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Lensing clusters 
observations with MUSE 

82 Chapitre 3. Observation des amas de galaxies
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FIGURE 3.8 – Représentation du temps d’exposition finale (en heures) de MUSE pour
chaque amas. Le temps d’exposition peut varier à l’intérieur d’un cube pour les mo-

saïques (MACS1206, RXJ1347, A370 et A2744).

ATLAS

Richard et al. 2021

82 Chapitre 3. Observation des amas de galaxies

2

4

6

8

10

12

14

E
xp

os
ur
e
ti
m
e
(h
rs
)

FIGURE 3.8 – Représentation du temps d’exposition finale (en heures) de MUSE pour
chaque amas. Le temps d’exposition peut varier à l’intérieur d’un cube pour les mo-

saïques (MACS1206, RXJ1347, A370 et A2744).

>150 galaxy clusters 
observed with MUSE

— Kaleidoscope

— Frontier fields

— CLASH

— BUFFALO

— GTO…
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Lensing clusters observations with MUSE 

Foreground 
galaxies

Cluster galaxies

LBG/LAEs

OII emitters ISM emission lines 
(CIV, CIII, HeII…)

Multiple images
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Clusters mass models : 
multiple images

MUSE revolutionised the cluster lensing 
modeling power


Provide accurate mass models for the 
study of background galaxies

A&A proofs: manuscript no. paper

B21
New images

BCG-N

BCG-S

Foreground galaxy

Gal-8971

Fig. 1. Color-composite image (credits NASA/ESA) of the galaxy cluster M0416. White circles show the sample of 182 multiple images in
common with the lens model by Bergamini et al. (2021). The new 55 images added to the previous ones and used to optimize the lens model
described in this work are plotted in red. A blue circle marks the galaxy optimized separately from the cluster member scaling relations (see
Sect. 3). Colored squares highlight the systems of multiple images analyzed using a new forward modeling approach (described in Sect. 4) that
provides a further validation of our lens model. The two BCGs (BCG-N and BCG-S) and a foreground galaxy at z = 0.112 are encircled in gray.

2020). M0416 is a massive, as found from weak-lensing stud-
ies (Umetsu et al. 2014)1, and X-ray luminous (Mann & Ebeling
2012) galaxy cluster at redshift z = 0.396. The system presents a
complex and mostly bi-modal mass distribution, which is likely
the result of a pre-collisional phase (Balestra et al. 2016). In ad-
dition, its highly elongated geometry, typical of merging clus-
ters, makes M0416 a remarkably e�cient gravitational lens com-
pared to other cluster lenses, as illustrated by the first strong lens-
ing analysis (Zitrin et al. 2013). Taking advantage of the CLASH
imaging data and the CLASH-VLT spectroscopic follow-up pro-
gram (Balestra et al. 2016), Grillo et al. (2015) presented a
1 With a mass estimate of M200c = (1.04 ± 0.22) ⇥ 1015 M�.

strong lensing model of M0416 including 30 spectroscopic mul-
tiple images from 10 di↵erent sources. Subsequent parametric
and free-form studies were carried out, combining weak and
strong lensing analyses and testing the impact of line-of-sight
mass structures (Jauzac et al. 2014; Richard et al. 2014; Jauzac
et al. 2015; Hoag et al. 2016; Chirivì et al. 2018). In particular,
Hoag et al. (2016) included spectroscopic data from the Grism
Lens-Amplified Survey from Space (GLASS, Treu et al. 2015),
resulting in 30 secure multiple images belonging to 15 distinct
sources. A high-precision strong lens model exploiting the first
MUSE observations of M0416, that lead to the identification
of a large sample of 102 spectroscopic multiple images from

Article number, page 2 of 16

Bergamini et al. 2023

237 spectroscopically 
confirmed multiple images in 

MACS0416

MUSE lens models are used 
for all lensing clusters 

observations: HST, JWST… 
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Dark matter profile within the clusters

HST RGB image + MUSE contours Velocity dispersion BCG

Constrain the inner slope of the dark matter profile

MUSE 
1hr

Keck/LRIS 
6.6 hrs

C. Cerny & M. 
Jauzac (Durham)
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Resolve distant galaxies kinematics Source plane Image plane

A. Jeanneau
16 Patŕıcio et al.

Figure A2. As Fig. A1 but for A370-sys1.

