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ABSTRACT

Aims. The aim of this work is to constrain the evolution of the fraction of strong Lyα emitters among UV selected star-forming
galaxies at 2 < z < 6, and to measure the stellar escape fraction of Lyα photons over the same redshift range.
Methods. We exploit the ultradeep spectroscopic observations with VIMOS on the VLT collected by the VIMOS Ultra-Deep Survey
(VUDS) to build an unique, complete, and unbiased sample of ∼4000 spectroscopically confirmed star-forming galaxies at 2 < z < 6.
Our galaxy sample includes UV luminosities brighter than M∗FUV at 2 < z < 6, and luminosities down to one magnitude fainter than
M∗FUV at 2 < z < 3.5.
Results. We find that 80% of the star-forming galaxies in our sample have EW0(Lyα) < 10 Å, and correspondingly fesc(Lyα) < 1%.
By comparing these results with the literature, we conclude that the bulk of the Lyα luminosity at 2 < z < 6 comes from galaxies
that are fainter in the UV than those we sample in this work. The strong Lyα emitters constitute, at each redshift, the tail of the
distribution of the galaxies with extreme EW0(Lyα) and fesc(Lyα). This tail of large EW0(Lyα) and fesc(Lyα) becomes more important
as the redshift increases, and causes the fraction of strong Lyα with EW0(Lyα) > 25 Å to increase from ∼5% at z ∼ 2 to ∼30% at
z ∼ 6, with the increase being stronger beyond z ∼ 4. We observe no difference, for the narrow range of UV luminosities explored
in this work, between the fraction of strong Lyα emitters among galaxies fainter or brighter than M∗FUV, although the fraction for
the faint galaxies evolves faster, at 2 < z < 3.5, than for the bright ones. We do observe an anticorrelation between E(B − V) and
fesc(Lyα): generally galaxies with high fesc(Lyα) also have small amounts of dust (and vice versa). However, when the dust content is
low (E(B − V) < 0.05) we observe a very broad range of fesc(Lyα), ranging from 10−3 to 1. This implies that the dust alone is not the
only regulator of the amount of escaping Lyα photons.

Key words. galaxies: evolution – galaxies: formation – galaxies: high-redshift – galaxies: fundamental parameters –
cosmology: observations

⋆ Based on data obtained with the European Southern
Observatory Very Large Telescope, Paranal, Chile, under Large
Program 185.A-0791.

1. Introduction

Narrowband surveys targeting the strong Lyα emission from
star-forming galaxies (Lyman-α emitters, LAEs; Partridge &
Peebles 1967; Djorgovski et al. 1985; Cowie & Hu 1998; Hu
et al. 2004; Kashikawa et al. 2006; Gronwall et al. 2007;
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Murayama et al. 2007; Ouchi et al. 2008; Nilsson et al. 2009)
and broadband surveys targeting the deep Lyman break (LBG;
Steidel et al. 1999; Bouwens & Illingworth 2006; Bouwens et al.
2010; McLure et al. 2011) have been very successful at explor-
ing the high-redshift Universe. However, the overlap between
the populations selected by the two techniques is still debated:
LAEs are claimed to be forming stars at rates of 1−10 M⊙ yr−1

(Cowie & Hu 1998; Gawiser et al. 2006; Pirzkal et al. 2007), to
have stellar masses on the order of 108−109 M⊙ and to have ages
smaller than 50 Myr (Pirzkal et al. 2007; Gawiser et al. 2007;
Nilsson et al. 2009), while LBGs have in general a broader range
of properties (Reddy et al. 2006; Hathi et al. 2012; Schaerer et al.
2011; but see also Kornei et al. 2010).

Steidel et al. (2000) and Shapley et al. (2003) showed that
only ∼20% of z ∼ 3 LBGs have a Lyα emission strong enough
to be detected with the narrowband technique. Recently, many
authors have investigated the evolution with the redshift of the
fraction of strong Lyα emitters among LBG galaxies. Stark et al.
(2010, 2011) showed that this fraction evolves with redshift, and
that the overall fraction is smaller (and that the rate of evolution
is slower) for UV bright galaxies (−21.75 < MUV < −20.25)
than for UV faint (−20.25 < MUV < −18.75) galaxies; they find
that the fraction of UV faint galaxies with strong (EW0(Lyα) >
25 Å) Lyα emission is around 20% at z ∼ 2−3 and reaches
∼50−60% at z ∼ 6. At higher redshift (z > 6−8), many au-
thors claim a sudden drop in the fraction of spectroscopically
confirmed LBGs with strong Lyα emission (Fontana et al. 2010;
Pentericci et al. 2011; Ono et al. 2012; Schenker et al. 2012;
Caruana et al. 2014), interpreting this as the observational sig-
nature of the increasing fraction of netural hydrogen between
z ∼ 6 and z ∼ 7 due to the tail end of the reionization, although
Dijkstra et al. (2014) has argued that the effect can be due to a
variation of the average escape fraction over the same redshift
range.

However, the bulk of studies of the Lyα fraction at 3 < z < 8
(Stark et al. 2010, 2011; Pentericci et al. 2011) are based on
a hybrid photometric-spectroscopic technique: the denominator
of the fraction (i.e., the total number of star-forming galaxies at
those redshifts) is only constrained by photometry, and thus its
determination relies on the strong assumption that the contami-
nation by low-z interlopers and incompleteness are fully under-
stood and well controlled. The numerator of the fraction is the
number of the LBGs that are observed with spectroscopy, and for
which a strong Lyα rest-frame Equivalent Width (EW0 > 25 Å)
is measured. In fact, the LBGs for which this experiment is done
have a UV continuum that is generally too faint to be detected,
even with the most powerful spetrographs on 10-meter class tele-
scopes. Recently, Mallery et al. (2012) combined a sample of
LAEs and LBGs to constrain the evolution of this fraction, con-
firming earlier results by Stark et al. (2010, 2011). Given the
nature of the selection of these samples, it is important to make
a robust estimate of the evolution of the Lyα fraction covering as
wide a range in redshift as possible, and based on larger samples.

The Lyα is interesting not only because it allows for the ex-
ploration of the high-redshift universe. In fact, its observed prop-
erties can give a lot of information about the physical condition
of star-forming galaxies. Lyα is thought to be mainly produced
by star formation, as the contribution of AGN activity to the
Lyα population at z < 4 is found to be less than 5% (Gawiser
et al. 2006; Ouchi et al. 2008; Nilsson et al. 2009; Hayes et al.
2010). Because of its resonant nature, Lyα photons are easily
scattered, shifted in frequency, and absorbed by the neutral hy-
drogen and/or by the dust. As a result, in general, Lyα emission

is more attenuated than other UV photons, with the Lyα escape
fraction (i.e., the fraction of the Lyα photons that escape the
galaxies) that depends strongly on the relative kinematics of the
HII and HI regions, dust content, and geometry (Giavalisco et al.
1996; Kunth et al. 1998; Mas-Hesse et al. 2003; Deharveng et al.
2008; Hayes et al. 2014). As a result of their nature, Lyα photons
are found to be scattered at much larger scales than UV photons
(Steidel et al. 2011; Momose et al. 2014).

