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» What are the problems we need to solve?
» How does data play a role in this?
» Why do we need Al and how can we trust the results?




Challenges in Cosmology

Ordinary Matter
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Baryonic effects?
Nature of dark matter?
Nature of dark energy?

s ACDM complete?

Challenges in Cosmology
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Matter Density

ls General Relativity complete?

New physics to be found?

Do we really understand systematics?
Neutrino masses?



Challenges in Cosmology

Tension between early and late-times

Dark Energy
Accelerated Expansion
Afterglow Light Late Times
Pattern Dark Ages Development of
375,000 yrs.  / Galaxies, Planets, etc.

Early Times

Inflation

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years

Credit: NASA/WMAP



Challenges in Cosmology

Hubble Tension Age of the Universe

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 +£0.53
Pogosian et al. (2020), eBOSS+Planck Q,H?: 69.6 + 1.8
Aghanim et al. (2020), Planck 2018: 67.27 = 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 = 0.54
Ade et al. (2016), Planck 2015, Hy =67.27 £ 0.66

CMB without Planck

Dutcher et al. (2021), SPT: 68.8 +1.5

Aiola et al. (2020), ACT: 67.9+ 1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1

Zhang, Huang (2019), WMAP9+BAO: 68.36+3:23
Hinshaw et al. (2013), WMAP9: 70.0 £ 2

No CMB, with BBN

D’Amico et al. (2020), BOSS DR12+BBN: 68.5 + 2.2
Colas et al. (2020), BOSS DR12+BBN: 68.7 £ 1.5
Philcox et al. (2020), P,+BAO+BBN: 68.6 + 1.1
Ivanov et al. (2020), BOSS+BBN: 67.9 £1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 + 0.97

P,(k) + CMB lensing
Philcox et al. (2020), P/(k)+CMB lensing: 70.6f§j(7,

Indirect

Direct

Cepheids — SNIa

Riess et al. (2020), R20: 73.2+ 1.3

Breuval et al. (2020): 72.8 £ 2.7

Riess et al. (2019), R19: 74.0+ 1.4

Camarena, Marra (2019): 75.4 +1.7

Burns et al. (2018): 73.2 + 2.

Dhawan, Jha, Leibundgut (2017), NIR: 72.8 = 3.
Follin, Knox (2017): 73.3 £ 1.

Feeney, Mortlock, Dalmasso (2017): 73.2 £ 1.
Riess et al. (2016), R16: 73.2 + 1.

Cardona, Kunz, Pettorino (2016), HPs: 73.8 + 2.
Freedman et al. (2012): 74.3+2.1

TRGB - SNla

Soltis, Casertano, Riess (2020): 72.1 £ 2.0
Freedman et al. (2020): 69.6 £ 1.9

Reid, Pesce, Riess (2019), SHOES: 71.1 £1.9
Freedman et al. (2019): 69.8+1.9

Yuan et al. (2019): 72.4+2.0

Jang, Lee (2017): 71.2+2.5

Miras — SNla
Huang et al. (2019): 73.3+4.0

3
1
7
8
7
1

Masers
Pesce et al. (2020): 73.9+ 3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 + 2.6
Schombert, McGaugh, Lelli (2020): 75.1 +£2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF w/ HST: 73.3+2.5
Khetan et al. (2020) w/ LMC DEB: 71.1 £4.1

SNII
de Jaeger et al. (2020): 75.8%33

HIl galaxies
Fernandez Arenas et al. (2018): 71.0 + 3.5

Lensing related, mass model — dependent
Denzel et al. (2021): 71.8*32
Birrer et al. (2020), TDCOSMO+SLACS: 67.4}41, TDCOSMO: 74.5t6§
Yang, Birrer, Hu (2020): Ho = 73.65%33
Millon et al. (2020), TDCOSMO: 74.2 + 18
Baxter et al. (2020): 73.5+5.3
Qi et al. (2020): 73.618
Liao et al. (2020): 72.8%7
Liao et al. (2019): 72.2 + 2.
Shajib et al. (2019), STRIDES: 74.2t§1;7
Wong et al. (2019), HOLICOW 2019: 73.3* $
Birrer et al. (2018), HOLICOW 2018: 72.5%%1
Bonvin et al. (2016), HOLICOW 2016: 71.97%2