Figure A3. M1206-sys1 signal-to-noise ratios maps of H↵ and
[N ii]�6585 (left and middle panels) and ratio of the two (right
panel).

and O2. The proximity of H↵ and [N ii] �6585 makes the
di↵erential dust attenuation between these two lines small
enough that it is still reliable to derive metallicities not
including dust correction.

APPENDIX C: 2D MAPS IN SOURCE PLANE

We use lenstool to correct the image plane maps of metal-
licity, extinction and SFR densities for lensing distortions

and plot the results in Figures C1, C2 and C3. For A370-
sys1 and M1206-sys1, we reconstruct the di↵erent multiple
images separately. We can see that in the case of A370-sys1
(Fig. C2) the results from the di↵erent multiple images are
sightly di↵erent, as it is expected since they come from dif-
ferent voxels in the data cube, but show a global agreement,
with higher metallicities, E(B-V) and SFRs in the centre of
the galaxy. AS1063-arc also displays higher metallicity and
E(B-V) values at the centre of the galaxy. However, E(B-V)
is also high in the region of higher star-formation rates, at
the edge of a spiral arm.

This paper has been typeset from a TEX/LATEX file prepared by
the author.

MNRAS 000, 1–16 (2019)

Patricio et al. 2019

Map emission line properties at a sub-kpc scale at z>1


Get resolved galaxy properties (metallicity, extinction, 
SFR…)


Measure OII kinematics and constrain the internal DM 
profil within SFing galaxies
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Probe faint LAEs
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Lensing + MUSE 
probe very faint 

LAEs
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Resolve spatially the Lyman-alpha haloes
168 Chapitre 7. Propriétés résolues des halos Lyman-a
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FIGURE 7.1 – Gauche : Images couleurs produites à partir des images HST de l’amas
SMACS2031. L’émission Lyman-a détectée pour le système 1 dans MUSE et intégrée
dans l’image Narrow-Band est représentée en rose. Les numéros verts indiquent la
numérotation des images multiples qui sera utilisée dans le reste du chapitre. Droite :

Même chose pour l’amas MACS0940 et le système 1.

entre les mesures effectuées sur les quatre images multiples due à la faible qualité des images HST
pour cet amas (cf Chapitre 3). Cette galaxie est également très brillante en UV avec une magnitude
de �20.60 ± 0.52. Cet objet présente un offset entre l’émission Lyman-a et l’émission UV, mesuré
dans le plan source, de 0.40 kpc. Cet offset est très légèrement inférieur à l’étendue de l’émission
UV (Dell = 0.96). L’émission UV de cette galaxie est particulièrement grumeleuse, on peut détecter
dans l’image numéro 1.3 jusqu’à 8 grumeaux distincts d’émission UV. Cette structure produit un
offset entre le pic d’émission UV et le centroïdz UV mesuré par le modèle dans le plan source de
0.12 kpc très significatif (supérieur à 3 pixels HST). Enfin on ne détecte aucun pic bleu dans le
profil d’émission Lyman-a selon les critères énoncés au Chapitre 6.

La Figure 7.1 montre les images HST des 2 amas et l’émission Lyman-a observées avec MUSE
des deux systèmes (en rose). Afin de mesurer les propriétés des profils Lyman-a, j’ai ajusté les
raies avec un modèle de gaussienne asymétrique (présenté dans le Chapitre 4, Equation 4.1). Dans
un premier temps, j’ai étudié les propriétés des raies Lyman-a dans chaque pixel. Les ajustements
ont été effectué grâce à la librairie python EMCEE avec 10000 steps, 8 walkers et les paramètres
spectraux mesurés sur le spectre intégré comme a priori. Grâce à la profondeur des observations
MUSE de ces deux amas (8 heures d’observation chacun) le rapport signal sur bruit S/N de la raie
Lyman-a par pixel être suffisamment élevé pour correctement ajuster ces spectres avec le modèle
de raie.

