Weak Lensing Cosmology:
Status and Prospects
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« What is causing cosmic acceleration?
 What is dark matter?
« What is the mass of neutrinos?

Did cosmic inflation happen?

Credits: Planck collaboration, BICEP2, KIPAC/AMNH
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TESTS OF THE
WEAK EQUIVALENCE PRINCIPLE

Challenging General Relativity on cosmic scales e
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YEAR OF EXPERIMENT

Is General Relativity (GR) correct

Massive gravity

Tensor

Bimetric MOND

f(T)

Einstein-Cartan-
Sciama-Kibble

Bigravity

on cosmological scales?
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The Universe as a laboratory to test gravity

« Gravity impacts:
o the evolution of matter distribution in the
Universe
o the path of light

Millenium simulations
330 LN S,

« Cosmology offers a unique test of gravity in
regime different from gravitational waves

Corbett Moran et al, 2015

Fes

General Relatii Modified graviy
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Mapping matter with galaxy surveys

Use galaxies as:

« tracers of (dark) matter large—scale
structure,

« background light,

to statistically probe the matter power

spectrum P(k,z)
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Weak lensing

By Jim Bosch
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AL T trace dark matter structures
» intrinsic ellipticity ~30%

 other effects

APS
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Cosmic shear
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Fully unlocking the growth of structures from weak lensing

By Jessie Muir

Galaxy-galaxy
lensing

Emm(0)  0Emm(0) DEmm(0)

Cosmic shear Clustering

3x2pt is especially sensitive to Sg, dark energy, gravity.
Sg = Og(Qm/O.3)0'5
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Weak lensing experimental landscape

—

First cosmic shear
measurements

Stage-Ill surveys Stage-IV surveys
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A wide photometric map of the Southern Sky:
6-year survey by DECam at CTIO Blanco-4m

The Dark Energy Survey: precursor of stage-IV surveys

in 5 optical bands over 10% of the sky.

/00M objects detected.

Rich science:

Multi—probe precision Cosmology,
Discovery of new solar system bodies,
Mapping of surroundings of the Milky Way,
Follow-up imaging,

Detection of strong lensing systems.

Find our data at:
https://des.ncsa.illinois.edu/releases/y3a2

Agnes Ferté @ IAP — Dec 2023

Picture credits: DES Collaboration
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https://des.ncsa.illinois.edu/releases/y3a2

Intrinsic galaxy

Cosmology from 3x2pt

Shape measurements

Weak lensing

Atmosphere,
noise, pixels
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Myles, Alarcon, et al, MNRAS, 2021

\

00 02 04 06 08 10 12 14 16
Redshift

Photometric redshift

WL sources

o ) R | S | S |

Data vector, modellng and I|keI|hood analysis

\_ 0 e Y 4o P4

ou\u,.n.nv:v vv., HF T LT 'E.n, qvov‘o Yt vheteeer] 0 u‘,
4 104 Pl il . Foy ....l L :.......l PP B = ul 3104 4
1L . .
5,(0) = C5ys, (6) + 20, 5t (0) + GO (0) ’ we ¥
1] _ 1,]/ 3 17 bl v v vwwt 0 PRRWELL Wil o
C(sE(f)—Cm()JrC ()+CCM()+CC,¢1E() gt O ¢
u—'-“—‘-r’-‘;ﬂ“—v- ot R L F A A S A e o
_ zgl T FUYITY Mr SEPIIEE LT M SPRTAY 4
pel) = CE(0) + CKIE( )+ CHIE( )+ CIEIE( )
ij — (Y
CBB(E) - CIBIB( )
Planck satellite
& o ng and clustering
L $abas € e e
& 7+ v.r .v L8] v, (A % 0.9
4 E
E
o< " Z08
=
5 T R Ll u 5
£ o Bttt b4t LTI L PRI =
& AR L Ta AN AT AL vu' ERAAL ¥ 0“. 4 u e S0
4 T ST T 1., T =
10t 10% 10! 10% 10l 1(] 10!
0 (arcmin) 0 (arcmin) 0 (arcmin) 0 (arc
0.6

