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A questioned cosmology: ACDM
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Figure 1: Illustration of the ACDM
model.
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Table 1: The six base parameters of
the ACDM model
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A questioned cosmology: ACDM

Probe Parameters | Measurements

CMB Ho, Qm, ns | Temperature anisotropies
SN la Ho Luminosity distances
BAO Ho, Qnm Galaxy correlation scale
Galaxy clusters | Q,,, og Mass, spatial distribution

Standard Model No dark energy Warm dark matter

(a) Matter distribution changes with different cosmological (b) Abell 370
models NASA/ESA

Credit: K. Heitmann
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Inferring cosmology from t

One quantity, many ways to

measure it

@ Mass-richness relations

@ X-ray luminosity

@ Number counts

@ Sunyaev-Zel'dovich signal
o Weak lensing

@ In simulations:
Friends-of-Friends, Mbqg
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Universe's mass distribution
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(a) Example of a mass-richness relation
for galaxy clusters. (Rettura 2017)
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(b) Example of a shear profile around a
galaxy cluster. (Chen et al. 2020)

1JCLab, LSST France 2025

4/2

2



Inferring cosmology from the Universe's mass distribution

Credit: Rubin Observatory/NSF/J. Pinto Credit: NASA/ESA
(a) The principle of gravitational lensing.  (b) Weak and strong lensing in Abell 370.

What does lensing probe?

Lensing is a direct probe of the mass profiles and mass distribution of
galaxies and galaxy clusters.
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Weak lensing: a brief overview

/Y e Lens equation

Magpnification matrix
o0p; Oaj
s — L = A
00 L 00, /

Weak lensing hypotheses
e WL is perturbative

@ Born approximation

_ @ Thin & single lens
glgure 5: Definition of lensing angles and approximations

istances. )
Figure by Michael SACHS
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Weak lensing: convergence, shear, and flexion

First order approximation of the magnification matrix

_(1-x 0 \ (cos(2¢) sin(2¢)
A= ( 0 1- n) v <sin(2¢) — cos(2¢))

Figure 6: Effects of the

. . . . different lensing fields on a
Gaussian galaxy of radius 1

_ ) ) arcsec. 10%

' m 1 n s convergence/shear and 0.28
arcsec™! flexion (which is a
very high value for this

. . . ' quantity, chosen only to
visualize) are applied.

From Bacon et al. 2006
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Weak lensing: going beyond the hypotheses

Weak lensing hypotheses

@ WL is perturbative: all lensing effects are small
@ Born approximation: small angles, evaluating deflections transversally

@ Thin & single lens approximations: instant and successive deflections

Figure 7: Raytracing in
current cosmological
simulations. Some
hypotheses made are the
thin lens and single lens
approximations, along with
the Born approximation.
This framework of analysis
can not generate strong
lensing effects.

1 i i+l Credit: C.Gouin

Lens planes Source plane
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From "geometric” to relativistic lightcones

Current lightcone extraction Towards relativistic lightcones
@ Limited accuracy o Full relativistic treatment
@ Oversimplified deflections —>» o Continuous deflections
@ Excluded strong lensing o Weak and strong lensing
@ Non linearities? @ GR handles non-linearities

3D Photon Trajectories and Spherical Mass
Djj+1
\ '\‘ i
) y
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The homogeneous and isotropic Universe

The Friedmann-Lemaitre-Robertson-Walker metric

dr?

ds® = —c?dt? + a*(t
s c + a“(t) T2

+ r?(d6? 4 sin? 0 d¢?)

where:

@ a(t): scale factor

@ k: curvature parameter (k =0,+1,—1)

Figure 8: The story of the
Universe: from the Big

Bang to the present day.
Credit: Natalie Mayer
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Perturbing the homogeneous and isotropic Universe

Perturbation of the FLRW metric
ds? = —c?(1 + 2¢/c?)dt? — 2¢ - a(t)B;dx'dt
— a%(t) [(1 — 2¢)y;j + 2E;] dx'dx’
where:

@ ¢: Newtonian potential

@ B;: vector potential

@ 1. spatial curvature perturbation

@ Ej: tensor perturbation

@ ~;: spatial metric (flat, spherical, or hyperbolic)