La Figure 7.2 montre les variations des paramètres de la raie Lyman-a observés dans les cartes
pixel par pixel pour les deux objets. Ces premières cartes permettent déjà d’apercevoir des varia-
tions à travers le halo. On observe pour la source dans SMACS2031 une tendance à ce que la raie
Lyman-a soit plus bleue (i.e. le décalage spectral entre la vitesse systémique du gaz et le pic de la
raie Lyman-a DVLya est plus faible) au centre du halo, où la brillance de surface de l’émission est
plus importante. La même tendance est observée dans le halo de la source de MACS0940. Cepen-
dant pour cette source, on remarque que l’image multiple la plus amplifiée (l’image numéro 1.4)

Map the Lyman-alpha emission across 
the haloes


Measure spatial and spectral 
properties of the faint and distant LAEs

Claeyssens et al. 2019
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Resolve spatially the Lyman-alpha haloes

Claeyssens et al. 2019

Map the Lyman-alpha emission across 
the haloes


Measure spatial and spectral 
properties of the faint and distant LAEs
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What is next with 
BlueMUSE ?

21



Lensing clusters sciences cases with BlueMUSE

Madau & Dickinson 2010, Richard et al. 2019

— Collect more multiple images, 
especially at z=1.8-4


— Extend the magnified LAEs 
study down to z=1.8


— Study substructures in giant 
arcs at Cosmic Noon 


— Study the CGM in absorption 
thanks to giant arcs
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Multiple images and cluster mass models

Richard et al. 2019, Mahler et al. 2018
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Figure 18: (adapted from Mahler et al. 2018): Redshift
measurements over a 2⇥2 MUSE mosaic of the Fron-
tier Field cluster Abell 2744. The white line delineates
the region where we expect multiple images in the clus-
ter core. The cyan region shows the size of BlueMUSE
FoV. Coloured circles identify spectroscopically confirmed
background galaxies lensed by the cluster. The red-
shift histogram from MUSE shows that we miss most of
z = 2 � 3 sources and will find them with BlueMUSE
(hatched histogram).

arcsec or more in a single image) in Lyman-↵. By moving to z = 2 the number of such high
redshift giant arcs increases significantly, allowing us to probe very small scales in the source
plane (< 1 kpc, Patŕıcio et al. 2016, Johnson et al. 2017, Claeyssens et al. submitted). These
giant arcs are perfect laboratories to study the mechanisms of Lyman-↵ and UV emission,
and their high continuum level make them unique background sources for resolved CGM
absorption studies (e.g., Lopez et al. 2018, see also the gas flows science case §5.2.3)

• Critical line mapping: Mapping a significant fraction of the surroundings of the critical lines
with BlueMUSE has additional interests. The identification of new multiple images with
spectroscopic redshifts along the critical lines will help further improve the mass distribution
models of the clusters. The spectroscopic identification of several multiple images at di↵erent
redshifts allows us to constrain the cosmological parameters (e.g., Jullo et al. 2010). Compared
to blank fields, isolated emission lines in strong-magnification regions can be easily classified
as either high-z or low-z interlopers through multiple-imaging considerations.

Uniqueness of BlueMUSE:
(1) the discovery space in redshift allowed by the blue wavelengths, probing a larger number

of faint background galaxies and multiple images compared to any other instrument. The cluster
members also contaminate less in continuum at blue wavelengths (the lens is more transparent).
This is crucial when searching for multiple images in the very core of the clusters, which are usually
demagnified and obscured by bright foreground emission but give unique constraints on the central
mass distribution.

