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ABSTRACT

We present a study of the intersection between the populations of star forming galaxies selected as either Lyman break galaxies (LBGs)
or Lyman-alpha emitters (LAEs) in the redshift range 2.9-6.7 and within the same volume of universe sampled by the Multi-Unit
Spectroscopic Explorer (MUSE) behind the Hubble Frontier Fields lensing cluster A2744. We define three samples of star-forming
galaxies: LBG galaxies with an LAE counterpart (92 galaxies), LBG galaxies without an LAE counterpart (408 galaxies), and LAE
galaxies without an LBG counterpart (46 galaxies). All these galaxies are intrinsically faint because of the lensing nature of the sample
(Mys00 = —20.5). The fraction of LAEs among all selected star-forming galaxies increases with redshift up to z ~ 6 and decreases
for higher redshifts, in agreement with previous findings. The evolution of LAE/LBG populations with UV magnitude and Lya
luminosity shows that the LAE selection is able to identify intrinsically UV faint galaxies with Msop > —15 that are typically missed
in the deepest lensing photometric surveys. The LBG population seems to fairly represent the total population of star-forming galaxies
down to Mjso0 ~ —15. Galaxies with M;500 < —17 tend to have SFRy, < SFR,,, whereas the opposite trend is observed within our
sample for faint galaxies with M s > —17, including galaxies only detected by their Lya emission, with a large scatter. These trends,
previously observed in other samples of star-forming galaxies at high-z, are seen here for very faint M50 ~ —15 galaxies; that is,
much fainter than in previous studies. The present results show no clear evidence for an intrinsic difference between the properties of
the two populations selected as LBG and/or LAE. The observed trends could be explained by a combination of several phenomena,
like the existence of different star-formation regimes, the dust content, the relative distribution and morphology of dust and stars, or
the stellar populations.
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1. Introduction

Intrinsically faint star-forming galaxies (SFGs) are presently
considered as the main sources responsible for cosmic reioniza-
tion. Ultra-deep photometry obtained using the Hubble Space
Telescope (HST on blank fields combined with ground-based
photometry and spectroscopy has fundamentally improved our
knowledge of the galaxy UV luminosity function (LF) up to
7~ 10 (see e.g., Bouwens et al. 2004, 2015a; McLure et al. 2013;
Finkelstein et al. 2015 and the references therein). The integra-
tion of the UV LF is used to derive the evolution of the cos-

mic star-formation density and the density of ionizing radiation
(usually assuming a constant star-formation rate), with the two
key parameters being the slope of the faint end of the LF and
the faint-end integration limit (see e.g., Bouwens et al. 2015b).
Up to z~ 7, current observations reach as deep as Mysopp ~ —17
in blank fields, which is about three magnitudes brighter than
the faint-end UV luminosity limit needed to reionize the uni-
verse at z ~ 6—7. Using lensing clusters as gravitational tele-
scopes makes it possible to reach Mso0 ~ —15 at z ~ 7,
thereby improving our constraints on the contribution of SFGs
to reionization (see e.g., the work done in Atek et al. 2015 and
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Livermore et al. 2017 using data from the Hubble Frontier Fields
(HFF) project; Lotz et al. 2017).

However, the ability of SFG to reionize the universe depends
not only on the faint-end slope of the UV LF (and its actual
shape) and the faint-end integration limit, but also on the
escape fraction of ionizing radiation. In addition, most sam-
ples used for this exercise, either in blank fields or in lensing
fields, are photometrically selected and have few if any spectro-
scopic redshifts available. The interrelation between the different
SFG populations, which are selected as Lyman-break galaxies
(LBGs) or Lyman-alpha emitters (LAEs), has been a popular
topic for many years, both from observational and theoretical
points of view (see e.g., Nagamine et al. 2010; Pentericci et al.
2011; Shapley 2011; Stark et al. 2011; Dayal & Ferrara 2012;
Erb et al. 2014; Orsi et al. 2014; Tilvi et al. 2014; Schenker et al.
2014; Garel et al. 2016; De Barros et al. 2017; Caruana et al.
2018; Arrabal Haro et al. 2018).

The same holds for the relative escape fractions of Lya and
UV photons (i.e., the ability of observed quantities such as Ly«
and rest-frame UV fluxes to trace the ionizing radiation; noted
hereafter fiy, and fu; see e.g., Hayes et al. 2015; Steidel et al.
2018 and the references therein).

Nevertheless, observations of LBGs and LAEs are rarely car-
ried out in the same volume of universe because of observational
limitations. Recent pioneering studies have started to address
this issue in blank fields, such as for example Arrabal Haro et al.
(2018) using the SHARDS survey of the GOODS-N field
which is a deep-imaging survey using 25 medium band filters,
or Inami et al. (2017) Hashimoto et al. (2017), Maseda et al.
(2018), and Kusakabe et al. (2020), all based on ultra-deep inte-
gral field units (IFU) data for the Hubble Ultra Deep Field
(HUDF) from MUSE (the Multi-Unit Spectroscopic Explorer;
Bacon et al. 2010, 2017).

In this paper, we investigate the intersection between the
populations of SFGs selected as LBGs and LAEs in the range
2.9 < z < 6.7 within the same volume of universe sampled
by MUSE behind the HFF lensing cluster Abell 2744 (here-
after A2744). For the first time, such a combined survey is
performed behind a lensing cluster, using the deepest images
available from the HFF. Taking advantage of the magnification
provided by the lensing cluster, the survey reaches an average
depth of M;s00 ~ —15 and probes galaxies as faint as Msgp ~
—12 in some areas, and Lya luminosities in the range 40 <
log(L,,) < 43 . We investigate the prevalence of Ly« emission
among the faintest LBG population (Msgo > —20.25), as well as
the relationship between Lya and UV luminosity. Hereafter the
term LBG is used to refer to galaxies identified by their UV con-
tinuum using either the classical color—color diagrams (see e.g.,
Steidel et al. 2003; Oesch et al. 2007; Bouwens et al. 2015a or
photometric redshifts (see e.g., McLure et al. 2009; Pell¢ et al.
2018). In Sect. 2 we briefly describe the relevant MUSE and HFF
data available for this study. Section 3 presents the selection of
LBG and LAE samples at z ~ 3—7 behind A2744. The results
on the intersection of LBG and LAE populations are presented
and discussed in Sect. 4. Conclusions are given in Sect. 5. The
cosmology adopted throughout this paper is Q5 = 0.7, Q,, = 0.3
and Hy = 70 km s~! Mpc~! and all magnitudes are given in the
AB system (Oke & Gunn 1983).