0.2 03 04

Matter energy density €2,

0.5

12



Modeling of 3x2pt

Intrinsic alignment: TATT model
Galaxy bias: linear galaxy bias

Intrinsic galaxy

Shape measurements

Atmosphere,
noise, pixels

6002 ‘e 1o 9|plg

Multiplicative shear calibration parameter.
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Cit1 (0),

14

)
f)
)
)

Myles, Alarcon, et al, MNRAS, 2021

WL sources

0.0 () 2 § [) () () 8 1.0 1.6
Redshift

Photometric redshift

Shift and width of the n(z).

13



Testing gravity through metric perturbations

Are modifications to the potential causing weak
lensing as expected in GR?

APS/A. Stonebraker ' a |_2 @ _ 87TGG/ ( 1 —I— ZO QA 5‘
Mass = 0 : modifies geodeSICS
ZO - O in GR

|_2w — —47Ga’ (1 + 100 (1)) pdl

Mass # 0 : modifies dynamics
Uo = 0 in GR

10%6E3(0)
w L= o ()] ~
NS
o O
w

> (stronger gravity)
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Complementary observables

CMB Temperature and polarization power spectra

RSD -2 Wo N
0,Mo
0.60 Ferté et al., PRD, 2019 Ferté et al., PRD, 2019
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History of 2, measurements

CFHTLens + Wiggle Z + WMAP 7 _ o
Simpson et al, 2015
CFHTLens + BOSS DR12 + Planck 2015 _| 1 e

Ferté et al, 2019

DES SV + BOSS DR12 + Planck 2015 _| °
Ferté et al, 2019

DES Y1 + BOSS DR12 + Planck 2015 _| °
DES Collaboration, 2019 , : , ,
—0.10.0 0.1 0.2
22
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2 with DES Year 3 3x2pt

 DES extensions team
Co-leads: AF and Jessie Muir
Noah Weaverdyck, Otavio Alves, Sujeong Lee,
Paul Rogozenski, Danielle Leonard, Angela Chen, David
Sanchez-Cid, Anderson Souza, Marco Raveri, Andrew
Liddle, Dragan Huterer, Leonardo Giani, Eleonora Di

Valentino, Jonathan Blazek, 07
Cyrille Doux, Vivian Miranda, Ken Herner, ...

- Extensions to ACDM considered:
» Time dependent dark energy equation of state
* Non-zero spatial curvature
Sterile neutrinos I v
Phenomenological og(z) test S +BAO+RSD+SN
2,u test of gravity

DES collaboration, PRD, 2023

= Planck

- All data .
-3 T T T T
—2.0 —1.5 —1.0 —0.5

Wo
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DES Year 3 3x2pt data

L(D|p) ~ exp (—;[(117 - M(p))TCT’_l(D - M(p))])

Precise measurements of the 3x2pt data vector

« Source galaxies:

Largest shape catalog to date = 100M galaxies
* Lens galaxies:

Optimized for w, 4 z—bins used out of 6.

« DES Y3 3x2pt measurements and ACDM results:

- Cosmology with 4% precision
DES collaboration, PRD, 2022 + 29 papers

Agnés Fertée @ IAP — Dec 2023
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Estimation of non—-standard physics parameters through Bayesian analysis

L(Dlp)  exp (—1[<D _ M@E)Tc(D - M(pm)

T 2

Sampling of the likelihood

« Use CosmosSIS with the Polychord sampler.
validated for DES in Lemos, Weaverdyck et al (incl. AF), arxiv:2202.08233

) By Carles Sanchez

* 6 cosmological parameters + extended parameters
+ 22 nuisance parameters

L1}

1.0+

e Run 700+ chains on HPC
Use of NERSC, TACC, Sherlock @ Stanford U, GATTACA @ JPL ¢

0.7+

S

0.6

0.5}

0.4

| Il 1 | Il 1 |
00 01 02 03 04 05 06 07
Szl’l
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3x2pt modeling in 2,