Predicting the escape fraction of the Lyα photons as a func-
tion of the galaxy properties involves including all the complex
effects of radiative transfer of such photons. Developing the first
models by Charlot & Fall (1993), Verhamme et al. (2006, 2008,
2012) and Dijkstra et al. (2006, 2012) made huge progress in
predicting the shape of the Lyα emission as a function of the
properties of the ISM, the presence of inflows/outflows, and dust.
Verhamme et al. (2006, 2008) predicted a correlation between
fesc(Lyα) and E(B − V), with the escape fraction being higher
in galaxies with low dust content. Verhamme et al. (2012) and
Dijkstra et al. (2012) studied the escape fraction of Lyα pho-
tons through a 3D clumpy medium, constraining the dependence
on the column density of neutral hydrogen and on the viewing
angle.

A lot of effort has been recently put to constrain the corre-
lation between the Lyα properties and the general properties of
star-forming galaxies (e.g., dust attenuation, SFR, stellar mass)
in the local Universe. Hayes et al. (2014) and Atek et al. (2014)
have found that Lyα photons escape more easily from galax-
ies with low dust content. At high redshift, although on samples
that are much smaller than the one we use in this paper, a similar
trend has been found by Kornei et al. (2010) and Mallery et al.
(2012), respectively at z ∼ 3 and at 4 < z < 6. In this paper, we
look for this correlation using a sample that is respectively five
and ten times larger than the ones used by Mallery and Kornei.

The aim of this paper is to estimate the evolution of the frac-
tion of strong Lyα emitters as a function of the redshift, exploit-
ing data from the new VIMOS Ultra-Deep Survey (VUDS). The
goal is twofold: first, to put on firmer grounds the trends that
have been found with photometric LBG samples (Stark et al.
2010, 2011) and improve on the knowledge of the evolution of
the Lyα fraction; second, to offer the theoreticians a reference
sample of galaxies with robust spectroscopic redshifts, with a
well measured EW0(Lyα) distribution. In fact, in this paper, we
select a sample of galaxies, sliced in volume limited samples ac-
cording to different recipes, for which we have a spectroscopic
redshift in ∼90% of the cases. The continuum is detected for
almost all objects in the sample, thus allowing a robust measure-
ment of the redshift based on the UV absorption features even in
absence of Lyα.

Our selection is not based on LBG or narroband techniques,
that are prone to incompleteness and contamination, but it is
rather based on the magnitude in the i′-band and on the pho-
tometric redshifts measured on the full spectral energy distribu-
tion (SED) of galaxies. The most important point to emphasize is
that our flux selection is completely independent of the presence
of Lyα, at least up to z ∼ 5, because it enters the photomet-
ric i′-band only at z > 5: since the i′-band does not contain the
Lyα line, objects with strong Lyα emission have not a boosted
i′-band magnitude. Moreover, when the photo-z are computed,
some variable Lyα flux (as for other lines like OII, OIII and Hα)
is added to the SED: this ensures that even objects with large
Lyα flux are reproduced by the template set that is used to com-
pute the photo-z. This also implies that if our selection is incom-
plete at some redshift, the incompleteness is also independent of
the presence (or absence) of Lyα.
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For these reasons, this sample is ideal to study the Lyα prop-
erties of a well controlled sample of star-forming galaxies. The
fraction of strong Lyα emitters among star-forming galaxies is
completely constrained by spectroscopy, as is also the case for
non-Lyα emitters.

Throughout the paper, we use a standard Cosmology with
ΩM = 0.3, ΩΛ = 0.7 and h = 0.7. Magnitudes are in the
AB system.

2. Data

The data used in this study are drawn from the VIMOS Ultra-
Deep Survey (VUDS), an ESO large program with the aim of
collecting spectra and redshifts for around 10 000 galaxies to
study early phases of galaxy formation at 2 < z < 6. To min-
imize the effect of cosmic variance, the targets are selected in
three independent extragalactic fields: COSMOS (Scoville et al.
2007), the CFHTLS-D1 Field (Cuillandre et al. 2012) and the
Extended-Chandra-Deep-Field (ECDFS; e.g., see Cardamone
et al. 2010). The survey is fully presented in Le Fèvre et al.
(2014).

2.1. Photometry

The three extragalactic fields targeted by the VUDS survey are
three of the most studied regions of the sky, and they have been
imaged by some of the most powerful telescopes on earth and in
the space, including CFHT, Subaru, HST, and Spitzer. For more
details, we refer the reader to Le Fèvre et al. (2014), where more
detailed information can be found.

The COSMOS field was observed with HST/ACS in the
F814W filter (Koekemoer et al. 2007). Ground based imaging
includes deep observations in g′, r′, i′ and z′ bands from the
Subaru SuprimeCam (Taniguchi et al. 2007) and u∗ band obser-
vations from CFHT Megacam from the CFHT-Legacy Survey.
Moreover, the UltraVista survey is acquiring very deep near-
infrared imaging in the Y, J, H and K bands using the VIRCAM
camera on the VISTA telescope (McCracken et al. 2012), and
deep Spitzer/IRAC observations are available (Sanders et al.
2007; Capak et al., in prep.). The CANDELS survey (Grogin
et al. 2011; Koekemoer et al. 2011) also provided WFC3 NIR
photometry in the F125W and F160W bands, for the central part
of the COSMOS field.

The ECDFS field is covered with deep UBVRI imaging
down to RAB = 25.3 (5σ, Cardamone et al. 2010 and references
therein). For the central part of the field, covering∼160 arcmin2,
observations with HST/ACS in the F435W, F606W, F775W and
F850LP are available (Giavalisco et al. 2004), together with the
recent CANDELS observations in the J, H and K bands. The
SERVS Spitzer-warm obtained 3.6 µm and 4.5 µm (Mauduit
et al. 2012) that complement those obtained by the GOODS team
at 3.6 µm, 4.5 µm, 5.6 µm and 8.0 µm.

The VVDS-02h field is observed in the BVRI at the CFHT
(Le Fèvre et al. 2004), and later received deeper observations
in the u∗, g′, r′ and i′ bands as part of the CFHTLS survey
(Cuillandre et al. 2012). Deep infrared imaging has been ob-
tained with the WIRCAM at CFHT in YJHK bands down to
Ks = 24.8 (Bielby et al. 2012). This field was observed in
all Spitzer bands as part of the SWIRE survey (Lonsdale et al.
2003), and recently deeper data were obtained as part of the
SERVS survey (Mauduit et al. 2012).

2.2. Target selection

The aim of the VUDS survey is to build a well controlled and
complete spectroscopic sample of galaxies in the redshift range

2 � z � 6. To achieve this goal, with the aim of being as inclu-
sive as possible, we combined different selection criteria such as
photometric redshifts, color–color and narrow-band selections.
All the details of the selection can be found in Le Fèvre et al.
(2014).

