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ABSTRACT

Context. This paper presents a study of the galaxy Lyman-alpha luminosity function (LF) using a large sample of 17 lensing clusters
observed by the Multi Unit Spectroscopic Explorer (MUSE) at the ESO Very Large Telescope (VLT). The magnification resulting
from strong gravitational lensing by clusters of galaxies and MUSE spectroscopic capabilities allows for blind detections of LAEs
without any photometric pre-selection, reaching the faint luminosity regime.

Aims. The present work aims to constrain the abundance of Lyman-alpha emitters (LAEs) and quantify their contribution to the total
cosmic reionization budget.

Methods. We selected 600 lensed LAEs behind these clusters in the redshift range of 2.9 < z7 < 6.7, covering four orders of magnitude in
magnification-corrected Ly-a luminosity (39.0 < log(L)[erg s~'] < 43.0). These data were collected behind lensing clusters, indicating
an increased complexity in the computation of the LF to properly account for magnification and dilution effects. We applied a non-
parametric Vy,,x method to compute the LF to carefully determine the survey volume where an individual source could have been
detected. The method used in this work follows the recipes originally developed in previous works, with some improvements to better
account for the effects of lensing when computing the effective volume.

Results. The total co-moving volume at 2.9 < z < 6.7 in the present survey is ~50 103 Mpc>. Our LF points in the bright end (log(L)
[ergs™!] > 42) are consistent with those obtained from blank field observations. In the faint luminosity regime, the density of sources
is well described by a steep slope, @ ~ —2 for the global redshift range. Up to log(L) [ergs™'] ~41, the steepening of the faint end
slope with redshift, suggested in earlier works, is observed, but the uncertainties are still large. A significant flattening is observed
towards the faintest end, for the highest redshift bins, namely, log(L)[ergs™'] <41.

Conclusions. When taken at face value, the steep slope at the faint-end causes the star formation rate density (SFRD) to dramatically
increase with redshift, implying that LAEs could play a major role in the process of cosmic reionization. The flattening observed
towards the faint end for the highest redshift bins still requires further investigation. This turnover is similar to the one observed for
the UV LF at z > 6 in lensing clusters, with the same conclusions regarding the reliability of current results. Improving the statistical
significance of the sample in this low-luminosity high-redshift regime is a difficult endeavour that may lead to potentially valuable
leads in understanding the process of reionization.
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1. Introduction ture of the Universe eventually cooled down enough for elec-

trons and protons to combine to form neutral hydrogen atoms.
A few hundred thousand years after the Big Bang, the Universe Objects started to collapse under gravity to form the first stars
entered the Dark Ages, there were no light sources other than the and galaxies. The photons from these first structures, at a redshift
cosmic microwave background (CMB) radiation. The tempera- range of 6 < z < 12, started to ionize the surrounding
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environments. The Universe entered the cosmic reionization era
and was fully ionized at redshift z ~ 6, according to observa-
tions of the Gunn Peterson trough from quasar spectra (Fan et al.
2006; Goto 2006).

Hydrogen is the most abundant element in the Universe
and the Ly-a transition is a major tool in its exploration.
Partridge & Peebles (1967) predicted the existence of this
transition in high-z galaxies, Lyman-alpha emitters (LAEs)
and this was confirmed in the mid-1990s using both large
(8—-10m) ground-based telescopes and the Hubble Space Tele-
scope (HST). Since then, the Lyman-a emission has become one
of the key tools to explore the Universe at the cosmic reioniza-
tion stage, and LAEs have been found at a wide range of red-
shifts, up to z ~ 9 (see e.g., Oesch et al. 2015; Claeyssens et al.
2022; de la Vieuville et al. 2019; Richard et al. 2021).

The main sources responsible for cosmic reionization
are still a matter of debate. It is evident that quasars are
unlikely to play an important role (see, e.g., Willott et al. 2010;
McGreer et al. 2013). Star-forming galaxies, such as LAEs and
Lyman break galaxies (LBGs), are the more likely sources
based on numerous observations (see, e.g., Robertson et al.
2013, 2015; Bouwens et al. 2015a). Their contribution to cosmic
reionization is quantified via the SFRD. This, in turn, strongly
depends on the shape of the galaxy luminosity function, partic-
ularly at the faint end, and on the escape fraction of ionizing
photons that mainly relates to HI opacity, covering factor, dust
content, and geometrical considerations (Giavalisco et al. 1996;
Kunth et al. 1998; Hayes et al. 2014).

The galaxy luminosity function (hereafter LF) is the num-
ber of galaxies in a given luminosity range per unit co-moving
volume. A popular parametric form of the function was pro-
posed by Schechter (1976) and has been used extensively since
then. The LF also puts a strong constraint on theoretical models
of galaxies formation (Mao et al. 2007; Kobayashi et al. 2007).
The Schechter LF has three parameters: @, the normalization
factor; L*, the characteristic luminosity defining the transition
between the exponential part of the function (at bright luminos-
ity) and the power law part (at faint luminosity); and «, the faint
end slope. All three parameters have been studied extensively
for LAEs. Fixing the faint end slope at the fiducial values of
—1.8 at z = 0.5 and —-2.5 at z = 7, the evolution of the other
two parameters (®* and L*) as a function of redshift can be
roughly summarized as follows: they rise up in the range 0-3
(Deharveng et al. 2008), moderate-to-no evolution from z ~ 3
to z ~ 6 (Ouchi et al. 2008), and then drop down beyond z ~ 6
(Kashikawa et al. 2011).

Much progress has been made studying the LAE LF in
the bright luminosity regime, namely, log(L) [ergs™']>42 (see
a recent review by Ouchi et al. 2020). Spinoso et al. (2020)
studied hyper-LAEs (log(L) [ergs™']>10%3) in the redshift
range of 2.2 < z < 3.3 from Javalambre Photometric Local
Universe Survey (J-PLUS), reporting a Schechter slope of
a = -135+0.84. Using a sample of 166 LAEs at z ~
3.1 obtained from Subaru Suprime-Cam, covering luminos-
ity range of log(L)[ergs™']=42-43.5, Guo et al. (2020) found
log (¢*)=-3.30"0% and log(L*) =42.91*)}3, while the slope
value of @ was fixed at —1.6. At higher redshifts, Konno et al.
(2018) constructed the LF from 1266 LAEs for redshifts z = 5.7
and z = 6.6 obtained from Subaru/Hyper Suprime-Cam survey,
with luminosities in the range of 10*3-438 ergs~! They mea-
sured steep slopes of @ = —2.6f8:g and —2.5f8:§ at z = 5.7 and
z = 6.6, respectively. Itoh et al. (2018) studied 34 LAEs also
observed by the Subaru Telescope at an even higher redshift,
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z ~ 7.0, covering a sky area of 3.1 deg?. However, in most stud-
ies the steep faint end slope is considered as a fixed parame-
ter due to the lack of sources observed at faint luminosities, for
instance, @« = —2.5 in this case. This value was also assumed
by Konno et al. (2014) to study LAEs at redshift z ~ 7.3. More
data at faint luminosities are necessary to constrain the faint-end
slope.

Recently, 3D/IFU spectroscopy in pencil beam mode,
obtained with the Multi Unit Spectroscopic Explorer (MUSE)
of the ESO Very Large Telescope (VLT) has allowed for detec-
tions of faint LAEs in the redshift range of 2.9 < z < 6.7.
With a sample of 604 LAEs probing down to a luminosity of
log(L) [ergs™']<41.5 obtained from the MUSE Hubble Ultra
Deep Field Survey, Drake et al. (2017) measured faint end slope
values of —2.03*(¢7 at z ~ 3.44 and —2.86*%,/° at z ~ 5.48.
The MUSE-Wide survey probed 237 LAEs with luminosities in
the range of 42.2 <log(L) [erg s711<43.5 (Herenz et al. 2019).

These authors measured the three parameters: @@ = —1.84704%,

logL*[ergs™'] =42.2%022 and log®*[Mpc ] = —2.71 and found
no evolution of the LF in the explored redshift range of 2.9 <
7<6.7.

The Lensed Lyman-Alpha MUSE Arcs Sample (LLAMAS)
project, which is part of MUSE Lensing Cluster Survey (PI:
J. Richard, Richard et al. 2021, Claeyssens et al. 2022), helps
to reach the fainter luminosity regime, thanks to magnifica-
tion from strong gravitational lensing. DLV19 studied a sam-
ple of four lensing clusters, including 156 LAEs with lumi-
nosities in the range 39 <log(L)[ergs™'] < 43. The present work
extends the previous study to a sample of 17 clusters presented
in Claeyssens et al. (2022), probing the same luminosity range
but with about four times as many sources, namely, about 600
LAESs. With this unprecedented dataset, we expect to set strong
constraints on the faint-end shape of the LF, as well as its evolu-
tion with redshift, and, hence, on the contribution of LAE popu-
lation to cosmic reionization.

The structure of the paper is as follows. In Sect. 2, we briefly
describe the MUSE cubes used, together with their ancillary
HST data. Mass models for lensing clusters and flux measure-
ments of LAEs are presented in Sect. 3. We summarize the
method used for the construction of the LF in Sect. 4. Results
of LF fitting are presented in Sect. 5. Our results in comparison
with previous ones and the implications for cosmic reionization
are discussed in Sect. 6. Our conclusions are given in Sect. 7.
Throughout the paper, we adopt the following cosmology param-
eters Q,, = 0.3 and Q, = 0.7, with Hy = 70km s~} Mpc‘l.

2. Data
2.1. MUSE data cube

The Multi Unit Spectroscopic Explorer (MUSE) is installed on
the Yepun telescope of the ESO Very Large Telescope (VLT;
Bacon et al. 2010). It has a spectral resolution of R ~ 3000 and a
field of view (FoV) of ~1’ X 1’ in wide field mode (WFM). The
MUSE datacubes in the present work have two sky plane coordi-
nates and one wavelength coordinate. The sky plane coordinates
have ~300x 300 spatial pixels, each measuring 0.2 x 0.2 arcsec?.
The wavelength coordinate has 3681 channels ranging from
4750 A t0 9350 A effectively detecting Lyman-a emission at red-
shifts of 2.9 <z < 6.7.

The data reduction for the first sample of twelve lensing
clusters is described in Richard et al. (2021; hereafter R21).
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Table 1. Information of 17 lensing clusters (18 fields) observed by MUSE/VLT.