2. MUSE and HFF data of A2744

MUSE integral-field observations of A2744 were carried out as
part of the MUSE Guaranteed Time Observing (GTO) program
on lensing clusters (GTO Program 094.A-0115; PI: Richard;
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see Mabhler et al. 2018; de La Vieuville et al. 2019 for additional
information). The field observed was a 2x2 MUSE mosaic cov-
ering the entire multiple-image area, with exposure times rang-
ing between 3.5 and 5 hours per pointing, plus a central pointing
with two additional hours of exposure centered at =00:14:20.95
0=-30:23:53.9 (J2000). All details regarding MUSE data reduc-
tion, the source-detection process, and mass model construction
can be found in Mahler et al. (2018). Throughout this study we
use the gold mass model presented in Table 4 of Mahler et al.
(2018) which has an average RMS of multiple images in the
image plane of 0.67”. The MUSE catalog includes 171 LAEs!
before multiple image removal, with redshifts in the range 2.9 <
7z < 6.7. All LAEs were detected with MuseLer?, a detection
software for emission lines in MUSE cubes. Table 1 summa-
rizes the effective lens-corrected volume surveyed by the MUSE
observations behind A2744. The detection fluxes of the LAEs
are measured with SExTracTorR (Bertin & Arnouts 1996) using
the MAG_AUTO segmentation on Lya narrow-band (NB) images.
These NB images are continuum subtracted, and their spectral
width is manually adjusted to the spectral extent of each LAE
to ensure the best recovery of the total Lya flux. The automated
segmentation is efficient in dealing with a wide variety of spa-
tial profiles, including high distortion induced by lensing. All
technical details regarding the LAE extraction method including
some examples can be found in Sect. 3.2 of de La Vieuville et al.
(2019).

The selection of LBGs in this field is based on the HFF
observations of A2744 (ID: 13495, P.I: J. Lotz). Seven filters
are available for Hubble Space Telescope data, three from the
Advanced Camera for Surveys (ACS: F435W, F606W, F814W),
and four from the Wide Field Camera 3 (WFC3: F105W, F125W,
F140W, and F160W). In this study we use self-calibrated data
provided by STScl (version v1.0 for WFC3 and v1.0-epoch2
for ACS) with a pixel size of 60 mas. The full MUSE mosaic
is contained within all of these seven HFF bands. We used
the photometric catalog released by Astrodeep (Merlin et al.
2016; Castellano et al. 2016), which also includes imaging from
VLT/Hawk-I K-band and the first two Spirzer/IRAC bands.
For each of the seven HST filters, both the intra-cluster light
(ICL) and bright-cluster galaxies (BCGs) were modeled and
subtracted. The photometry was measured on these processed
images with SExtractor (Bertin & Arnouts 1996) with PSF
matching techniques using high-spatial-resolution images as pri-
ors for the source segmentation. The complete procedure is
detailed in Merlin et al. (2016). The complete catalog has 3587
entries for the entire A2744 lensing field, of which 2596 are
detected in the F160W image, a further 976 are detected in
a weighted stack of F105W, F125W, F140W, and F160W and
undetected in F160W alone, and 15 are BCGs. We note that the
Astrodeep catalog is near-infrared(NIR)-selected by construc-
tion, and this fact could have some implications on the subse-
quent results.

Before any comparison with the MUSE source catalog, the
entire Astrodeep catalog was filtered to remove untrustworthy
photometry points and/or sources. Because VLT/Hawk-I, IRAC
1, and IRAC 2 have larger PSFs than the HST filters, the photom-
etry computed in these three bands is more often contaminated
by nearby galaxies. Following the flags given in the catalog, all
photometric entries likely to be affected by this effect (indicated
by flag COVMAX; see Merlin et al. (2016)) were given an upper
detection limit in these filters when computing photometric

! Publicly available at http://muse-vlt.eu/science/a2744/
2 MUSELET is part of the python MPDAF package (Piqueras et al. 2017)
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redshifts. We also removed 220 sources flagged as likely resid-
uals of the foreground subtraction (SEXFLAG > 16 and VIS-
FLAG > 1). Finally, the catalog was cut to the exact MUSE
field-of-view (FoV), leading to a final selection of 2666 sources
detected in the Astrodeep catalog within the MUSE mosaic.

In order to build a single coherent catalog, a cross match was
performed between the remaining 2666 Astrodeep sources and
the 171 LAEs of the MUSE catalog using a matching radius of
r = 0.8 (4 MUSE pixels). In case several entries are pointing
towards the same source, only the closest match is kept. The dif-
ference in morphology between the UV and Lya emission (see
e.g., Leclercq et al. 2017; Wisotzki et al. 2018) and the distor-
tions induced by lensing are likely to be the dominant causes of
mismatch. For this reason, all LAEs and their closest Astrodeep
counterpart were manually inspected to confirm or reject the
match. In the case of multiple-image systems, it is always pos-
sible to select the least ambiguous image of the system when
assembling the final sample (see below). At the end of the match-
ing process, the merged catalog contains 2724 galaxies of which
113 are seen in both the MUSE and Astrodeep catalogs, and
58 are LAEs with no detected UV counterpart in the Astrodeep
catalog.