(2) The FoV of BlueMUSE perfectly fits the typical Einstein radii of z = 0.2 � 0.5 massive
clusters (such as the Frontier Fields, e.g., Richard et al. 2014) and the region of multiple images.
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Figure 18: (adapted from Mahler et al. 2018): Redshift
measurements over a 2⇥2 MUSE mosaic of the Fron-
tier Field cluster Abell 2744. The white line delineates
the region where we expect multiple images in the clus-
ter core. The cyan region shows the size of BlueMUSE
FoV. Coloured circles identify spectroscopically confirmed
background galaxies lensed by the cluster. The red-
shift histogram from MUSE shows that we miss most of
z = 2 � 3 sources and will find them with BlueMUSE
(hatched histogram).

arcsec or more in a single image) in Lyman-↵. By moving to z = 2 the number of such high
redshift giant arcs increases significantly, allowing us to probe very small scales in the source
plane (< 1 kpc, Patŕıcio et al. 2016, Johnson et al. 2017, Claeyssens et al. submitted). These
giant arcs are perfect laboratories to study the mechanisms of Lyman-↵ and UV emission,
and their high continuum level make them unique background sources for resolved CGM
absorption studies (e.g., Lopez et al. 2018, see also the gas flows science case §5.2.3)

• Critical line mapping: Mapping a significant fraction of the surroundings of the critical lines
with BlueMUSE has additional interests. The identification of new multiple images with
spectroscopic redshifts along the critical lines will help further improve the mass distribution
models of the clusters. The spectroscopic identification of several multiple images at di↵erent
redshifts allows us to constrain the cosmological parameters (e.g., Jullo et al. 2010). Compared
to blank fields, isolated emission lines in strong-magnification regions can be easily classified
as either high-z or low-z interlopers through multiple-imaging considerations.

Uniqueness of BlueMUSE:
(1) the discovery space in redshift allowed by the blue wavelengths, probing a larger number

of faint background galaxies and multiple images compared to any other instrument. The cluster
members also contaminate less in continuum at blue wavelengths (the lens is more transparent).
This is crucial when searching for multiple images in the very core of the clusters, which are usually
demagnified and obscured by bright foreground emission but give unique constraints on the central
mass distribution.

(2) The FoV of BlueMUSE perfectly fits the typical Einstein radii of z = 0.2 � 0.5 massive
clusters (such as the Frontier Fields, e.g., Richard et al. 2014) and the region of multiple images.

BlueMUSE

Significant increase of the multiple 
images at z=1.8-4
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Magnified LAEs at z=1.9-4

A. Claeyssens J. Richard and friends: The Lensed Lyman-Alpha MUSE Arcs Sample (LLAMAS)
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Fig. 14. Lyman-↵ line of LASD/COS galaxy J0820p5431, simulated at
z = 3 with a peak separation of 250 km/s. The grey spectrum shows the
line at the original COS spectral resolution, the red spectrum shows the
line concolved at the MUSE LSF (165 km/s in FWHM at z = 3) and
pixel scale (1.25 A), while the blue spectrum shows the prediction for
the future BlueMUSE LSF (82 km/s at z = 3) and pixel scale (0.62 Å).
At MUSE resolution, one asymmetric peak is detected while the two
peaks are well-separated in the BlueMUSE spectrum.

R ⇠ 4, 000 � 11, 000 depending on the slit width (see Matthee
et al. 2021 for an example of z = 2 Lyman-↵ lines studied with
XShooter). However, XShooter beeing a slit spectroscopy instru-
ment, it does not allow to perform large field of view surveys as
panoramic IFUs. The arrival of BlueMUSE will be highly valu-
able to detect hundreds of LAEs at z = 1.9�4 with a high spectral
resolution.

