oim ;g O (B'H: ' 'H) ] i } FSom 9]
(l

= =
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EET of Dark Energy
it is an interesting framework that offers both a model-independent

parametrization of alternatives to LCDM and a unifying language to
analyze specific DE/MG models.

pure GFT:

{Q7),e(T), A(T), Ma(7), M1(T), Ma(T), M3(T), M (1), mo(T)}

mapping EFT:

{“j = fh’: :‘\ = 2

T

i =Rzl lel=I0

Gubitosi, Piazza,Vernizzi, JCAP 1302 (2013) 032
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EFT of Dark Energy

it is an interesting framework that offers both a model-independent
parametrization of alternatives to LCDM and a unifying language to
analyze specific DE/MG models.

dc:[:(.;:
wre EFT: d':/’%
{QU7),e(T), A(T), Ma(T), M1(T), M2(T), M3(T), M (1), mo(T)}
mappLng EFT: oy
PP 9 / ‘1.'.,(:"_‘19
N ~ ™ (Qg.l
£ (R : ; Mo > £ e
f(R) Q=fr; A= — If —Rfr]; c¢=0 \)e
| | Q=0 A = V(¢) a
MALWLMAHLLL COUPLEA AULLWCEESSEWCE — : o 1.‘ — / :') : Y
1 | ( ( ( 5

Gubitosi, Piazza,Vernizzi, JCAP 1302 (2013) 032
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EE'T of Dark Energy

4 That offers both a model-independent

all single-field scalar PE/M& wodels | o L CDM and a unifying language to
for which there exists a well defined fic DE/MG models
Jordawn frame

f(R)
f(R,G) M (), Mo (), M3(T), M(7), ma(T)}

quintessence
(minimally and non-minimally coupled)
k-essence
kinetic braiding
galileon

Horndeski

Horava-Lifshitz

Gubitosi, Piazza,Vernizzi, JCAP 1302 (2013) 032
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EFT of Dark Energy

Let’s put this framework to work!

emrgg-momewtum equatiows: standard ones since we are in the
Jordan frame

Elnsteln equations: messy equations involving contributions
from ‘all’ EFT functions

m field equation: [ At + B + (C+ k*D)n + E=0 j

A= Ale,AR,...)(1,k)
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EE'T of Dark Energy

matter and metric perturbations
+

theory

4]
EINSTEIN-BOLTZMANN

SOLVER
e.q. CAMB
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htep://www.lorentz.leidenuniv.nl/~hu/codes/

i ESRELh 2 j‘
fR) “ T A
! LU d 'lb
o ] | |\ '.i -|-.| | 5in (] ¥l
We do not implement any QS
. f+ X approx. (still we can treat any
T e i specific single field model) and
. RE— o we can easily cross the
A QA 14 phantom divide while
-, TR *-.\f:-.\‘. > § il
” J NN controlling stability and
' | /‘,/ A T viability of the theory with a
. In 0 ] H|'3 T [T Vi MN Y M) . o
M |
DM (' [BAY )
‘Effective Field Theory of DE: an implementation in CAMB'
Phys. Rev. D 89, 103530 (2014)
\._ by Hu, Raveri, Frusciante, A.S. -

The outcome Ls a versatile powerful Boltzmann code to evolve the full dywnanics of Linear scalar
perturbations both i the model-independent EFT framework and for any specific single field
DE/MgG model (for which there exists a well defined Jordan frame).
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(
(1

AWE €
A EFT Nagy

UCTURE

wre EFT garvina |
LD |
Pu
, |
"Rtk mass
145 i
aby Caphd) Kiaticl
LAY
1+ reparsm et e Homaonsk
Yrokdn
Migging EF dal b lice rering
Fiag g | & nan-miniraly couplod gumeasen:s (Flag.
AN ™
i )

B kgronna DE ecaation of state
iMag: L1 |

ful EFT magedng

Mo ks W PR e L fa

To e Alad in the near future

1 Censtan

2 Plrwin law

i Uner chatred

no RS approxtmation and exact tmplementation of background !
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On Quasi-Static Approximation

Often employed on sub-horizon scales. It significantly simplifies the work because it
reduces the Einstein equations, and any equation for additional scalar d.o.f., to algebraic
relations in Fourier space.What does it effectively correspond to?