3. Selection of LBG and LAE galaxies at z ~2.9-6.7

Two different methods were used to select LBGs in this field
among the sources detected by Astrodeep in the MUSE FoV:
the usual three-band dropout technique applied to HFF data, and
a method based on pure photometric redshifts and probability
distributions. For the dropout (two-color) technique, we adopted
the same criteria as proposed by Bouwens et al. (2015a) for the
selection of galaxies at z ~ 3.8, 4.9, 5.9, and 6.8. Photometric
redshifts and redshift probability distribution (noted P(z)) were
computed with the code New—Hyperz®, which was originally
developed by Bolzonella et al. (2000) based on the fitting of the
photometric spectral energy distributions (SED) of galaxies. The
input Astrodeep catalog presented in Sect. 2 also includes photo-
metric redshifts. However, a new evaluation of the photometric
redshifts is carried out here in order to preserve the consistency
of the fit obtained for the different parameters used in this study.

Photometric redshifts with New—Hyperz were computed in
the range z = [0, 8]. The template library used in this study
includes 14 templates: eight evolutionary synthetic SEDs from
the Bruzual and Charlot code (Bruzual & Charlot 2003), with
Chabrier initial mass function (IMF; see Chabrier 2003) and
solar metallicity; a set of four empirical SEDs compiled by
Coleman et al. (1980); and two starburst galaxies from the
Kinney et al. (1996) library. Internal extinction is considered as
a free parameter following the Calzetti et al. (2000) extinction
law, with Ay ranging between 0 and 1.0 magnitudes, and no
prior in luminosity. At this stage, galaxies with photometric red-
shifts higher than z > 2.9 and integrated probability distributions
P(z > 2.9) > 60% were selected as LBGs. In all cases, an S/N
higher than 30~ was required at this stage in at least one of the fil-
ters encompassing the rest-frame UV. The quality of photomet-
ric redshifts is assessed by directly comparing the results for the
galaxies with known spectroscopic redshifts in the LBG sample.
Outliers are defined as sources with |zspec —Zphot| > 0.15(1 +Zspec)-
The average accuracy reached excluding outliers is Az/(1 + z) =
—0.011 + 0.053, with a median at Az/(1 + z) = 0.001. As
seen in Fig. 1, the vast majority of galaxies with poor pho-
tometric redshifts have m(F125W) > 28 (or an S/N < 5 in

3 http://userpages.irap.omp.eu/~rpello/newhyperz/
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Fig. 1. Comparison between photometric and spectroscopic redshifts
for galaxies spectroscopically confirmed at z ~ 3-7. Long-dashed
and dashed lines display the locus of zpnot = Zspee + 0.05(1 + z) and
+0.15(1 + z) respectively, and the solid black line is the one-to-one rela-
tion. Colors encode the observed magnitudes in the F125W filter, show-

ing that the vast majority of galaxies with poor photometric redshifts
have m(F125W) > 28.

this filter). It is also worth noting that good photometric red-
shifts could be obtained for galaxies with z > 2.9, which fully
covers the redshift domain where the Ly« line can be detected
by MUSE.

Given the trends found for the quality of photometric red-
shifts computed with New—Hyperz, an S/N higher than 5 was
requested in at least one of the seven HST filters for sources with-
out spectroscopic redshifts. For galaxies with a spectroscopic
confirmation, no S/N criterion was imposed. This means that 9
of the 92 galaxies spectroscopically selected have an S/N lower
than 5, typically ranging between 3 and 5 in several filters, a small
enough fraction to preserve the results of the subsequent analy-
sis (see Sect. 4). Using this blind photometric redshift procedure,
and the S/N criterion, 536 galaxies were selected as LBGs.

For comparison, the three-band dropout technique selects
383 objects, all of them included within the sample obtained with
blind photometric redshifts, with only ten exceptions. Inspection
of these ten objects revealed that they have either unreliable pho-
tometric points resulting in poorly constrained or undefined pho-
tometric redshift, or that they have zpnoy ~ 2.9 with a large part
of their P(z) under the z = 2.9 threshold, therefore failing the
P(z > 2.9) > 60% criterion.

Because we want to be as inclusive as possible in our selec-
tion, all galaxies selected for their UV continuum and photo-
metric redshift as described above are considered in the rest of
this study. For the sake of simplicity, we continue using the term
“LBG” to refer to this photo-z sample. Furthermore, even though
the presence of a break is not strictly required in our selection, it
remains the main feature picked up by New—Hyperz to compute
the photometric redshift for most of our galaxies.

Finally, all images were inspected to identify multiple sys-
tems. For LAEs, a robust identification of multiple systems is
already provided in the MUSE catalog. For LBGs with no LAE
counterparts, the identification of multiple system is done using
LenstooL (Kneib et al. 1996; Jullo et al. 2007; Jullo & Kneib
2009) and the predictions of the mass models presented in
Mahler et al. (2018). Therefore, for all identified multiple image
systems (both LAEs and LBGs) we only keep one source
counterpart, to avoid including the same object several times in
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LBG + LAE LBG only

O LAE only

Fig. 2. False-color image of A2744 showing the area covered by the MUSE observations, which was obtained by combining the following HFF
filters: F435W (blue), F606W (green), and F814W (red). The different populations selected in this field at 2.9 < z < 6.7 are displayed as follows:
LBGs without an LAE counterpart in cyan (408), LBGs with an LAE counterpart in yellow (92), and LAEs without an LBG counterpart in red

(58). Circles are 1.5”in diameter.

our analysis. In case one LAE image of a system matches with
a UV counterpart and the other(s) do not, the one with the UV
counterpart is kept.

4. The intersection between LBG and LAE
populations

The following samples are defined in the MUSE field behind
A2744 after the selection process and multiple image removal
presented in Sect. 3:
— Sample 1: LBG galaxies with Lya emission (hereafter
LBG + LAE) This sample contains 92 galaxies.
— Sample 2: LBG galaxies without Lya emission, including
408 galaxies selected by their UV rest-frame continuum.
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— Sample 3: LAE galaxies without an LBG counterpart. This
sample contains 46 galaxies.

