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ABSTRACT

The fraction of Lyman-α emitters (LAEs) among the galaxy population has been found to increase from z ∼ 0 to z ∼ 6 and drop
dramatically at z > 6. This drop has been interpreted as an effect of an increasingly neutral intergalactic medium (IGM) with increas-
ing redshift, while a Lyman continuum escape fraction evolving with redshift and/or a sudden change of galaxy physical properties
can also contribute to the decreasing LAE fraction. We report the result of a large VLT/FORS2 program aiming to confirm spectro-
scopically a large galaxy sample at z ≥ 6 that has been selected in several independent fields through the Lyman Break technique.
Combining those data with archival data, we create a large and homogeneous sample of z ∼ 6 galaxies (N = 127), complete in terms
of Lyα detection at > 95% for Lyα equivalent width EW(Lyα) ≥ 25Å. We use this sample to derive a new measurement of the LAE
fraction at z ∼ 6 and derive the physical properties of these galaxies through spectral energy distribution (SED) fitting. We find a
median LAE fraction at z ∼ 6 lower than in previous studies, while our sample exhibits typical properties for z ∼ 6 galaxies in terms
of UV luminosity and UV β slope. The comparison of galaxy physical properties between LAEs and non-LAEs is comparable to
results at lower redshift: LAEs with the largest EW(Lyα) exhibit bluer UV slopes, are slightly less massive and less star-forming.
The main difference between LAEs and non-LAEs is that the latter are significantly dustier. Using predictions of our SED fitting
code accounting for nebular emission, we find an effective Lyα escape fraction feff

esc(Lyα) = 0.23+0.36
−0.17 remarkably consistent with the

value derived by comparing UV luminosity function with Lyα luminosity function. We conclude that the drop in the LAE fraction
from z ∼ 6 to z > 6 is less dramatic than previously found and the effect of an increasing IGM neutral fraction is possibly observed
at 5 < z < 6. The processes driving the escape of Lyα photons at z ∼ 6 are similar to those at lower redshifts and based on our
derived feff

esc(Lyα), we find that the IGM has a relatively small impact on Lyα photon visibility at z ∼ 6, with a lower limit for the IGM
transmission to Lyα photons, TIGM & 0.20, likely due to the presence of outflows.

Key words. Galaxies: high-redshift; Galaxies: evolution; reionization

1. Introduction

Cosmic reionization was a major phase transition in the early
Universe history and large efforts have been made in the last
decade to put constraints on when and how it occured, as well
as identifying the main sources of ionizing photons. Planck pro-
vided the most accurate measurement to date of the Thomson
optical depth (τ = 0.066 ± 0.013), thus allowing to derive an
instantaneous reionization redshift of z = 8.8 ± 0.9 (Planck
Collaboration et al. 2016). The currently leading candidate
sources thought to be responsible for cosmic reionization are
star-forming galaxies, with a main contribution coming from the
faintest galaxies (e.g., Bouwens et al. 2015a, 2016b; Finkelstein
et al. 2015; Robertson et al. 2015; Livermore et al. 2017), while
the faint active galactic nuclei (AGN) contribution could be

more important than previously thought (Madau & Haardt 2015;
Giallongo et al. 2015).

In recent years, a growing number of galaxies with unam-
biguous ionizing photon leakage have been identified both in
the nearby Universe and at high-redshift (Leitet et al. 2011,
2013; Borthakur et al. 2014; De Barros et al. 2016; Vanzella
et al. 2016b; Shapley et al. 2016; Izotov et al. 2016; Bian et al.
2017), but the total number of confirmed Lyman continuum
(LyC) emitters remains small (. 10), and this could be a conse-
quence of view-angle effects with LyC photons escaping through
a minority of solid angles (e.g., Kimm & Cen 2014; Cen &
Kimm 2015). This lack of statistically significant samples of
star-forming LyC emitters precludes the firm identification of
ionizing photon leakage signatures necessary to identify LyC
emitters into the reionization era, although some proposed di-
agnostics seem promising, such as the [O iii]/[O ii] line ratio, the
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strength of interstellar absorption lines, a deficit of Balmer emis-
sion lines, or the structure of the Lyα line (e.g., Heckman et al.
2011; Jones et al. 2012; Jaskot & Oey 2013; Zackrisson et al.
2013; Nakajima & Ouchi 2014; Verhamme et al. 2015, but see
also Rutkowski et al. 2017).

To circumvent the impossibility to directly observe ionizing
photons escaping from high-redshift galaxies due to the inter-
galactic medium (IGM) opacity to LyC photons (e.g., Vanzella
et al. 2015), several spectroscopic surveys attempted to detect
the Lyα emission from star-forming galaxies at z ≥ 6, because
resonant scattering in a partially neutral IGM will impact the de-
tectability of Lyα emission (Dayal et al. 2011). Therefore the
Lyα photon visibility evolution can be used to put some con-
straints on cosmic reionization. The overall conclusion of these
surveys is that a drop in the Lyman-α emitter (LAE) fraction
among the Lyman Break galaxy (LBG) population is observed
from z ∼ 6 to z ∼ 7 (e.g., Fontana et al. 2010; Ouchi et al. 2010;
Stark et al. 2011; Pentericci et al. 2011; Ono et al. 2012; Ota et al.
2012; Caruana et al. 2014; Schenker et al. 2014), leading to the
conclusion that cosmic reionization ended between z ∼ 6 and
z ∼ 7. However, the amplitude of the median LAE fraction drop
is such that it is difficult to explain by invoking plausible reion-
ization models because it would require a extremely fast evolu-
tion of the neutral hydrogen fraction (Dijkstra et al. 2011; Jensen
et al. 2013). Dijkstra et al. (2014) suggested that this drop can be
explained with a moderate increase of the neutral hydrogen frac-
tion and an increasing Lyman continuum escape fraction with
increasing redshift, reaching Lyman continuum escape fraction
fesc(LyC) ∼ 0.65 at z ∼ 6, strongly contrasting with current con-
straints on fesc(LyC) for z ∼ 3 galaxies (fesc(LyC) < 0.02 − 0.2;
e.g., Vanzella et al. 2012; Guaita et al. 2016; Grazian et al. 2016).
However, alternative explanations have been proposed, such as
an increase of the incidence of optically thick systems that would
require lower neutral fraction (Bolton & Haehnelt 2013), or con-
tribution from evolving galaxy properties (Mesinger et al. 2015).