Is it always a good approximation’

in LCDM in DE/MG
® sub-horizon scales: k 7> aH ® sub-horizon scales: k .77 aH
and
® time derivatives of metric potentials ® time derivatives negligible w.r.t. space derivatives
negligible w.r.t. space derivatives for both metric potentials and additional scalars, i.e.
249
Oh < f':/“kr‘)r )
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On Quasi-Static Approximation

Often employed on sub-horizon scales. It significantly simplifies the work because it
reduces the Einstein equations, and any equation for additional scalar d.o.f., to algebraic
relations in Fourier space.What does it effectively correspond to?

Is it always a good approximation’

in LCDM / N\ in DE/MG

: 4 how restrietive/realistie Ls i &
® sub-horizon scales: k 2> aH , ) b-horizon scales: k 2> aH
the @s approxtmation?

EFTCAM®B cawn help

: , and
exploring this!
® time derivatives of metric poberreree «ffme derivatives negligible w.r.t. space derivatives
negligible w.r.t. space derivatives for both metric potentials and additional scalars, i.e.

> I, TIPS
Oh < f':f“kr‘)r)
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Massive neutrinos and f(R)

w.r.t. previous analyses, EFTCAMB implements exactly f(R), properly including massive
neutrinos in designer reconstruction of f(R) and evolving the full dynamics of
perturbations.

ol data set: Planck, BAO, Wiggle Z

Pirsa: 15030103

-2
~ Varying m, | Varying m, Fixed m,
&
S -4 -
& log, By dom log By
- (95%CL) (95%CL) (95%CL)
6
EFTCAMB <.3.8 <0.30 <39
-8 l
0.15 0.30 (}.‘15 0.60 QS CODE <_3‘2 <0‘24 <_3.7
Zm, [eV]
) |
EFTCAMB

EFTCAMB v1.1

‘Exploring massive neutrinos in dark cosmologies with EFTCAMB/EFTCosmoMC’

Phys. Rev. D 91 (2015) 6,063524 by Hu, Raveri, Frusciante, A.S.
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Massive neutrinos and f(R)

w.r.t. previous analyses, EFTCAMB implements
neutrinos in designer reconstruction of f(

O
-2
=Y
= -4
[<7V]
Q
6
-8 .
0.15 0.30 045 0.60
Zm, [eV]
DI
EFITCAMB

Also very important in order to

perturbati
provide N-body simulations with
d precise initial conditions !
.
Varying m,, | Varying m, Fixed m,
log, By Yom log,, By
(95%CL) (95%CL) (95%CL)
EFTCAMB <-3.8 <0.30 <-3.9
QS CODE <-3.2 <0.24 <-3.7

EFTCAMB V1.1

‘Exploring massive neutrinos in dark cosmologies with EFTCAMB/EFTCosmoMC’

Phys. Rev. D 91 (2015) 6,063524 by Hu, Raveri, Frusciante, A.S.
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EEFT meets CosmoMC: viability priors
Through the equation for the x field we can introduce viability conditions that are well motivated

theoretically (e.g. no ghosts) and often ensure also numerical stability; when exploring the parameter
space we impose them in the form of viability priors. In some cases they dominate over the
constraining power of data.

corvelated via a o designer f(R) on wCDM background:

wo € (—1,-0.9997) (95%C.L.)
i ; z . with Planck, lensing, WP, BAO data

Designer 1[(R) on wCDM background

[ Viuble region

Unstuble region

‘Effective Field Theory of Cosmic Acceleration: constraining dark energy with CMB data’
Phys. Rev. D 90, 043513 (2014) by Raveri, Hu, Frusciante, A.S.
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EEFT meets CosmoMC: viability priors