For this paper, we limited the analysis to the objects selected
by the primary selection, that is based on photometric redshift
and magnitude in the i′-band. In particular, only galaxies with
auto magnitude in the i′-band 22.5 < mi < 25 are included.
If an object has a photometric redshift zp > 2.4 − σzp (where
σzp

denotes the 1-σ error on the photometric redshift) or if the
second peak of the photometric redshift Probability Distribution
Function (zPDF) zp,2 > 2.4, this object is included in the target
list.

2.3. Spectroscopy

The spectroscopic observations were carried out with the
VIMOS instrument on the VLT. A total of 640h were allo-
cated, including overheads, starting in periods P85 and ending
in P93 (end of 2013) to observe a total of 16 VIMOS pointings.
The spectroscopic MOS masks were designed using the vmmps
tool (Bottini et al. 2005) to maximize the number of spectro-
scopic targets that could be placed in them. In the end, around
150 targets were placed in each of the 4 VIMOS quadrants, cor-
responding to about 600 targets per pointing and about 9000 tar-
gets in the whole survey. The same spectroscopic mask was ob-
served once for 14 h with the LRBLUE grism (R = 180) and
for 14 h with the LRRED grism (R = 210), resulting in a con-
tinuous spectral coverage between λ = 3650 Å and λ = 9350 Å.
Le Fèvre et al. (2014) used the data from the VVDS survey to
estimate the redshift accuracy of this configuration, constraining
it toσzspec = 0.0005(1+zspec), which corresponds to ∼150 km s−1.

The spectroscopic observations are reduced using the VIPGI
code (Scodeggio et al. 2005). First, the individual 2D spectro-
grams coming from the 13 observing batches (OBs), in which
the observations are splitted, are extracted. Sky subtraction is
performed with a low order spline fit along the slit at each wave-
length sampled. The sky subtracted 2D spectrograms are com-
bined with sigma clipping to produce a single stacked 2D spec-
trogram calibrated in wavelength and flux. Then, the objects are
identified by collapsing the 2D spectrograms along the disper-
sion direction. The spectral trace of the target and other detected
objects in a given slit are linked to the astrometric frame to iden-
tify the corresponding target in the parent photometric catalogue.
At the end of this process 1D sky-corrected, stacked and cali-
brated spectra are extracted. For more detail, we refer the reader
to Le Fèvre et al. (2014).

The redshift determination procedure follows the one that
was optimized for the VVDS survey (Le Fèvre et al. 2005), later
used in the context of the zCOSMOS survey (Lilly et al. 2007)
and VIPERS (Guzzo et al. 2014): each spectrum is analyzed by
two different team members; the two independent measurements
are then reconciled and a final redshift with a quality flag are
assigned. The EZ tool (Garilli et al. 2010), a cross-correlation
engine to compare spectra and a wide library of galaxy and star
templates, is run on all objects to obtain a first guess of the red-
shift; after a visual inspection of the solutions, it is run in manual
mode to refine them, if necessary.

A quality flag is assigned to each redshift, repeating the same
scheme already used for the VVDS, COSMOS and VIPERS sur-
vey. The flag scheme was thoroughly tested in the context of
the VVDS survey, on spectra of similar quality than the one we

A24, page 3 of 12



A&A 573, A24 (2015)

have for VUDS, and it is remarkably stable, since the individual
differences are smoothed out by the process that involves many
people (Le Fèvre et al. 2014). In particular, Le Fèvre et al. (2014)
estimated the reliability of each class:

– Flag 4: 100% probability to be correct;
– Flag 3: 95–100% probability to be correct;
– Flag 2: 75–85% probability to be correct;
– Flag 1: 50–75% probability to be correct;
– Flag 0: no redshift could be assigned;
– Flag 9: the spectrum has a single emission line.

The equivalent width (EW) of the Lyα line was measured manu-
ally using the splot tool in the noao.onedspec package in IRAF,
similarly to Tresse et al. (1999). We first put each galaxy spec-
trum in its rest-frame according to the spectroscopic redshift.
Then, two continuum points bracketing the Lyα are manually
marked and the rest-frame equivalent width is measured. The
line is not fitted with a Gaussian, but the flux in the line is
obtained integrating the area encompassed by the line and the
continuum. This method allows the measurement of lines with
asymmetric shapes (i.e., with deviations from Gaussian profiles),
which is expected to be the case for most Lyα lines. The interac-
tive method also allows us to control by eye the level of the con-
tinuum, taking into account defects that may be present around
the line measured. It does not have the objectivity of automatic
measurements, but, given the sometimes complex blend between
Lyα emission and Lyα absorption, it does produce reliable and
accurate measurements. We stress here that the mi < 25 selec-
tion ensures that the continuum around Lyα is well detected for
all galaxies in our sample, even for galaxies with spectroscopic
flag 1 (the lowest quality) and 9 (objects with a single emission
line).

We report in Fig. 1 six examples of spectra in our sample.
These objects are representative of the range of magnitudes, red-
shifts and Lyα EW covered by the sample. We note that the fit
to the continuum shown in the examples is not used at all for the
scientific analysis presented in this paper. It is only shown as a
guide to select the continuum points bracketing the Lyα line. For
some more examples of spectra used in this study, we refer the
reader to Le Fèvre et al. (2014).

2.4. Absolute magnitudes and masses

We fitted the spectral energy distributions of galaxies in the sur-
vey using the Le Phare tool (Ilbert et al. 2006), following the
same procedure described in Ilbert et al. (2013). The redshift is
fixed to the spectroscopic one for objects with flags 1, 2, 3, 4
and 9. It is fixed to the photometric one for objects with spec-
troscopic flag 0. In particular, we used the suite of templates
by Bruzual & Charlot (2003) with 3 metallicities (Z = 0.004,
0.008, 0.02), assuming the Calzetti et al. (2000) extinction curve.
We used exponentially declining star formation histories, with
nine possible τ values ranging from 0.1 Gyr (almost istanta-
neous burst) to 30 Gyr (smooth and continuous star forma-
tion). Moreover, since there is now growing evidence that ex-
ponentially increasing models can better describe the SFH of
some galaxies beyond z = 2 (Maraston et al. 2010; Papovich
et al. 2011; Reddy et al. 2012), we also included two delayed
SFH models, for which SFR ∝ τ−2te−t/τ, with τ that can be 1 or
3 Gyr. For all models, the age ranges 0.05 Gyr and the age of
the Universe at the reshift of each galaxy. Since all galaxies in
our sample have z > 2, and the Universe was already 3 Gyr old
at that redshift, all the galaxies in our sample fitted with the de-
layed SFH with τ = 3 Gyr are caught when the SFH is rising. In

the end, we let the fitting procedure decide what the best model
is for each galaxy, if increasing or declining.

