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The Standard Cosmological Model (1)
● The General Relativity describes the gravitation:

→ Mass bends 4D space-time.
→ Massive objects are attracted to each other.

● The Universe is in expansion:

→ Galaxies are moving away from us.
→ Copernician principle: all objects are moving away from another.

● This expansion is accelerated:

→ Need for a Dark Energy / Cosmological constant.

● Most of the matter is invisible:

→ 80% of the matter in the Universe is Dark Matter (DM).

A. Einstein

F. Zwicky V. Rubin

G. Lemaître E. Hubble
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The Standard Cosmological Model (2)

Big Bang

Inflation
Cosmic Microwave Background

Density/Temperature 
fluctuations

Acceleration of the 
expansionCosmic 

‘Soup’

Energy content of the Universe

First stars & galaxies

Large structure formation
(Voids, walls, filaments, nodes)

Gas (~4%) + 
stars (~1%)
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1 Parsec = 3,086 x 1016 meters 
1 Mpc = 106 Parsecs 

Simulations Horizon-AGN
par Yohan Dubois (IAP)

Red: Temperature
Green: Density
Blue: Metallicity
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Blue: Stellar density
1 Parsec = 3,086 x 1016 meters 
1 Mpc = 106 Parsecs 

Simulations Horizon-AGN
par Yohan Dubois (IAP)
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● Largest gravitationally linked structures of the Universe.

● Formed and structured by the gravitation through a 
hierarchical scheme (from small structures to large 
structures).

● Composed of:

→ ~90% Dark Matter (DM).
→ ~9% Intracluster Medium (ICM).
→ ~1% galaxies (stars).

● Dense environments.
    → Interactions between different components through a 
variety of mechanisms.

MACS J0416.1-2403
Blue : X-rays
red/yellow : optical

Galaxy Clusters
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Morphological segregation / quenching of cluster 
galaxies.

→ Ram-pressure stripping.

→ Gravitational interactions.

Cluster Galaxies

Brightest cluster galaxy (BCG)
→ Regularly cannibalize smaller satellite 
galaxies.
→ Usually one, sometimes two in case of 
recent major mergers.



  
8

Intracluster Medium

● Hot, low density gas emitting 
mainly in the X-rays through 
Bremsstrahlung emission.

● Variety of morphologies:

 → Merger imprints (shock fronts, 
cold fronts…).

→ Cool cores / non cool cores.

● Feedback.

→ X-ray observations of galaxy clusters allow to probe their evolutionary state.
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As Cosmological probes.

→ galaxy cluster halo mass function.

Massive DM halo
- Galaxy clusters as tools

As Gravitational lenses.

→ Estimation of total mass 2D distribtion.

→ Study of hight redshift magnified galaxies.
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Formation &  Evolution

● Galaxy clusters are at the junction between cosmology and astrophysics.

● We really need to understand how they form and how they evolve.

● For decades X-rays observations have been the main way to assess the 
evolutionary state of galaxy clusters and to probe their hierarchical 
growth.

→ X-rays flux selected samples are biased towards cool-cores (brighter).

→ An alternative way of probing cluster dynamical state would be quite 
useful.
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→ Intracluster light (ICL) is the faint light occupying the space between 
the galaxies in the image  of a cluster in the optical/infrared wavelengths

.

What is the intracluster light?
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“You spherical bastards!”

- Fritz Zwicky

→ Emitted by intracluster stars, which are not bound to any galaxy in 
particular but rather to the global gravitational potential of the galaxy 
cluster.

→ It was first mentioned (under another name) by F. 
Zwicky (him again!) in a series of papers ranging from 
1937 to 1951.

→ Very low surface brightness 
(μv > 26.5 mag.arcsec-2 ; Mihos et al. 2005).
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Simulation Point-of-view
- Formation scenario

Rudick et al, 2009, 2011

→ Tidal structures (plumes, streams, lines, 
extended halos…) + Large and diffuse halo.

→ Forms through violent gravitational 
interactions.

→ Traces the accretion history of galaxy 
clusters.
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Simulation point-of-view
- General properties and scaling relations

● ICL traces the DM distribution (Montes et al., 2019, Yoo et al., 2022)

● ICL extends up to the splashback radius (~ r200, Deason et al., 2021)

● Metallicity of ICL is similar to the metallicity of cluster galaxies (Contini et al., 2019). 