'

Through the equation for the x field we can introc Viability priors make EFTCAMB/

theoretically (e.g. no ghosts) and often ensure also |  EETCosmoMC a powerful and safe tool for
space we impose them in the form of uabm;y_p the advocated open-minded approach to
constraining po cosmological tests of GR.They provide
theoretically wmotivated yet model

tndependent conditions to impose in order

to ensure the investigation of physically
viable models.

strongly e N
corvelated via a Py designer f(R) on wCDM background:
theoretieal priov

wo € (—1,-0.9997) (95%C.L.)
with Planck, lensing, WP, BAO data

Log o (13a)
Designer 1(R) on wCDM background

3 Viuble region
Unstable region

‘Effective Field Theory of Cosmic Acceleration: constraining dark energy with CMB data’
Phys. Rev. D 90, 043513 (2014) by Raveri, Hu, Frusciante, A.S.
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What Planck just said....

LCDM backgrounds

.l'\‘.J':\i‘\ len

Flanck < len

Planck < len

Planck «lensing + BAO /RSD
Planck « lensing + BAOQ,/RSD + WL

. 10 e
Y \
0o 76 6.0 TR 16 0.0

log(By)

008 0,12 (.16

‘Planck 2015 results. XIV. Dark energy and modified gravity'
arXiv:1502.01590, Planck Collaboration
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What Planck just said....

Qa) =y -a LCDM backgrounds
r‘
10 ‘ Conditions of theoretical consistency/stability
o 0 AT, k)7 + B(r, k)7 + C()m + k*D(r, k)m + E(1,k) = 0
mo = £l A>0 no ghost
a) =™’ —1 __viabf D
P —l— I + €2 > 0  positive effective Newton constant
D >0 no gradient instability
. >0 positive squared mass
00 TYRYY o 016 B ¢ = D/A <1 nosuperluminal perturbations
b
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Outlook

This was a of the ongoing ciu.esb to test
gravity on cosmological scales.

While we have big challenges in front of us, this is
an exciting prospect that will be enabled by
uPcomth surveys.

A wealth of high-precision information will be
soon available and we should get ready to make
the best out of it!

I focused on the challenges, approaches and
prospects on the
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Outlook

Future missions (DESI, , LSST, ) will provide high
precision measurements of:

* Cosmic Microwave Background

* GALAXY CLUSTERING with
spectroscopic redshift

Bennett ¢t al., Nature 2006

* WEAK LENSING

The combination of these Probes will be key to test gravity on large scales.

With a big effort we are making progress in terms of theoretical
frameworks to interpret these data .. bare with us!
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Outlook

Things to keep in mind:

. . . []
¥ CMB lensing and B modes of polarization !
PHYSICAL REVIEW D 91, 061301(R) (2018
Measuring the speed of cosmological gravitational waves
Marco Raveri, © Carlo Baccigalupi, © Alessandra Silvestni and Shuang-Yoag Zhou
| -
| — Vs e
: Py \ Non-Linear Structure
I/ ’ in the Modified Universe
/ "N Wrbshep %o W Mgl OW Leicen, fhe
1 \ ‘ f
o ol
" A A : -
{ o (L] S (Y R ke

% all possible cross-correlations: great to bit
systematics and learn about bias

*¥ non-linear scales and screening mechanisms
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Outlook

Within the EFT approach

#  Further investigation of viability priors

"i"lll

% Further investigation of Quasi-Static Approximation

% Modeling of Weak Lensing systematics in generalized
theories of gravily

# Principal Component Analysis of EFT functions

¥ Optimization (HPC) and maintenance of a publicly available,
broad and efficient Einstein-Boltzmann code (EFTCAMB)
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