L(D|p) ~ exp (—%[(D — M(p))'C~H(D - M(p))]>

Accurate modeling of the data vector in extended models

m— Al| systematics
3.0- Y

* Propagation of the Weyl and matter power "™ | Intrinsic alignment
spectra to 3x2pt in 2,u: = Other systematics
MGCamb P(k,z) = 3x2pt 1.51

 Consistent modeling of intrinsic alignment, galaxy & 0.0
bias, observational effects.

u

_15_
* Impact of non-linearities & baryonic feedback
mitigated through scale cuts. —3.0;

m—

Ferté et al., PRD, 2019

« Analysis blinded at the level of the parameters -1.0 -0.5 0.0 05 1.0 15
and validated against systematics. 20
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Non-linear power spectrum

Non-linear evolution of matter distribution is

described using N-body simulations in LCDM.

Approach:

Ax? = (DxL — Diin)' C7! (Dnp — D) < 20

- Use 255 data points from 462 data points
used in the LCDM analysis.

Agnés Fertée @ IAP — Dec 2023
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DES Year 3 results on tests of gravity

DES collaboration, PRD, 2023

ggg;zierSN  DES Year 3 3x2pt constrain 2,:
— Planch o consistent with GR,
L7 | PR S2R D N o limited by scale cuts.
B Al data « Planck 2018 in tension?
* Qur chains are available at

https://dev.des.ncsa.illinois.edu/releases/y3a2/
Y 3key—extensions
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https://dev.des.ncsa.illinois.edu/releases/y3a2/Y3key-extensions
https://dev.des.ncsa.illinois.edu/releases/y3a2/Y3key-extensions

Further tests of gravity

Scale-dependant X,u(a,k):
Work with student David Shlivko in 2019.
Model added to MGCamb and validation.

S(a,k) =145, A (@), [1+ (%Y]

Gl k
Shlivko, AF et al, in prep

Other time dependence of Z,p.
Other theories: f(R), dilaton, ...

- Application to DES Y3 3x2pt AF et al, in prep

Agnés Fertée @ IAP — Dec 2023
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Final analysis of DES 3x2pt

Y1 cosmology Y3 cosmology Y6 cosmology

150° 120° 90° 60° 30° 0° —30° —60° —90°
Right Ascension

120° 100°
RA

Data taking

0.451 Data: Fid Y3 3x2pt + SR ACDM
(4 lens bins)
Forecast: Y6 3x2pt ACDM
(6 lens bins)
0.40
0.351
3
o]

« The largest shape catalogs with expected
150M source galaxies 050]
 The only 3x2pt from same survey

0.25-

0.6 0.7 0.8 0.9
Og
Picture credits:

J. Elvin-Poole, M. Crocce et al, PRD, 2018
Jeffrey, N., Gatti et al., MNRAS, 2021
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Solving challenges for DES Y6 cosmology

0.9
Forecast: DES Y6 3x2pt (No cuts)
Y6 modeling team co-leads:
0.8 David Sanchez-Cid, Jonathan Blazek
= New precise data also means pushing
modeling choices:
0.7 « HMCode for baryonic feedback,
« use of non-linear galaxy bias model is
one of the planned improvements from
06 | | | DES Y3.
 =2.0 —-1.5 —-1.0 —-0.5
w
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Preliminary plot from Sujeong Lee

DES Y06 tests of gravity

B Y33 < 2pt
B Y63 x 2pt

______________________________________________________

Sy

0.4 0.6 0.8 1.0

—-0.5 0.0 0.5 1.0 0 1 2
20 N
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Sy

Promising results for tests of 2,u and
early dark energy

Y6 Extensions team co-leads:
Sujeong Lee, Otavio Alves, Marco Raveri



Planck collaboration, A&A, 2020

Jl

* Lensing of the Cosmic Microwave Background:

sensitive to 2

 More and more precise measurements of CMB

lensing

Agnes Ferté @ IAP — Dec 2023

CMB lensing to test gravity
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ACT DRO6 lensing data