Figure 2 displays the different populations selected in this field
overlaid on a false color image of A2744. In practice, the match-
ing between the centroids of LBG and LAE galaxies is usually
better than 0.1 (average value in the LBG + LAE sample). In
the selection above, one concern is that some galaxies would be
seen as pure LAEs because their Lya emission can be detected
by MUSE overlaid on some bright foreground galaxy, whereas
their UV continuum cannot be detected. Such identification of
pure LAEs would be completely artificial as it would not be rep-
resentative of the intrinsic properties of the source but only of
the foreground contamination. The risk has been limited by the
selection of the most representative image in multiple-imaged
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Fig. 3. Redshift distribution of the rest-frame EW for Lya emission in
the three samples. For the LBGs without an LAE counterpart in gray,
the values are upper limits and the error bars have been omitted for
clarity. The dashed horizontal line corresponds to EWyy, =25 A.

systems (when possible), as explained in Sect. 3. Indeed, as dis-
played in Fig. 2, none of the pure LAEs (red circles) fall on top
of a bright foreground galaxy that would prevent the detection of
an underlying UV continuum.

In order to determine the values of the UV continuum, in
particular the continuum emission at the wavelength of the Lya
line (hereafter referred to as the Lya continuum) and the absolute
magnitudes Msg, a SED-fitting process was adopted using star-
forming and young star-burst templates (age <1 Gyr) extracted
form the Starbursts99 library (Leitherer et al. 1999). To estimate
the uncertainty on both the Lya continuum and M,sq9, we per-
formed Monte Carlo (MC) iterations by drawing the photome-
try points within their error bars and iteration of the SED-fitting
process. In practice, for sources without spectroscopic redshifts,
New-Hyperz was run twice: the first time to determine the best
photometric solution and P(z) as described in Sect. 3, and a sec-
ond time using the results of the first run to fix the best-fit red-
shift and perform the MC iterations. When comparing the blind
photo-z obtained during the first pass to the one derived with
the Starbursts99 library of templates (leaving the full redshift
range free), they are found to be in full agreement for all galax-
ies selected as LBGs. For sources with spectroscopic redshifts,
the redshift was fixed to the spectroscopic value during MC iter-
ations.

For the galaxies selected as both LAEs and LBG:s, it is pos-
sible to compute their EWy, using their detection flux and the
Ly continuum measured from the best-fit SEDs. For galaxies
selected as pure LAEs and pure LBGs, only lower and upper lim-
its of the EWy,, can be determined respectively. The distribution
of the rest frame EWy, with redshift for the three samples is pre-
sented in Fig. 3. As the magnification affects both the continuum
and the Ly emission in the same way, no additional correction
is needed. For the LBG with no LAE counterpart (Sample 2), the
upper limit of their Ly« emission is assumed to be a constant flux
of F(Lya) =1x 107" erg~! s7! cm~2. In the following, the reader
should keep in mind that this is a somewhat arbitrary estimate
corresponding to the flux limit above which more than 90% of
the LAEs detected behind A2744 are found. A flux value ranging
between 2 and 5x 10" erg™! s™! cm™2, depending on the spa-
tial and spectral profile of the source, could be used to secure
a detection limit close to 100% completeness (see Fig. 9 in
de La Vieuville et al. 2019). For galaxies selected as pure LAEs

100
—— Total sample
sol EEl LAE only
LBG with LAE

s LBG only
60t

Count

40}

207

Redshift

Fig. 4. Redshift distribution of the three samples defined in this study.
See text in Sect. 3 for more details on the selection of the three samples.

in Sample 3, a limiting flux for the Ly continuum and the cor-
responding apparent magnitude m;so9 were obtained for each
object based on the noise of the sky background measured on the
top of the area where the Lya emission was detected, using the
photometric images encompassing these wavelengths. As Sam-
ple 3 LAEs are relatively compact, a compact PSF-dominated
morphology was also assumed for these galaxies in the contin-
uum, with a maximum of 20~ above the local sky background.
This procedure allows us to take into account the different detec-
tion conditions for the continuum affecting these galaxies, in par-
ticular close to the cluster core.

4.1. Evolution with redshift

Redshift histograms for the three samples considered in this
study are shown stacked on top of each other in Fig. 4. Table 1
displays the same information but with the redshift bins used
in de La Vieuville et al. (2019) for the computation of the LAE
LF. As seen in the table and figure, the proportion of LAEs (i.e.,
LBG + LAE and LAE only) among SFGs increases with redshift
despite the fact that these are the deepest images available in the
HFF survey. We acknowledge that these values depend on the
relative depth of the photometric and spectroscopic surveys, and
as such they only indicate an observed trend for our data set.
Using Samples 1 and 2 (LAE + LBG and LBG only) it is also
possible to compute the fraction of LAEs with EWyy, > 25 A
among our UV-selected sample, noted Xy ag. This fraction, used
to express the prevalence of LAEs among the LBG population,
is often divided into two populations: galaxies with Msq9 <
—20.25 and galaxies with Mysqp > —20.25 (see e.g., Stark et al.
2011; Pentericci et al. 2011; Arrabal Haro et al. 2018). Because
of the lensing nature of the present sample, it is mostly domi-
nated by faint galaxies and 98% of the sample falls within the
Mis00 > —20.25 domain. The limit EWpy, =25 A is shown in
Fig. 3 and again most of our LAE sample falls above that limit.
The LAE fraction is computed from Samples 1 and 2 with the
cuts in both EWp, and UV magnitude described above, that is,
using the upper limits for pure LBGs (Sample 2) at face val-
ues. The results are presented with and without completeness
correction for the LAE selection in Fig. 5 using the following
redshift bins: 2.9 < 7 < 4.0,4.0 < 7 < 5.0,50 < z < 6.0,
and 6.0 < z < 6.7. This binning was adopted to reach a suffi-
cient sample size in each bin — for statistical purposes — and to
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Table 1. Interrelation between the LAE and LBG populations.

29<z<67 29<z<40 40<z<50 50<z<6.7
Effective volume (Mpc?) 13361 4546 3638 5177
Sample 1: LBG with LAE 92 +9.6 43 +6.6 27+5.2 22+4.7
16.9+1.7% 13.2+2.0% 18.0+3.5% 32.8+7.0%
Sample 2: LBG only 406 +20.1 286 +16.9 105 +10.2 33+5.7
746 +3.7%  819+52% 700+6.8%  492+85%
Sample 3: LAE only 46 + 6.8 16 +4.0 18+4.2 12+3.5
84+1.2% 49+1.2% 12.0+2.8% 179+5.2%
Total 544 +23.3 327 +18.1 150 +12.2 67 + 8.2

Notes. Numbers in boldface are absolute number of detections, and uncertainties correspond to the Poissonian error count.