Optimistic average

Di Valentino (2021): 72.94 £ 0.75

Ultra — conservative, no Cepheids, no lensing
Di Valentino (2021): 72.7 1.1

GW related

Gayathri et al. (2020), GW190521+GW170817: 73.4j§~g?§

Mukherjee et al. (2020), GW170817+ZTF: 67.6142
Mukherjee et al. (2019), GW170817+VLBI: 68.3t32;
Abbott et al. (2017), GW170817: 70.0%%%

65 70 75 80
Di Valentino et al. (2021)
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Mass and Structure of the Universe
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Challenges in Cosmology
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1. Cosmological motivation

> What are the problems we need to solve?
» How does data play a role in this?
» Why do we need Al and how can we trust the results?

3. Al for cosmological data analysis

» Estimating stellar SEDs from photometric data

> |dentify of blended galaxies in survey data
» Going beyond

2. Weak gravitational lensing

> ‘Observing’ invisible matter

> Technical challenges

4. Future perspectives

» Where can Al take us?
» Accessible tools
» Conclusions
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Weak Lensing

2. Weak gravitational lensing

> ‘Observing’ invisible matter
> Technical challenges

12



Weak Lensing

General Relativity

Albert Einstein

871'G ‘Spacetime tells matter how to move;

R _— _Rg - Ag - T matter tells spacetime how to curve.’
HY 2 K pr C4 g - John Wheeler




Observed position

True position

Hyades

AO = 1.75"

’0
@

Weak Lensing

General Relativity

Albert Einstein

M, = 1.9885 x 10°° kg

-

\_

Eddington experiment 1919

Eddington Dyson j
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Original galaxy

Lensed image

Lensed image

Weak Lensing

Gravitational Lensing

Dark Matter
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Weak Lensing

Strong Gravitational Lensing

“NGC 6505 - Einstein Ring

”

Credit: ESA/Euclid/Euclid Consortium/NASA, image processing by J.-C. Cuillandre, T. Li
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Weak Lensing

Weak Gravitational Lensing

Eesa

www.spacetelescope.org

Credit: NASA's Goddard Space Flight Center Conceptual Image Lab Credit: ESA/Hubble (M. Kornmesser & L. L. Christensen)



http://www.esa.int/
http://www.spacetelescope.org/

Weak Lensing

Weak Gravitational Lensing

Ellipticity Randomly Distributed Sheared by Dark Matter

-

Dark Matter
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Weak Lensing

Weak Gravitational Lensing

| | | |
ST g 2 KiDS-450 |
'~ 20V il | CFHTLenS (MID J16)
e around dark matter WMAPOH+ACT+SPT
1oL Planckld |
.
oo
>
0.8 |- _
Distant 0.6 I A _
universe I | I L
0.16 0.24 0.32 0.40
2,
> Consider all galaxies and all the matter the > Measure the to infer the » Use the statistics of millions of galaxies to put
light encounters along the line of sight amount of (mostly dark) matter needed to constraints on cosmological parameters and
induce the ‘squishing’ we observe hence determine the amount of dark matter

in the Universe
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Weak Lensing

Raw images Reduced images Masking Source detection Photometry

..........

Source selection
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Weak Lensing

Source Galaxy

A brief tour of where things can go wrong

Detector
Telescope

Sources of bias

> Pixelisation

> Point Spread Function (PSF)
> Noise

v

Charge Transter Inefficiency
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A brief tour of where things can go wrong

Detector
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Source Galaxy

Sources of bias
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Point Spread Function (PSF)
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Weak Lensing

A brief tour of where things can go wrong
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Weak Lensing

Source Galaxy

A brief tour of where things can go wrong

Detector
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> Point Spread Function (PSF)
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Weak Lensing

A brief tour of where things can go wrong
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Weak Lensing

A brief tour of where things can go wrong
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Weak Lensing

A brief tour of where things can go wrong

Detector
Telescope
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v

Source Galaxy

Sources of bias

Pixelisation
Point Spread Function (PSF)
Noise

Charge Transter Inefficiency
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Weak Lensing

A brief tour of where things can go wrong

Credit: ESA/Euclid/Euclid Consortium/NASA, image processing by J.-C. Cuillandre, E. Bertin, G. Anselmi

Sources of bias
> Detection
> Blending
> Masking
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Weak Lensing