It has been pointed out in several studies that IGM could also
strongly affect Lyα visibility even in a fully ionized Universe.
Dijkstra et al. (2007) and Zheng et al. (2010) derived at z ∼
6 a mean IGM transmission to Lyα photons (TIGM ≤ 0.3)
and Laursen et al. (2011) found TIGM = 0.26+0.13

−0.18. This low
Lyα transmission in a fully ionized Universe is due to the low
transmission through the IGM of the Lyα photons which are
blueshifted because of their interaction with the ISM within
galaxies (e.g., Verhamme et al. 2008). At z ∼ 3, while some
high-redshift LAEs exhibit double-peaked Lyα emission (e.g.,
Vanzella et al. 2008), the majority of them exhibit either weak or
absent Lyα blue bumps (Shapley et al. 2003; Kulas et al. 2012).
Expanding shell models have been successful to reproduce ob-
served Lyα profiles (Verhamme et al. 2008) and study of inter-
stellar absorption line velocities also supports a picture where
outflows are ubiquitous in z ∼ 3 star-forming galaxies (Steidel
et al. 2010), while the IGM transmission to Lyα photons is ex-
pected to be high.

The Lyα line can be used as a tool to constrain the IGM
neutral fraction as long as the evolution of the galaxy physi-
cal properties influencing the escape of Lyα photons is known.
Indeed, at low- and intermediate redshift (z ≤ 3), fesc(Lyα) and
EW(Lyα) have been found to be related to the stellar mass (M?),
star-formation rate (SFR), the age of the stellar population, ISM
physical properties, and the dust extinction (e.g., Hayes et al.
2014; Hathi et al. 2016; Trainor et al. 2016). Physical proper-
ties of z ∼ 6 galaxies can be derived directly from photome-
try, like the UV β slope ( fλ ∝ λβ; eg., Bouwens et al. 2009,
2012, 2014; McLure et al. 2011; Castellano et al. 2012, 2014;

Finkelstein et al. 2012; Dunlop et al. 2013), and through spectral
energy distribution (SED) fitting (e.g., Eyles et al. 2005, 2007;
Schaerer & De Barros 2009, 2010; McLure et al. 2011; Curtis-
Lake et al. 2013; Jiang et al. 2016). Early analysis of z ∼ 6
photometry (combining optical, near-infrared and mid-infrared
data) provided a picture where galaxies where already massive
(M? ≥ 1010M�) and relatively old (> 100Myr) with a substantial
Balmer break (Eyles et al. 2005, 2007; Yan et al. 2005, 2006).
Zackrisson et al. (2008) showed that nebular emission and no-
tably emission lines could have a large impact on photometry at
high-redshift and this possibility has been explored in Schaerer
& De Barros (2009, 2010). Accounting for the impact of nebu-
lar emission on high-redshift galaxy physical properties is now
a widespread approach (e.g., Chary et al. 2005; Robertson et al.
2010, 2013; Vanzella et al. 2010, 2014b; Labbé et al. 2010, 2013;
Ono et al. 2012; Oesch et al. 2013a,b, 2014; Stark et al. 2013;
De Barros et al. 2014; Duncan et al. 2014; Smit et al. 2014;
Salmon et al. 2015). Taking into account nebular emission gener-
ally leads to lower stellar masses and younger ages, particularly
for z ∼ 6 galaxies for which the two first Spitzer/IRAC bands are
both contaminated by strong emission lines, namely [O iii]+Hβ
and Hα respectively, while these two bands are providing the
strongest constraints on both stellar mass and the Balmer break.
Unfortunately, the fact that both bands IRAC1 and IRAC2 are
contaminated prevents any empirical estimation of line contri-
butions in those bands at z ∼ 6, unlike what can be done at z ∼ 4
(e.g., Shim et al. 2011; Stark et al. 2013) and some other red-
shifts (Shivaei et al. 2015; Labbé et al. 2013; Smit et al. 2014;
Faisst et al. 2016; Mármol-Queraltó et al. 2016; Rasappu et al.
2016). Furthermore, the lack of constraints on galaxy redshifts
also introduce uncertainties about which bands are going to be
affected by emission lines.

In this paper, we present the analysis of a large sam-
ple of spectroscopically confirmed galaxies at z ∼ 6 from
VLT/FORS2 observations in 5 different fields (Castellano et al.
2017, Pentericci et al., in prep.). Our analysis aims to derive the
LAE fraction at z ∼ 6 and compare it with previous results to
highlight which processes dominate the observed LAE fraction
drop. We also derive physical parameters of this sample with
SED fitting to check if the LAE fraction evolution is related
to an evolution of the physical parameters instead of the evo-
lution of the IGM neutral state. To increase the confidence on
the derived physical parameters, while we minimize the num-
ber of assumptions going into our analysis, we check that the
models reproduce observed properties but also reproduce pre-
dicted properties for which we do not have empirical constraints
at z ∼ 6, namely [O iii]+Hβ emission line equivalent widths.
We then study the physical properties, focusing on the relations
between Lyα emission and other physical parameters.