1.0
M With correction I Stark 2011 D Pentericci 2011
Without correction kb Caruana 2018 ¥ Tilvi 2014
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Fig. 5. Fraction of LAEs with EWp, >25 A among the UV-selected
galaxies with M;sop > —20.25. This fraction is computed from galaxies
in Samples 1 and 2, and compared to other similar values in the litera-
ture (see Sect. 4.1 for more details). For clarity, a small redshift offset is
applied to the points centered on the same redshift value.

easily compare with previous results, in particular around the
z ~ 6 epoch.

The completeness of the LAE selection is determined using
the method presented in de La Vieuville et al. (2019). The indi-
vidual maximum covolume of detection for each LAE is com-
puted in the A2744 cube and is noted Vy,y ;. This computation
is done in the source plane, simulating the detectability of indi-
vidual LAEs across numerous spectral layers (or monochromatic
layers) and restricting the computation to the spatial areas where
the magnification field is high enough to allow the detection
of the LAE. An additional correction noted C; is considered to
account for the fact that the LAE does not have a 100% chance of
being detected on its own spectral layer because of the random
variation of noise across the spatial dimension of the layer. This
C; takes values in the range 0—1 and is computed on the detection
layer of individual LAEs by injecting their own detection profile
multiple times across the FoV and trying to recover it. All the
technical details related to the computation of Vi ; and C; can
be found in de La Vieuville et al. (2019).

The factor 1/C;Viax.i gives a numerical density for one LAE.
To compute a correction from this numerical density, two addi-
tional quantities are introduced: the limit magnification noted
tiim,; and V(>u). The limit magnification is the magnification
value under which the S/N of a given LAE drops below one,
and represents the minimum value of magnification for a specific
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LAE to be detected. The second quantity, V(>w), is the volume
of observation explored above a given magnification, computed
from the source plane. For each LAE, the corrected contribution
of 1/C;Vinax.i to XLag is given by:

V(> Hiim.i)
CiVmax,i .

The term V(> uyim ;) is the volume of observations above a given
amplification (i.e., neglecting the effects of the spectral varia-
tions of noise across the layers of the cube) and is used to nor-
malize the intrinsic numerical density of the LAE. The aim of
such a normalization is based on the fact that the background
volume explored varies strongly depending on the magnification
regime considered as faint sources can only be detected within
the highly magnified regions. The correction of all LAEs with
N(LAE;;) => 10 is neglected as it is estimated as untrustwor-
thy. For a given UV-selected population, assumed to be com-
plete, the fraction X o is computed for two cases, the corrected
and the uncorrected population of LAEs. Only Poissonian uncer-
tainties are considered for the error propagation affecting Xy Ag.

In Fig. 5, the present results are compared to the ones
derived by previous authors for Misgo > —20.25, namely those
of Stark et al. (2011), Pentericci et al. (2011), Treu et al. (2013),
Schenker et al. (2014), Tilvi et al. (2014), De Barros et al. (2017),
and Arrabal Haro et al. (2018), keeping in mind that the defini-
tion of the M5 range in the literature is not identical for the dif-
ferent authors; it is —20.25 < M;s00 < —18.75 for Stark et al.
(2011) and Pentericci et al. (2011), whereas it is M{s5o9 > —20.25
in this work and for Treu et al. (2013), Schenker et al. (2014),
Tilvi et al. (2014), De Barros et al. (2017), Caruana et al. (2018),
and Arrabal Haro et al. (2018). As expected, the present determi-
nation of Xy A increases from z = 3.5 to z = 5.5 and drops for
z >6, which can be interpreted as an increase in the neutral frac-
tion of hydrogen. Our corrected points are most consistent with
the determination of X; og from Arrabal Haro et al. (2018). Even
though all of our corrected points are roughly consistent to 1o
level with the other values from the literature, it appears that the
two lower redshift points tend to be below previous estimates. Sev-
eral factors may explain this observed trend.

Because of the lensing nature of the present sample, the vol-
ume probed is small, only ~13360Mpc? are explored in the
range 2.9 < z < 6.7, and the cosmic variance has therefore a high
impact on the observed statistics. This additional uncertainty is
not shown in the error bars.

There is clearly a difference in the selection processes with
respect to previous studies. Here we use both broad-band pho-
tometry and IFU observations. The combination of these two
methods ensures that we are as unbiased as possible in both

N(LAE)corr,i = (1)


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202037651&pdf_id=5

G. de La Vieuville et al.: Intersection between the LBG and LAE population at z ~ 3—7 behind lensing field A2744

2.5 43.0 IO%
* x 4 e
42. {:\( * 9F
2.0 R p ¥
= * 42,0 . S S 8
_ & x » B
g 2 S8 <
T * o * * B DD’
S 15 * > 415 R R 7
% R N s 2 N
ol N * A vm3 o * 4o ¥ §
T * * ~ 1 v Y Yy Y %W W%“ * PpFp, X
Nw ¥ * * 5 .0 v VVV v %‘ Y, w . v %\ 6
E 10 et 2 = v VY T W ¥ UM =
O * o K Koo % WY w 4 " VYW AL E v b
&0 e > gk > 2 40. AL A ‘ 5
[
- * bﬁb X Vo
=}
S W LA v Ty VY *
< 05 il 10.0 MR W R * 4
éﬁ . T { . vv Vg v v
* 9 39 v Vy v 3k
* ph " * v v % VW vy V v
L S S %  LBG with LAE —
q v
* > * 39.0F v LBGonly v 2
> LAE only v v
05 . . . . . . . . . .
0556 28 30 32 34 385 —20 —18 —16 —14 —12 !
m1500 Mis500