For each synthetic SED, emission lines are added to the
synthetic spectra, with their luminosity set by the intensity of
the SFR. Once the Hα luminosity is obtained from the SFR
applying the classical Kennicutt (1998) relations, the theoreti-
cal Lyα luminosity is obtained assuming case B recombination
(Brocklehurst 1971). Then, the actual Lyα luminosity that is
added to the SED is allowed to vary between half and double
the theoretical value. The absolute magnitudes are then derived
by convolving the best template with the filter responses. The
output of this fitting procedure also includes the stellar masses,
star formation rates and extinction E(B − V).

2.5. The dataset

For this paper we limit the analysis to the redshift range
2 < z < 6. The lower limit is the lowest redshift for which the
Lyα line is redshifted into our spectral coverage. For the upper
limit, in theory, we could detect Lyα in emission up to z ∼ 6.5,
but the scarcity of objects at z > 6 in the VUDS survey forced
us to limit the analysis to z ∼ 6. We limit the analysis to the
galaxies with mi < 25: at these magnitudes the continuum is al-
ways detected with signal-to-noise ratio per resolution element
S/N ∼ 10, ensuring that UV emission and absorption lines with
intrinsic |EW | � 2 are easily identified in the spectra and the red-
shift determination is quite reliable, for both spectra with Lyα in
emission and absorption. As we already said in the Introduction,
the Lyα line enters the i′-band only at z > 5: this ensures that
no detection bias affects our analysis at z < 5. We have in our
sample only 12 galaxies at 5 < z < 6: we choose to keep them
for our analysis throughout the paper, but we will be extremely
cautious to draw strong conclusions for that redshift range.

We also include in the analysis secondary objects, that is the
objects that serendipitously fall in the spectroscopic slit centered
on a target, for which a spectrum is obtained in addition to that
of the target. For these objects, if they are brighter than mi < 25,
a spectroscopic redshift can also be easily assigned. However,
only 2% of the final sample is made by secondary objects, that
in any case only marginally affect the main result of this pa-
per. The database contain 4420 objects with mi < 25 that have
been targeted by spectroscopy. Of these, 3129 have a high re-
liability spectroscopic redshift in the range 2 < z < 6, with a
spectroscopic flag 2, 3 or 4. Of the remaining objects, 1058 have
a more uncertain spectroscopic redshift, with a quality flag 1:
statistically, Le Fèvre et al. (2014) showed that they are right in
50−75% of the cases. For the purpose of this paper, we decided
to trust their spectroscopic redshift if the difference between the
photometric and spectroscopic redshift is smaller than 10%; oth-
erwise, we fix the redshift to the photometric one. We stress that
almost all of the 1058 objects do not show any strong emission
line in their spectra that could be interpreted as Lyα, and that
could help to assign a reliable spectroscopic redshift. Thus, they
will not be part of the sample of strong Lyα emitters, but they
will contribute to the total sample of galaxies without Lyα emis-
sion, hence setting a lower limit to the Lyα fraction (see below).
In the end, only 601 of these 1058 objects with spectroscopic
flag 1 survive the check against the photometric redshift (∼60%,
not far from the 50−75% determined by Le Fèvre et al. (2014);
the other 459 have a photometric redshift that is below z = 2 and
are excluded by the dataset.

In the end we include in our final database 3730 objects
with mi < 25 for which we have measured a redshift and as-
signed a spectroscopic flag from 1 to 9. Of them, 3650 are
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Fig. 1. Six examples of spectra for the galaxies in the sample. The left panels show the region around Lyα, while the right ones show the full
spectrum, with the most common UV rest-frame lines highlighted in red. These examples are chosen to be representative of the i-band magnitudes,
redshifts and Lyα equivalent widths covered by the sample presented in this work. The red dashed curves show polynomial fits to the continuum:
for each spectrum, the region between 912 Å and Lyα and the region between Lyα and 2000 Å are fitted separately. We note that the fits are not
used at all in the analysis presented in this paper; they only provide a guidance to assess the continuum around Lyα. The blue triangles show the
points on the continuum bracketing the Lyα line, shown in green.
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Table 1. The final sample of galaxies used in this work, divided in 4 red-
shift bins, as a function of the spectroscopic quality flag.

2 < z < 2.7 2.7 < z < 3.5 3.5 < z < 4.5 4.5 < z < 6
f = 0 83(0) 90(0) 40(0) 18(0)

f = 1 299(2) 200(3) 88(2) 14(0)

f = 2 614(24) 614(17) 163(5) 47(3)

f = 3, 4 646(106) 701(153) 205(57) 41(22)

f = 9 28(15) 31(10) 19(6) 20(5)

Notes. The number in parentheses indicates the number of objects at
that redshift and of that spectroscopic quality flag that have EW0 >

25 Å.

primary targets, and in addition we have 80 secondary objects
with mi < 25. Moreover, 231 objects with a photometric red-
shift in the range 2 < z < 6 and mi < 25 have been targeted by
spectroscopy, but no spectroscopic redshift could be measured
(they are identified by the spectroscopic flag = 0). In the next
sections, we will take into account their possible contribution to
the evolution of the fraction of the Lyα emitters.

In order to allow a fair comparison with other works in the
literature, we define as strong Lyα emitters all the galaxies with
a rest-frame equivalent width of Lyα in excess of 25 Å. In the
end, 430 of the 3961 galaxies (∼11%) meet this definition.

The details about the number of objects for each flag class,
as a function of the presence of strong Lyα emission, can be
found in Table 1. The large majority of the galaxies used in this
study has a spectroscopic redshift with very high reliability: in
fact, 1438 objects (36% of the total) have a spectroscopic flag 2,
meaning that they are right in 75–85% of the cases (Le Fèvre
et al. 2014); 1593 objects (42% of the total) have a spectro-
scopic flag 3 or 4, that are proven to be right in more than 95%
of the cases, 601 (15% of the total) are the objects with spectro-
scopic quality 1, but for which the spectro-z differs less than 10%
from the photometric one and 98 objects (∼2% of the total) have
a spectroscopic flag 9, meaning that only one feature, in their
case Lyα, has been identified in the spectrum, and for which
about 80% are proven to be right (Le Fèvre et al. 2014). Finally,
231 objects (∼6% of the total) have spectroscopic flag 0, mean-
ing that a spectroscopic redshift could not be assigned.

From Table 1, it is evident that the vast majority of objects
with strong Lyα (EW0 > 25 Å) have been assigned a quality
flag of 3 or 4: this is not surprising, and it reflects a tendency by
the redshift measurers to assign an higher flag when the spec-
trum has Lyα in emission. We note as well that not all the galax-
ies with flag 9 are strong Lyα emitters, although all of them, of
course, have Lyα in emission (it is the only spectral feature iden-
tified in their spectrum): only in ∼40% of the cases is the emis-
sion strong enough to pass the equivalent width treshold of 25 Å.

