A new framework to
testing modified

gravity using galaxy
surveys
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New pos’rdoc started in

Octoberl

I'm at AOH9O, please pass by.
Interested in cosmology and
the large-scale structure of

the Universe.




falkk.

Cold dark matter universe with and without cosmological
constant: ACDM vs Modifled gravity.

GR and MG simulations and mock galaxy catalogues.

Probes for modifled gravity: what does the LSS tell us beyond
2-point statistics? A new approach.
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Dark Energy
Accelerated Expansion
Development of
Afterglow Light Pattern  Dark Ages Galaxies, Planets, etc.
375,000 yrs.

(1) Inflatio

| niase el - A drives dark energy which accounts
N for ~/0% energy density budget. The
S ~ rest comes from matter (25% dark

Big Bang Expansion

matter, 5% baryons).
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What about modified gravity?
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_Moditied gravity
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Ezquiaga & Zumalacarregui (2017)

cg =c¢C

cg #C

General Relativity
quintessence/k-essence
Brans-Dicke/ f(R) [47, 48]

Kinetic Gravity Braiding

quartic/quintic Galileons [13]14]
Fab Four
de Sitter Horndeski [49]

Gud*¢¥ |51], f(¢)-Gauss-Bonnet

beyond H.

Derivative Conformal (19) [17]
Disformal Tuning (21)
quadratic DHOST with A; =0

quartic/quintic GLPV
quadratic DHOST [20] with A; # 0
cubic DHOST |23]

Viable after GW170817

‘ L4 e o ’ — = e
\ kinetic braiding model | v

Non-viable after GW170817

symmetron models
difaton models |

Courtesy Baojiu Li
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Modifled gravity can explain the cosmic acceleration without a
cosmological constant.

Scalar fleld coupled to matter or extra term in the Einstein-Hilbert action
triggers extra fifth force that enhances gravity.

Screening mechanism (Chameleon in fR)) hides the fifth force in high
density regions. This is needed to make observationally viable theory (solar
system scale).

o The fifth force is screened In the early Universe (CIVIB 15 unchanged.

e Gravity needs fo be probed at cosmic scale using the Large-scale
structure.




highly non-linear.

It shows ga\.ax'\es but not

mass.

We understand roughly how =
galaxies populate the dark
matter but with some few
parameters.
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Rep\ace the cosmo\og\ca\ constant by f(R) in ’rhe action: |
S = J d4x\/—g [2—’(2 (R +f(R)) +Lm]

where a modifled Poisson equation can be obtained (varying the Action:

—> 1—>
VZ® = 4nGa?6p,, — EVZfR

The new term fp = Z£ (the scalaron) is understand a new potential which mediates a new

effective "fifth force”. In the limit

I%i_r)glo f(R) = const.
When fr — 0, f(R) = 2A, which is the first condition for viable f(R). The second limit is for
fr — 0when p,, —» o (Chameleon mechanism.

vINVRSIONS

The Hu & Sawicki model sa‘ns\‘\/ these conditions with-£(R) constant in the background
cosmo\ogy ’rhroughou’r cosm\c h\erory
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The function f(R) takes the form: f(R) = —m?2—2%___ (Hu and Sawicki 2007)

Sa’r\szmg the previous limit for high curvature we can expand and solve for the background
cosmology:
n+1
f(R) =~ —m + zmz (";:) with c—: = 3’“") and = ——[3 (1 + 4 Q"‘(’)) f ro-
We can cons’rm\n’r the mode\ based in 2 free pamme’rers For n=1 we obtain |, < 10°*
(Schmidt et al. 2009). Current constraints using abundance of clusters and weak lensing give

< 10°°
ol New scalaron

Newtonian potential @

GR recovered
Screened reg\me \Q
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Modified gravity
simulations

Fully non-linear equations of motion for
gravity @ and the scalaron fr (Poisson
equation).

Solutions to fhese equations using the
ECOSMOG code (Li et al. 2012) and MG-
GADGEGT (Arnold et al. 2018).

Simulations for GR and f(R) models with
Ifrol < 1072, (5, FE).