Fig. 6. Distribution of the different populations of SFG in their observed and derived properties, showing the magnification yu affecting each galaxy
in a color-coded value (see color scale on the right). Left panel: observed Ly flux versus apparent magnitude m,5q0, without any correction for
magnification, for Samples 1 and 3. The m;soy value was recomputed based on the SED of each galaxy in Sample 1; for Sample 3, it is the limiting
magnitude for each source as described in Sect. 4. The limiting Lya flux assigned to all galaxies in Sample 2 is shown by a gray dashed line.
Right panel: Lyman « luminosity versus absolute UV magnitude M5y after correction for magnification u. No correction for dust extinction was
applied. The effect of magnification in spreading the distribution of galaxies towards the faintest values is clearly seen in this figure.

the LBG and LAE selection in the same volume, range of
magnitude, and Lya luminosity. All LAEs with a detected con-
tinuum are included in Sample 1, even if this detected contin-
uum has a lower S/N that would not have allowed it to pass
the photometric selection required for the pure LBGs of Sam-
ple 2 (this effect only accounts for ~10% of Sample 1). On one
hand, two-step surveys based on LAEs spectroscopically iden-
tified among photometrically pre-selected LBG populations are
likely missing LAEs with the faintest continuum counterparts
or exhibiting extended and/or ex-centered Lya emission. On the
other hand, Lya emission is also likely to affect broad-band
photometry used in the LBG pre-selection as well as the UV
detection limit, as discussed in Kusakabe et al. (2020). On the
contrary, Arrabal Haro et al. (2018) used the 25 medium bands
of the SHARDS survey to select both the LBG and LAE popula-
tions. These observations have an average depth of m = 26.5-29
magnitude and an average spectral resolution of R ~ 50. They
are therefore mostly sensitive to UV-brighter galaxies and higher
EW?y,, but are able to probe a much larger area. In this regard,
this present study is complementary to their findings.

Finally, we get ~40% more objects using a photo-z selection
compared to a more traditional color—color selection (see begin-
ning of Sect. 3). This selection effect tends to lower our mea-
surement of X g compared to previous studies, but ensures that
we have a more inclusive assessment of the high-redshift SFGs.

4.2. Evolution with UV magnitude and Lya luminosity

The corresponding Lya luminosities and absolute UV magni-
tudes Mispo have been computed for all SFG in the three sam-
ples, including the magnification correction. Lya luminosities
are based on the observed Ly« fluxes and spectroscopic redshifts
for Samples 1 and 3, and the limiting flux and photometric red-
shifts for Sample 2. Absolute magnitudes M;syy are based on

the observed SED fit and spectroscopic (Sample 1) or photomet-
ric (Sample 2) redshifts, and limiting magnitudes and spectro-
scopic redshifts for Sample 3. Figure 6 displays the distribution
of the different populations of SFGs in terms of their observed
and derived properties. This figure illustrates the effects of the
magnification u affecting each galaxy and also the impact of the
limiting Ly flux and m;spy values assigned to Samples 2 and
3, respectively. In the left panel of Fig. 6, the mjsoy value has
been recomputed based on the SED of each galaxy in Sample
I; for Sample 3, it is the limiting magnitude for each source
as described above. The effect of magnification in spreading
the distribution of galaxies towards the faintest luminosities is
clearly seen in the right panel, which shows the Lyman « lumi-
nosity versus absolute UV magnitude M5 after correction for
magnification u. As seen in this figure, given the limiting Lya
flux assigned to Sample 2, this population of pure LBGs tends
to merge with the LBG + LAE population (Sample 1) for magni-
tudes M|so0 > —17 to —16, with the precise value depending on
the somewhat arbitrary flux limit adopted for the nondetection
(see beginning of Sect. 4). The bulk of the galaxies in Sample 3
are distributed between —16 < My599 < —13.

The main results of this study are summarized in Fig. 7, the
central part of which shows the three samples in a plot present-
ing the Ly luminosity in log-scale versus Msg, in a similar
way to in Fig. 6, with redshift color coded. Ultra-violet magni-
tude and Ly« luminosity histograms of the three samples are also
provided on the side.

Regarding the SFR, Fig. 7 also displays the locus of the
SFRyy, = SFRy, for a constant star-formation system. This rela-
tion was computed using the standard conversion in Kennicutt
(1998) for SFRyy,, and the common conversion also given in
Kennicutt (1998) based on a Salpeter IMF for the SFR,,. Since
none of the values presented in Fig. 7 have been corrected for

A39, page 7 of 10


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202037651&pdf_id=6

A&A 644, A39 (2020)

100

Total sample

I LAE only
LBG with LAE
s LBG only

16.5
16.0
15.5
0E
=
)
-
d:"
b
|
|
I I f ~ 4.0
39.5¢F SFRyya = SFRyv 1V 1Vv v 1 v
Stacks Maseda 2018 Yo * Y v | 35
Y  LBG with LAE | | | :
39.0r g only fLya < fuv : :v v v":
25 [>I LAE only . . I . I . v I . . 3.0
’ —22 —20 —18 —16 —14 —12 100 200
Mis00

Fig. 7. Lyman a luminosity versus absolute UV magnitude, with redshift encoded in the color bar. On the top (right) are UV absolute magnitude
(Lye luminosity) histograms for the three samples, stacked on each other, using the same colors as in Fig. 4. Galaxies in Samples 2 and 3 have
upper-limit estimations of their Lya and UV fluxes (see text for details). All values have been corrected for magnification but not for possible
dust extinction. The thick blue line displays the locus of the SFRy, = SFR,, for a constant star-formation system. The dashed violet, pink, and
orange lines correspond to the best fit for the offset in this relation (with fixed slope) when the sample is split in the redshift bins: 2.9 < z < 4.0,
4.0 < z<5.0,and 5.0 < z < 6.7, respectively. Uncertainties on offset values are shown as vertical lines of the same color. The three vertical gray
dashed lines correspond to Mysqg = —17, Mys00 = —15, M 500 = —13, which correspond roughly to the observational limit reached in blank fields,
lensing fields, and the extrapolation needed to ensure that the UV LF provides enough ionizing flux for reionization (see Bouwens et al. 2015a).
Red and blue arrows indicate the effect of a magnification factor of 4 = 5 and a reddening Ay = 0.5 magnitudes, respectively.

dust absorption, this constant star-formation line also represents
the locus where the escape fraction for Lya photons is the same
as for UV photons (fiye = fuy). Regarding the total ionizing flux
density (or the SFR density, SFRD), this means that objects
along this line yield the same values when measuring either the
UV continuum or the Lya line flux. Galaxies found above or
below this line in this simple model have respectively fuy < fiyo
Or fuy > fiye- In addition, the scatter can be easily understood
given the variety of star-forming regimes that are not fairly rep-
resented by stationary or constant star-formation regimes.