● ICL forms at z < 1-2 (Murante et al., 2007).

● Massive galaxy clusters have more ICL (Murante et al., 2004).

● At z = 0, unbound stellar material can represent up to 50% of the total stellar mass of a galaxy 
cluster.

→ Observationally we are very far from being able to test all these properties in a statistically 
significant way.
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Credit : Pierre-Alain Duc

Limiting depth : ~26 Mag.arcsec-2
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Credit : Pierre-Alain Duc
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Galaxies 
&

 intracluster stars

Telescope 
(ground or space)

Reduced science 
image

Light
Reduction 
pipeline

● Milky Way stars
● Galactic cirrus
● Foreground galaxies
● Satellite trails
● + others...
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● Scattered light
● Stray light
● Point Spread Function 

Extended wings
● + others...

● Sky background 
estimation

● Source detection
● ICL definitions
● Biases...

Physical Instrumental Analysis

+ +

LSB astronomy requirements
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The intrinsic difficulties 
of ICL detection

● Need to disentangle galaxy surface brightness profiles 
from ICL.

● There is no consensus on a rigorous ICL definition.

● ICL fraction
→   Main metric used to characterize ICL:

● Different ICL definitions (e.g. detection methods) give a 
large discrepancy of results.

Montes et al., 2017

Kluge et al., 2019
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Several ICL definitions  
Surface Brightness Threshold (SBT)

Burke et al. 2015
Montes & Trujillo 2018

Krick et al., 2007→ Galaxy luminosity profiles are masked.

→ Masks defined by a surface brightness threshold 
(usually the Holmberg radius 
(μv > 26.5 Mag.arc-2 ; Mihos et al. 2005)

→ This method is quick and easy to implement but 
results in a loss of information.
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→ Galaxy luminosity profiles are fitted with 
parametric functions, and removed from the image.

→ Traditionally Sérsic profile (GALFIT): → State-of-the-art automatized fitting algorithm with 
CHEFs functions (CICLE).

→ Hard (but possible) to fit an entire galaxy cluster field.

CICLE; Jiménez-Teja et al. 2018

→ ICL is then detected in the residuals.

→ Success depends on the fit quality.

Morishita et al., 2017

Several ICL definitions  
Galaxy Luminosity Profile Fitting (PF)
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Several ICL definitions  
Multiscale analysis

→ Multiscale wavelet transform of the image.

→ Sources detected in the wavelet space.

Da Rocha et al., 2005.

Da Rocha et al., 2005.

→ IDL Package for ICL/IGL 
detection: OV_WAV.

→ Computationally slow and 
expensive!

→ Used in several works (not only ICL/optical wavelength; 
Slezak et al., 1994; Bijaoui et al., 1995; Adami et al., 2005; Da 
Rocha et al., 2008;  Guennou et al., 2012; Dabbech et al., 
2015). 



  

22

→   New generation of telescopes incoming (Euclid,  JWST, 
LSST, MESSIER...)

Euclid Space 
TelescopeVera Rubin Observatory 

Large Synoptic Survey 
Telescope

James Webb 
Space Telescope

→   MANY low surface brightness images will be available.

→   Need to develop strong and efficient algorithms to 
process all these data.

The advance of low surface brightness astronomy

→   Large LSB surveys incoming.

→ Development of a Detection 
Algorithm with Wavelets for 
Intracluster light Studies (DAWIS)
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Finding suitable representation spaces

Representation space ↔ function basis 
(example: Fourier Transform). 

Criteria:
● Nature of the task
● Shape of signal
● Sparsity:

→ All sources are roughly ellipses (except 
for specific features such as PSF crosses, 
tidal streams, satellite trails...). 

→ Different spatial frequencies as well as 
spatial distributions.

Detection
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Wavelet bases 

→ Wavelet are function with a mean of zero (finite 
energy), which make them details detectors.

→ A wavelet basis is constructed by dilating and 
translating the same wavelet function:

→ We define a wavelet transform as:

→ Multiscale transform:  
small scale (localized) large scale (averaged) information.
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The multiresolution framework

→ A bit of a jump:

● Wavelets can be generalized to images (2D).

● Wavelets and their transforms can be discretized.

● Wavelets can be seen as filter banks. 2D Mexican Hat
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The Isotropic Undecimated Wavelet Transform

Fast algorithms: “à trous” algorithm (Holschneider et al., 
1989). 