Cluster RA Dec z Programme ID Notes Seeing MUSE N. LAEs
value depth (hrs)
A2390 21:53:36.823  +17:41:43.59 0.228 094.A-0115 075 2 7
A2667 23:52:28.400 —6:05:08.00 0.233 094.A-0115 0.62 2 14
A2744 00:14:20.702 -30:24:00.63 0.308 094.A-0115, MACS, FF 0.61 3.5-7 128
095.A-0181,
096.A-0496
A370 02:29:53.122  -01:34:56.14 0.375 094.A-0115, FF 0.66 1.5-8.5 41
096.A-0710
AS1063 22:48:43.975 -44:31:51.16 0.348 60.A-9345, FF 1.02 39 20
095.A-0653
BULLET 06:58:38.126 —55:57:25.87 0.296 094.A-0115 056 2 11
MACS0257  02:57:41.070 —-22:09:17.70 0.322 099.A-0292, MACS 052 8 24
0100.A-0249,
0103.A-0157
MACS0329  03:29:41.568 —02:11:46.41 0.450 096.A-0105 MACS, 069 25 16
CLASH
MACS0416N 04:16:09.144 —-24:04:02.95 0.397 094.A-0115, MACS, 053 17 45
0100.A-0763 CLASH, FF
MACS0416S  04:16:09.144 —-24:04:02.95 0.397 094.A-0525 MACS, 0.65 11-15 32
CLASH, FF
MACS0451  04:51:54.647 +00:06:18.21 0.430 098.A-0502, MACS 058 8 21
0104.A-0489,
106.218M
MACS0520  05:20:42.046 —13:28:47.58 0.336 098.A-0502, MACS 057 8 19
0104.A-0489,
106.218M
MACS0940  09:40:53.698 +07:44:25.31 0.335 098.A-0502, MACS 0.571 8 48
0101.A-0506
MACS1206  12:06:12.149 —08:48:03.37 0.438 095.A-0181, MACS, 0.521 4-9 49
097.A-0269 CLASH
MACS2214  22:14:57.292 —-14:00:12.91 0.502 099.A-0292, MACS 055 7 17
0101.A-0506,
0103.A-0157,
0104.A-0489
RXJ1347 13:47:30.617 —11:45:09.51 0.451 095.A-0525, MACS, 0.551 2-3 72
097.A-0909 CLASH
SMACS2031 20:31:53.256 —40:37:30.79 0.331 60.A-9100 MACS 0.79 10 20
SMACS2131 21:31:04.831 —40:19:20.92 0.442 0101.A-0506, MACS 059 7 16
0102.A-0135,
0103.A-0157
Total: 107-128 600

They made use of the recipes by Weilbacher et al. (2020) with
some improvements for crowded fields such as lensing clus-
ters. The same procedure was applied for the five new datacubes
(MACS0451, MACS0520, A2390, A2667, and AS1063). These
clusters have been observed both with Adaptive Optics and
in standard modes (WFM-NOAO-N), except for the BULLET
cluster (WFM-NOAO-E), which has a spectral range slightly
extended towards the ultraviolet. These observations are well
centered on the core regions of the clusters to maximize the
chances to detect strong emissions of LAEs. The seeing values,
namely, the full width at half maximum (FWHM) of the point
spread function (PSF) at 700 nm, vary from 0.52 to 1.02 arcsec
among clusters of the sample. Integration times vary from 2 to
14 h. Detailed information of the 17 clusters used in this work is
shown in Table 1.

2.2. Sample of lensing clusters

The redshifts of the lensing clusters range between 0.2 < z <
0.6. These are sufficient to detect LAEs as background sources,
with redshifts in the range of 2.9 < z < 6.7. These data are part
of the Lensed Lyman-Alpha MUSE Arcs Sample (LLAMAS)
project, with LAEs selected from MUSE and HST observations.
The HST observations of each lensing cluster have at least one
high-resolution broadband filter available to warrant an overlap-
ping with MUSE spectral range. The preliminary mass models
of these clusters were built based on HST observations and have
been particularly useful in guiding the location of the MUSE
fields relatively to the critical lines and the regions hosting mul-
tiple images. We refer to R21 and Claeyssens et al. (2022), as
well as Sect. 3 of this work, for the updated and detailed lensing
models adopted for these clusters.
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Fig. 1. MUSE exposure maps overlaid with HST/F814W images adapted from R21.

The present sample includes 17 cluster fields with 18 dat-
acubes observed by the MUSE GTO program. Three of them,
A2390, A2667, and A2744, have been studied before DLV 19, but
have since been re-reduced to have better quality data in terms of
S/N. Three clusters, A2744, A370, and RXJ1347, were observed
in mosaic mode with 2 X 2 MUSE FoVs, and MACS1206 was
observed with 3x 1 MUSE FoVs. The northern part of MACS0416
was observed by an ESO program 0100.A-0764 (PI: Vanzella),
which was then combined with the GTO observation to produce
an improved datacube in terms of exposure time.

As shown below, with the present sample of lensed LAE:s, it
is possible to construct a more robust LF than the previous work
of DLV19. Our sample probes the same four orders of magni-
tude in Lyman alpha luminosity, down to 10* ergs~!; however,
we have significantly improved upon the galaxy luminosity dis-
tribution in terms of statistics and we provide a better coverage
at the faint end. Information on these clusters and the number of
LAEs behind them is shown in Table 1.

The complementary HST data, in addition to building lens
models of clusters mentioned earlier, are also needed to detect
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sources. The deep auxiliary HST data are listed in Table 1. Seven
clusters belong to the CLASH (Postman & Coe 2012) and Fron-
tier Fields (Lotz et al. 2017) programs, which are high-level sci-
ence products (HLSP) combining all observations in 12 and 6
filters, respectively. Absolute astrometry calibration was applied
for these datasets with an accuracy of <0”.06. The other clusters
are part of the MACS survey and follow-up programmes (PIs:
Bradac, Egami, and Carton). They were calibrated using source
catalogs from Gaia Data Release 2 (Gaia Collaboration 2018).
Figure 1 shows MUSE exposure maps of the 17 clusters over-
laid on HST/F814W images adapted from R21.

These data have been used for building spectroscopic cata-
logues providing prior source positions, helping to distinguish
overlapping sources detected in the MUSE cubes.

2.3. Identification of LAEs

The construction of MUSE spectroscopic catalogues is doc-
umented in R21. To detect line emissions, we made use of
MUSE Line Emission Tracker (Muselet), a Python package
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written by J. Richard'. In turn, this makes use of SExtrac-
tor (Bertin & Arnouts 1996) to detect emission line objects
on MUSE narrowband continuum subtracted images. To
account for low surface brightness sources such as some
extended LAEs, a set of given SExtractor detection parameters
(DETECT_-MINAREA, DETECT_THRESH) have been used to
make sure these faint sources are extracted properly. This set of
parameters varies among these clusters. Sometimes, a spatial fil-
ter is also used by Muselet for smoothing NB images. A spatial
filter (5x5 tophat with FWHM = (/8) has been used for A2390,
A2667, MACS0257, MACS0451, MACS0520, MACS0940,
MACS2214, SMACS2031, and SMACS2131. Another (5 X 5
tophat with FWHM = (0/4) has been used for A2744 and A370.

We also made use of the source inspector package, designed
by the MUSE collaboration (Bacon et al. 2023), using a com-
bination of both deep HST and MUSE observations to identify
sources and their redshifts. Depending on the nature of emis-
sion line objects, such as their signal-to-noise ratio (S/N) and
the clarity of line absorption and emission features, redshift con-
fidence levels are assigned. A source with zconf = 1 is consid-
ered as a tentative case due to either a low S/N or the presence
of ambiguous emission lines that do not display a typical Lyman
alpha asymmetry profile or various low-S/N absorption proper-
ties. A source with zconf = 2 is assigned based on emission
lines having a higher S/N compared to the previous case. Such
sources may display several absorption lines with low S/N. The
confidence level will be upgraded if the source belongs to the
multiple imaged systems. The highest level zconf = 3 is for the
sources with a high S/N of Lyman-alpha line displaying a typical
asymmetry shape and is accompanied by several emission and
absorption lines showing the right typical profile. The catalog
of sources of the 17 clusters including redshift and spectral line
information can be accessed online? (see R21, for more details).
In the present work, there are such 190 unique LAEs categorized
as zconf = 1. However, for the purposes of our analysis, we
only considered LAEs with secure redshifts (zconf = 2 and 3),
excluding all tentative sources with a zconf of 1. The identi-
fication of LAESs is described in detail in DLV19, and is also
mentioned in Claeyssens et al. (2022).

It is important to note, with respect to sources detected both
by HST, called P (prior) sources and by MUSE M sources, that
R21 retained the spatial positions of the P sources. We found an
average position offset ~0.2” between P and M sources. As the
LAE:s are detected by MUSE, we naturally used the M positions
for these sources.

Around 1350 Lyman alpha images with zconf >= 1 have
been identified behind the 17 lensing clusters. Many of them
are multiple image systems. To avoid counting them more than
once, for each multiple image system, we chose a represen-
tative image. This also helps to avoid de-lensing them which
is computationally expensive. Choosing the representative for
each multiple system is manually performed by investigating
them one by one. The HST images® and* and MUSE white light
images are useful for this selection process. If possible, the cho-
sen representative has high enough S/N, reasonable magnifica-
tion errors and a position that is well isolated, with little to no
contamination from nearby bright sources. Finally, 600 LAEs
sources were selected at this stage with, in some cases, several

I https://mpdaf.readthedocs.io/en/latest/muselet.html
2 https://cral-perso.univ-lyonl.fr/labo/perso/johan.
richard/MUSE_data_release/

3 https://archive.stsci.edu/missions/hlsp/clash/

4 https://archive.stsci.edu/missions/hlsp/frontier/

different images equally good to represent the parent source. All
these sources exhibit zconf = 2 or 3. Their redshift distribution
is shown in Fig. 2, together with those from previous work of
DLV 19 for comparison. A large number of LAEs in the present
work have redshifts in the range of 2.9—4.0. There are two bumps
in the distribution at redshifts of ~4 and ~5, suggesting some
overdensities along the line of sight.