We show in Fig. 2 the absolute magnitude in the far-UV as a
function of redshift for the 3730 galaxies in the selected sample.
We compare the distribution of our galaxies with the evolution
of M∗FUV as derived by fitting the values for M∗FUV compiled by
Hathi et al. (2010). In more detail, Hathi et al. (2010) derive
the FUV luminosity function of star-forming galaxies at z ∼ 2–3,
constraining its slope and characteristic magnitude, and compare
their values with other in the literature between z ∼ 0 and z ∼ 8.
With the aim of deriving an evolving M∗FUV as a function of the
redshift, we took the values published by Arnouts et al. (2005)
at 0 < z < 3, Hathi et al. (2010) at 2 < z < 3, Reddy & Steidel
(2009) at z ∼ 3, Ly et al. (2009) at z ∼ 2, Bouwens et al. (2007)

Fig. 2. Top panel: absolute magnitude in the far-UV band as a function
of the redshift, for all VUDS galaxies at 2 < z < 6 (gray diamonds),
for the galaxies with EW0 > 25 Å (blue circles) and for the galaxies
with EW0 > 55 Å (red circles). The green continuous curve indicates
the evolving M∗ as a function of the redshift as derived from the com-
pilation by Hathi et al. (2010); the dashed green curve indicates M∗ + 1.
The vertical dashed line shows z = 3.5, the redshift up to which the
faint sample is complete. Bottom panel: redshift distribution of the all
the VUDS galaxies at 2 < z < 6 (black line) and of the VUDS galaxies
with EW0 > 25 Å (blue histogram) and EW0 > 55 Å (red histogram).

at z ∼ 4, 5, 6, Sawicki et al. (2006) at z ∼ 4 and Mc Lure et al.
(2009) at z ∼ 5, 6 and we fitted a parabola to them. In particular,
we get this best-fit:

M∗(z) = −18.56 − 1.37 × z + 0.18 × z2. (1)

We report this best fit on Fig. 2, together with the curve corre-
sponding to M∗FUV + 1: we can see that the data sample quite
well the far-UV luminosities brighter than M∗ up to redshift
z ∼ 5. Similarly, we probe the luminosity down to one magni-
tude fainter than M∗FUV up to redshift z ∼ 3.5. We also note that at
z > 5, where the Lyα line and the Lyα forest absorptions by the
IGM enter the i′-band, we only detect the brightest UV galaxies,
while we completely miss galaxies around M∗FUV. In the remain-
ing of the paper, we will be cautious to include galaxies at z > 5
in our analysis, and where we will do so, we will discuss the
consequences.

For the analysis that we present in the following sections we
build two volume limited samples: the bright one, that contains
all galaxies brighter than M∗FUV at redshift 2 < z < 6; and the
faint one, that contains galaxies with MFUV < M∗FUV < MFUV+1,
limited at z < 3.5. This approach is slightly different than the one
used in similar studies in the literature: Stark et al. (2010, 2011)
and Mallery et al. (2012), for example, rather use fixed intervals
of absolute magnitudes at all redshift. However, we prefer here
to account for the evolution of the characteristic luminosity of
star-forming galaxies, comparing at different redshifts galaxies
that are in the same evolutionary state.
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Fig. 3. Rest-frame equivalent width EW0 of the Lyα line in four redshift
bins. The dashed and dotted lines, respectively at EW0 = 25 and 55 Å,
represent the two thresholds that we apply in the analysis. The red and
blue histogram indicate the bright sample (MFUV < M∗) and the faint
(M∗ < MFUV < M∗ + 1) one, respectively. 80% of the galaxies in each
panel have an EW0(Lyα) below the value indicated by the arrow.

3. The distribution of the rest-frame EW of Lyα

We show in Fig. 3 the distribution of the rest-frame EW of Lyα in
four redshift bins, for the bright and faint samples separately.
Positive EW indicate that Lyα is in emission, and negative EW
indicate that the line is in absorption.

Although we measured the equivalent width of Lyα for all
the 3730 objects with a measured spectroscopic redshift (all the
galaxies with spectroscopic flag 2, 3, 4 and 9, and also the ob-
jects with flag 1 for which the spectroscopic redshift differs less
than 10% from the photometric one), this figure includes only
the 3204 objects in the bright and faint volume limited sam-
ples. These are the largest volume limited samples of UV se-
lected galaxies with almost full spectroscopic information ever
collected in the literature, and they allow us to constrain the
EW distribution of the Lyα line from star-forming objects with
strong Lyα in absorption compared to those with strong Lyα in
emission. It can be seen that the shape of the distribution is sim-
ilar at all redshifts: it is lognormal and it extends from −50 Å
to 200 Å, with the peak at EW0 = 0 at all redshift and for all
luminosities.

In the first two redshift bins, 2 < z < 2.7 and 2.7 < z < 3.5,
we can compare the EW distributions of the bright and faint sam-
ple, and we can see that they are quite similar. However, the
extension of the tail of objects with large EW0(Lyα) evolves
fast with redshift: while at 2 < z < 2.7 11% (7%) of the
bright (faint) galaxies have EW0(Lyα) > 25 Å, that fraction
increases to ∼15% (12%) at 2.7 < z < 4 and to 25% at
z ∼ 5. Similarly, we observe an evolution with redshift of the
upper EW0(Lyα) threshold which contains 80% of the sources:
at 2 < z < 3.5 the threshold is around 10–12 Å (for galaxies in
both the bright and faint samples), at 3.5 < z < 4.5 it evolves to
∼18 Å and at 4.5 < z < 6 it moves to ∼30 Å.

We note as well that the only 13 galaxies in the whole sample
have EW0 > 150 Å (the highest value is EW0 = 278.2 at z =
2.5661). So extreme EW0(Lyα) can not be easily produced by
star formation with a Salpeter IMF, but must have a top-heavy
IMF, a very young age <107 yr and/or a very low metallicity
(Schaerer 2003).

4. The evolution of the fraction of strong

Lyα emitters among star-forming galaxies

at 2 < z < 6

We present in Fig. 4 the evolution with the redshift of the frac-
tion of star-forming galaxies that have an equivalent width of
EW0(Lyα) > 25 Å (left panel) and EW0(Lyα) > 55 Å (right
panel), for the bright sample (MFUV < M∗) and for the faint one
(M∗ < MFUV < M∗ + 1) separately. In both panels we show
the same fraction for galaxies with −21.75 < mFUV < −20.25,
for consistency with previous studies (Stark et al. 2010, 2011;
Mallery et al. 2012). As we showed in Fig. 2, while the bright
sample (MFUV < M∗) is well represented up to z ∼ 6, the faint
one is represented only up to z ∼ 3.5: in fact, the cut in ob-
served magnitude at mi < 25, that we apply to be sure that the
continuum is detected in spectroscopy with a S/N high enough
to detect possible UV absorption features, basically prevents us
by construction from having faint galaxies in our sample beyond
z ∼ 3.5.