A brief tour of where things can go wrong

Credit: ESA/Euclid/Euclid Consortium/NASA, image processing by J.-C. Cuillandre, E. Bertin, G. Anselmi

Sources of bias

v

Detection

v

Blending

v

Masking
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Weak Lensing

A brief tour of where things can go wrong

Credit: ESA/Euclid/Euclid Consortium/NASA, image processing by J.-C. Cuillandre, E. Bertin, G. Anselmi

Sources of bias
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Detection
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Weak Lensing

A brief tour of where things can go wrong

Credit: ESA/Euclid/Euclid Consortium/NASA, image processing by J.-C. Cuillandre, E. Bertin, G. Anselmi

Sources of bias

v

Detection

v

Blending

v

Masking
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Model Fitting

Good model

Bad Model

\_

/

Weak Lensing

A brief tour of where things can go wrong

Source Selection

Sources of bias
» Model
» Selection
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Model Fitting

Weak Lensing

Good model

Bad Model

\_

/

A brief tour of where things can go wrong

Source Selection

Sources of bias
» Model
» Selection
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Summary Statistics

Weak Lensing

A brief tour of where things can go wrong

Sources of bias
> Theoretical modelling
» Parameter inference

24



1. Cosmological motivation

> What are the problems we need to solve?
» How does data play a role in this?
» Why do we need Al and how can we trust the results?

3. Al for cosmological data analysis

» Estimating stellar SEDs from photometric data

> |dentify of blended galaxies in survey data
» Going beyond

2. Weak gravitational lensing

> ‘Observing’ invisible matter

> Technical challenges

4. Future perspectives

» Where can Al take us?
» Accessible tools
» Conclusions
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3. Al for cosmological data analysis

» Estimating stellar SEDs from photometric data
> |dentify of blended galaxies in survey data
» Going beyond
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SED Classification

E. Centofanti A. Szapiro J. Pollack
( . . . . . . ° . \
\ Breaking the degeneracy in stellar spectral classitication from single wide-band images
V4 > , Samuel Farrens, Jean-Luc Starck, Tobias Liaudat, Alex Szapiro, Jennifer Pollack
. a1rX1v > Published in A&A in 2025 [arxiv.org/abs/2501.16151] )

Estimate of stellar Spectral Energy Distribution (SED)
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SED Classification
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SED Classification

T. Liaudat J. Pollack

Data-driven PSF modelling

~ Accurate modelling of the point spread function (PSF) is
critically important for galaxy shape measurement and
hence weak-lensing analyses

> Parametric modelling of (in particular) space-based
telescopes (like Euclid) is very challenging

» The data-driven wavefront-based WaveDiff software
(Liaudat et al. 2023) requires stellar SEDs to model the
PSF

» We won't have spectra for all the stars in the field

» Can we do better if we can estimate SEDs from the star
images?

N. Moukaddem E. Centofanti

K WaveDiff \

TR YY) ¥

! Feld of view
] :- = -Y- = -|
; : : : i Recanstruction . 5 .
' | opticalsystem | ! ! | Degradations | | ! E> .

PSF model | :

"j.:zlvyi]

Wavefront High resolution Low resolution
space pixel space - plxel space (_/’ ’P.r

L J
T

Differentiable forward model Loss: LiH,T)

*—/ Observations
VL - Inputs

Targets

> Liaudat et al. (2023) [arxiv.org/abs/2203.04908]

O github.com/CosmoStat/wi-pst

~—
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https://github.com/CosmoStat/wf-psf
http://arxiv.org/abs/2203.04908

SED Classification

A. Szapiro
WaveDiff Star Image Simulator
Star Image SED PSF
@star(ﬁ ?lul,v) ZCED(/I,D@(M v A | u;, v)|+ | N
Wavefront error Star observation Noisy star observation

| \ . .
S N

a

571 nm 615 nm 658 nm 703 nm 745 nm 790 nm 834 nm 877 nm

(b)

E. Centofanti

Convolutional Neural Network (CNN)

Input

Crop CNN
> > P P>
32x32 12x12  10x10x32 8x8x32 6x6x32 4x4x32 2x2x32 32

> Train with simulated star images with known SEDs

» Compare performance with PCA + CNN results
presented in Kuntzer et al. (2016)

~ Results were very consistent, but both approaches
run into an inherent limitation