3. Modeling lensing clusters mass distributions
3.1. Mass distributions by LENSTOOL

There are two approaches that are typically adopted in lens mod-
eling: parametric mass modeling and free-form (non-parametric)
methods. For the present work, we use the former to build the
total mass distribution of lensing clusters, based on Lenstool
(see e.g., Kneibetal. 1996; Jullo etal. 2007; Jullo & Kneib
2009). Following Lenstool, as well as the procedure described
in DLV19 and R21, we assume two components contribute to
the lensing: 1) the large-scale structure of the cluster 2) the
contribution from each massive cluster member. The contribu-
tion and implementation of each component is well described in
Jullo et al. (2007).

Parameters of individual mass profiles are sampled via a
Markov chain Monte Carlo (MCMC) method to compare the
match between the observed and predicted multiple images.
Details of the lens modeling are described in R21. The lens mod-
els and their parameters are listed in Table A.1. Twelve out of the
seventeen lens models used in the present work come from the
work of R21. Thanks to these models, we can work back and
forth between the image and source planes for all LAEs. This
allows us to correct for the amplification factor, namely, the lens-
ing magnification, for each source, as well as the source plane
projected area allowing us to capture the extended morphology
of LAEs.

We note that magnification associated with a given source
obtained from Lenstool is the magnification of the source cen-
tre, not the entire source. If the LAE in question is a compact
one and is relatively far from the lens caustic lines, then it is
fair to assign this magnification to that source. Such is the case
for 90% sources in the sample. However, for extended sources,
in particular those close to the lens caustic lines, magnification
strongly varies across the source and using the central point mag-
nification is not justified. In such cases, we must take the flux-
weighted magnification by averaging the magnification over the
entire source. In this work, we use this weighted magnification
for all LAEs. We can do so systematically by using the segmen-
tation map which is created from the NB image by Sextractor
and is used as a mask for NB fluxes of the LAEs, to switch back
and forth between the image and source planes. Figure 3 dis-
plays the difference in magnification between the central and the
flux-weighted values for the LAEs in the present sample.

3.2. Flux measurement

We considered two methods to measure fluxes of LAEs. Fluxes
were either extracted by fitting the Lyman-alpha (Lyman «)
profile as performed by Claeyssens et al. (2022) or by running
SExtractor with FLUX_AUTO on the NB images in which the
LAEs are detected as performed by DLV19. The first method
was employed for LAEs behind 16 lensing clusters except for
the A2744, while the second method is applied for the cases
in which the first method fails to fit the Lyman alpha profile.
Using the first method, we obtained flux measurements for 425
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and of luminosity (right) are also shown, respectively.
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LAEs. However, 47 faint source fluxes could not be measured
using this approach. In such cases, we employed the SExtrac-
tor package (second method) to extract the fluxes. A large frac-
tion of these failed sources has a low S/N, but they have been
upgraded to zconf = 2 because they are members of multiple
imaged systems. Furthermore, we used the second method to
extract LAE fluxes for sources located behind the lensing cluster
A2744. The reason for this is that the source offset positions of
the M sources are not available in the new catalogs provided by
Claeyssens et al. (2022), whereas the results in DLV19 are in line
with the other literature. Overall, we obtained 425 source fluxes
using the first method and 175 source fluxes using the second
method. We expand briefly on both methods below.

Regarding the first method, Claeyssens et al. (2022) extract
LAE fluxes via three main steps: spectral fitting, NB image
construction, and repeating spectral extraction. First, a pseudo
NB image of each slice (measuring 5” X 5”) is constructed
from the MUSE datacube, using the formulae introduced by
Shibuya et al. (2014) to fit the asymmetric spectral profile of
LAEs:

—(1— o)
2(aasym(/1 = Ap) + d)2 '

f(x) =Aexp (D

where A is the flux amplitude, Ay is the wavelength layer in
which source’s emission reaches maximum, d,eym accounts for
the asymmetry of the Gaussian function, and d is the width of
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Fig. 4. Fluxes of LAEs in the sample, obtained by fitting Lyman-alpha
profiles (Claeyssens et al. 2022) vs. those extracted by SExtractor. Solid
black line indicates the best linear fit between two the fluxes.

the line. The mean value of d is 7 10\, and the mean value of ausym
is 0.20. The value of Ay is converted directly from source redshift
and the flux amplitude A is integrated in the range of [1yp — 6.25:
Ao+ 6.25]A.

It is worth mentioning that 31 out of the 600 LAE spec-
tra display similar two-peak profiles. We apply the same pro-
cedure as described above, dealing with the blue and red peaks
separately, taking into account the amplitude difference between
the two. The two peaks are then summed to get the final flux.
The flux uncertainty is estimated using python package EMCEE
(Foreman-Mackey et al. 2013) with 8 walkers and 10000
iterations.

For the second method, we made use of the SExtractor soft-
ware (Bertin & Arnouts 1996) running on NB detection images
that host LAEs. This is well described in DLV 19. For this pur-
pose, a sub-cube with a size of 10”x10”x the width of the
Lyman-a emission is first extracted from the original cube,
then averaged to form the LAE image. Two sub-cubes of the
same spatial size, extending 20 A bluewards and redwards of the
Lyman-a line were also created. These were then averaged to
form the mean continuum image of each LAE. By subtracting
this mean image from the LAE image, pixel by pixel, we can
form a new measurement image which is ready for SExtrac-
tor. We used SExtractor’s FLUX_AUTO parameter to estimate
the LAE fluxes together with their uncertainties. This parame-
ter is developed based on Kron’s first-moment algorithm: when
a given source is convolved with a Gaussian seeing, 90% of its
flux will be inside the circular aperture of the Kron radius. This
holds even for extended sources. The final flux obtained from
the measurement image is then multiplied by the width of the
Lyman-a emission.

It may happen that some sources are either faint or have a
low extended surface brightness. In such cases, SExtractor does
not extract these sources properly. A set of farsighted SExtractor
parameters (DETECT_THRESH, DETECT_MINAREA) have
been proven to be very useful to overcome this problem. SEx-
tractor progressively releases detection conditions using this set
of parameters to make sure that faint sources can be extracted.

Figure 4 shows a comparison between the fluxes of LAEs
obtained by using the two methods in the present work. In gen-

eral, the two fluxes agree well with each other within a range
of a few orders of magnitudes. The deviation spreads out at the
faint fluxes, as expected, but no systematic trend is observed. The
source fluxes, obtained from the second method, will be used
later to estimate the systematic uncertainties attached to the faint
end slope.

As mentioned in the previous subsection, to obtain the intrin-
sic luminosity of a source, its segmentation map is projected into
the source plane using Lenstool, then the weighted (averaged)
magnification over that source is calculated. The weighted mag-
nifications obtained this way are used throughout this work. The
source intrinsic luminosity is computed as:

FL.
D prD?, )
i L

LLya =

where Fiy, is the flux of the LAE obtained as described above,
D, is luminosity distance, and y is weighted average magnifi-
cation. The luminosity versus redshift and luminosity histogram
of our sample together with the ones from DLV 19 are shown in
Fig. 2.

4. Building the LF
4.1. The V2 method

In order to deal with the complexity of the lensing datacubes
obtained by MUSE, we adopt a non-parametric approach, the
1/Vmax method (Schmidt 1968), allowing us to treat each source
individually, to build the LF using detected LAEs behind lens-
ing clusters. The Vi, of a source is the volume of the sur-
vey where that individual source could be detected. Inverting
this gives the contribution of that source to a number density
of galaxies. Determining Vy,.x is the crucial step in building
the LF and this is challenging. We note that noise is an impor-
tant factor. The V.« has to take into account noise introduced
by the instrument, by sky line variations for different wave-
length layers and by local noise variations for different sky
directions in the MUSE FOVs. It must take into account the
source detectability in all the MUSE lensing datacubes involved
in the survey, namely, the whole survey volume. Additionally,
it has to be calculated in the source plane to avoid adding the
same survey volume for multiple image systems. All of these
steps make Vp,,x determination complex and computationally
expensive.

DLV19 developed a package to compute Vi, of lensed
LAE:s behind lensing clusters observed by MUSE. Details of the
algorithm are described in DLV19. Here, we briefly summarize
the important points and main steps of the procedure.

Detectability masks are an important concept for computing
Vimax- They are built first in the image plane, by comparing a given
source brightness distribution pixel by pixel to the RMS maps,
channel by channel, in the spectral range of all 18 datacubes.
These masks are projected in the source plane using Lenstool,
to obtain source plane masks. However, performing this for all
sources is extremely computationally expensive. The main impor-
tant point proposed by DLV 19 is to build a set of pre-computed 2D
detection masks that cover a wide range of S/Ns for each MUSE
datacube. Hence, for a given source, one first computes its S/N
in the parent cube, in which the source is detected, then picks up
the corresponding 2D mask from the pre-computed list available,
which is closest match with the input in terms of S/N. We can do
so given that for each lensing datacube root mean square (RMS)
maps of different layers display roughly the same type of patterns.
One can choose arepresentative of these RMS maps, namely, their
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Fig. 5. Examples of normalized bright pixels profiles of sources from clusters AS1063 and BULLET. Individual profiles (red) are shown together
with their median (black). Each of these median profiles is then used as a representative for all sources in that MUSE datacube. The different
seeings between datacubes are taken into account when producing these profiles. The median profile and the RMS map are used to produce a wide

range of S/N values for each MUSE datacube.

Table 2. Total co-volume of 17 clusters (2.9 < z < 6.7).

Cluster Total co-volume [Mpc3]
A2390 735
A2667 885
A2744 10500
A370 5350
AS1063 1970
BULLET 895
MACS0257 730
MACS0329 1225
MACS0416N 3420
MACS0416S 1670
MACS0451 1210
MACS0520 765
MACS0940 5760
MACS1206 2980
MACS2214 1100
RXJ1347 7920
SMACS2031 1675
SMACS2131 920
Total: 49710

median map, then scale it accordingly by a constant factor to get
other RMS maps for different layers. Another important simplifi-
cation is that for each lensing cluster, we can use a representative
brightness profile for all the sources, namely, the median of radial
source brightness profiles (see Fig. 5). Using both median radial
profile and median RMS map, we can then produce masks at wide
range of S/N covering the source sample. This is another simplifi-
cation to limit the number of masks created in both the image and
source planes.

