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Introduction

LCDM: concordance model
e Unknown nature of the dark components
* Increasing tensions for some parameters
Beyond LCDM:
* Theory: Test each proposed model one at a time (infeasible)
* Theory: Horndeski theories (hard to break degeneracies with current dataq)
e Phenomenology: Parametrization of deviations from GR
k*W = —4mp(a, k)Ga?pd
k2 WUy = —4nX(a, k)Ga?pd
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Introduction

Beyond LCDM:

* Phenomenology: Parametrization of deviations from GR
k*W = —4mu(a, k)Ga®pd

k*WUyw = —4nX(a, k)Ga?pd

e Currently constrained combining gravitational lensing and galaxy

clustering measurements
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Introduction

Caveatfs:

* Constraints on (4 and )] at a given redshift 2 depend on the evolution of

the function at all redshifts above 2
* Need to assume a time dependence
* Need fo reconstruct the time dependence for a set of nodes
 Validity of Euler's equation for dark matter

 [Lcannot be constrained from RSD — fully degenerate with changes

in Euler’'s equation (Bonvin & Pogosian 2023)

Q I. Tutusaus ‘ 10th June 2024
5
o z =




Introduction

Beyond LCDM:

* Phenomenology: Parametrization of deviations from GR
k*W = —4mp(a, k)Ga?pd
E*Wyw = —4n¥(a, k)Ga?pé

BAO-+RSD+SN [DES; oNaboration 2023]

e Assuming a time dependence DES x2pt
—— Planck
17 E%ig)fggD-f-SN
Q (a) Hl All data
A
E(a, k) = 20 Q 3
A,0
QA (a) g 0 reeres oA UM ISR,

,LL(CL, k) = Ho QAO .
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Introduction

Beyond LCDM:

e Phenomenology:
Parametrization of deviations

from GR
K>V = —4mu(a, k)Ga?pd
k*Wy, = —4wX(a, k)Ga®pd

e Reconstruction

2.5

0.5

[Pogosian et al. 2022]

1.6

0.8

2.0

--- ACDM
— no theory prior

with Horndeski prior
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Introduction

What can we really directly measure in a model-independent way?
« Approach used for RSD: fog
e Can be compared with GR predictions
e Can be used to constrain parameters of MG models

Goal: Use a similar approach for the first fime with real gravitational

lensing observations

e First direct and model-independent measurement of the evolution

of the perturbed geometry of our Universe
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Gravitational lensing

Gravitational lensing is directly sensitive to the Weyl potential:
Uy = (®+0)/2
Weyl transfer function:

* In GR, proportional to D1 (2)Q2n(2) . Hence, same information with

the evolution of § or Wy

* In MG, Einstein’s equations are modified => different WUy;, evolution
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Gravitational lensing

Our parametrization:

_ H2(2)J(k,z) \/B(k,2) .
T\Ilw(kaz) _HZ(Z*)Dl(Z*) mT\PW(ka *)

Zsxwellin the matter-dominated area

“H Hubble parameter in conformal time

B Boost factor for the nonlinear evolution of matter density perturbations

J Free function that encodes any deviation in the Weyl potential

evolution (similar to L in Amendola et al. 2013, 2014)

Measuring J(z) we can reconstruct the Weyl potential evolution and

compare against GR or MG predictions
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Gravitational lensing

Observable: galaxy-galaxy lensing angular power spectrum (Limber

approximation)

n A lin Zx / / '(2') — x(z
CP*(zi, 24) =g /dz ni(2)H?(2)b;(2)J (2) B (kg, X) Paig((k;;) ) /dz n; (2 )X;(z))xl(il() )

It depends on:
o density fluctuations at Z« (GR is recovered)
 evolution of background quantities H and X (LCDM background)

e the functions j and Bi:

o= 2

bi (2) = bi(2)os(2)
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Gravitational lensing

Observable: galaxy-galaxy lensing (GGL) angular power spectrum

(Limber approximation)

n A lin Zx / / '(2') — x(z
CP*(zi, 24) =g /dz ni(2)H2(2)bi(2)J (2) B (ke, X) P(;(;ag((kze;) ) /dz n; (2 )X;(z))xlé/() )

Since j and Bi vary slowly with redshift, we can take them out of the

integral and evaluate them at the mean redshift of the bin

» GGL measurements at a given redshift provide direct

measurements of J and b;

* Model-independent measurement: no theory of gravity assumed,

nor a redshift evolution for .J
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Gravitational lensing

Caveat: jand p, are fully degenerate

Additional observable: galaxy clustering (Limber approximation)

H(z)(1+ 2z)
x*(2)

P(%I(Sn (kf, Z*)

03 (%)

CP2 (24, 25) :/dz ni(z)n;(2) bi(2)b;(2)B (ke, X) , for £>200

Additional observable: galaxy clustering (Beyond Limber)

P = Pl + (P2~ P
exact «— T Limber
Cr2 (2, 25)| =;/dX1 nz‘(Xl)(l+2(X1))'H(X1)bz‘(X1)/dXz’”j(X2)(1+Z(X2))H(X2)bj(X2)

oo Plin k,z* . .
X / dk kz%)]g(kxl)]g(kXQ), for ¢ < 200.
0 03 (2)
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Dark Energy Survey Year 3 data

2x2pt analysis: galaxy clustering and galaxy-galaxy lensing
MaglLim (lenses) and Metacalibration (sources)

Similar configuration compared to the official analysis (Porredon et al. 2022):
» Configuration space

* Nuisance parameters for the width and position of the lenses and positions of
the sources

* Infrinsic alignments (NLA model in GR)

* Magnification effects for the lenses (GR)