Simulations start from the same initial
conditions.
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Modified gravi

| Chameleon mechanism: Gravity is modified, however screened in high- densn’ry regions i
| (e.g. inside a large mass halo) i i

: ' Sl g 1 o
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e The distribution of matter at late
times forms large-scale structures.

o These structures are shaped mainly
by gravity and the late cosmic
acceleration, creating different
environments where galaxies live.

e Nodes, filaments, walls and voids can
be found in the cosmic web. '
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| We observe galaxies:

e Galaxies trace the underlying matter
distribution assuming a non-linear

| and stochastic bias relation

i - They follow the formation of the

same structures as the cosmic web
formed by matter.

e Studying the connection between
dark matter (haloes) and galaxies
help us to understand the
cosmological model.

TS

500
x [Mpc h™1]
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Es’r\ma’ror re\m‘es the number of galaxy pa\rs DD In
__RR

comparison to a random distribution of pairs RR
The projected-correlation function

==== p-space

=-===  §-space

10(]
pair distance [h~1 Mpc]
10 15

3D pair distance including pairwise rp [Mpe h™]
‘peculiar’ velocities

(1 + Z)’U“
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-scale galaxy surveys

o Currentl
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1- and 2—po\ functions are measured

accurately in a large range of scales.

e VWhen creating mock galaxy catalogues from
simulations (GR and MG) we are forced to reproduce
both n(z) and he projected 2-point clustering.

e We can rely in the fine funning of
— e parameters of the halo-galaxy
models to generate such
observational constraints. (Cautun
et al. 2017, Armijo et al. 2018, Paillas [
et al. 2019)
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Can we replicate these results directly in the
simulations? that's the neat part! Absolutely yes!
We need to create galaxy mock catalogues

The Halo occupation distribution
(HOD) model:

Average number of galaxies
Inside a dark matter halo as |
function of its mass:

1 log M. —M\] |8
(NC):§[1+erf< Sk ol )]

0-108 Mmin

¢ LOWZ0.24 < z<0.36

g 10*°
Moo [Me h7Y]
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e Using galaxies in voids to measure weak lensing statistics and compare it for different gravity
models.
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The SHED collaboration: Cautun et al. 1710.01730; Paillas et al. 1810.02864
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Clampitt et al. 2013 calculate the Newtonian and fifth force for a top-hat empty region

Negative fifth force inside voids acting in opposite
Direction to Newtonian

Stronger for lower internal
density and for small voids

pin =0.90 B,
Pin=0.30 p,,
pin=0.10 7
Pin =0.05 [_)m.
Pin=0.03 p
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SVE

+ Lensing can be used to detect f(R) with ALSN
e |LSST especially with 2D VF. SVF 2D

tunnels
troughs | ,*

- DM profiles confirm emptier voids in MG

models.

« These results are found for models even
with the same 2-point clustering
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| - "Marks' can be used In two-point statistics to
% upweight models given a density environmental

il property.

il + The marked correlation function can be used to
| break degeneracies in HOD modeling (White et
& 0l 2008).
| - The marked correlation function has been used
[z to distinguish between standard GR and MG
(Armijo et al. 2018).

Relative residual

3 ) 10 20 30 50
rp [Mpe h1]




based In the local density marks defined in White et al. (2016), Ve estimate the local density using
the Voronoi tessellation method
Project in 2D-plane

Survey data: (RA, Dec, D




Marks:

based In the local density marks defined in White et al. (2016), Ve estimate the local density using

the Voronoi tessellation method

Survey data: (RA, Dec, D
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| Testing modified gravity using the marked correlation function|
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based In the local density marks defined in White et al. (2016), We estimate the local density using
the Voronoi tessellation method

Survey data: (RA, Dec, 2
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GR
F5

{ LOWZo. 2 < 0.5 CMASS 0.474 < z < 0.528

* We measure M (r,,) for LOWZ and § &
CMASS. We can constrain the HOD |1
model with the data but not rule |
out modifled gravity. |

* Although CMASS agrees better [ '.‘
with GR, some disagreement is
found at 3 < r,/Mpch™! < 5.

Relative residual

* Future LRG sample (DESI survey) [
3 5 10 20 30 50 3 5 10 20 30 50 could improve this measurement. i
rp [Mpe A1 p [Mpc A1




In the search for the elusive camouflaged fifth force in modifled gravity. Looking
Into the predicted modified environments where f(R) gravity acts.

Into the void: ernptier voids in MG models might be a key to constraint the
fifth force.

Marked statistic to test gravity on large-scales and understand the halo model. It
helps to break the degeneracy between MG and the HOD modelling. Future data
such DESI-LRG will be relevant for this test.
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