The Lenstool package is used to perform the reconstruction
from image plane to source plane. To account for variations
of projected source plane area as a function of redshift, each
2D mask reconstruction is sampled at four different redshifts,
z = 3.5,4.5, 5.5 and 6.5. One of the four source plane masks
is then assigned for a given source, namely, the one that is the
closest match to its redshift. Source plane magnification maps
are also used to eliminate regions with insufficient amplification
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implying sources could have not been detected there. The 3D
masks for a given source are formed in this way. The final vol-
ume is integrated from the unmasked pixels of these 3D source
plane masks:

c zmax Di ( Z)

V=Now— ——daz,
H, zmin (I+ Z)ZE(Z)

3

where N is number of unmasked pixels counted on
all wavelength layers, «w is the angular size of a
pixel, D; is the Iluminosity distance, and E(z) =

V(1 +23 +(1-Q, = Qa)(1 +2)2+ Q4. The co-volume
probed by each cluster of the survey is listed in Table 2.

4.2. Completeness value

Completeness is a correction related to the chance that a given
source is detected at its own wavelength affected by random vari-
ation of noise on the spatial dimension of the channel, namely,
the NB layer where the source’s emission reaches maximum.
Together with Vi, it is a crucial correction before deriving LF
points. Depending on source morphology, this completeness is
computed individually. Details on how to compute complete-
ness are described in DLV19. We condense the process as fol-
lows: 1) A source profile of individual LAE is created from a
combination of filtered image, object image, and segmentation
image obtained by running SExtractor on the peak NB layer.
2) To compute the completeness for a given source, we have
to create the simulations by randomly injecting the source on
the masked NB image layer where the emission reaches maxi-
mum. We use the real source profile to perform this task. The
local noise in the region where the source has been injected is
likely to decide whether or not a source is detected. SExtractor
scans on the masked NB image, with exactly the same parame-
ters as when that source was originally extracted. We iterate 500
times for each source. The completeness is the detection success
rate. 3) The quality of extraction by SExtractor is also taken into
account. Following DLV 19, sources with flags of type 1 and 2
are trustworthy, but sources with flag 3 are doubtful and will not
be used for the LF computation afterwards. From the original
sample of 600 LAEs, 588 with flags 1 and 2 are kept at this stage
(see more below).
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Fig. 6. Completeness vs. detection flux of LAEs from the present sam-
ple. Different colors indicate the quality of extraction from SExtractor.
Only sources in the unmasked regions of the detection layer are consid-
ered here.

We found that the size of the masked NB images used to re-
detect mock sources has an impact on the quality of extractions.
When a source has a few neighbors, the local noise is not well
represented for that wavelength slice if the size of the image is
not large enough. To deal with this, we increased the size from
30” x 30” (as in DLV19) to 80” x 80”. This is more compu-
tationally expensive but better accounts for the local noise. The
extraction results for the sample are: 555 cases with flag 1; 33
with flag 2; and 12 with flag 3. Additionally, aiming to include
as many sources as possible for calculating the contribution to
cosmic re-ionization, all sources with completeness values above
1% are retained. Taking this into account, 575 LAEs are used for
the next steps.

Figure 6 shows the completeness of each LAE vs. their
respective detection flux in the sample. The average complete-
ness value is 0.69 and the median value is 0.90 over the entire
sample. The equivalent values from DLV19 are 0.74 and 0.9,
respectively. Our average value is a bit smaller than that of the
previous work due to numerous faint sources in our sample,
which often have low completeness values.

For a given source, one may expect that higher its detec-
tion flux leads to higher completeness value. However, it is not
always the case as shown in Fig. 7. Some sources still have low
completeness values, that is, below 0.2, while their detection
fluxes are relatively high. It suggests that source morphology
also plays an important role in its completeness, as previously
mentioned by DLV 19.

4.3. Luminosity function determination

We divide the 575 LAE:s into four redshift bins in order to study
the evolution of the LF with redshift: 29 < 7z < 6.7,29 < z <
40,40 < z < 5.0,5.0 < z < 6.7. The contribution of each
individual LAE in each bin is calculated as follows:

1 1
L) = ,
¢( ) Alog L; ; Cijax,j

where i corresponds to the luminosity bin, Alog L; is the width
of the luminosity bin in log scale, j corresponds to the source
in the sample, and C; and V. j are the completeness value and
survey volume of the source in bin i.
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Fig. 7. Detection flux vs. redshift for all sources in the present sample.
The color bar on the top shows completeness value of each source in the
sample. The grey points show the evolution of noise level as function of
wavelength/redshift for the cluster MACS0257 as an example.
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Fig. 8. Source distribution in each luminosity bin (the faintest on the
left, the brightest on the right) before and after correcting for the com-
pleteness. A larger correction, a factor up to a few tens, has been made
at the faint luminosity regime, as expected.

We used MCMC to calculate the mean and the statistical
uncertainty for each LF point by randomly generating a set of
magnification, flux and completeness values for each individual
source. 20 000 catalogs were built from the original catalog. For
each LAE, the flux and completeness are randomly sorted fol-
lowing Gaussian distributions having means as their measured
values and sigmas as their uncertainties. A random magnifica-
tion value is taken from the magnification distribution P(u) of
each source, accounting for extended source morphology and
uncertainties in the lens model. With respect to DLV 19, we have
introduced an improved procedure to determine the Vi, asso-
ciated to a random value of the magnification. This allows us to
better capture the variations in Vy,, taking place for very large
values of the magnification. For each iteration, a single value of
the LF is obtained for each luminosity bin. The distribution of
LF values in each bin, obtained in this way, is used at the end of
the process to determine the median of ¢(L;) in each luminosity
bin in linear space, and to compute the asymmetric error bars.
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For the estimation of the cosmic variance, we used the cos-
mic variance calculator presented in Trenti & Stiavelli (2008).
A single compact geometry made of the union of the effective
(Iensing-corrected) areas of the 18 FoVs is assumed following
DLVI9.

4.4. Schechter function fitting

After obtaining the LF points following the procedure explained
above, we fit the results using a Schecter function. The Schechter
function, proposed by Schechter (1976), has been extensively
used to describe the LF as well as its evolution with redshift. It
is often written as:

O(L)dL = % (Lﬁ)a exp(_L*L ) dL, )

where: @ is a normalization parameter, L* is the luminosity at
the point where the power law changes to an exponential law
at high luminosity, L is the luminosity, a is the faint end slope,
and @ is the number density in a given of logarithmic luminosity
interval.

Regarding the fitting method, we adopted the same proce-
dure as described in DLV 19, using a Schechter function with
three free parameters to vary (®*, L*, @). We first minimized
these parameters by using the Levenberg-Marquardt algorithm,
in particular, using traditional chi-square minimization proce-
dure, provided by the standard package Lmfit.

5. Faint end of the LF
5.1. Faint-end LF

The faint-end slope of the LF function is still a matter of debate
and more observations are strongly needed. Strong gravitational
lensing by clusters of galaxies is of great help to probe the
faint galaxy luminosity regime and hence to constrain the shape
of LF in that region. The price to pay is that the cosmic vol-
ume of the survey is significantly reduced: the higher the lens-
ing magnification factors, the lower the volume probed. Our
sample efficiently probes down to 10% ergs™!, the same faint
luminosity regime as studied by DLV19 but with improved
statistics and a better coverage at the faint end of the luminos-
ity distribution (see Fig. 2) and 34 000 Mpc® larger co-volume
explored accounting for the magnification in the range of red-
shifts 2.9 < z < 6.7. On the contrary, the MUSE Wide and
other deep blank fields surveys cover well the bright luminosity
part (see Drake et al. 2017; Herenz et al. 2019). These studies
are efficient to probe the LF around the log L* regime, while the
sample in this work is optimized to probe the faint-end part.

For a first attempt, we try to fit the LF with a linear fit to
find the slope at the faint end. We only used our LF points, com-
puted from the 575 LAEs. We considered four different redshift
bins, 2.9 < z < 4.0 (z35), 4.0 < z < 5.0 (s5), 5.0 < z < 6.7
(z60), 2.9 < z < 6.7 (zan) to make these fits. The results are

shown in Fig. 9. The respective slopes are —1.76*036, —1.99*0-12,
—1.96t8:§ , and —2.12f8:%g. In spite of our bigger sample, four
times more sources than in DLV 19, spanning over four orders
of magnitudes in galaxy luminosity, we essentially obtain the
same results: no evolution of the faint end slope as a function
of redshift is observed. The current sample suggests that (at face
value) the faint-end slope in each redshift range is steeper than
for DLV 19, for the same redshift interval. However, as seen in

Fig. 9, a turnover seems to appear at luminosities fainter than
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Fig. 9. Faint-end slope of LF: Line (power law) fitting for four different
redshift ranges: 2.9 < z < 4.0 (blue), 4.0 < z < 5.0 (green), 5.0 <
7 < 6.7 (red), and 2.9 < z < 6.7 (black). These fits only use our LF
points constructed from the current sample. Open symbols at the faintest
luminosity bins are not included in the fitting process.

10" erg s~!, for the two highest redshift bins. This trend is dis-
cussed below.

5.2. Computing LF parameters

This section presents the fit of our LF points with the
Schechter function. As the luminosity range of our sample
reaches its maximum 10% erg s~!. which is close to values
of log L* (Herenz et al. 2019, DLV19), to completely describe
the Schechter function, we need to include other data cov-
ering the bright end of the LF. The data included are taken
from the works of: Dawson et al. (2007), Blanc et al. (2011),
Cassata et al. (2011), Zheng et al. (2013), Sobral et al. (2018),
Drake et al. (2017) and Herenz et al. (2019), which have been
selected to properly cover the redshift and bright part of luminos-
ity ranges. These data from the literature are averaged with the
same luminosity bin size of 0.25 (in log;o(L) [ergs™']), except
for the last faintest bin which has a width of 1.25 for redshift bin
Zail, While in the other bins the width is 0.5. This is meant to avoid
an increased weight of this bright sample from the literature on
the global fit.

The fitting process is performed as described in Sect. 4.4.
The results are shown in Fig. 10, with the best fit curves shown
as solid lines together with the 68% and 95% confidence area
based on the data as indicated in the respective labels. We also
check that the shape of the LF for each redshift interval is essen-
tially the same when changing the number of luminosity bins,
similarly to DLV19 (Fig. 11).