The three samples are each exploring different regions of
Fig. 7. For bright galaxies with Ms09 < —15, almost all SFGs
in the present sample are selected as LBGs. However, for galax-
ies fainter than Mso9 = —15 the proportion of SFGs only seen
as LAEs progressively increases at lower UV luminosity. This
result is in good agreement with the recent study of Maseda et al.
(2018) which concluded that the LAE selection is better suited to
identify and study intrinsically faint UV galaxies. This also sug-
gests that the LAE LF is a better proxy of the SFG population
when focusing on the faint end. The observed trend depends on
the relative depth between MUSE and HST observations: deeper
HST observations would increase the number of faint LBGs
detected. Needless to say that such observations are extremely
expensive and the HFF data are currently the deepest observa-
tions available.
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In addition to the theoretical SFRyy, = SFRy, locus, the same
relation has been adjusted with the offset as a free parameter,
keeping a constant slope, for galaxies in Sample 1 split in the
following redshift bins: 2.9 < z < 4.0 (43 sources), 4.0 < z <
5.0 (27 sources), and 5.0 < z < 6.7 (22 sources). The results
are presented respectively by the dashed violet, pink, and orange
lines in Fig. 7, where the derived uncertainties from the fit are
represented as vertical error bars of the same color. Leaving this
offset free means leaving the ratio fi,,/fuv free in such a way
that the fit can be seen as an average value of this ratio over the
sample considered. For the two lower redshift bins, the adjusted
line is fully consistent with the SFRyy, = SFRy, locus within the
1o level, whereas a fiy, > fuy is observed for the higher redshift
bin with a ~10 significance.

When looking at galaxies of Sample 1, on average, “bright”
galaxies with M 509 < —17 tend to be under the SFRy, = SFRy,
locus, therefore extending a trend already observed for brighter
samples at such high redshifts (see e.g., Ando etal. 2006;
Schaerer et al. 2011). Given the limiting detection levels in this
survey, almost all galaxies in Sample 3 are located above the
SFRyy, = SFRy, locus, as well as the faintest galaxies of Sam-
ple 1 with Mjs90 > —17, in such a way that the number of
galaxies with SFRyy, > SFRyy at M{s00 > —17 is larger than for
Ms500 < —17. Such a behavior could be explained by the evolu-
tion of the dust content, and the relative distribution of dust and
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stars in star-forming regions, as discussed below. Also, the large
scatter observed in Sample 1 for all three redshift bins could be
representative of individual variation in the f, / fuv ratio related
to the star formation regime, the age of the stellar population, the
dust content, and the relative distribution of stars and dust.

It is worth emphasizing that the LBG sample used through-
out this work is NIR-selectegl (i.e., selected bgsed on the rest
frame continuum at ~4000 A down to 2000A for z ~ 3-7
respectively). We expect a systematic trend in the sense that LBG
galaxies with extremely blue continuum could have been prefer-
entially missed at z ~ 3—4 with respect to z ~ 6—7. While this
certainly impacts the statistical significance of our analysis, this
effect cannot account for the systematic trends presented above.

The fact that all SFGs with Misop < —17 in the present
sample are selected as LBGs is particularly interesting because
this roughly corresponds to the observational limit of the deep-
est HST blank fields (see e.g., Bouwens et al. 2015a). This limit
can be pushed as faint as Mso9 ~ —15 in strong lensing fields
before a significant correction is required to account for the con-
tribution of LAEs without continuum detection. This means that
the UV LF derived from LBG selection can be safely integrated
down to Mis99 ~ —15 to derive the total ionizing flux without
including the additional contribution of the (pure) LAE popula-
tion. Reaching down to M;s509 ~ —15 up to z ~ 7 is only pos-
sible in lensing fields, as shown by different studies (see e.g.,
Livermore et al. 2017; Bouwens et al. 2017; Atek et al. 2018).
The situation is different for M,599 > —15, as the pure LAE frac-
tion among SFGs increases towards the faintest UV luminosities.
As the Msgpvalues and associated luminosities for pure LAE
galaxies are upper limits, it is not possible to determine individ-
ually whether or not they probe the same luminosity domain as
(extremely faint) LBGs not detected as LAEs (Sample 2). There-
fore, it is difficult to properly estimate the relative contribution to
the ionizing flux for the ensemble of SFGs. For illustrative pur-
poses, we provide an upper limit on the fraction of LAEs among
all SFGs in the range —15 < Ms59p < —14 where the complete-
ness of the UV selection starts to drop. Using the lower limits on
M50 derived for Sample 3, the computed upper limit and 1 — o
values are N(LAE)/N(SFG) = 0.42 + 0.14.

Stacking the galaxies of Sample 3 in redshift bins follow-
ing the technique adopted by Maseda et al. (2018) would pro-
vide further information about their average UV continuum, but
this remains challenging because the strong variation of individ-
ual amplification makes it nontrivial to give similar weight to all
stacked LAEs; also the sample of pure LAEs is still very small.
Therefore, based on the present results it is still difficult to quan-
tify the missing contribution of LAE to the ionizing flux density
with respect to the extrapolation of the LBG-based UV LF to
Ms00 ~ —13, if any, upto z ~ 7.

For the sample of SFGs studied here, bright galaxies with
Mis00 < —17 tend to be under the SFRpy, =SFRy, locus,
whereas galaxies with M|sq9 > —17 are mostly observed above.
Also, a higher SFRy, (with respect to SFRy,) is observed for
galaxies at z >5 as compared to z <5 but, as discussed above,
this effect is only at ~ 1o significance for this sample. Several
effects combined together could explain the observations regard-
ing the main trends and the scatter, including a genuine evolution
in the fiy,/ fuv ratio.