Our fiducial case is obtained when we include all objects
with spectroscopic flag 2, 3, 4 and 9, and we also add the “good”
flag 1 (those objects for which the spectroscopic and photometric
redshifts differ by less than 10%) to the distribution. However, it
is possible that this combination slightly overestimates the true
fraction, as we know that 231 objects with photometric redshift
2 < z < 6 have been observed in spectroscopy, but for them a
spectroscopic redshift could not be assigned. So, it is possible
that a fraction of them are actually at 2 < z < 6, and since no
Lyα is present in the whole observed spectral range, they will
decrease the fraction of strong Lyα emitters by a given amount.
We discuss in Fig. 5 the effect on the fraction of emitters of the
choice of including objects with spectroscopic flag 0 and 1, that
is quite minimal.

In Fig. 4, for the three ranges of UV luminosities, we also
show the fractions obtained on a finer redshift grid (∆ z ∼ 0.3)
and on a coarser grid, that highlights the general trend and
smooth out variations due to cosmic variance. The fine grid ex-
tends on the whole 2 < z < 6 range for the bright sample: how-
ever, only the highest redshift bin contains galaxies at 5 < z < 6
and might be affected by the detection bias due to the Lyα line
entering the i′-band at that redshift. In the case of the coarser
grid we limited the analysis to the galaxies at z < 5, so to be sure
that the results are not dependent on that effect.

For the bright sample, the evolution of the fraction of emit-
ters with EW0(Lyα) > 25 Å, shown in the left panel of Fig. 4,
is characterized by a very modest increase in the fraction of
Lyα emitters between redshift z ∼ 2 and z ∼ 4 (from ∼10% at
z ∼ 2 to∼15% at z ∼ 4), and then by a faster increase above z ∼ 4
(the fraction reaches∼25% at z ∼ 5 and∼30% at z ∼ 5.5). A very
similar trend is observed when galaxies with −21.75 < mFUV <
−20.25 are considered. If we then analyze the faint sample, and
we compare it with the bright one, we find that the overall frac-
tion of objects with EW0(Lyα) > 25 Å (or EW0(Lyα)> 55 Å) is
similar to that of the bright sample between z ∼ 2 and z ∼ 3.5,
but the evolution between z ∼ 2.3 and z ∼ 3 is much faster for the
faint sample. This is in apparent disagreement with the results
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Fig. 4. Left panel: our best estimate of the fraction of galaxies with EW0(Lyα) > 25 Å, as a function of the redshift, for three intervals of far-
UV absolute magnitudes: faint objects (M∗ < MFUV < M∗ + 1) are shown in blue; bright objects (MFUV < M∗) are shown in red; objects with
−21.75 < MFUV < −20.25 are shown in green. The fiducial values, shown by the continuous thick lines, include all the galaxies with spectroscopic
flag 2, 3, 4 and 9, and also all the galaxies with a spectroscopic flag 1 and a spectroscopic redshift that differs less than 10% from the photometric
one. The dashed lighter lines show a finer binning in redshift. Right panel: same as left panel, but for galaxies with EW0(Lyα) > 55 Å.

Fig. 5. Same as Fig. 4, but with a finer binning in redshift, and showing the effect of including galaxies with flags 0 and 1. The left panel shows the
case when the galaxies with EW0(Lyα) > 25 Å are considered as emitters, and the right panel when the threshold is fixed at EW0(Lyα) > 55 Å.
The fiducial values, shown by the continuous thick lines, include all the galaxies with spectroscopic flag 2, 3, 4 and 9, and also all the galaxies
with a spectroscopic flag 1 and a spectroscopic redshift that differs less than 10% from the photometric one. The dotted line shows the case when
only flags 2, 3, 4, and 9 are considered; the dashed line is the same as the fiducial case, but the galaxies with no spectroscopic redshift (flag = 0)
are also included, with the redshift fixed to the photometric one. The red curves are for the bright volume limited sample; the blue ones are for the
faint one; the green ones are for galaxies with −21.75 < mFUV < −20.25. For clarity, the error bars are shown only for the continuous curves. The
cyan points are from Stark et al. (2010, 2011), the yellow ones from Mallery et al. (2012). The red circles, blue triangles and green lozenges show
the coarser binning in redshift adopted in Fig. 4.

A24, page 8 of 12

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201423824&pdf_id=4
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201423824&pdf_id=5


P. Cassata et al.: Lyα fraction vs. redshift

by Stark et al. (2010, 2011), who found both a higher fraction of
Lyα emitters and a steeper evolution of this fraction among faint
UV galaxies (−20.25 < MFUV < −18.75) than among bright
UV galaxies (−21.75 < MFUV < −20.25). However, we note
that the range of UV luminosities probed by our study is nar-
rower than the one probed by Stark et al. (2010, 2011).

The right panel of Fig. 4 shows the effect on the fraction of
Lyα emitters of changing the EW threshold from 25 Å to 55 Å.
It can be seen that, as expected, the fraction drastically decreases
at all redshifts. However, the general trend observed in the left
panel of Fig. 4 is preserved: we observe that the fraction remains
around 3−4% with a slight increase in 2 < z < 4, then it in-
creases faster between z ∼ 4 and z ∼ 5 rising from 5% to 12%.

An important point that needs to be stressed again here is that
our selection criteria are completely independent of the presence
and strength of the Lyα emission up to z ∼ 5. This selection en-
sures that there are no biases in the determination of this fraction
over the range 2 < z < 5: if, for some reason, our selection is less
complete in a given redshift range, it will be homogeneously in-
complete for galaxies with and without Lyα, and thus the result
shown in this section will remain robust.

We report again the evolution of the fraction of Lyα emitters
with EW0 > 25 Å and EW0 > 55 Å in Fig. 5, where we sim-
ply highlight the results on the finer redshift grid and we show
the effect of including objects with spectroscopic flag 0 and 1
in the analysis. In this figure, as in Fig. 4, we consider our fidu-
cial case the one including all the “good” flag 1 (objects with a
spectroscopic flag 1, for which the spectroscopic redshift and the
photometric one differ by less than 10%), together with flags 2,
3, 4, and 9. If objects with spectroscopic flag 1 are excluded, and
only flags 2, 3, 4, and 9 are considered, the fraction of emitters
increases by ∼2%, with respect to the fiducial value, at all red-
shifts and for all UV luminosities. This is quite obvious: since
basically all the strong Lyα emitters have a spectroscopic flag 2,
3, 4 and 9 (see Table 1), this set of flags maximizes the fraction.
On the other hand, if the objects with flag 0 are also consid-
ered, together with good flag 1 and all the flags 2, 3, 4, and 9,
the fraction decreases by ∼2% with respect to the fiducial case.
This effect is also easy to understand: objects with flag 0 are
all non-emitters, because if an emission line had been identified
they would have been assigned a redshift and a flag, and thus
their net effect is to decrease the fraction. Although we can not
know for sure how many of these objects with no spectroscopic
redshift are indeed at the photometric redshift, their effect is al-
most negligible: for both Figs. 4 and 5, the effect of considering
flags 2, 3, 4, and 9 or of including good flag 1 and flag 0 is always
below a few percent.

We also note that our values are in good agreement with
those published by Stark et al. (2010, 2011) and that are based on
a completely different method that uses LBG technique to photo-
metrically identify high-redshift galaxies (at z ∼ 4, 5 and 6) that
are then observed in spectroscopy to look for strong Lyα emis-
sion. Our values are slightly higher than those by Mallery et al.
(2012) although still compatible within the error bars.