The paper is structured as follows. The selection procedure,
spectroscopic and photometric data are described in Section 2.
The results regarding the LAE fraction at z ∼ 6 are shown in
Section 3, while we describe the SED fitting method and the
derived physical properties in Section 4. In Section 5 we discuss
the implications of our results regarding the IGM transmission to
Lyα photons at z ∼ 6. We summarize our conclusions in Section
6.

We adopt a Λ-CDM cosmological model with H0 = 70 km
s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7. We assume a Salpeter IMF
(Salpeter 1955). All magnitudes are expressed in the AB system
(Oke & Gunn 1983).
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Fig. 1. Two-dimensional signal-to-noise spectra and sky spectra of two faint Lyα emitters. The two insets show the corresponding
one-dimensional FORS2 spectra with red arrows highlighting positions of the Lyα-break, which are also visible in 2D spectra. For
the galaxy on the top, EW(Lyα) ≤ 1.3Å and for the galaxy on the bottom EW(Lyα) = 10.0 ± 1.3Å.

Fig. 2. Redshift distributions for the spectroscopically confirmed
and photometric samples in white and black, respectively.

2. Data

2.1. Spectroscopic data

We use data obtained in the context of CANDELSz7 and ESO
large program (ID: 190.A-0685, PI: L. Pentericci) that ac-
quired deep observations of three of the CANDELS fields: the
Great Observatories Origins Deep Survey (GOODS, Giavalisco
et al. 2004) Southern field, the Cosmological Evolution Survey
(COSMOS, Scoville et al. 2007; Koekemoer et al. 2007) field,
and the UKIDSS Ultra-Deep Survey (UDS, Lawrence et al.
2007; Cirasuolo et al. 2007; Mortlock et al. 2015) field. 140
hours observation have been allocated to this program. We also
add the results from other VLT/FORS2 program (ID: 085.A-
0844, 084.A-0951, 088.A-0192, PI: A. Fontana, Fontana et al.
2010; Castellano et al. 2010a,b) with a total of 63 hours obser-
vation distributed among the New Technology Telescope Deep
Field (NTTDF, Arnouts et al. 1999; Fontana et al. 2000, 2003),
the Bremer Deep Field (BDF, Lehnert & Bremer 2003), the
GOODS-S and UDS fields. Finally, we also use the results
from an archival VLT/FORS2 program (ID: 088.A-1013, PI: A.
Bunker; Caruana et al. 2014) which targeted the Hubble Ultra
Deep Field (HUDF) with 27 hours allocated. All the data com-
bined provide typically 15-30 hours integration time for each
target. The FORS2 600z grism configuration provides a useful
area of 7′ × 4.33′. Eight masks were used in the CANDELSz7
program, with five additional masks in total from the other pro-
grams.

Fig. 3. Comparison of EW(Lyα) derived from spectra only and
from spectra and photometry (see Sec. 2.2). We show the results
for the 10 galaxies where the continuum is spectroscopically de-
tected. The dashed line shows the one to one relation and dotted
lines show ±25% from the one to one relation.

For the GOODS-S, COSMOS and UDS fields, we use the
publicly available CANDELS (Grogin et al. 2011; Koekemoer
et al. 2011) catalogs for each of those fields (Guo et al. 2013;
Nayyeri et al. 2017; Galametz et al. 2013, respectively) with a
wavelength coverage from ∼ 0.3µm to 8.0µm. For the BDF and
NTTDF fields, we use the available photometry in the V , R, I,
Z, Y , J, and KS bands (Castellano et al. 2010b). Details of the
observation and data reduction are lengthly described in the dif-
ferent papers cited previously, we refer the reader to those refer-
ences as well as Pentericci et al. (in prep.) for the CANDELSz7
survey description.

The targets from CANDELS fields have been homoge-
neously selected using a selection similar to the one used in
Bouwens et al. (2015b), with the i-dropout criteria being:

i775 − z850 > 1.0;
Y105 − H160 < 0.5;

(S/N(B435) < 2) ∧ (V606 − z850 > 2.7 ∨ S/N(V606) < 2) (1)

to which we add an additional criterion with H160 < 27.5. For
the BDF and NTTDF, given that no HST data are available, the
detection band was the HAWK-I Y-band. Although this is bluer
than the CANDELS H-band, it is still free from contamination
from emission line at z ∼ 6. For BDF and NTTDF, selection
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Fig. 4. Distribution of the sample as a function of the number of
measured fluxes in Spitzer/IRAC bands (black histogram). We
show in blue and red the distribution of the flux measurement
with S/N ≥ 2 and S/N ≥ 3, respectively.

criteria are:

I − Z > 1.3;
S/N < 2 in all bands blueward of I-band (2)

with Y < 26.5 for the two fields. While the criteria are slightly
different for BDF and NTTDF compared to the other fields,
the color criteria is equivalent. Galaxies from these two fields
make only a small fraction of our entire sample (9%). The only
two spectroscopically confirmed low-redshift contaminants have
been observed in the NTT and BDF fields (z = 1.3 and z = 0.5,
respectively).