The best fit parameters are listed in Table 3. The best fit
value of log L* is in good agreement with DLV 19, and a few per-
cents higher than the value obtained from Herenz et al. (2019),
42.20%022. Strong degeneracy between these parameters (®*, L*,
a) is observed, as shown in Fig. 12, and already well docu-
mented in Herenz et al. (2019). Also, log L* seems to be well
measured from the current work for different redshift intervals.
There is a tendency of L. to increase with redshift but this
is well within the uncertainties. As both log L* and the steep
faint-end slope increase with redshift, it is likely related to the
degeneracy mentioned earlier. Then, ®* is just a normalization
factor giving the number density of objects per given volume.

Our best fit result gives ®* [107* Mpc™]=7.41*37% which is
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Fig. 10. LF points and their fits for different redshift intervals including previous literature data points. The red squares are the points from the
present work. The literature points at the bright end of the LF: Ouchi et al. (2010), Sobral et al. (2018), Zheng et al. (2013), Herenz et al. (2019),
and Drake et al. (2017) have been used for the fitting. The blue points DLV 19 are shown for comparison purpose only. The best fits (Schechter
function) are shown as a solid line and the 68% and 95% confidence areas as dark-red colored regions, respectively. The dashed lines shown in
lower panels are modified Schechter functions to account for a possible turnover at faint luminosity bins (see details in the text).
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Table 3. Best-fit parameter values for the Schechter function.

Redshift ®* [107*Mpc3] log L* [ergs™'] a

29<z<67 741720 42857010 _p 06007
29<z<4.0 6.561320 02877010 200100
40<z<50 4067217 42077013 197100
50<2<67 3.497211 43097000 _pgH012

consistent with DLV 19 and Sobral et al. (2018), but smaller than
that of Herenz et al. (2019). The ®* value strongly depends on
the literature data points used for the fitting procedure. Lumi-
nosity bins and LF points for each redshift interval are given in
Table 4.

As our sample probes the faint luminosity regime, the slope
at the faint-end of LF, a, in principle, is well constrained. We
measure steep slopes of a varying from —2.0 + 0.07 for the
redshift interval 2.9 < z < 4.0 to -2.28 + 0.12 for red-
shift interval 5.0 < z < 6.7. These results are consistent with
the slope measured by Herenz et al. (2019) for the global red-
shift bin, and Drake et al. (2017) in same redshift bins. The
faintest luminosity points in all redshift intervals, having log(L)
[ergs!']1<40, are not included in the Schechter’s fitting. As
sources in this faintest bin are often highly magnified by lens-
ing effects, namely, sources close to the lens caustic lines, this
seems to suggest either that lensing systematic uncertainties or
that completeness corrections for those sources must be treated
with great care. Another possibility is that the faint end of the LF
may depart from the traditional Schechter function. More data
in this luminosity regime is required to verify this. The enhance-
ment at log(L) around 42 shown in z,; is because the number of
sources suddenly increases in that luminosity bin. This is also
shown in Fig. 8, where a spike appears at the luminosity bin
log(L) [ergs~'] ~ 42 after correcting for completeness. This may
relate to the over-density of background sources at z ~ 4 as men-
tion in DLV 19. This may also suggest the uncertainty from the
cosmic variance is probably larger than expectations. The co-
volume probed by our survey is ~50000Mpc?. It seems that
the data points from Drake et al. (2017) and Cassata et al. (2011)
within the log(L) range of 41.5-43.0 might influence the fitting
results of the faint end slope z35 and zg9. However, we checked
and found that including or excluding these data points does not
substantially alter our results. The faint end slopes at these spe-
cific redshift ranges show only minor variations less than a few
percent.

5.3. Error budget

The uncertainties on LF points are well documented in DLV 19.
There are three kinds of uncertainties attached to the LF points
which are addressed. The statistical uncertainty is derived from
the MCMC process. A set of flux, magnification, and complete-
ness associated with each LAE is randomly drawn 20 000 times.
The results are then used to estimate the mean and statistical
uncertainties attached to each LF point. The second source of
uncertainty relates to field-to-field variance for different lens-
ing FoVs observed by MUSE. We use the cosmic variance
calculator proposed by Trenti & Stiavelli (2008) to estimate this
uncertainty, which is typically about 20%-30% at most. The
third one, the Poissonian uncertainty, relates to the number of
sources for a given luminosity bin, which is relatively easy to
handle. For the bright-end luminosity, log(L) [ergs™']> 42, the
Poissonian uncertainty dominates. Its contribution decreases and
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Fig. 12. Correlations between the three parameters, L*, ®* and « of the
Schechter function for four different redshift bins as indicated in the
inserted. Contours show 68% confidence levels obtained from fitting
procedures.

becomes equivalent to that of cosmic variance in the luminos-
ity range 41 <log(L) [erg s~'] < 42. The statistical uncertainty is
dominant in the faint-end regime.

One would expect systematic uncertainty coming from lens-
ing models to be another important contribution to the total error
budget. Different lensing models may give magnification factors
that differ by a significant factor for a given source, increas-
ing the uncertainty on the luminosity obtained. This system-
atic uncertainty is well documented in Bouwens et al. (2017),
Atek et al. (2018), Priewe et al. (2017), Meneghetti et al. (2017).
It might play important role in particular to the faint end lumi-
nosity regime. As discussed in DLV 19 its contribution is ~15%
at log(L) of 40.5 erg s™! for the case of the lensing field A2744.

6. Discussion

6.1. Uncertainties associated to the computation of the LF in
strong lensing fields

Thanks to the magnification by lensing clusters, we can reach a
fainter galaxy population compared to that of Drake et al. (2017)
and Herenz et al. (2019) by one order of magnitude, allowing us
to constrain the faint-end slope of the LF. Although the num-
ber of sources in the previous sample by DLV19 is four times
smaller, it still covered by the same luminosity range as in the
present project. Three lensing clusters, which were previously
studied in DLV 19, have been re-reduced to achieve better qual-
ity in terms of S/N and source positions.

In this work, when sources are both detected by HST and
MUSE, we used the Muselet positions (M pos.) instead of prior
ones from HST observations (P pos.). Choosing these positions
has some impact on the LF shape at the faint end. An average
spatial offset of ~0.2 arcsec between the M and P positions has
been found in Claeyssens et al. (2022). MUSE observations are
sensitive to detect line emissions such as Lyman-alpha while
HST ones are sensitive to continuum emission. It may happen
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Table 4. Luminosity bins and LF points used for Fig. 10.

log(L) [ergs™'] log(@)(Adog (L) = D' Mpe™]  (N)  (Neow)  (Vimax)[Mpc’]
29<z<6.7

39.00 < 39.63 <40.25 -0.68*00 224 706.0 11827
40.25 <40.38 <40.50 -0.40*9% 176 6454 15074
40.50 < 40.63 <40.75 —0.17+34¢ 22.8 4293 28457
40.75 < 40.88 <41.00 -0.71*9% 452 3015 31613
41.00<41.13<41.25 —0.83*02 689 4157 37344
41.25<41.38 <41.50 -0.96*0%3 105.0 5479 41321
41.50<41.63 <41.75 -1.17:3% 96.4 3055 42227
41.75 < 41.88 <42.00 -1.88*09 764  105.1 46139
42.00<42.13<42.25 -1.51*3% 704 2025 45795
42.25<42.38<42.50 -2.43+92 275 335 47554
4250 <42.63 <42.75 -2.98*0-13 129 130 49295
42.75 <42.88 <43.00 -3.20*93 7.7 7.8 49258
29<z<4.0

39.00 < 39.63 < 40.00 -0.1570 6.64 41533 1712
40.00 <40.25 <40.50 -0.10*%13 1419 920.22 6114
40.50 <40.75 <41.00 -0.85*99 340  396.17 11397
41.00<41.25<41.50 -1.08%097 83.7 473.6 14529
41.50 <41.75 <42.00 ~1.0170% 69.5  148.0 15914
42.00 <42.25<42.50 -1.5390¢ 356 101.55 16327
42.50 <42.75 <43.00 -2.93%913 100 10.0 17320
4.0<z<5.0

39.00 < 39.25 < 39.50 -0.93+03 L0 380 730
39.50 <40.00 <40.0 -1.16*31) 24 483 4904
40.0 <40.25 <40.5 -0.3870% 74 3114 3159
40.5 <40.75 <41.00 -0.38* 244 19.6  205.1 7662
41.00<41.25<41.50 -1.4370.19 514 1612 11044
41.50 <41.75 <42.00 ~1.48*21 550 1485 12164
42.00 <42.25<42.50 -2.30*913 300 322 13182
42.50 <42.75<43.00 -3.1570% 4.7 4.8 13433
5.0<z<6.7

40.00 <40.25 <40.50 -1.55*920 60 238 4725
40.50 <40.75 <41.00 -0.89*92¢ 143 1165 11105
41.00<41.25<41.50 -0.66"213 389 7055 13545
41.50 <41.75 <42.00 -1.52*319 482 1229 16 190
42.00 <42.25<42.50 -1.63700 323 1052 16705
42.50 <42.75 <43.00 -3.19%92, 59 59 18542

that the LAEs are extended and associated with diffuse gas,
hence the offset between the two observations.

Moreover, the faint luminosity regime often contains highly
magnified sources. These sources are close to the lens caus-
tic lines in the source plane, hence, their positions have to be
assessed with great care. The weighted magnifications for these
extended sources strongly depend on their positions with respect
to the caustic lines. In addition, the magnification uncertainties
attached to these sources are also large and this may cause the
source contribution to spread to several luminosity bins during
the MCMC process to estimate LF point uncertainties. On the

contrary, sources in the bright luminosity bins usually have small
magnifications and do not suffer from this effect. In principle,
the procedure adopted here to compute the LF points captures
all these effects.

An important point to note is that DLV 19 used a threshold of
10% completeness to reject sources having completeness values
below this cut. A small completeness value implies a large cor-
rection on the number of detected sources (see Fig. 8). Varying
the completeness threshold cut significantly changes the shape of
the LF at the faint end as one may loose some fraction of these
sources. In the present work, we try to include as many sources
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Table 5. Results of the faint end slope a from different tests.