From perturbations to trajectories

1
d52 = g,quXMdXV = rloig = Eglw (aaguﬂ + aﬁgrxa - ar/gaﬁ)
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The Christoffel symbols: geometry within dynamics

1
FZB = ngj (0agup + 0p8va — 0vgap)

1
ro = 5 [g00(23igio — Oogit) + &% (20igi1 — O1git) + &°2(20igi2 — Oagit)

+ g03(23igi3 - 33&;)} .

aa 2aa a% oV

M=, 2oy =2
" c2+c4( +V) c* ot
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The Christoffel symbols: geometry within dynamics

ro =
0o c2 Ot

ri -
" c2 Ox!
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Table 2: The perturbed Christoffel symbols in a flat spacetime, with vector and
tensor perturbations set to zero. The terms 4 and a are the time derivative of the
scale factor and the scale factor respectively.
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The numerical tool EXCALIBUR

Geodesic equation in General Relativity: photon trajectory

d?x+ 1 dx® dx? .

a2 TlasT g dn T

3D Photon Trajectories and Spherical Masses 3D Photon Trajectories and Spherical Masses

3D Photon Trajectories and Spherical Masses

A Python prototype for relativistic raytracing in a cosmological context.
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Relativistic light propagation and gravitational lensing

Geodesic equation in General Relativity: photon trajectory

d2xH 1 dx® dxP
— &L - =
d\2 B d\ d\

3D Photon Trajectories and Spherical Mass 3D Photon Trajectories and Spherical Masses
| |
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Figure 10: Simulations of geodesics deflected by masses in the Universe. Figures
from the LAPP internship project. The sum of masses is always 102°°M,. From
left to right: a single mass, a line of masses, and a ring-shaped mass distribution.
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Relativistic light propagation and gravitational lensing
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Figure 11: Simulation of geodesics
deflected by a realistic mass (10'°M,)
in the Universe. Figure from the LAPP
internship project.
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Delay distribution vs launching angle

Delay (Days)

Figure 12: Time delay map for a
realistic mass of 10®M,, with a radius
of 25 Mpc. The delay is measured
between a deflected photon and a
photon that would have traveled in a
straight line. Figure from the LAPP
internship project.
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Relativistic light propagation and gravitational lensing

Delay distribution vs launching angle
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The time delay is of the order of a few days, which is very small compared
to the time it takes for a photon to propagate (a few billion years).
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A weak but measurable effect




Relativistic light propagation and gravitational lensing

Delay distribution vs launching angle
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Different delay profiles for different mass distributions

The ring shape is clearly visible and rays that pass through the center are
barely delayed, compared to the ones that pass closer to the ring.
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Towards mass and radius estimations

Max delay vs lens mass Delay vs Angular distance
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(a) Possibility to estimate the mass of the  (b) Possibility to estimate the radius of
cluster based on the measured delay the cluster based on the measured delay

Figure 13: First attempts at a calibration of mass and radius based on time delay
measurements. Here, considered halos are spherical and assume constant density
profiles. The plot on the right assumes a 25 Mpc radius and a mass of 10*°M,,
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LSST data: a new era for cosmology
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(a) The LSST telescope in
Chile
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Perspectives: the numerical tool EXCALIBUR

Scaling EXCALIBUR

Translating from Python to C++ for performance. Scaling the code to run
on modern cosmological simulations and make it ready to handle large
datasets.

Going beyond the prototype

@ Include the expansion of the
Universe

@ Include redshift studies

o Consider specific effects
(moving sources,...)

o Extract lensing observables

Figure 14: CC-IN2P3, Lyon
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Perspectives: a unified framework for relativistic effects

Credit: Andrea Danti
Credit: NASA

Galaxies' peculiar velocities

Universe expansion
Credit: ESA/HST

Credit: WMAP

Integrated Sachs-Wolfe
Gravitational lensing

A unified theoretical framework

Studying relativistic effects related to light propagation in cosmology.

Laurent Magri-Stella (LAPP) 1JCLab, LSST France 2025 22 /22