The VLT/FORS2 wavelength coverage ranges from 5700Å
to 10000Å (depending on the slit position), allowing the de-
tection of Lyα emission at z ∼ 4 − 7.2 if present, and even
in some cases detect directly the continuum emission and the
Lyman break. Furthermore, the wavelength coverage allows us
to identify low-redshift interlopers by detecting multiple emis-
sion lines, e.g., [O iii]λλ4959, 5007, Hα, or [O ii]λ3727 emis-
sions at z ≤ 1, z ≤ 0.5, and 0.5 ≤ z ≤ 1.7, respectively (e.g.
Vanzella et al. 2011). In case of single emission detection, for
S/N > 6 the resolution R = 1390 allows us to identify the typ-
ical asymmetric profile of Lyα, which can be used to discrimi-
nate between low- and high-redshift galaxies. We also check for
inconsistency between the measured spectroscopic redshift and
the redshift probability distribution function. Data reduction is
performed as described in Vanzella et al. (2011, 2014a) follow-
ing the “A-B” dithering scheme method. The high-quality of the
deep spectra allows us to identify faint z ∼ 6 Lyα emission as
shown in Fig. 1.

The final sample consists of 127 galaxies, with 74 galaxies
in GOODS-S (58% of the sample), 23 in UDS (18%), 19 in
COSMOS (15%), 7 in BDF (6%), and 4 in NTT (3%). For 81
of these galaxies, we can derive a spectroscopic redshift, mainly
from the presence of the Lyα emission line or in few bright cases
(N = 10), from the presence of continuum emission with a drop
consistent with the Lyman break (Fig. 1). All objects with a spec-
troscopic confirmation will have their properties published in a
Table in Pentericci et al. (2017, in prep.). For 46 objects, it was

not possible to derive a spectroscopic redshift given that no fea-
tures were detected in the deep spectra. In this paper, we assume
that all the undetected objects are also at z ' 6, consistently with
their photometric redshifts (Fig. 2). Assuming that all undetected
objects are low-z interlopers and accounting for the two spectro-
scopically confirmed low-z galaxies in NTT and BDF, we can
set a robust upper limit for the interloper fraction with 38 inter-
lopers over a sample of 129 observed objects. The upper limit
for the interloper fraction is then ≤ 29%.

2.2. EW(Lyα) measurement

Lyα equivalent widths are derived by using the nearest redward
HST bands from the Lyα emission (excluding bands affected
by Lyα) and deriving the UV β slope directly from the pho-
tometry (Castellano et al. 2012, Pentericci et al. in prep.). To
derive the UV β slopes, we derived fluxes using apertures of
1.75FWHM instead of isophotal as in the CANDELS published
catalogs. Indeed, we found that for small galaxies as in our sam-
ple, colors measured in small apertures are more stable than the
original isophotal ones. To estimate the continuum at 1216Å
(rest-frame), we used the Y− or J-band magnitudes from the
CANDELS catalogs that are corrected to total flux via aperture
correction. For non detection of the Lyα line, 3σ upper limits
on the equivalent width have been derived from the S/N of Lyα
lines as described in Vanzella et al. (2014a). We do not apply any
aperture correction to the Lyα flux measurements. Even if there
is extended Lyα emission due to the scattering of Lyα photons
in the circum galactic medium (CGM, Wisotzki et al. 2016), the
relatively small intrinsic sizes of the observed galaxies (Curtis-
Lake et al. 2016) should prevent flux losses. Furthermore, no
correction is usually applied at z ∼ 6 (e.g., Stark et al. 2011). The
error on the β slope is not propagated to the EW(Lyα) estimation,
but we estimate that the total error on EW(Lyα) is not larger than
35%. We show in Fig. 3 the comparison between EW(Lyα) de-
rived from spectra only for the 10 galaxies for which the contin-
uum is spectroscopically detected, and using the aforementioned
method. While this small subsample is strongly biased toward
bright galaxies and so toward galaxies with faint Lyα emission
(Sec. 4.2), EW(Lyα) measurements from the two methods are
consistent.

For all the programs the slit width was always 1”. For
Bunker’s program some slits had a slit length as low as 6”, the
minimum slit length was 8” for the CANDELSz7 program, and
the slit length was always above 10” for Fontana’s program.
Simulations have been performed to estimate the minimum line
flux that is measurable for this sample. These simulations are
similar to those performed in Vanzella et al. (2011, 2014b) and
Pentericci et al. (2014). Artificial two-dimensional asymmetric
Lyα lines have been added in the raw science frame, exploring
a range of typically observed fluxes and full width half-maxima
(FWHM; varying emerging values from 280 to 520 km s−1), with
a fiducial FWHM of 300 km s−1. We then apply the reduction
pipeline and response curve. At fixed flux, the larger the FWHM
is, the lower the S/N is. Going from 280 to 520 km s−1 (emerg-
ing FWHM), the S/N decreases by a factor of ∼ 1.5. We derive
that our observations detect Lyα flux as low as 2.2 × 10−18 erg
s−1 cm−2 at 3σ over the entire wavelength range probed in this
work (which means that we can recover even fainter Lyα lines in
wavelength ranges free of sky lines). Assuming that the nearest
band redward of Lyα (and not contaminated by this line) pro-
vides a measurement of the continuum at the Lyα wavelength,

4



S. De Barros et al.: Lyman-α emitter fraction and galaxy physical properties at the edge of the epoch of cosmic reionization

Fig. 5. Fraction of LAEs (with EW(Lyα) > 25Å, X25
Lyα) at 4 ≤ z ≤ 8 for the brightest (MUV < −20.25, left panel) and faintest

(MUV > −20.25, right panel) galaxies. We show the results from Stark et al. (2011), Schenker et al. (2014), Ono et al. (2012),
Pentericci et al. (2011), Tilvi et al. (2014), Cassata et al. (2015), and Curtis-Lake et al. (2012). We introduce slight offsets in redshift
to increase clarity when necessary.