235 245 260 Zall

Schechter fitting

1% completeness cut -2.00+0.07 -197+0.09 -228+0.12 -2.06+0.07
10% completeness cut -1.78+0.06 -1.83+0.12 -1.75+0.10 -1.46=+0.05
1% completeness cut, fluxes obtained from the second method -2.10+0.06 -1.97+0.08 -224+0.11 -1.82+0.03
1% completeness cut zconfl included -1.83+0.17 -192+0.09 -194+0.10 -2.29+0.09
Linear fit

1% completeness cut -1.76 £+0.27 -199+0.17 -196+0.54 -2.12+0.16
10% completeness cut -1.55+0.17 -1.63+0.21 -1.66+0.24 -1.64+0.12
Faint end slope retain -2.00+£0.50 -197+0.50 -2.28+0.50 -2.06+0.60

as possible from the sample, only rejecting obvious cases which
have a poor extraction quality, namely, flag type 3 as identi-
fied from SExtractor. In practice, we used a cut in complete-
ness of 1%, meaning that a final sample of 575 LAEs is used
for the LF computation. In the global redshift bin, z,;, and z35
(see Fig. 10), the number density of sources suddenly increases
at log(L) [erg s™'] ~ 42; this is also caused by the low complete-
ness values for some sources in that luminosity bin. It is worth
noting that usual computations of the LF in lensing fields do
not reject any source based on its completeness value (see e.g.,
Atek et al. 2018). By implementing a 10% completeness, we fur-
ther removed 62 additional sources from our sample, with 51 of
them belonging to the six faintest luminosity bins. As a result,
the density of source significantly reduces by a factor of 5 on
average. The faint end slope decreases from its original value
of —2.06 to a flatter value of —1.46 for the global redshift range
Table 5. This reveals insights into the uncertainties associated
with the faint end slope, which we discuss in detail in the subse-
quent subsection.

6.2. Comparison with previous results

In the bright luminosity regime (log(L) [erg s~'] > 40.5), the data
from the literature mainly come from blank field observations.
They are numerous and helpful to constrain the LF at the bright
end. Indeed, we include some of them from blank fields for
the fitting procedure to constraint the bright-end part of the LF.
Blanc et al. (2011) used 89 LAEs with a redshift range 1.9 < z <
3.8 obtained from Hobby Eberly Telescope Dark Energy Exper-
iment Pilot Survey (HETDEX) to study the LF using the same
Vmax method. Drake et al. (2017) used 604 LAE:s in the redshift
range 2.91 < z < 6.64 obtained from VLT/MUSE. Cassata et al.
(2011) used 217 LAEs in the redshift range 2 < z < 6.62
obtained from Vimos-VLT Deep Survey. Sobral et al. (2018)
studied ~4000 LAEs from z ~ 2 to 6 covering a luminosity range
of 42.4 <log (L) [erg s~11<43.0 obtained from the Subaru and
the Isaac Newton Telescope in the ~2deg> COSMOS field. Our
LF points in the bright part (log(L) [erg s™1]>42) are consistent
with these results from the literature (Fig. 10).

It is worth mentioning the work of Herenz et al. (2019). They
used data including 237 LAEs from the MUSE Wide survey
to construct the LF in the same redshift ranges as this work.
They found the faint-end slope value at redshift 2.9 <z7<6.7
to be @ = —1.84*091 log @ [Mpc™?] = -2.71 and log

L[ergs™']=42.20*342. Comparing to our results, the two slopes
at the faint end are consistent while their best fit of log L* is a bit
smaller. The explanation may relate to the degeneracy between

the three best fit parameters. We note that Herenz et al. (2019)
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constructed LAEs LF in the luminosity range 42.2 <log(L)
[erg s11<43.5.

It is necessary to compare our results with those obtained by
DLV 19, which also probe the faint luminosity regime. The char-
acteristic log L* is well measured both in different redshift inter-
vals and in different cluster samples. The best-fit values agree
well with each other, within their 1-0- uncertainties. However,
the present slope values are steeper by 20% than those from
the previous work for the same redshift intervals. The differ-
ence between the two may be due to various factors. Firstly, the
number of sources in the two samples differ: we have four times
more sources in the present sample, giving us better statistics.
Our sample has a significant number of sources in the faint lumi-
nosity region and more than ten sources in the faintest bin. Sec-
ondly, the threshold cuts in completeness are different. DLV 19
rejected faint sources with completeness values below 10%,
while we have included as many sources as possible, for con-
sistency with other LF determinations in lensing fields, reject-
ing only those with completeness values below 1%. Thirdly,
as explained above, our MCMC procedure to compute the LF
points better captures the relationship between magnification and
Vimax With respect to DLV 19. Finally, the number of LF literature
data points helping to constraint the bright-end part is different
between the two works. The results from Herenz et al. (2019)
using MUSE-Wide survey to investigate Lyman a LF in the same
redshift bin are included and combined with others as a con-
straint association; the results from Drake et al. (2017) are used
for fitting at redshift bin 2.9 < z < 4.0 and for displaying only
at others bins. This affects the normalization parameter as well
as the faint-end slope, since the two are correlated. We also per-
formed the full analysis with the new improved procedure on
the sub-sample of four clusters in DLV 19, with the same choices
regarding the completeness, and found fully consistent results
with DLV19.

One of the important points derived from Fig. 10 is that
faint-end slope values of @ become steeper at higher redshifts.
This seems to suggest the evolution of the faint-end slope as a
function of redshift. There is a very good agreement between
the slopes obtained from Schechter function fitting and those
obtained from line-fitting in Sect. 5.1. However, we do not see
the same trend of the slope evolution from line-fitting, which
only used our LF points, due to the larger uncertainties associ-
ated with them. Moreover, we observe a turnover at luminosi-
ties fainter than 10" ergs™!, for the two highest redshift bins.
At these luminosities, the LF points are not well described by
the Schechter function. A flattening and turnover are observed
towards the faint end for the highest redshift bins that still needs
further investigation. This turnover is similar to the one observed
at Myy = —15 for the UV LF at z > 6 in lensing clusters, with the
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same conclusions regarding the reliability of the current results
when we compare, for instance, the work of Atek et al. (2018) to
Bouwens et al. (2022; see discussion below).

To account for a possible turnover in the two highest redshift
ranges 4.0 < z < 5.0 and 5.0 < z < 6.7, two more parameters
have been introduced to modify the Schechter function, which is
then expressed as:

O 1 L\*
L) expl-(Lr /L)) = 7= (L—) exp(~L/L") exp{~(Lr/L)")
©)

where: ®(L) is the traditional Schechter function together with
its three (®*, L*, @) parameters, being fixed at their best-fit val-
ues, as shown in Table 3. Two new parameters are introduced: Ly
is the luminosity at the turnover point and m is a power index,
which is about unity. Our data suggest that log(Ly) are ~40 and
~40.7 erg s~! for redshift bins 4.0 < z < 5and 5.0 < z < 6.7,
respectively. The values of m are essentially equal to 1 for these
two redshift ranges, as expected. Results are shown in Fig. 10
(lower panels).

Regarding the prevalence of a turnover in the LF towards the
faint end, it is worth mentioning that Bouwens et al. (2022) have
recently ruled out this trend in the UV LF down to Myy = —14
mag at z ~ 6. In addition, Dawoodbhoy et al. (2023), using
the CODA simulation, reported no sign of the turnover down
to Myy = —12 mag at the same redshifts. The large uncertainty
in the faint regime of LAE luminosity prevents us to make much
sense of this result. Additional data in this faint region are neces-
sary to improve the statistical significance of the present sample
in order to confirm or reject this turnover trend.

6.3. Comparison with theoretical predictions

We compared our results on the Lyman-alpha LF with two
theoretical models whose predictions at z ~ 6 can be com-
pared directly with our findings in the highest redshift range of
5.0 < z < 6.7, namely, the predictions of Garel et al. (2021) and
by Salvador-Solé et al. (2022). The first one (Garel et al. 2021)
predicts the Lyman-alpha LF at the epoch of reionization by
computing the radiative transfer of Lyman-alpha from ISM to
IGM scales, using the SPHINX radiation-hydrodynamics cos-
mological simulation. Their results, obtained by computing the
intrinsic LF function, and the attenuation by dust and then by
IGM, are shown in Fig. 13. The second one (Salvador-Solé et al.
2022) uses the Analytic Model of Igm and GAlaxy evolution
(AMIGA), a model of galaxy formation and evolution includ-
ing their feedback on the IGM, to constrain the reionization
history of the universe. It provides predictions for two possible
scenarios: single and double reionization episodes. The former
has hydrogen ionization episode at z ~ 6, and the latter has two
reionization episodes at z ~ 6 and ~10, separated by a short
recombination period (see Salvador-Solé et al. 2022, for addi-
tional details). Their results for the two scenarios are also shown
in Fig. 13. In the range of 40 <log(L)[ergs~'] <42, the predic-
tion of the AMIGA double ionization scenario is in good agree-
ment with that of Garel et al. (2021) after IGM correction. Our
LF points towards the faint end correctly span the region covered
by these models. In general, our LF points are in good agree-
ment with the predictions by both models without any renormal-
ization, as shown in Fig. 13. At the faintest luminosity regime,
log(L) <41, our LF point starts to depart from the theoretical
increasing trend by Garel et al. (2021), and is somewhat closer
to the single ionization scenario predicted by Salvador-Solé et al.

-~
-~

= G21, Liptrinsic
| == G2L foue Lintrinsic
G21, Tiaar fese Lintrinsic
—5 4 = AMIGA, single ion
= AMIGA, double ion

+ 50 < z < 6.7

39 40 41 42 43 4

Log(L) (erg s™')
Fig. 13. Comparison with model predictions. Red crosses show our
reconstructed LF points in the redshift range of 5.0 < z < 6.7. Two addi-
tional crosses in the bright end, having log(L)[erg s™'] > 43, are taken
from the literature, obtained the same way as described in Sect. 5.2.
Black and blue solid lines show predictions from the AMIGA mod-
els with single- and double-ionization scenarios, respectively. Predicted
LFs from the SPHINX simulation (Garel et al. 2021) are shown as
dashed lines: intrinsic LF (magenta), attenuation by dust (green), and
by IGM (orange).

(2022). However, the uncertainties in this regime are very large,
preventing us to distinguish between the different theoretical pre-
dictions. More data covering this faint regime are badly needed.

6.4. Effect of source selection

There are several factors that play important roles in determin-
ing the faint end slope. One of them is the source selection pro-
cess. In the 17 lensing clusters, 190 LAEs (unique system) have
been classified as zconf = 1, and as a consequence, they are
not retained for the LF computation process. However, as they
are often faint, they may contribute significantly to our faint LF
points. To evaluate the impact of zconf = 1 sources on the final
LF points, we have incorporated them into our LAE sample. We
assume that zconf = 1 sources have the same quality of com-
pleteness and V.« as the zconf = 2,3 sources; namely, for a
given luminosity bin, zconf = 1 completeness and Vi val-
ues are assigned as the mean values for the zconf = 2,3. Sim-
ilarly, the uncertainty values for completeness and Vi,.x of the
zeonf = 1 sources are set equal to the corresponding uncertainty
values of the zconf = 2,3 sources in that bin. Including half and
all of the zconf = 1 sources results in a 5% and 10% steeper
faint end slope, respectively.