430 measurement of CMB lensing with ACT data

Agnés Fertée @ IAP — Dec 2023

0.9 Madhavacheril et al, 2023
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Il HSC-Y3 (Fourier) + BAO
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ACT DRO lensing results on 2,

Work with student David Dzingeleski

* Results from ACT DRG6 lensing:
o High 2o from ACT data
o Adding RSD: consistent GR.
» Exciting prospects to test 2, in the future

Difference from Linear

1.50
—— HMCODE

1.25 4 — Halofit

1.00 +

0.75 4

0.50 - ®

0.25 A +

%Difference

—..—
-
3

S
()

0.0 S
(o)
O

L ] 1 L 0.00
/‘\" /Q 0’ »‘ _025_
Ho -0.50 - —— - S
10! 102 103

Agnes Ferté @ IAP — Dec 2023

* Non-linear scale cuts: remove 2 data points.
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The og tension

—eo— DES 3x2pt —#—  Planck
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—_—— 35
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—_— 20_ Io

with SR og tension between CMB from Planck and Weak
Hin seale euts lensing measurements:

lin.+Limber scale cuts

TATT IA model

HHJ%N

Hyperrank No clear solutions to og tension from beyond-
Hyperrank + SR /\CDM mOdels.

fix > m, = 0.06 eV

ACDM model variations

+

f
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Z 2 e o ACDM-+ A,
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Rubin Observatory will map the entire Southern sky every 3 nights

©Rubin Observatory -/AURA/B, Quint ™ "

LSST = a fast wide deep survey:

 Galaxy survey cosmology (static sky)

« Changing phenomena:
solar system bodies, asteroids, SN, AGN, etc (transient sky)

Rubin Observatory & you:

8T0C ‘dS

» Science Collaborations: organized efforts around science with LSST data.
« Community forum: https://community.Isst.org/

» The Rubin Observatory is a US and Chilean Project with in—kind contributions:
o From the US and Chile
o From the international community including France through IN2P3—CC and software contribution
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A new addition to Cerro Pachon

* The Rubin Observatory under construction since 2015 at Cerro
Pachoén at 2,660m elevation

 The Simonyi Survey Telescope Mount Assembly:
o On and moving.

o Camera: ComCam on the telescope, the camera LSSTCam is
still at SLAC: shipping soon!

« Currently taking data with the software at the summit with AuxTel.

Summit facility

i
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LSSTCam: the largest digital camera

- 189 4k x4k CCDs (ITL and e2v) of 16 amplifiers.

- All assembled with lenses and filters @ SLAC.

- Last tests before shipping by air and road to the summit.

« Correction of detector effects and calibration in Rubin DM.

Agnés Fertée @ IAP — Dec 2023
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Processing and releasing TB of data

Raw Data: 20TB/night Prompt Data Products _ R ®
_ t m 1 via nightly alert streams Tl 2
R Sequential 30s images O Alerts: up to 10 million per night @ it CorréTouktzg
Sl ; - J YT -®
@I covering the entire o i e @
visible sky every few days % Raw & Processed Visit Images, £
Difference Images, Templates Rubin Data Access Centres
2 Transient and variable sources 24, VviaPromptProducts DB (DACs)
E from Difference Image Analysis i USA (USDF)
m Solar System Objects: ~ 6 million _J Frg:!g Eg[ﬁgg

Uniter Kingdom (UKDF)

Data Release Data Products

O Final 10yr Data Release: oY Independent Data Access
* Images: 5.5 million x 3.2 Gpixels r_ via Data Releases Centers (IDACs)

» Catalog: 15PB, 37 billion objects o

RUBIN SCIENCE PLATFORM

@ NOTEBOOKS % WEeEB APIsS @

Provides access to LSST Data Products
and services for all science users and
project staff S .. E}

DATA RELEASES SERVICE USER DATARASES USER FILES

Slide by Leanne Guy
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LSST multi-probes for dark energy

DESC SRD, 2018

| l [‘
| [
i I
e : Stage 111
I SN Y10
I ‘, 3x2pt Y10
! \LSST all+Stage III
o
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:‘Q
a \\\\ L et L R
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/\\ I
I
I
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Future of weak lensing and tests of gravity

DES Year 3 3x2pt

1_
Observed fy, x 5
# galaxies x 10
SEY = o(>,u) / 10

Forecasts updated from AF et al, 2019
— 11
—-0.5 0.0 0.5 1.0 1.5
20
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Challenges to test gravity with stage—IV surveys

I Linear scale cuts

——— Non-linear scale cuts

Analyzing the data: 19
« Computationally Expensive:
= More efficient parameter estimation algorithms,
= Emulators,
= Data compression. < -

« How to describe physical systematics in modified
gravity?