Fig. 6. 2D signal-to-noise and sky spectra for two faint LAEs at
z = 5.92 (top) and z = 6.09 (bottom) with EW(Lyα) = 101Å and
EW(Lyα) = 330Å, respectively (see text).

we estimate that our sample is complete at > 95% for Lyα equiv-
alent width of EW(Lyα) ≥ 25Å.

Due to the importance of the Spitzer/IRAC detections to con-
strain the stellar mass, the age (Balmer break), and emission line
contribution (e.g., Jiang et al. 2016), we show in Fig. 4 the num-
ber of flux measurements in Spitzer/IRAC bands.

3. A lower Lyα emitter fraction at z ∼ 6

Thanks to our large spectroscopic sample we can derive the LAE
fraction (defined as the fraction of LAE with rest frame equiv-
alent width EW(Lyα)> 25Å) at z ∼ 6 which allows us to put
constraints on the ionization state of the IGM. This fraction has
already been described as rising from z ∼ 4 to z ∼ 6 (Stark
et al. 2011, S11 hereafter) and rapidly declining at z > 6 (e.g.,
Pentericci et al. 2011). This evolution of the LAE fraction be-
tween z ∼ 6 and z > 6 has been interpreted as the effect of
partially neutral IGM on the Lyα photons emitted from high-z
galaxies (e.g., Schenker et al. 2012) and so as our witnessing of
the cosmic reionization end.

We show in Figure 5 the LAE fractions for our bright
(MUV < −20.25) and faint (MUV > −20.25) subsamples. The
absolute UV magnitude MUV refers to the absolute magnitude
at 1500Å. To determine it for each galaxy, we use the inte-
grated SED flux in an artificial filter of 200Å width centered
on 1500Å. Our data covers 5 fields which should mitigate the
cosmic variance effect on our results (e.g., Ouchi et al. 2008).
Comparing our results with previous studies (e.g., Stark et al.
2011; Pentericci et al. 2011), the LAE fractions that we derived
at z ∼ 6 are consistent with a trend of increasing and then de-
creasing LAE fraction with redshift, the main uncertainty being
at which redshift is the peak of the LAE fraction. However, the
LAE fraction found by Curtis-Lake et al. (2012, hereafter CL12)
at z ∼ 6 is significantly higher compared to our result or S11.
We check that the color selection criterion i − z is not the cause
of this discrepancy by applying the same criterion as S11 to our
sample (i − z > 1.3), as well as the criterion (i − z > 1.7) used
in CL12, in both cases to the bright sample (MUV < −20.25).
While the fraction of LAE (X25

Lyα) increases (up to 0.16 using the
CL12 criterion), the fraction of unconfirmed sources (defined as
sources for which we cannot assign a spectroscopic redshift) re-
mains constant ∼ 0.35 for all i − z cut, showing that interlopers
are unlikely to be the cause of the difference between the re-
sults of CL12 and our own (and those of S11). Lyα equivalent
widths are derived using a narrow-band filter in CL12, instead of
a broad-band filter in S11/this work, but it is also unlikely that
this difference can introduce such a large discrepancy because
the maximum 3σ EW(Lyα) upper limit for unconfirmed object
is < 16Å and there is only one object with a measured EW(Lyα)
near the EW threshold used (25Å). Therefore, it would require
a difference in the UV continuum flux estimation by a large fac-
tor (> 2) to explain the difference between our work and CL12.
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Fig. 7. Top: EW([O iii]+Hβ) evolution with age for Z = 0.2Z�
and the range of star formation used in this work: exponentially
rising (blue), and exponentially declining (red). Bottom: same
for EW(Lyα).

Alternative explanations can be the small statistics of the CL12
sample or the fact that particularly bright LBGs can exhibit un-
usually strong Lyα emission (e.g., Matthee et al. 2017).

Comparing our results with S11, we find a lower median
LAE fraction in both the bright and faint samples, and while
results are consistent within 1σ uncertainties between the two
studies, we still discuss the differences between the medians as
these values have been used to study galaxy evolution and cos-
mic reionization (e.g., Dijkstra et al. 2014).

Our sample size is ∼ 60% larger than the S11 sample.
Furthermore, at z ∼ 6 the Lyα line can affect the dropout se-
lection (Stanway et al. 2008): for a sample relying only on the
z850 band as the detection band, strong emitters are scattered in
this band because of the emission line strength, and not because

of the continuum. The main difference in terms of color crite-
ria comes from our IR criterion, i.e., H < 27.5. Without this IR
criterion, color selection of z ∼ 6 is biased toward faint galax-
ies with strong Lyα emission: we show in Fig. 6 two examples
of galaxy with large EW(Lyα) (> 100Å) and with z850 = 27.50
(top) and z850 = 26.30 (bottom). Those two galaxies would have
been selected using S11 color criterion while they are not in our
sample because they are not detected in H160. Once corrected
for the Lyα contribution, their z850 magnitudes are > 28.28 and
> 27.40, respectively, which implies that non-Lyα emitters as
faint as those two LAEs are likely absent from the S11 sample.
Our selection criteria should prevent such bias and at a given lu-
minosity we should select both LAE and non-LAE. We conclude
that the most likely reason for the differences between our results
on LAE fraction and S11/CL12 is due to the fact that our sam-
ple is H-band detected, while other samples are z-band detected,
with the z-band being contaminated by the Lyα emission.

Considering our upper limit on interlopers (≤ 29%), our
measured LAE fractions can be considered as lower limits and
the true value should be between 1 and the values given in
Fig. 5. However, our upper limit has been derived assuming
that all undetected objects are interlopers, which we consider
as unlikely given the typical exposure time (Sec. 2.1). Soon,
JWST should permit spectroscopic redshift confirmation even for
galaxies with weak or absent Lyα.