5. Lyα escape fraction: driver of the Lyα fraction

evolution?

The escape fraction of Lyα photons fesc(Lyα) is defined as the
fraction of the Lyα photons that are produced within a given
galaxy and that actually escape from the galaxy itself. Given
the intrinsic resonant nature of the Lyα photons, it is thought
to be dependent on the dust content, geometry of the inter-stellar

gas (ISM) and relative kinematics of the ISM and stars. Atek
et al. (2014) and Hayes et al. (2014), studying local samples of
Lyα emitters, they found a correlation between fesc(Lyα) and
E(B − V), with the escape fraction being larger on average in
galaxies with low dust content. Kornei et al. (2010) and Mallery
et al. (2012), although with smaller samples than the one we use
here, found a similar correlation at z ∼ 3 and at 3.5 < z < 6,
respectively.

The Lyα escape fraction is usually determined by comparing
the Lyα luminosity with the dust-corrected Hα luminosity, once
a recombination regime has been chosen. The Hα line in fact is
not resonant and it is only attenuated by dust. However, for most
of the redshift range of this study Hα is redshifted even beyond
the reach of near-infrared spectrographs.

An alternative method exploits the expected correlations be-
tween intrinsic Lyα luminosity, Hα luminosity and the SFR of
the galaxy. In particular, we assume that

fesc(Lyα) = LLyα,obs/LLyα,int = SFR(Lyα)/SFR(SED), (2)

where LLyα,obs and LLyα,int are the observed and intrinsic Lyα lu-
minosities, respectively; SFR(Lyα) and SFR(SED) are the SFR
obtained from the observed Lyα luminosity and the total SFR,
respectively. Using Kennicutt (1998) prescription to convert
LLyα,int into SFR(Lyα)

S FR(Lyα) = LLyα/
(

1.1 × 1042
)

, (3)

we finally get

fesc(Lyα) = SFR(Lyα)/SFR(SED) =
LLyα/(1.1 × 1042)

S FRSED
· (4)

We note that Eq. (3) assumes the case B recombination
regime (Brocklehurst 1971), that predicts an intrinsic ratio
LLyα,int/LHα,int = 8.7.

We stress here that the SFR inferred from fitting Bruzual &
Charlot (2003) models to the SED of galaxies give only a crude
estimate of the star formation rate and of the dust content of
galaxies. This is especially true in the redshift regime probed
by VUDS, that is so far poorly explored, and for which inde-
pendent estimates of the SFR from different methods are scarce.
However, the SFR inferred from SED fitting are believed to be
on average correct within a factor of 3 (Mostek et al. 2012;
Utomo et al. 2014), and thus we choose to use these to obtain
at least a crude estimation of the Lyα escape fraction.

We plot in Fig. 6 the escape fraction fesc(Lyα) as a func-
tion of the redshift and of dust reddening E(B − V) for the
galaxies in the bright and faint volume limited samples to-
gether. We tried to separate the two samples, to check for dif-
ferences among the two them, but we did not find any, so we
decided to show them together. For the galaxies with Lyα in ab-
sorption (i.e., EW0(Lyα)< 0, 1628 galaxies) we artificially set
fesc(Lyα) to 10−3. For galaxies with EW0(Lyα) > 0 (1576 galax-
ies), the Lyα escape fraction ranges from 10−4 to 1. We calculate
as well the median escape fraction in bins of redshift, using the
same coarse grid used for Fig. 4, and limiting the highest red-
shift bin to z = 5, to avoid possible detection biases affecting our
selection at higher z.

It is clear from this figure that at each redshift and for
each E(B − V) the strong Lyα emitters (with EW0(Lyα) >
25 Å or EW0(Lyα)> 55 Å) are the (rare) galaxies with
the highest Lyα escape fraction. In more details, 80%
of the galaxies with escape fraction fesc(Lyα)> 10% have
EW0(Lyα) > 55 Å, and 70% of the galaxies with fesc(Lyα) > 3%
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Fig. 6. Left panel: Lyα escape fraction as a function of redshift for the bright (gray diamonds) and faint (gray triangles) volume limited samples.
Strong Lyα emitters with EW0 > 25 Å and EW0 > 55 Å are shown with cyan and magenta empty circles, respectively. Objects with formally
negative equivalent width of Lyα, corresponding to negative Lyα luminosity, are set here to log[ fesc(Lyα)] = −3. The big red and blue circles
indicate the median escape fraction for the galaxies with EW0[Lyα] > 55 Å and EW0[Lyα] > 25 Å, respectively. The black (gray) arrows indicate
the fesc(Lyα) below which 80% of the bright (faint) objects lie. Right panel: Lyα escape fraction as a function of the E(B − V). The symbols are
the same than in the left panel. The green dashed line shows the prediction by Verhamme et al. (2006).

have EW0(Lyα) > 25 Å. The median escape fraction for galaxies
EW0(Lyα) > 25 Å is around 8% overall, evolving from 3% at
z ∼ 2.3 to 8% at z ∼ 3 to 12% at z ∼ 4. The median escape frac-
tion for galaxies EW0(Lyα) > 55 Å is of course higher, evolving
from 5% at z ∼ 2.3 to 12% at z ∼ 3 to 20% at z ∼ 4. For both
threshold we observe a decrease in the median escape fraction
between z ∼ 4 and z ∼ 5, which is probably due to the limited
amount of data.

If we then consider the whole population in our sample, and
we put together the bright and faint volume limited samples,
we find that formally the median escape fraction is zero at all
redshifts. In fact, the objects with Lyα in absorption (that have
fesc(Lyα) fixed to 10−3) are the majority, at all z, forcing the
median fesc(Lyα) to zero. For this reason, we find more use-
ful to show the evolution of the fesc(Lyα) below which 80%
of the galaxies, at each redshift, lie (arrows in Fig. 6). Indeed,
this threshold evolves from 1% at 2 < z < 2.7 to 1.5% at
2.7 < z < 3.5 to 2% at 3.5 < z < 5, with not much difference
between the bright and the faint samples.

The comparison of the fesc(Lyα) with the E(B − V) is also
interesting. From the right panel of Fig. 6 we can see that
the E(B − V) anti-correlates with fesc(Lyα): for objects with
high E(B − V) the median vaue of fesc(Lyα) is low (and vice
versa). This is in qualitative agreement with the results by Hayes
et al. (2014) and Atek et al. (2014) in the local Universe, and
with Kornei et al. (2010) and Mallery et al. (2012) at high-z.
Moreover, the median values for the galaxies with EW0(Lyα) >
25 Å and EW0(Lyα) > 55 Å correlates with the E(B − V) sim-
ilarly to the prediction by Verhamme et al. (2006), although
our data are better fitted by a flatter slope (∼−5 in comparison
with−7.71 predicted by Verhamme et al. (2006). However, while
galaxies with high E(B−V) never show large fesc(Lyα), the con-
trary is not true: when E(B−V) is low we observe a broad range

of Lyα escape fractions, ranging from 10−3 to 1. This implies
that the dust content alone can not be the only factor to regulate
fesc(Lyα), at least for galaxies with the UV luminosities similar
to the ones probed in this paper. A possibility is that in these
objects Lyα photons are scattered at large distances, instead of
being absorbed by dust, similarly to the Lyα haloes presented
by Steidel et al. (2011) and Momose et al. (2014). We intend to
test this hypothesis by stacking 2d spectra of galaxies with and
without Lyα emission in a forthcoming paper.