6. Conclusions

We present the spectral properties of the LAEs from the Lensed
Lyman-Alpha MUSE Arcs Sample (LLAMAS, Claeyssens et al.
(2022)). The LLAMAS represents the largest statistical sample
of lensed Lyman-↵ spectra observed with MUSE. We charac-
terise 539 Lyman-↵ lines. Thanks to the lensing magnification
we reach very high S/N ratio (up to 100 in the integrated Lyman-
↵ red peak) and faint LAEs (down to log(LLy↵) = 39.5 erg/s) at
all redshift between z = 2.9 and z = 6.6). On the complete range
of redshift, the LLAMAS is therefore deeper than the deepest
MUSE survey MXDF (Bacon et al. (2023)). The full sample of
LLAMAS spectra will be made publicly available on the LASD
website (Runnholm et al. (2021)). We measure the spectral prop-
erties of the Lyman-↵ lines and present the main properties of the
LLAMAS galaxies compared with literature samples. Our main
conclusions are the following:
– We measure a strong and systematic e↵ect of the MUSE LSF
and resolution on the recovering of line width (cf Figures 5 and
7). We estimated this e↵ect and corrected the measured �Ly↵
from this bias.
– We measure a significant trend between the redshift and
Lyman-↵ line width (cf Figure 7). Higher redshift LAEs present
on average smaller �Ly↵. This trend can not been explained only
by the MUSE instrumental e↵ect and/or the IGM absorption in-
creasing with redshift (cf Figure 13).
– We detect nebular emission lines from 45 LLAMAS galaxies.
The luminosity of the nebular emission is directly correlated to
the Lyman-↵ luminosity of the galaxies. (cf. Fig. 9) However, we
do not measure any correlation between the velocity dispersion

of the nebular and Lyman-↵ lines. The strength of the Lyman-↵
emission seems to be directly correlated to the star formation ac-
tivity, however the Lyman-↵ line shape does not seem to relate to
the ISM properties (as shown in recent simulations from Blaizot
et al. 2023).
– We detect 49 spectra with a double-peak Lyman-↵ profile. This
represents 8% of the total LLAMAS and 17% of the z < 4.2
galaxies. This fraction evolves with the depth of the observa-
tions (estimated through the S/N, equivalent observing time and
lensing magnification, cf Fig. 2) and is consistent with other
z > 2 samples of LAEs. The fraction of double-peak profiles
also increases with the intrinsic Lyman-↵ luminosity, more lu-
minous LAEs have more chance to show a double-peak emer-
gent Lyman-↵ line (cf Fig. 11). This result is consistent with the
measurements at low and high redshift from Hayes et al. (2021).
– With the exception of the double-peak prominence, we do
not measure any variation of the LAE spectral properties with
Lyman-↵ luminosities from log(LLy↵) = 39.5 to 43 erg/s (cf
Fig. 11).
– Using the low redshift (z < 0.44) Lyman-↵ spectra and the
method presented in Hayes et al. (2021), we estimated the av-
erage e↵ect of the IGM transmission on the emergent Lyman-↵
line properties (cf Fig. 13). The IGM is not strongly a↵ecting the
line velocity dispersion, velocity shift and peak separation in the
case of two emission peaks. Interestingly, the IGM absorption
e↵ect is not strong enough at z < 4 to explain the drop in the
double-peak fraction between z < 0.44 and 3 < z < 4 galaxies.
– We compare the spectral properties of the LLAMAS spectra to
the COS spectra at z < 0.44 and found consistent distributions.
The LLAMAS galaxies present similar emergent Lyman-↵ line
as the one measure at low redshift, even after taking in account
the resolution e↵ect of the MUSE instrument.
– We show that the MUSE spectral resolution is probably
strongly a↵ecting the fraction of double-peaks detected as its res-
olution power at z < 4 does not allow to detect two peaks with
a peak separation lower than 200 km/a (cf Fig. 14). The future
BlueMUSE instrument will allow us to detect more double-peak
profiles at 1.9 < z < 4 with a similar field of view on the sky.
Acknowledgements.
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Extent the study of magnified LAEs 
down to z=1.9
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Cosmic noon galaxies 
Luminosity Distance effect: probing at z=2 the very low-mass end of the luminosity 
function - dwarf galaxy population and analogues to sources of reionisation.


