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Introduction and motivation
°

The three pillars of cosmology

@ Background: no perturbations, very simple
@ Linear perturbations: small amplitudes, important for large scales

@ Nonlinear perturbations: very difficult to treat analytically, mainly done with
approximate methods or N-body simulations. It's the “holy grail” of
theoretical cosmology
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The cosmological constant

What do different probes tell us? ACDM
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Courtesy of https://www.cosmos.esa.int, Planck2018 results
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The cosmological constant

What's the Universe made of?

Heavy Elements
0,03%

Neutrinos:
0.3%

Free Hydrogen
and Heliwm:
4%

Dark Matter:
25%
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Why and how modify gravity

But there are problems

CMB with Planck

Ho

[km s~ Mpc~!]

Indirect
Direct

Cepheids - SNIa

@ Naturalness: why is the value
of A so small?

@ Coincidence: why is it
important now?

@ Tensions between low- and
high-z probes (Hy, 0g, Alens)

ightness Fi

luctuati
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Why and how modify gravity

Solutions

@ ltis the cosmological constant (anthropic principle, string landscape) - it
agrees with data, but unsatisfactory

@ Supernova data are wrong (distance-duality relation) - unlikely

@ Violation of the Copernican principle (LTB models) or problems with GR
(backreaction) - unlikely

© Scalar field evolving (dark energy)
@ GR is wrong (modified gravity)
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Why and how modify gravity

What do dark energy and modified gravity do?

Determine structure formation and evolution

Change background evolution

Modify linear perturbations

Strongly affect nonlinear perturbations

May help to resolve cosmological anomalies?

Most importantly, they help us to better understand gravity
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Some examples of modified gravity

Einstein-Dilaton-
Gauss-Bonnet

Strings & Branes

Randall-Sundrum | & Il

Higher dimensions

Kaluza-Klein

Generalisations
of Sen

Gauss-Bonnet

Lovelock gravity

Emergent
Approaches

cpT Padmanabhan
thermo.
Fisica

Courtesy of Tessa Baker
Torine

Cascading gravity

Tessa Baker

f(§> R, O R £(G)
DGP Some ‘
2 graviey \ degraviasion - Higher-order
Non-local General RyR,
R,
| f(R) OR.ete.
Vector

Modified Gravity

TeVeS

Bigravity

Add new field content Massive gravity
Chern-Simons\A \/

Scalar-tensor & Brans-Dicke Tensor

Ghost condensates Cuscuton
Galileons
the Fab Four
KGB

Coupled Quintessence

EBI
Chaplygin gases Bimetric MOND

Horndeski theories Torsion theories
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Modified gravity in 2008 . ..

Minimally coupled’ —>

/"’ to matter

DE is dynamical
(new dof) Brans Dicke

. Non-minimally _ ") Eternal

Graviton coupled to matter inflation

(no new dof)

—= 3
\’ DE is not dynamical \——_ A @/, Tunneling
S

Backreaction

ton has

mass (resonance) >

Graviton \\q

is mot spin-2, nlﬂ\\l(’s\\‘

field e ’_\ Consistent IR
Ly wodMication of

is broken gravity

Ghost

Nonloeality condensate

Fisica deRham, Tolley2008

Courtesy of Claudia de Rham
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.and now

. Sym-
Horndeski <—( Galileons metron

. : (\(_\\
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Generalized
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&=

blGravnyl
Multi-

gravity
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Quasi- Partially Generalized
dilaton Massless Massive
Gravity Gravity

Fisica CdR, 2018
@ Courtesy of Claudia de Rham
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Horndeski models

Horndeski models

[,2 = Gz(ﬁ‘) )()
L3 =Gs(¢, X)Og
L4 =Ga(d, X)R + Gax [(O9)* — (VuV.0)(V*V*9)]
1
L5 =Gs(¢, X)R(VIV"9) — =Gs.x [(@¢)* - 30¢(V,.V.8)(V*V"9)

+2(VVa)(VV56) (V*V,0)]

Most general theory with 2" order e.o.m.

It encompasses many models studied in the literature

Perturbations described by H plus 4 free functions of time, ax, ag, am, ar
Linear combinations of G; and their derivatives

Physical meaning, possibility of constraining them with observations

GW constraint implies @t ~ 0. This rules out a large number of Horndeski
models [Gs ~ constant and Gy = Gy4(¢)]

ko) o



Linear perturbations
@000

EFT

Outline

@ Introduction and motivation

© Modified gravity

© Linear perturbations
e EFT

@ Nonlinear perturbations

@ Conclusions

i)




Linear perturbations
] lele)

EFT

Effective Field Theory (EFT) of dark energy (DE)

Similar approach to particle physics
Valid only on the scales of interest
Ignores degrees of freedom on smaller scales

There are different, but equivalent approaches

(]

o

(]

@ It requires a separation of scales

]

@ Use 3+1 split (uniform scalar field hypersurfaces)
o

Geometry described by *R,,, extrinsic curvature K,,, g% or lapse N
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EFT

EFT d.o.f.

@ H(t) [was(t)]: background evolution
@ ax/(t): “kineticity” - kinetic energy, large ax — small ¢2

@ ag(t): “braiding” - mixing of kinetic terms and metric, contributes to DE
clustering

@ ay(t): “running rate of the Planck mass” M?(t) - Hay = dIn M?/dt,
contributes to anisotropic stress

@ ar(t): “tensor speed excess” - c§w /¢ =1 + ar, contributes to anisotropic
stress

@ ay(t): “beyond Horndeski” - higher order term that cancels in e.o.m.
@ Stability conditions: ¢ > 0, ¢2 > 0, @ = ax + 6a3 > 0

Bellini & Sawicki, 2014; Gleyzes et al., 2014, 2015
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EFT

CMB spectra for ax and ay non zero
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Spherical collapse model

Outline

@ Introduction and motivation

© Modified gravity
© Linear perturbations

@ Nonlinear perturbations
@ Spherical collapse model

@ Conclusions

i)




Nonlinear perturbations
0O@000000

Spherical collapse model

The Universe today
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Spherical collapse model

Spherical collapse model (SCM)

@ Describes the evolution of perturbations on non-linear scales

@ Based on the fluid approach
@ Main assumptions

@ Sphericity
@ Isolated perturbations
© Top-hat density profile

@ Easy to use for DE, more complications for MG
@ Provides physical quantities related to the halo mass function
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Nonlinear perturbations
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Fisica_

Assume a spherical cow of uniform density.

R




Spherical

Fisica_

...while ignoring the effects of gravity.




...in a vacuum.

CAN'T,
BREATHE .

bastard theoretical physicists

g How do you sleep at night?
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Spherical collapse model

Physics of the SCM

@ Initial perturbation expands following the Hubble flow

@ Overdense regions slow down and reach a maximum size

@ Perturbation recollapses to a (mathematical) point

@ Virialization not native in the formalism

@ Physical quantities returned: z,, { = 1+ 6™(2u), Zvir, Ryic/ Ry Av
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Spherical collapse model

Theoretical results and comparison with simulations
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Spherical collapse model

Theoretical results and comparison with simulations
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FPetal, 2014
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Conclusions
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Conclusions and future directions

@ Current data compatible with ACDM, but future ones can constrain DE and
MG models

@ Discrepancies between early and late time (large and small scales)
@ SCM in good agreement with simulations
@ Long-term goal: Self-consistent numerical library to be used in cosmology
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