29



SED Classification

E. Centofanti (PhD)

Degeneracy between the PSF and the stellar SED

~ It is difficult to disentangle the PSF size from the contribution of the SED in the observer stars

> The CNN (or any other) will struggle to learn appropriate labels for the images
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star (top) and an OS5 star (bottom)
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SED Classification

E. Centofanti (PhD)

Degeneracy between the PSF and the stellar SED

~ It is difficult to disentangle the PSF size from the contribution of the SED in the observer stars

> The CNN (or any other) will struggle to learn appropriate labels for the images
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SED Classification

Breaking the degeneracy

> Use the stars with measured spectra (and hence SEDs) to obtain an approximate PSF model

> Use this approximate PSF model to measure similarity features

> Train a support vector machine (SVM) classifier on the similarity features

Similarity Features Star Image Approx PSF

I = Wstar(. v | w, v) - (H@, % A | w, v)II3,

(?FUﬁwmjh%mﬁ@jdu%w»M“%m@=n
A

n — — ~ =
o Z]il ||IStar(ua v | u;, Vi) — H(l/t, V;/ljl Uu;, Vi)“%[v

600 700 800 900
Wavelength [nm]

Normalised similarity features as a function of monochromatic PSF wavelength

> 1254 |

"'E Star Class

© 05 —— GO

é BO —— G5

= 1250 B5 —— KO
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8 A5 MO

W | FO M5

= .1246 Fe

-

-

@)

=Z .1242

E. Centofanti (PhD)
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SED Classification

E. Centofanti (PhD)

Experimental Setup

GT PSF e 8
WaveDiff train ¢ Train—>
stars PCA+MLP
WFEq(u,v) | fzo00 Test—>
Star catalog stars a
+ Positions: (u;, v;) 1000 -
— test ® Train—»
t |
+ S/N: [20 — 110] stars o CNN+MLP
| Test >
es u
+ Spectral type: C; 2000*3tar5| !
PSF training datasets WaveDiff PSF models: 6 -
. Spectral Energy Density B B m‘ Tra|n+
> 51 150 stars —>  PSFi - Hj, —Mono CIaSs\./sl?:‘lier B
o . o PSFs Test—>»

0.05

600 650 700 750 800 850 86 : 2000 StarS '_> PSFﬁ — ﬁgﬁ

Wavelength bins [nm]

Similarity Features

> GT = Ground Truth (i.e. the PSF model used to simulate the star images)

» &, are nested subsamples of the total 2000 stars available for training the approximate PSF model 32



Classification accuracy

SED Classification

Results
1.0
0.8- I ~10% improvement
0.6
0-4_ EEEE_?EEEEEE-;;;;;;;;;;:::::::::::::::::::::::::::::::::::::::::::::::::::f
————— PCA+MLP accuracy = —— PCA+MLP Top-2 accuracy |
0.2+ - CNN+MLP accuracy n —— CNN+MLP Top-2 accuracy |
————— SVM+PSF accuracy —— SVM++PSF Top-2 accuracy
0.0 | ‘ l l l l l —
2.4 1.7 1.3 1.0 0.9 0.7 .0

50 stars used to
train the approx

PSF model

PSF mOdeI error [%] 2000 stars used to

train the approx

PSF model

Ground truth PSF
model used to obtain

Estimated SED is
within half a stellar
class from the
simulation

Estimated SED

exactly matches
the simulation

the similarity features

> The PSF-aware approach consistently outperforms pixel-only classification methods

E. Centofanti (PhD)
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Quality of the
WaveDiff PSF model

with respect
ground truth

to the

Relative error [%]

be if we had 50
measured SEDs

N W b

 —

SED Classification

Results

/

¢ Baseline: 50 stars GT SEDs
—eo— Baseline + classified stars
Best: 2000 stars GT SEDs /

50 450 4100 4200  +500 +1000 42000
Baseline

This is how good the
WaveDiff PSF would

Additional spectrally classified stars

> Initial results indicate that this PSF-aware approach to SED classitfication could
be used to improve data-driven PSF models

> Future work — see if we can make this work with real survey data!