Alavi et al. 2016
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Giant arcs at z=1.5-3

Johnson et al. 2018

Bright giant arcs are more 
numerous at z=1.5-4


Cosmic noon galaxies have very 
clumpy morphologies


Resolve structures within the ISM 
and the CGM

Great synergy with LSST 
and Euclide to follow-up on 

clusters with giant arcs
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Patricio et al. 2016: 

high SNR spectrum at z=3.5

Giant arcs at z=2-3

Bright giant arcs are more 
numerous at z=1.9-4


Cosmic noon galaxies have very 
clumpy morphologies


Resolve structures within the ISM 
and the CGM


Strong potentiel for resolving UV 
absorption lines spatially across 
normal star-forming galaxies
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Giant arcs at z=2-3 29

Break the degeneracies 
of complex QSO 
selection function


Probe CGM up to 100 
kpc with a 4 kpc 
sampling


Continuous sampling of 
enriched gas


Individual halos in one 
shot CGM in absorptions at 

large scale 

Tejos et al. 2020
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Figure 18: (adapted from Mahler et al. 2018): Redshift
measurements over a 2⇥2 MUSE mosaic of the Fron-
tier Field cluster Abell 2744. The white line delineates
the region where we expect multiple images in the clus-
ter core. The cyan region shows the size of BlueMUSE
FoV. Coloured circles identify spectroscopically confirmed
background galaxies lensed by the cluster. The red-
shift histogram from MUSE shows that we miss most of
z = 2 � 3 sources and will find them with BlueMUSE
(hatched histogram).

arcsec or more in a single image) in Lyman-↵. By moving to z = 2 the number of such high
redshift giant arcs increases significantly, allowing us to probe very small scales in the source
plane (< 1 kpc, Patŕıcio et al. 2016, Johnson et al. 2017, Claeyssens et al. submitted). These
giant arcs are perfect laboratories to study the mechanisms of Lyman-↵ and UV emission,
and their high continuum level make them unique background sources for resolved CGM
absorption studies (e.g., Lopez et al. 2018, see also the gas flows science case §5.2.3)

• Critical line mapping: Mapping a significant fraction of the surroundings of the critical lines
with BlueMUSE has additional interests. The identification of new multiple images with
spectroscopic redshifts along the critical lines will help further improve the mass distribution
models of the clusters. The spectroscopic identification of several multiple images at di↵erent
redshifts allows us to constrain the cosmological parameters (e.g., Jullo et al. 2010). Compared
to blank fields, isolated emission lines in strong-magnification regions can be easily classified
as either high-z or low-z interlopers through multiple-imaging considerations.

Uniqueness of BlueMUSE:
(1) the discovery space in redshift allowed by the blue wavelengths, probing a larger number

of faint background galaxies and multiple images compared to any other instrument. The cluster
members also contaminate less in continuum at blue wavelengths (the lens is more transparent).
This is crucial when searching for multiple images in the very core of the clusters, which are usually
demagnified and obscured by bright foreground emission but give unique constraints on the central
mass distribution.

(2) The FoV of BlueMUSE perfectly fits the typical Einstein radii of z = 0.2 � 0.5 massive
clusters (such as the Frontier Fields, e.g., Richard et al. 2014) and the region of multiple images.

Conclusions

Increase the multiple 
images detection / quality 
of the lens models

Luminosity function 
faint galaxies at z=2

Large scale CGM in 
absorption

Small scale CGM 
morphologie in Lya 

Faint LAEs at z=1.8-4

Small scale ISM 
mapping 

Giant arcs

BlueMUSE on Lensing clusters

Dark matter profile of 
the galaxy cluster
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