6. Summary, discussion, and conclusions

In this paper we used the unique VUDS dataset to build an unbi-
ased and controlled sample of star-forming galaxies at 2 < z < 6,
selected according to the photometric redshifts determined using
the overall SED of the galaxies. This selection is complemen-
tary to the classical LBG technique, resulting in more complete
and less contaminated samples of galaxies at high-z. For the pur-
pose of this paper, even more imporant is that the combination of
the selections we use are independent of the presence of Lyα in
emission, at least up to z ∼ 5: whatever incompleteness could af-
fect our sample, it would affect galaxies with and without Lyα in
the same way.

The sample is limited at mi < 25, ensuring that the con-
tinuum is detected with S/N ∼ 10 per resolution element: this
allows an accurate determination of the spectroscopic redshift
through the identification of UV absorption features even for
galaxies without Lyα in emission.

We split this sample in two volume limited samples, using a
far-UV luminosity cut that is evolving with redshift, following
the observed evolution of M∗FUV (Hathi et al. 2010): the bright
sample include objects that at each redshift are brighter than
M∗FUV; the faint one include objects with M∗ < MFUV < M∗ + 1.
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We use these two samples to constrain the distribution of
the EW of Lyα of star-forming galaxies, that spans from ob-
jects with Lyα in absorption to objects with Lyα in emission.
We find that ∼80% of the star-forming galaxies in our sample
have a Lyα equivalent width EW0(Lyα) < 15 Å.

We use our sample to constrain the evolution of the fraction
of strong Lyα emitters among star-forming galaxies at 2 < z < 6.
We showed in Sect. 4 that the fraction of strong Lyα emitters
with EW0(Lyα) > 25 Å and EW0(Lyα) > 55 Å monothonically
increases with redshift, approximately at the same rate for the
two EW thresholds. The evolution is characterized by a slower
phase between z ∼ 2 and z ∼ 4, and by a faster evolution between
z ∼ 4 and z ∼ 5.5. We see no difference, at 2 < z < 3.5 where
both samples are well represented, between the fraction of strong
emitters in the bright and faint volume limited samples. This is
partly in contraddiction with results by Stark et al. (2010, 2011),
who found that the fraction is higher, and the rate of evolution
with redshift faster, for UV faint galaxies at 4 < z < 6. However,
this might be due to the narrower range of UV luminosity probed
by our work compared to the one probed by Stark et al. (2010,
2011).

Moreover, slicing our sample with the same UV luminos-
ity limits used by Stark (−21.75 < MFUV < −20.25) we see
that the evolution of the fraction of strong Lyα emitters (for both
EW0(Lyα) > 25 Å and EW0(Lyα) > 55 Å) is in very good agree-
ment with the values by Stark et al. (2010, 2011), despite the
different sample selection methods and available spectroscopy.
This is a very important result, placing on firmer grounds the
measures of the fraction of star-forming galaxies with Lyα in
emission. In fact, their sample is LBG based and only the ob-
jects with strong Lyα emission are spectroscopically confirmed.
In our case, on the other hand, we stress that all the galaxies,
with and without Lyα, have a spectroscopic redshift.

Finally, in Sect. 5, we have explored the possibility that the
evolution of the fraction of strong Lyα emitters is primarly due
to a change in the escape fraction of Lyα photons. We have
found that, as expected, the strong Lyα emitters are the objects
for which fesc(Lyα) is the largest. We find as well that the me-
dian fesc(Lyα) for the Lyα emitters (with not much difference
between objects with EW0(Lyα) > 25 Å and with EW0(Lyα) >
55 Å) evolves from ∼5% at z ∼ 2.5 to ∼20% at z ∼ 5. If we try
to estimate the median escape fraction for the whole population,
we find that it is formally zero at all redshifts, since the majority
of the galaxies in our sample have Lyα in absorption, and 80% of
our galaxies have fesc(Lyα) < 1%. If we estimate at each redshift
the fesc(Lyα) value below which 80% of the galaxies lie, we find
that this value evolves from 1 to 2% between z ∼ 2 and z ∼ 5. It
is interesting to compare these findings with Hayes et al. (2011),
who integrated the Lyα and UV luminosity functions from z ∼ 0
to z ∼ 8 and then compared the two to estimate the average
fesc(Lyα) of the Universe at those redshifts. According to Hayes
et al. (2011) the average escape fraction is around 5% at z ∼ 2
and 20% at z ∼ 5, values that are much higher than those we
obtain for our sample. This implies that for the galaxies with
UV luminosities that we sample in this paper (MFUV < M∗ at
2 < z < 6 and M∗ < MFUV < M∗ + 1 at 2 < z < 3.5) the av-
erage escape fraction of Lyα photons is much smaller than the
average escape fraction of the Universe. In other words, the bulk
of the Lyα luminosity, at least in the redshift range 2 < z < 6
that is probed in this paper, is not coming from galaxies with the
UV luminosities that are probed in this work, but from galax-
ies that are much fainter in the UV. In fact, Stark et al. (2011)
showed that the fraction of strong (EW0(Lyα) > 25 Å) emitters

is higher in galaxies with −20.25 < MFUV < −18.75 than in
those with −21.75 < MFUV < −20.25, implying a larger escape
fraction for faint UV galaxies. This is also in line with the re-
sults by Ando et al. (2006), who found a deficiency of strong
Lyα emitters among UV bright galaxies and by Schaerer et al.
(2011), who also found that the fraction of Lyα emitters rapidly
increases among galaxies with fainter UV luminosities, indicat-
ing that the bulk of the Lyα luminosity in the universe comes
from galaxies with MFUV > −20.

Similarly to Kornei et al. (2010) and Mallery et al.
(2012), we also find that there is an anti-correlation between
fesc(Lyα) and the dust content E(B − V): galaxies with low
fesc(Lyα) have preferentially a higher E(B − V), and vice versa.
This implies that the dust is a crucial ingredient in setting the
escape fraction of galaxies. However, we note that galaxies with
low extinction (E(B − V) < 0.05) have a very wide range of
Lyα escape fractions, ranging from 10−3 to 1: this means that
the dust content, although important, is not the only ingredient
to regulate the fraction of Lyα photons that escape the galaxy. In
a forthcoming paper, we will further investigate the dependence
of fesc(Lyα) on other quantities as stellar mass, star formation
rate and dust content, and on the evolution with redshift of these
correlations.
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