To estimate the systematic uncertainties attached to the faint
end slope, we performed various tests to calculate the LF points
and measured the slope. We employed different completeness
threshold cuts (1% and 10%), utilizing different fitting function
forms (Schechter and linear functions) and considering two sce-
narios: including half or all of the zconf = 1 sources. We also
used source fluxes obtained from the pipeline only (method 2).
Our findings are summarized in Table 5. We retained a faint-
end slope of the 1% completeness cut results and increased
the uncertainties. The final slope are —2.00 + 0.50,—-1.97 +
0.50, -2.28 £0.50, —2.06 + 0.60 for z3s, 245, Z60, Za11, r€SpPectively.
Figure 14 illustrates the faint end slope at different redshift
ranges. The slope shows a slight increase with redshift, although
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Fig. 14. Comparison of slope evolution with redshift from this work (red
crosses) to the literature which appears in the Fig. 10. The horizontal
error bars are the redshift range of the surveys.

the uncertainties remain large. Our slopes at various redshift
ranges are in good agreement with the findings of other studies,
typically within a 1-o- deviation.

6.5. Implications for the reionization

One of the most important tools to understand the formation and
evolution of galaxies is the cosmic SFRD, providing informa-
tion on the onset of star formation in the early Universe and its
evolution over cosmic time (Madau et al. 1996; Bouwens et al.
2007, 2008). In this section, we present the contribution of LAE
population to the cosmic re-ionization by computing the SFRD
by integrating the best-fit parameters obtained from the previ-
ous section. In addition to the luminosity range of the integral
(Eq. (7)), log(L)=(39.5, 44.0) as probed by the present sam-
ple, we also chose another lower limit luminosity of 0.03L* ~
10" ergs™! to facilitate the comparison with previous works.
The integrated SFRD is proportional to the luminosity density
and can be estimated following the calibration of Kennicutt
(1998), assuming an intrinsic factor of 8.7 between the intrin-
sic Ly and Ha fluxes, and case B for the recombination
(Osterbrock 1989). In that case, all newly formed Lya photons
would be re-absorbed by the neutral hydrogen atoms of the HII
region. In the optically thick case, the SFRD is expressed as:
SFRDyy,[Mo yr~' Mpc™] = prya/1.05 x 10*, (7)
where pry, is the Lya luminosity density in units of
ergs”! Mpc=3.

The results are shown in Fig. 15 together with the other liter-
ature data from different sources and surveys. The yellow regions
show the SFRD needed to fully ionize the entire Universe, taken
from the work of Bouwens et al. (2015b) at the level of 1-o
and 2-0. A clumping factor of 3 is applied to calculate cos-
mic emissivity, 10g(&ion fesep) = 24.50, where feqcp is escape frac-
tion of ionizing UV photons, &, is the production efficiency of
Lyman-continuum photons per unit UV luminosity. The conver-
sion to SFRD is then calculated as, SFRDyy,[Mo yr! Mpc_3 1=
puv/(8.0 x 1077).

Figure 15 shows the evolution of the SFRD with redshift. As
the LF decreases steeply toward the bright end, the upper limit of
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Fig. 15. Evolution of the star formation rate density with redshift using
different integration limits for the LF. Brown (red) crosses show results
of integrating the best-fit Schechter (modified Schechter) functions
log(L) from 41 (39.5) to 44 erg s~'. Solid blue, orange, and green curves
indicate the critical SFRDs obtained by assuming a clumping factor of 3
and fop = 3%, 8%, and 25%, respectively. The solid green curve, hav-
ing fesep = 8%, indicates the best likely match with our SFRD points in
the luminosity range of 41 <log(L) <44 (see details in the text).

the integration (Eq. (7)) does not affect to the final result. How-
ever, the steep slope at the faint-end plays an important role. If
we take the integral over the full range probed by the present
sample, the contribution of LAEs to the cosmic re-ionization at
redshift z ~ 3.5 and z ~ 4.5 would be ~80%, compared to that
of Bouwens et al. (2015b) using Myy = —17 mag as observa-
tional limit. At higher redshifts z ~ 6 the contribution is much
higher, 10% larger than Drake et al. (2017), 4 times larger than
Cassata et al. (2011), 12 times larger than Ouchi et al. (2008),
and much higher than Bouwens et al. (2015a). If we take the
lower limit of the integral (Eq. (7)) at 0.03L", results are shown
as reddish-brown crosses, which are more consistent with others
mentioned above. Then, the contribution of LAEs population at
redshift z ~ 3.5 is 10%, 30% at redshift z ~ 4.5, and reaches up
100% at higher redshifts. Figure 15 also shows SFRD reported
by Sobral et al. (2018). The difference between our results on
the evolution of the SFRD and those obtained by Sobral et al.
(2018) can be explained by comparing the detailed shape of the
LF and the luminosity range covered by the two studies. Indeed,
the shape of the bright end does not affect the SFRD, and our
sample better captures the steepening of the LF towards the faint
end, which is responsible for the increase of the SFRD with red-
shift in our case. When using the modified Schechter functions
instead of the traditional one to compute the SFRD over the full
probed luminosity range, 39.5 <log(L) <44, in order to better
describe the flattening/turnover observed towards the faint end,
the contribution is 25%, 50%, and 100%, respectively.

Assessing the ability of a population of sources to reionize
the Universe is usually done by comparing its ionizing power
to the critical value needed to maintain reionization at a given
redshift. This value for the critical photon emission rate per unit
cosmological comoving volume was introduced by Madau et al.
(1999) as follows:

3
. 1
N = (1052 s Mpe)Co (—g Z) (

2\2
Qph ) ’ @)

0.08

where Cj is the clumping factor Cyy = (n%m)/ (nHH)Z, normal-
ized to Cygy = 30, and nyy is the mean comoving hydrogen
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density in the Universe. Assuming C3yp =
the critical SFRD will be written as:

1 and Q,h2, = 0.08,

C))

. 1+2z)’
SFRDere = N x 1073 11~ 0.013 £, x (TZ) .

The clumping factor, C3p, can be considered as a correction
accounting for inhomogeneities in the IGM, and it is supposed
to vary as a function of redshift. For example, as reported by
Shull et al. (2012), Cun = 2.9 X ((1 + 2)/6)""! (i.e., a value ~3
at z ~ 5), hence, the critical SFRD obtained from the equation
above needs a correction factor of %. Here, we adopt the aver-
age value of Cyy = 3, to facilitate the comparison with pre-
vious works (Pawlik et al. 2009; Robertson et al. 2013, 2015;
Bouwens et al. 2015b; Gorce et al. 2018).

The dependence of Lya escape fraction on redshift is an
important quantity as it helps to constrain the reionization his-

. . L
tory of the Universe. The Ly escape fraction feszg and fesep
are expected to be correlated (see e.g., Dijkstraetal. 2016;
Izotov et al. 2020), Hayes et al. (2011) reported an evolution as a

function of redshift as follows faup o (1 +2)¢, with & = 2.57*019

over the redshift range 0.3 < z < 6, reaching a maximum of unity
at z = 11.1. The increase in f;ﬁg with redshift follows the evo-
lution of the dust content in galaxies up to z ~ 6, and then
drops above z ~ 6.5. Using this prescription in the range cov-
ered by our study and a reasonable conversion for fe, follow-
ing Dijkstra et al. (2016), the order of magnitude expected for
Jesep 18 ~5% at z ~ 3 and up to some 25% at z ~ 6. Figure 15
displays the critical SFRDs obtained from these two extremes
of fescp as a shaded area, using the same clumping factor of 3 as
described above. As seen in the figure, the SFRD points obtained
from our Ly LF with the integration limits 41 <log(L) <44 are
fully consistent with the critical ones for the average value of
fosep ~ 8% and Cyp = 3, in the redshift interval of 3 < z < 6.7.
In other words, the contribution of LAEs to the ionizing flux in
this redshift interval seems to be sufficient to keep the hydrogen
ionized. The contribution of LAEs at z ~ 6 is comparable to the
one provided by LBGs.

This result taken at face values suggests that the contribu-
tion of the population of LAEs to cosmic re-ionization could
be much higher than previously expected. There are, however,
a few caveats to mention. Firstly, the vast majority of previous
surveys in blank fields have been focused on the most luminous
galaxies in their restframe UV that are well suited for a success-
ful spectroscopic follow up. By construction, these samples can
not probe to the faint luminosity regime, down to 10*° ergs™!,
as in the present work. In addition, IFU observations identify
LAEs without any pre-selection. Secondly, the contribution to
the SFRD is directly related to the steep slope value being
obtained, which is directly proportion to Lya luminosity den-
sity. A 20% steeper slope dramatically changes the LAEs contri-
bution to the cosmic re-ionization as illustrated here. Thirdly, the
lower limit of the integration also has an impact on the final con-
tribution. Moreover, there are still large uncertainties in the Lya
Jesep and its evolution with redshift making difficult the compar-
ison between different works using different prescriptions.

7. Conclusions

We present a study of the galaxy Lya LF using a large sample
of 17 lensing clusters observed by MUSE. We blindly selected
600 lensed LAEs behind these clusters in the redshift range of
2.9 < z < 6.7. The sample covers four orders of magnitude in
galaxy luminosity (39.0 < log(L) < 44.0) and efficiently probes

the faint luminosity regime, down to 10*° ergs~!. This sample
sets a strong constraint on the LF at the faint end as well as the
evolution of the slope as a function of redshift.

To deal with the combination of lensing fields and spectro-
scopic datacubes obtained from MUSE, we adopted the same
Vimax method and the same procedure as described in DLV19 to
compute the LF points. Several improvements have been intro-
duced and applied to the original pipeline, allowing us to better
account for lensing magnification. The main results and conclu-
sions are listed as follows:

—Regarding the method and the pipeline, several effects have
been studied in details, with the corresponding improvement on
the final results with respect to DLV19. The new pipeline better
accounts for the magnification errors when computing Vp,x. A
careful analysis was performed on the effects of source centering
and completeness corrections.