« Need to use smaller scales.

—-0.5
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Challenges to test gravity with stage-IV surveys

Einstein-Dilaton-
Gauss-Bonnet

. RO 1R*
Strings & Branes R\ “wv
ne N f <E) Some f (G)

S 1 \ ogiion b er-order Not a clear direction in theory space:

Lorentz violation
Hofava-Lifschitz

VIUT Uy 1S20a UAanci, |

Cascading gravity QMUL Conformal gravity

scenarios

High‘er dimensions/ Non-loca|| /f(m'“‘”““v' ¢ (Z,IJ) |S a gl’eat tO explore,

u[ but we must assume a parametrization.
. Extensions of GR o « Community seems to focus on f(r) and EFT.

Lorentz viol lation

of Sen Massive gravity

TeVeS— Add new fields

Bigravity

Y- In AF et al, OJA, 2023 we propose to compare theories

Gauss-Bonnet .
Chern-Simons

Scalar-tensor & Brans-Dicke

Lovelock gravity  Ghost condensates Cuscuton EBI/\
Galileons t th I I f b b |
; Chaplygin gases Bimetric MOND a e eve O O Se rva eS *

Mod. action the Fab Four Scalar——~—~*>—" =TT

Approaches | KcB . P f

| B | Coupled Quintessence EvSisliemis : Elnsteln-Cfirmn-

" Entanglement ubclass of i Sciama-Kibble

rorme " cndopy | Hordeskisheories e [BUOEEIIN i o

It will be important to be creative in looking at the data:
* New probes,
* Deep learning, SBI.
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Exciting prospects with weak lensing and CMB

SO

CMB CMB-S4
ADV-ACT, SPT-3G, BICEP 3, BA

. Rubin Observatory
Weak lensing

2023 2025
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Cosmic inflation

Up to now, CMB B-modes experiments
mainly use:

 BAO,

« CMB temperature and polarization,
to test cosmic inflation.

Galaxy surveys should be added as well in
the future.

Galaxy surveys also have access to 7y,.

Agnés Fertée @ IAP — Dec 2023

From AF & Hong, submitted

| BK18 + PI 2018 + SDSS BAO + DES Y3 3x2pt
(data, this analysis)

BK18 + Pl 2018 + SDSS BAO + LSST Y10 3x2pt
10—1 | (data + forecast, this analysis)

1 Litebird + Pl (r=0 forecast)
1 CMB-S4 + Pl (r= 0 forecast)

10_35

0.95 0.96 0.97

0.98
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Outlooks

. CFHTLens 4+ Wiggle Z + WMAP 7 _| I
 DES is precursor of stage-IV surveys: Simpson et al, 2015
ongoing work on DES Y6 e .
CFHTLens + BOSS DR12 + Planck 2015 _| ———
Ferté et al, 2019
* Cosm0|ogy from Weak |enS|ng: DES SV + BOSS DR'121+ Plzm('k 22()13 _| °
o More and more precise tests of Z,u: Ferté et al, 2019
DES Year 3 consistent with GR + DES Y1 4+ BOSS DR12 + Planck 2015 _| .
. . . . y Collaboration, 201¢
preliminary test with ACT DR6 lensing data. DES Collaboration, 2019
o Modeling observables accurately is a very s vs  coss pric + plance 2015 1,
. DES Collaboration, 2023 , , : :
important challenge. —0.10.0 0.1 0.2
220

Rich synergies between cosmological surveys in the 2020s.
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