In Dijkstra et al. (2014) different models of cosmic reioniza-
tion are explored to derive the EW(Lyα) cumulative distribution
at z ∼ 7 from the cumulative distribution at z ∼ 6, assuming a
fully ionized Universe at z ∼ 6 (see their Fig. 3). Matching the
z ∼ 7 distribution required an extremely rapid evolution of the
neutral fraction ∆xH i ∼ 0.5 and they explore a scenario where
the Lyman continuum escape fraction increases with redshift, al-
leviating the requirement for a rapid evolution of the IGM state.
Using our sample with MUV > −20.25 and EW(Lyα) measure-
ments lead to a EW(Lyα) cumulative distribution with a steeper
slope than in Dijkstra et al. (2014), with values P(EW > 25Å) ∼
0.5, P(EW > 50Å) ∼ 0.2, and P(EW > 75Å) ∼ 0.1. This lat-
ter value is consistent with the upper limit on P(EW > 75Å) at
z ∼ 7 used in Dijkstra et al. (2014). A detailed analysis, includ-
ing a comparison between the z ∼ 6 and z ∼ 7 Lyα equivalent
distribution derived from our new survey will be presented in a
forthcoming paper.

Based on our results on the EW(Lyα) distribution and on the
evolution of the LAE fraction (Fig. 5), we conclude that the IGM
evolution from z ∼ 6 to z ∼ 7 is less dramatic than previously
thought, assuming that the LAE visibility mostly depends on the
IGM state. The median LAE fraction plus 1σ uncertainties that
we derive at z ∼ 6 is also consistent with a flattening of the rela-
tion between LAE fraction and redshift at 5 < z < 6, which can
imply that the IGM neutral fraction starts to increase between
z ∼ 5 and z ∼ 6, more likely at 5.5 < z < 6.0 (Becker et al.
2015). We study in details the galaxy physical properties of our
sample to check if they differ from the properties of other sam-
ples and if those properties can affect the derived LAE fraction.

4. Galaxy physical properties

While the LAE fraction evolution is used to constrain the IGM
neutral fraction, it is known that the Lyα properties are related to
other physical properties like luminosity and UV slopes, and the
increase of the LAE fraction up to z ∼ 5 − 6 is likely related to
the decreasing galaxy dust obscuration with increasing redshift
(e.g., Stark et al. 2010). In the following, we compare the Lyα
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Fig. 8. Observed (black and white squares) and best-fit SEDs
(solid lines) of a z = 5.786 galaxy. White squares show bands
not used in the SED fitting because of possible impact of the
Lyα line. The errorbars of the observed wavelength indicate the
surface of the normalised filter transmission curve. SED fits in
blue and red are based on Bruzual & Charlot (2003) models
with (red) and without (yellow) nebular emission, and a fit us-
ing BPASSv2.0 (Eldridge & Stanway 2016; Stanway et al. 2016)
is shown in blue (Sec. 4.4). Color crosses show the synthesised
flux in the filters. Without nebular emission age and stellar mass
are ∼ 109yr and ∼ 1010.5M� respectively, while accounting for
nebular emission gives ∼ 106yr and ∼ 109M�.

properties of our sample with other physical properties to assess
which parameters are affecting the LAE fraction.

4.1. SED modeling

To derive the galaxy physical properties such as stellar
mass or age of the stellar population, we use a modified
version of Hyperz (Bolzonella et al. 2000), accounting for
nebular emission (lines and continuum, Schaerer & De
Barros 2009, 2010). We generate a set of spectral tem-
plates with the GALAXEV code of Bruzual & Charlot
(2003), for three different metallicities (Z=0.004, 0.04, 0.02)
and using a unique star-formation history (SFH) defined
with a star-formation rate as SFR ∝ exp(t/τ) with τ =
[−10,−30,−50,−70,−100,−300,−500,−700,−1000,−3000,
∞, 3000, 1000, 700, 500, 300, 100, 70, 50, 30, 10]Myr. This
choice of SFH also allows us to explore a large range of possible
emission line equivalent widths (Fig 7). The stellar age is
defined as the age since the onset of star-formation. We do not
consider a minimal age because the dynamical timescale at
z ∼ 6 is likely to be low (td ∼ 10Myr, e.g., De Barros et al.
2014).

We consider three different dust attenuation curves: the SMC
curve (Prevot et al. 1984), the Calzetti curve (Calzetti et al.
2000), and the Reddy curve (Reddy et al. 2015). The Calzetti
and Reddy curves have been derived using Balmer decrement
on local and z ∼ 2 samples of star-forming galaxies, respec-
tively, while there is mounting evidence that at z ∼ 6 the most
appropriate curve is an SMC-like curve (Capak et al. 2015;
Bouwens et al. 2016a), and it could be also the case at z ∼ 2
(Reddy et al. 2017). For simplicity, we use the same dust attenu-
ation curve for both the stellar continuum and the nebular emis-

Fig. 9. Relation between log(SFRSED) and log(SFRLyα/SFRSED)
for galaxies with detected Lyα emission, assuming a declin-
ing (red dots) and a constant SFH (blue dots). Lyα luminosi-
ties have not been corrected for dust. The dashed line shows
log(SFRLyα) = log(SFRSED). We remind that SFRLyα is a lower
limit to the true SFR (see text).

sion, while using a Calzetti curve with this assumption yields
SFR(SED) consistent with SFR(UV+IR) (Shivaei et al. 2015).
A typical ratio has been generally assumed between nebular and
stellar color excesses (Calzetti et al. 2000), but recent observa-
tions have shown that at z ∼ 2 there is no simple linear rela-
tion between nebular and color excesses, while the average ra-
tio is ∼ 1 (Reddy et al. 2015). For simplicity, we assume that
E(B − V)stellar = E(B − V)nebular. We exclude bands possibly af-
fected by the Lyα emission from the SED fitting.