* RSD (GR)

e Linear galaxy bias

* Shear multiplicative bias

* Point-mass marginalization for the tangential shear
* No information from shear ratios

* Two sets of scale cufts

Q I. Tutusaus ‘ 10th June 2024
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Dark Energy Survey Year 3 data

Galaxy clustering Zer = 0.295
Zeff = 0.467
Zet = 0.626
Zet = 0.771
8 Mpc/h
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Dark Energy Survey Year 3 data

Galaxy-galaxy lensing
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First measurement of the Weyl potential

0.50 +

0.45 +

— ACDM
® DES, with prior

0.50 A

0.45
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® DES, no prior

0.40 A ’ 0.40 A
0.35 A1 + 0.35 A +
0.30 T T T T T T 0.30 T T T T T T
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First measurement of the Weyl potential

0.50 A

0.45 ~

0.40 A

0.35 +

0.30

0.2

=)

— ACDM
® DES, with prior

Precise model-independent

measurement of J (4-9%)

2.30and 3.10 below the LCDM

prediction in the first 2 bins

30 Planck priors on early-fime

cosmological parameters
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First measurement of the Weyl potential

No Planck priors

Uncertainties increase only by 20% —— ACDM
® DES, no prior
0.50 A1 ’

Slightly larger tension between the
measurements and LCDM "
Preference for higher amplitude > *
of perturbations at high redshift 0.35 1 + +
and slower growth of the Wey! 030 . ' ' ' . .

0.2 0.3 0.4 0.5 0.6 0.7 0.8

potential at low redshifts
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First measurement of the Weyl potential

ACDM
& DES, no prior
0.50 A
0.45 4
~
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z
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First measurement of the Weyl potential

Scale cut [— rom ~ acom
0.50 A @ DES, with prior, scale cut 0.50 A ® DES, no prior, scale cut
0.45 A 0.45 A
[ ]
i )
~ -~
0.40 0.40
®
[ ]
035 } { 0.35 \
0.30 A 0.30
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
z z

Uncertainties increase by a factor of 2. Mean values not affected
Uncertainties on the LCDM prediction increase by 30%

Less tension because of the uncertainties, but still below the prediction
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First measurement of the Weyl potential

Once we have measured j What can we do?¢

» We can infer og(z = 0) assuming LCDM:

D1 (Z)
Di(z=0)"

e much lower value 0.741 + 0.035 compared to the one derived

J(2) = Om(2) 5~ 7 08(2 = 0)

from the early-time parameters 0.852 £ 0.027

» We can pinpoint the g tension to behavior of the Weyl

potential in the first 2 redshift bins

I. Tutusaus ‘ 10th June 2024
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First measurement of the Weyl potential

Once we have measured j What can we do?¢

e Look at MG:

J(2) = (2)Qm(2) D1 (2) Dl(( ))

* Note: Dependency on i through the evolution of Dy (2)

e We fix 4 = 1 and test 3 different choices of time evolution for Y]

Y(z) =14 Xpg(2)

with  g(z) = Qa(z)
g9(z) = 1for z € [0,1] and 0 elsewhere
9(z) = exp(1+2) for z € [0, 1]

N I. Tutusaus ‘ 10th June 2024
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First measurement of the Weyl potential

Once we have measured j. What can we do?¢

0.40 -

0.38 -

0.36 -

<~ 0.34 -

0.32 -

0.30

0.28

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
z

e Data are still not able to discriminate between different time

evolutions
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Combining with spectroscopic data

Powerful way of testing deviations from GR: comparison of the

distortion of space-time and galaxy velocities

E ¢ statistic (Zhang et al. 2007):

C“g

Eg = 5099

- B=f/b
e Ratio of GGL and galaxy clustering angular power spectra

* Need to use the exact same galaxy sample for spectroscopy

and photometry

Q I. Tutusaus ‘ 10th June 2024
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Combining with spectroscopic data

We can use J — analogous of f(z) = f(z)os(z)
C(HGR)N\ 1 J(2)
Fo(z) = ( H, ) 1+z f(2)

No need to consider the same sample for the two quantities

We interpolate the available f measurements at the MagLim redshifts

0.7 —— GR prediction ¢ Measured data
Interpolation ¢ MagLimz
0.6
0.5 1
N * —_
<N
0.4 1
0.3 1
0.2 1

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
y4
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Combining with spectroscopic data

New Eg measurements:

—— GR prediction Amon et al.
0.6 1 ® This work Y Alametal.
Y Reyesetal. Y Pullen et al.
Y Blake et al. Y Wenzletal.
0.5
- 4
N 0.4
: t
L
0.31 Y
4
0.2
0-1 J T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Z
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Next?

Stage-IV surveys will provide more resolution in redshift (more bins

for the lenses)

LSST: Sub-percent constraints in ~10 different redshifts:

1.4 —— LSST lenses 0.011 Optimistic
o | ANy LSST sources o — Pessimistic
) J
=12 SKA oy
81.0; \’Q 0.00 1 0+ 0+ ¢+ ¢+ ++ ++ ++ ++ + )
2 \ =~
50.8] S
“ 06 i) —0.01
,_é o ﬂ\\\ T T T T
= 0.4 AN 0.5 1.0 1.5 2.0
0.21 \ Y redshift
0870 15 20 25 3.0
redshift
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Conclusions

First measurement of the Weyl potential from galaxy-galaxy lensing
Mild tension with LCDM at low redshift

No use of information from matter density fluctuations

Weyl potential directly measured (no redshift evolution assumed)
Efficient tests of different MG models (no need to re-analyze the data)

Combining with spectroscopic data, we can test both the growth rate

of structures and the growth of the geometry distortions

Sub-percent measurements in the near futurel
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