This is how much the
WaveDift PSF improves if we
estimate additional SEDs
from the images

This is how good the
WaveDiff PSF would

be if we had 2000
measured SEDs

E. Centofanti (PhD)
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Blend Identification

A. Lacan A. Zamorano Vitorelli A. Bruckert

Deep transtfer learning for blended source identification in galaxy survey data

» Samuel Farrens, Alice Lacan, Axel Guinot, Andre Zamorano Vitorelli
> Published in A&A in 2022 [arxiv.org/abs/2110.08180]

github.com/CosmoStat/BlendHunter

» Source 1
» Source 2
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https://arxiv.org/abs/2110.08180
https://github.com/CosmoStat/BlendHunter

Blend Identification

CFHT Pan-STARRS Subaru
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Blend Identification

Simulated blended galaxies

Simulated isolated galaxies

The Challenge

Simulating blended sources

> Assume a UNIONS-like survey where galaxies are
selected from r-band images

» Need to have complete control of which sources are
blended or not = we simulate galaxy postage stamps

(51 X 51 pixels) with and without blends

> Need to define what constitutes a blend — we
assumed any secondary object in the postage stamp

>~ Need a benchmark for comparison = we used Source
Extractor (Bertin & Arnouts 1996)

» How do you prevent overfitting to the simulations?
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Blend Identification

Deep Transfer Learning

224 x 224 X 64

112 X 112 x 128

7 X7 x512 I1x1x1
= )=

o
X

N
(00)
X

ol
N

>~ Aim to avoid over-fitting by limiting which

14 14 x 51p L X 1 X 4096 parts of the network can change
M Convolution + RelLU > The use of natural images avoids fitting
# Max pooling to simulation-specific parameters

== Fully connected + RelLU
Softmax
Example features

extracted by the
VGG-16 network

Convolutional layers pre-trained

with natural images

38

Image (65x65) | Block 1 (224x224) | Block 2 (112x11) Block 3 (56x56) Block 4 (28x28) Block 5 (14x14)



Blend Identification

Results
Small amount of noise added to simulated images Larger amount of noise added to simulated images
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Forward Modelling

E. Centofanti A. Aycoberry F. Lanusse

()

v

Sample (z, 7)

v

Generate galaxy G(z)
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Apply shear and PSF
Evaluate likelihood

Observed tile
» Shared shear
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1. Cosmological motivation

> What are the problems we need to solve?
» How does data play a role in this?
» Why do we need Al and how can we trust the results?

3. Al for cosmological data analysis

» Estimating stellar SEDs from photometric data

> |dentify of blended galaxies in survey data
» Going beyond

2. Weak gravitational lensing

> ‘Observing’ invisible matter

> Technical challenges

4. Future perspectives

» Where can Al take us?
» Accessible tools
» Conclusions
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4. Future perspectives

» Where can Al take us?
» Accessible tools
» Conclusions
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Al Prospects for WL

Al Pros Al Cons

> Lots of proof-of-concept work being done and more full
practical applications are needed. Do these tools work
with real survey data?

>~ Many of the technical challenges presented are well
suited for machine learning solutions as many of them
correspond to complex classification, regression,

segmentation, etc. problems. - Need end-to-end pipeline implementations

, | o | incorporating Al tools. Replace individual components of
> The volume of data we will be dealing with in upcoming

surveys demands efficient ways to extract the maximum
amount of information.

traditional pipelines or skip multiple steps?

- New developments in uncertainty quantification need
to be incorporated into the tools we actually use. We

- Novel new methods are coming out daily for optimally need to trust the results to answer the big questions.

compressing data and inferring cosmological

parameters without needing an analytical likelihood (e.g. e ,
SBI, field-level, etc.) standard Al tools for WL analyses. It you build it they will

come!

> Need to work on providing user-triendly community
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Conclusions

» Despite our ignorance as to the composition of Dark Matter, we can map out the distribution of this invisible
component of the Universe using weak gravitational lensing.

> Despite the simplicity of the premise, there are many places where things can go wrong in a WL analysis
introducing biases that limit our ability to answer the pressing questions in cosmology.

~ Al tools offer efficient ways to solve many challenges we face in the analysis. Example include:
> Data-driven modelling of the PSF of the instrument

» |dentification of blended sources

> Directly inferring the shear field
>~ And more

» Plenty of work is still needed to demonstrate that these tools can be trusted when we are working towards
percent-level measurements of cosmological parameters.

~ With surveys like Euclid preparing their first public data releases (~Oct 2026), there is no better time to get ready!
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