Possibly the simplest explanation for these trends is the age
of the stellar populations. As previously suggested by Ando et al.
(20006), if UV “bright” galaxies start their star-formation ear-
lier than UV “faint” galaxies, they are expected to contain older
stellar populations and be more chemically evolved and dustier,
which could explain a relative decrease in their Lya emission.
Conversely, for M;509 > —17 galaxies, the presence of a younger

stellar population producing a harder spectrum with lower metal-
licity stars is expected to result in a the relative increase of the
Lya emission. This effect was also discussed in the past (see
e.g., Erb et al. 2014). The original result here is that these effects
are seen for very faint Msoo ~ —15 galaxies, much fainter than
in previous studies. Regarding the scatter, even in the case of a
constant SFR, the ratio of UV to Ly« luminosity produced by a
young stellar population evolves and requires ~100 Myr before
reaching the Kennicut equilibrium (Verhamme et al. 2008). The
same is true in the case of a more realistic nonconstant and bursty
SFR, which could explain part of the observed scatter.

Regarding the relative increase in SFRyy, with respect to
SFR,, for the faintest galaxies (M;soq0 > —17), an interesting
explanation is the scenario described by Neufeld (1991), and
also suggested by Atek et al. (2014), based on the existence of a
multi-phase ISM with dust, where the Lya emission is enhanced
with respect to the nonresonant emission at similar wavelengths
(i.e., UV continuum photons in the present case). Following
this scenario, neutral gas and dust reside in clumps and they
are surrounded by ionized medium. The Lya photons are scat-
tered away when reaching the surface of these clumps while
the UV photons can penetrate inside where they are more eas-
ily absorbed by the dust. Therefore, even though fiy, decreases
with increasing dust content or reddening, the ratio fiy,/fuv
could increase because f,y decreases faster than fiy, in the pres-
ence of dust clumps. Because faint UV galaxies tend to be less
dusty and more clumpy than bright galaxies — as predicted by
models (see e.g., Garel et al. 2012) — this effect is expected to
preferentially impact the faintest population. Several previous
studies have mentioned the importance of this mechanism (see
e.g., Hayes etal. 2011, 2013; Atek et al. 2014; Matthee et al.
2016). However, as pointed out by Duval et al. (2014) based
on their 3D Monte Carlo Lya radiation transfer code, special
conditions could be needed to have Lya photons escaping more
easily than the continuum (i.e., an almost static ISM, extremely
clumpy, and very dusty). We do not have enough information to
constrain the impact of this effect on our sample.

Geometrical effects are also important and certainly con-
tribute to the observed scatter. A more uniform dust distribu-
tion makes the absorption of Lya photons more likely, leading to
Juv > fiye, a systematic trend observed in the present sample for
Ms500 < —17 galaxies. Simulations by Verhamme et al. (2012),
studying the effect of disk orientation, showed the dramatic
effect of inclination on the Lya observed properties (luminos-
ity, EW and profile), with luminosity increasing from edge-on
to face-on because of a smaller number of the resonant scatter-
ing; these effects being much stronger for Ly« photons than for
the UV continuum. Observations by Shibuya et al. (2014a) of
LAEs at z ~ 2.2 confirm this inclination trend. Several authors
have pointed out the fact that the neutral hydrogen column den-
sity is a really important value affecting the Lya emissivity (see
e.g., Shibuya et al. 2014b; Hashimoto et al. 2015). For galaxies
with the lower UV luminosities (likely the smaller masses), the
observed relative excess in the fiy, could be related to the fact
that large gaseous disks are not yet in place, in addition to possi-
ble age effects, as mentioned above (see e.g., Erb et al. 2014).

Additional differential effects on the Lya emissivity are
expected from different physical conditions affecting the nebu-
lar regions, in particular the ionization states, if these regions
are density- rather than ionization-bounded. Such effects have
been described and considered by several authors when dis-
cussing the spectral signatures expected and observed for SFGs
at high-z (see e.g., Zackrisson et al. 2013; Nakajima et al. 2016;
Shibuya et al. 2019).
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5. Conclusions

We studied the intersection between the LAE and the LBG pop-
ulation behind the HFF cluster A2744. Our findings can be sum-
marized as follows:

— For faint UV-selected galaxies with Mjs99 > —20.25, the
fraction of LAEs among SFGs increases with redshift up to
z ~6 and decreases at z 2 6 , in agreement with previous
findings (see e.g., Arrabal Haro et al. 2018).

— As faint as Mso0 ~ —15, the LBG population seems to pro-
vide a good representation of the total SFG population, in
particular when computing the total ionizing flux in the vol-
ume explored by current surveys.

— The selection of Ly emitters allows us to detect a population
of intrinsically UV faint galaxies (M;s09 > —15) with sig-
nificant star formation (typically 0.01 to 0.1 Mg/yr) that are
missed in present deep blank and lensing field LBG photo-
metric surveys. In this respect, our results are in good agree-
ment with those of Maseda et al. (2018). This also shows that
when assessing the faint part of the population of SFGs with
Miso0 > —15 with the current deepest photometric data, a
correction is needed to account for the contribution of the
LAEs with no UV counterpart detection.

There is no clear evidence, based on the present results, for an
intrinsic difference between the properties of the two popula-
tions selected as LBGs and/or LAEs. However, further investi-
gation is needed. In particular, some systematic trends appear in
the population selected as LBGs and LAEs in the sense that the
UV-brightest galaxies seem to exhibit a smaller fry,/fuv ratio,
increasing towards the faintest luminosities. These trends, pre-
viously observed in other samples of SFGs at high-z (see e.g.,
Ando et al. 2006; Erb et al. 2014; Hashimoto et al. 2017), are
seen here for very faint Mso90 ~ —15 galaxies, much fainter than
in previous studies. Several effects acting in combination could
explain these differential trends, such as the age of the stellar
populations, a different distribution of ISM and stars, geometri-
cal effects, and physical conditions affecting the nebular regions.
Measuring the UV slopes of these galaxies could provide addi-
tional information in this respect.
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