Minimization of χ2 over the entire parameter space yields the
best-fit SED. Best-fit parameters are assumed to be the median
of the marginalized likelihood and uncertainties are determined
through the likelihood marginalization for each parameter of in-
terest with L ∝ exp(−χ2/2).

While we cannot compare SFRSED with usual SFR tracers
like SFRHα or SFRUV+IR, we can derive SFRLyα (Atek et al.
2014), keeping in mind that the SFRLyα is always providing a
firm lower limit of the true SFR because of the loss of Lyα
photons due to the radiative transfert effect of the interstel-
lar medium and dust attenuation (ISM, Schaerer & Verhamme
2008; Verhamme et al. 2008), the possible effect of the inter-
galactic medium (Zheng et al. 2010; Dijkstra et al. 2011; Laursen
et al. 2011), and also slit loss. By comparing SFRLyα and SFRSED
(Fig. 9), we show that assuming a declining SFH leads to an un-
derestimate of the true SFR for ∼ 50% of the sample for which
we are able to measure a Lyα flux. The SFR underestimation
under the assumption of a declining SFH is similar to results
obtained at z ∼ 2 (Wuyts et al. 2011; Reddy et al. 2012; Price
et al. 2014). Assuming a constant or rising SFH leads to SFRSED
consistent with SFRLyα, therefore in the following, we exclude
declining SFHs from the range of possible SFH. We note that in
the range of stellar mass explored with our z ∼ 6 sample, effects
of stochastic star-formation history are expected (e.g., Hopkins
et al. 2014). These can lead to difference in SFR estimation be-
cause of the different timescales probed by different tracers (e.g.,
UV and nebular emission lines; Domı́nguez et al. 2015). While
we explore a large range of SFH and ages younger than 100
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Fig. 10. EW([O iii]+Hβ) vs. redshift for different studies deriv-
ing empirically EW from the photometry (Shim et al. 2011;
Labbé et al. 2013; Stark et al. 2013; Smit et al. 2014; Faisst
et al. 2016; Mármol-Queraltó et al. 2016; Rasappu et al. 2016;
Castellano et al. 2017) and the results obtained for the three star-
formation histories used in the present work (rising, constant,
and declining) assuming a SMC attenuation curve (alternative
curves do not affect the results) and BC03 templates. We also
show the result using BPASS templates (Sec. 4.4). For the stud-
ies deriving EW(Hα) we assume the typical ratio between this
line and [O iii]+Hβ from Anders & Fritze-v. Alvensleben (2003)
for a metallicity Z = 0.2Z�. We show the relation between EW
and redshift derived in Fumagalli et al. (2012), extrapolated to
high-redshift and for two different stellar masses (Smit et al.
2014).

Myr (the UV to SFR conversion assumes a constant SFH for 100
Myr; Kennicutt 1998), which make possible large differences be-
tween SFRUV and SFRSED we find that on average SFRSED and
SFRUV do not differ by more than a factor of 2.

Finally, we compare the predicted
EW([O iii]λλ4959, 5007+Hβ), based on our SED fitting,
with EW derived empirically at lower and higher redshift:
at z ∼ 3.8 − 5.0 and z ∼ 5.1 − 5.4, Hα+[N ii]λ6583 can be
constrained by the IRAC1-IRAC2 color (e.g; Shim et al. 2011)
and [O iii]λλ4959, 5007+Hβ can be constrained with the same
color at z ∼ 6.6 − 7.0 (e.g., Smit et al. 2014; Castellano et al.
2017). We note again that such empirical constraint at z ∼ 6
is not possible because both IRAC1 and IRAC2 bands are
contaminated by [O iii]λλ4959, 5007+Hβ and Hα, respectively
(Fig. 8). In Fig. 10, we show the results for the three different
SFHs. Most of the recent studies claim that EW([O iii]+Hβ)
(or EW(Hα)) is increasing with increasing redshift (e.g., Smit
et al. 2014; De Barros et al. 2014), which would be related to
the increase of the specific star-formation rate (sSFR=SFR/M?)
with redshift, but also possibly related to a change of the ISM
physical conditions (Faisst et al. 2016), or a change in the IMF.
Our comparison show that the EW([O iii]+Hβ) predicted by
our SED fitting code is consistent with the observed trend. We
discuss the BPASS results in Sec. 4.4.

We conclude that while little is known about the nature of the
stellar populations (e.g., IMF, SFH, metallicity, binaries/rotation
contribution) or the ISM physical conditions at z ∼ 6, our SED
fitting procedure is able to provide results consistent with previ-

Fig. 11. EW(Lyα) vs. MUV. We show individual Lyα detections
with black dots and 3σ upper limits with grey downward trian-
gles. We also show the average EW in magnitude bins (red stars).
Those average values are derived by setting EW(Lyα) to zero for
all undetected objects that should provide a good approximation
of the true relation between EW(Lyα) and MUV (Schenker et al.
2014).

Fig. 12. EW(Lyα) vs. UV β slope. Same symbols as in Fig. 11.
To increase the figure clarity, we show β errorbars randomly for
half of the sample.

ously observed trends (EW([O iii]+Hβ) vs. redshift) and consis-
tent with available SFR tracers.