— We studied the LF in four redshift bins, 2.9 < z < 4.0,
40<272<50,50<z<6.7, and 2.9 < z < 6.7. The total co-
moving volume of our survey is ~50 000 Mpc?. With respect to
the previous work by DLV 19, A2744 is still the dominant clus-
ter, with a contribution to the total volume three times above the
average.

— The three best-fit parameters of the Schechter func-
tion in the redshift range 2.9 < z < 6.7, obtained from
our sample, are: @ = —2.06*007 ®*[107* Mpc™3]=7.41*379,
log(L*)[ergs™!] = 42.85f8:}8.

— The LF values in the bright-end regime (log L >42) are
consistent with previous works, in particular the MUSE-Wide
observations, as well as with other surveys in the literature using
different techniques.

— In the faint luminosity regime, the contribution of highly
magnified sources to the LF points in the faint luminosity bins is
significant, as expected. The density of sources is well described
by a steep slope, @ ~ —2. The two slopes obtained from line-
fitting and from the Schechter function are consistent within their
uncertainties. The present Schechter slope is consistent with
those from Drake et al. (2017) for each redshift interval, follow-
ing Herenz et al. (2019) for the global redshift range, and is 20%
steeper than the slope of DLV 19. When taking into account dif-
ferent flux measurements, different completeness threshold cut
(1% and 10%), and source selection effects, we obtained faint
end slopes of —2.00 + 0.50,-1.97 + 0.50,-2.28 + 0.50, and
—2.06 + 0.60 for z3s, 245, Z60, and za1, respectively. These results
are in line with other studies, typically within a 1-o- deviation.

— The steepening of the faint end slope with redshift, sug-
gested by the earlier work of DLV19 is confirmed here, but the
uncertainties remain large. A turnover seems to appear at lumi-
nosities fainter than ~10*' ergs™!, for the two highest redshift
bins.

— The SFRD depends strongly on the interval of luminosity
over which the density is integrated. The steeper slope at the faint
end causes the SFRD to dramatically increase between z ~ 3 and
6, implying that LAEs play a major role in the process of cosmic
reionization.

— The contribution of LAEs to the ionizing flux in the redshift
interval studied here seems to be sufficient to keep the hydrogen
ionized. The contribution of LAEs at z ~ 6 is comparable to the
one provided by LBGs.
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Appendix A: Lens models of 17 clusters

Table A.1. Best fit parameters of mass distribution in each cluster

Cluster ARA["] ADEC ["] € Oldeg] TeorelkpC] relkpe] olkm s7']  Reference
A2390
DM1 31.6j{:§ 15.4j?:3 0.66‘:8:% 214.71'83 261.5“:2:; [2000.0] 1381.9jﬁ:2 Pello et al. 1991
DM2 [-0.9] [-1.3] O.35f8;8_§ 33.312 25.03:? 750.4;1)295‘2 585.1397‘0 Richard et al. 2010
BCGl1 [46.8] [12.8] 0.1 ljgzé? 1 14.8’:_%?:2 [0.05] 23.1“_’?:2 151.9j§§ Pello et al (in prep)
L« Gal [0.15] [45.0] 185.7*2%
A2667
DM1 O-ngﬁi 1.3j8:i 0.4630):8% —44,4f8§ 79.33f}:} [1298.7] 1095.03:‘; Covone et al. 2006
Lx Gal [0.15] [45.0] 91.3“_’3:2 Richard et al. 2010
A2744
DM1 —2.1j8;§ 1.4f8:2 0.83j8:8§ 90.5j}:? 85.43:‘5‘ [1000.0] 607.1:7):; Mahler et al. 2018
DM2 —17.1f3§ —15,7f3j§ O.SIﬁgigg 45.23‘):3 48.3;_52‘1 [1000.0] 742.8f‘f2:; R21
BCG1 [0.0] [0.0] [0.21] [-76.0] [0.3] [28.5] 355.21']1(‘):2
BCG2 [-17.9] [-20.0] [0.38] [14.8] [0.3] [29.5] 321.72.53-3
NGal [-3.6] [24.7] [0.72] [-33.0] [0.1] [13.2] 175.6f*f'37_8
SGal [—12.7] [-0.8] [0.30] [—46.6] [0.1] 6.8j2?2'3 10.6’:&2
Lx Gal [0.15] 13-75.160 155.5f‘5‘:§
A370
DM1 2.21f8:}% 1.33j8:82 0.40ﬁ8;g§ —69.6f}:§ 14.7f{:(5) [800.0] 394fé5 Lagattuta et al. 2019
DM2 2.01“:8:52 1 1.35j8§§‘g 0-69t8ﬁ8% _122'3f812 137.4’:% [800.0] 1039f?4 R21
BCG1 [-0.01] [0.02] [0.30] [-81.9] [0.1] 57.6f;‘:{ 224j2
BCG2 [5.90] [37.24] [0.20] [-63.9] [0.1] 77.6jg:g 388fg
Lx Gal [0.15] 10.8“:‘1’:3 152’:?
AS1063
DM1 [0.] [0.] 0.61 -37.5 130 [1000] 1352 Beauchesne et al. (2023)
DM2 0.0 0.03 0.27 [-35] 0.51 169 328
L* Gal [0.15] [45] 99
BULLET
DMI1 4.8j8:f 1.2f8:§ O.68f8;8§ 79.5j8:§ 138j§ [1000] 78732 R21
DM2 29.9fg:g 26.3’:8;;‘ 0.64f8:g§ 55 .ng:g 1 68fj [1000] 1 0043?
GALI1 [0.0] [0.0] [0.26] [43.5] [0] [150] 268f‘1’3
GAL2 [24.0] [29.1] [0.20] [37.4] [0] [112] 1 18f{%
Lx Gal [0.15] 253 165’:%
MACS0257
DM1 —2-1i8j§ 1.8i8:§ 0.59f8;8§ 200.9’:}:; 62’:% 1014’:%‘5 877f%g R21
DM2 8.53:2 —8.4j(2’:§ 0.87’:882 150.1’:3:}5 189j?2 1093j};j 73333
GALI1 [-14.1] [15.1] O.39f8;}i 6.832; [0] 88f0 184f§
GAL2 [-10.6] [17.6] [0.50] 30.6f§§'22i [0] [40] 17 lffé
Lx Gal [0.15] 5 Ijg‘ 154’:;
MACS0329
DMI1 0.4f8:§ —O.4f81f O.l6f8;8f 64.7j‘2‘:} SSj [1000] 959f{§ R21
DM2 43.2j(1):§ l7.8j}i§ [0.30] 73.132 732 [1000] 55238
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Cluster ARA["] ADEC ["] € O[deg] T'eorelkpc] rewrlkpe]  o[km 57!l Reference
GALI [0.0] [0.0] [0.19] [-73.6] [0] [98] 281433
GAL2 [-127]  [-39.9] [0.14] [56.9] [0] [41] 218+
Lx Gal [0.15] [45] 159j§
MACS0416
+0.3 +0.3 +0.0T +0.4 +2 +10
eV = B .- PR AAct 1 Ittt ¥ B o S oo oot S
=02 reT06 270,01 103 -3 (1000] 94074
GALI [31.8] [-65.5] [0.04] [-404] [0] [62] 137519
GAL2 -372%06 783 0827203 1185139 [25] [200] 252ji6
L« Gal [0.15] 3653 13742
MACS0451
DMI 4.8 1.0 0.8 -8.1 88 [1000] 763 Basto et al. (in prep)
DM2 4.0 73 0.78 27.8 103 [1000] 933
GAL1 [-57) [-7.7) [0.22] -12.74 [50] [1000] 253
L* Gal [0.15] [10] 99.5
MACS0520
DMI 22 10 038 7.0 78 [1000] 1186 Basto et al. (in prep)
DM2 [-0.] [0.] 0.19 [-3.1] 0.1 6 597
L* Gal 0.15 66. 329
MACS0940
DM1 0.670% 0.675 0.46j§;é3 2357790 3177 138673 49677 R21
GALI [-0.1] [0.1] 0.37j8;8; [-7.7] [0] [52] 4361>
GAL2 [-11.8] [3.1] 0.66%,5)  5.97109 [0 [17] 19511
L+ Gal [0.15] 62+52 162128
MACS1206
DMI1 -0.1700 0.7700 0.637001 19.9707 4470 [1000] 888+7 R21
DM2 9.5+03 5.7j§%I 0.70f§»§§ 114.7+07 94*3 [1000] 57576
GALLI [-0.1] [0.0] [0.71] [14.4] 10 20! 355+11
GAL2 [35.8] [16.1] [0.23]  133.8*%7 [0] 4+ 275j?§
L+ Gal 345 198+2
MACS2214
DM1 12701 07701 0.55%001 147.5% 387! [1000] 903*L R2l
DM2 20802 17.2*03 0.7Oj§;§g 112,032 20*3 [1000] 299411
GALI [0.0] [0.0] [0.20]  151.1%329 4414 9*18 79*54
GAL2 [8.2] [18.8] 0487007 [0.0] [0] 8172 169+
Lx Gal [0.15] 46+ 11 1j§
RXT1347
DM1 0.4fg;i 51707 0.76j§;§§ 111.8j§:2 37fi [1000] 638583 R21
DM2 136702 —45%02 078000 121.4+02 78%3 [1000] 850" 3
GAL1 [0.0] [-0.0] [0.23] [-86.9] [0] 84+13 354%
GAL2 [-17.8] [-2.1] [0.30] [-64.1] [0] 94t6 364j§
L+ Gal [0.15] 8175 13543
SMACS2031
DMI 04707 -07707T 031702 44710 2971 [1000] 624712 R21
DM2 61.2+04 25.3f§-;1 0.46j§-§§ 6.41%-£ 11278 [1000] 1037720
GALI [0.1] (-0.1] [0.09] [-0.4] [0.0] 128+12 242+3
L+ Gal [0.15] 9+2 1617°
SMACS2131
DM1 -32700 32700 0667000 1552703 847 [1000] 8667  R21
DM2 21.2ﬁ§;§ [17.0] 0.53j§;§% 82.7j$;g 95+ 14 [1000] 452+
GALL [-0.0] [0.0] [0.11] 59.071% [0] 155%3, 399%0
GAL2 [6.7] [-2.2] [0.76] 7.2j2;f [0] 9678, 93j{§
Lx Gal [0.15] 93*5, 202+
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