B3-Spline smoothing filter.

Noise amplitude drops drastically! (Easier to detect ICL)

IUWT (Slezak et al., 1994; Starck et al., 2007)
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Multiresolution Vision Model
Model developed by Bijaoui et al., 1995.

→ Sources are detected.
→ Multiresolution support.

→ Interscale trees link regions of significant 
pixels.

→ Optimization algorithms.

→ Noise properties in wavelet planes.

1 - Noise Modeling 2 – Scale by scale analysis

3 – Interscale connectivity 4 – Restoration step
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Opening a parenthesis:  
The complex case of MACSJ0717.5+3745 and its 
cosmic filament

→ MACSJ0717: large galaxy cluster at redshift ~0.5 with a detected 
cosmic filament to the south-east.

Durret et al., 2016

→ Comparisons between cluster core & filament:
● Galaxy luminosity functions
● Galaxy orientation
● ICL / Intrafilament light?

Ellien et al., 2019

Galaxy density map

Hubble Frontier Field

 → Detection of a galaxy group with tidal 
streams sliding along the filament.



  
29

→ We use DAWIS (the version at the 
time) to restore galaxy luminosity 
profiles in the core of MACSJ0717.

→ Three entire wavelet runs.

→ 4 Filters are processed (F435W, 
F606W, F814W, F105W).

The complex case of MACSJ0717.5+3745 and its 
cosmic filament
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→ ICL fractions consistent 
results with Jimenez-Teja et al., 
2018.

→ Detection of ICL in residuals 
(similar to PF methods). 

Closing a parenthesis:  
The complex case of MACSJ0717.5+3745 and its 
cosmic filament

→ But DAWIS could not detect 
ICL directly in the wavelet 
space. More upgrades were 
needed!

F105W F814W

F606W F435W
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→ Iterative (greedy) approach where bright sources 
are reconstructed in priority (MORESANE, radio 
images). 

→ Way better reconstruction quality of all objects 
but much more CPU-time expansive.

→ Theoretical framework: dictionaries and atoms.

→ A classification (discrimination operator) of the 
objects (atoms) is included in the detection procedure.

Solution
Sparse synthesis-by-analysis approach (Dabbech et al., 2015)

Local restoration strategy
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Atom classification

→ Images is broken into little 
pieces (atoms).

→ What are the significant 
parameters to synthesize ICL?

● Physical size of the atom
● Wavelet scale at which the atom has been detected
● Spatial position of the atom
● Morphological properties of the atom (linearity, 

unimodality...)
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Upgrade for foreground star modeling

→ Restoration of highly anisotropic sources using linear wavelet instead of 
isotropic wavelets.

→ Strongly improves restoration of images containing non-saturated MW 
stars. 

Haar Wavelet

Original DAWIS output
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DAWIS: illustration on real data
Original image 

(MACSJ0717, HFF, F814W)→ First order discrimination operator for ICL based on wavelet scale.
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Ongoing projects
- The LSST LSB Challenge #3: Do observers and simulators 
measure the same quantity of Intracluster Light?

1 Mpc
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Hydrangea Magneticum

14.00 14.25 14.50
0.0

0.1

0.2

0.3

0.4

0.5

0.6

14.00 14.25 14.50

Log10(M200c/M )
14.00 14.25 14.50

Apertures
Ahad
Ellien
Jimenez-Teja
Martinez-Lombilla
Montes
Ragusa

a b c

M
ea

n 
IC

L 
Fr

ac
tio

n
Brough et al., in prep



  
36

Ongoing Projects
- ICL in the UNIONS/CFIS survey

Credit : UNION/CFIS collaboration

→ CFIS-r LSB large scale survey 
(~ 5000 square degrees of the sky).

→ Depth ~ 28,3 mag.arcsec-2 (stacked tiles).

→ Objective: detect ICL in large sample of galaxy 
clusters with DAWIS.

→ Compare to X-rays
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Ongoing projects
- The Euclid ICL working group

Slezak et al., in prep

→ Goal: detection of ICL in thousands of galaxy clusters 
using both VIS and NISP instruments.

→ Need optimization of the current data reduction and 
calibration pipeline, initially not created for LSB astronomy

→ Preparation of the launch using semi-realistic 
simulations (inserting artificial ICL profiles in simulated 
Euclid images).
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Thank You
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