4.2. Relation between Lyα and UV properties

Several studies either in the local Universe (e.g., Hayes et al.
2014) or at high-redshift (e.g., Shapley et al. 2003; Erb et al.
2006; Reddy et al. 2006; Pentericci et al. 2007, 2010; Kornei
et al. 2010; Hathi et al. 2016; Matthee et al. 2016; Trainor
et al. 2016) have found physical differences between Lyman-α
emitters and non-Lyman-α emitters (but see also Hagen et al.
2016). The general trend is that UV selected LAEs with the
largest EW(Lyα) have bluer UV β slopes ( fλ ∝ λβ), fainter ab-
solute UV magnitude, younger stellar populations, lower stellar
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Fig. 13. Comparison between physical parameters (color excess, age, SFR, stellar mass) derived without accounting and accounting
for nebular emission, assuming a constant SFH and a SMC curve. Dashed lines show the one to one relations. The distribution for
each parameter is shown on the top of each figure along the x-axis for parameters derived with nebular emission (blue histograms)
and on the right side along the y-axis for parameters derived without nebular emission (red histograms). Typical errorbars for each
parameter are shown on the lower right side.

masses, lower SFRs, and are less dusty than galaxies with lower
EW(Lyα).

We first compare EW(Lyα) with two quantities which are not
dependent on assumptions: the UV absolute magnitudes and the
UV β slopes. The absolute UV magnitude MUV refers to the ab-
solute magnitude at 1500Å that we derive by using the integrated
SED flux in an artificial filter of 200Å width centered on 1500Å.
We find that UV bright galaxies with large Lyα equivalent widths
are absent, while fainter galaxies exhibit a large EW(Lyα) range
(Fig 11). This trend is consistent with results from numerous
previous high-redshift studies (Ando et al. 2006; Pentericci et al.
2009; Schaerer et al. 2011; Stark et al. 2011; Cassata et al. 2015)

and it has been interpreted as the result of the spatial extension of
Lyα emission, since the spatial extension scales with galaxy size
(Wisotzki et al. 2016). As the UV β slope is an observed property
and a proxy for the dust attenuation (e.g., Bouwens et al. 2014),
we show in Fig. 12 the relation between EW(Lyα) and the UV
β slope for our sample. β slopes are derived directly from the
photometry (Castellano et al. 2012). The highest EW(Lyα) are
found for the bluest β slopes, while EW(Lyα) as high as ∼ 80Å
can be found for any observed slope value.

The trend between EW(Lyα) and UV magnitude is stronger
than between EW(Lyα) and β, but the relatively large uncer-
tainties affecting the UV slope derivation (Fig. 12) prevent from
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providing a conclusion about a possible stronger dependence of
EW(Lyα) on the UV magnitude. Nevertheless, compared to pre-
vious samples (e.g., Stark et al. 2011), we find similar relations
between Lyα and UV properties.

4.3. Relation between Lyα and other physical properties

Thanks to the nebular emission modeling we can add an addi-
tional constraint to our SED fitting procedure: for each galaxy,
we compare predicted Lyα fluxes from SED fitting with the ob-
served ones, and we exclude solutions predicting “intrinsic” Lyα
fluxes (i.e., SED predicted) lower than observed fluxes. Using
this method, SFRLyα and SFRSED are consistent for any SFH,
including declining ones.

We show the relations between EW(Lyα) and physical prop-
erties (age, stellar mass, color excess, SFR) in Figure 13. In all
cases, we assume a constant SFH and a SMC attenuation curve
(we find qualitatively the same results for any set of assumptions
described in Sec. 4.1).

Accounting for nebular emission at z ∼ 6 leads to best fit pa-
rameters with lower stellar masses and younger ages (Schaerer &
De Barros 2009), but when accounting for uncertainties, the re-
sult is less clear regarding ages with typical error of ±1dex. Age
estimation depends on the assumed SFH and on the fit of both the
UV β slope and a color constraining the Balmer break, for exam-
ple, at z ∼ 6, the K−IRAC1 color. Using our models with nebular
emission (assuming zero dust attenuation), K−IRAC1 varies be-
tween 0.40 and 0.90, and it goes from -0.85 to 0.70 with no neb-
ular emission. Another difference between the two models is that
K− IRAC1 increases from 1Myr to 1Gyr in models without neb-
ular emission (because of the increasing Balmer break), while it
decreases from 1Myr to ∼ 50Myr (0.39 < K − IRAC1 < 0.84)
and increases from ∼ 50Myr to 1Gyr (0.39 < K−IRAC1 < 0.77)
when accounting for nebular emission. This is explained by the
fact that from 1Myr to 50Myr, the K − IRAC1 color is dom-
inated by strong emission lines affecting the IRAC1 channel
([O iii]+Hβ), and between 50Myr to 1Gyr, there is an increas-
ing impact of the Balmer break. The median K− IRAC1 color of
our sample (0.71+1.01

−0.49) can be explained by relatively old ages for
models without nebular emission or by a large range of ages for
models accounting for nebular emission. To attempt to break this
degeneracy between age and emission line equivalent width, we
define the effective escape fraction feff

esc(Lyα) as the ratio between
the observed Lyα flux to the SED predicted Lyα flux and this
quantity is the result of the combined effect from Lyα radiative
transfer in the ISM, and the effect of the CGM and intergalac-
tic medium (Nagamine et al. 2010; Dijkstra & Jeeson-Daniel
2013). Assuming feff

esc(Lyα) ≤ 1 in the SED fitting procedure,
we break the degeneracy between age and EW([O iii]+Hβ) for
galaxies with EW(Lyα)> 80Å, and the number of acceptable fit
is reduced for galaxies with 40Å < EW(Lyα) < 80Å while not
affecting significantly the best-fit parameters. Using this addi-
tional constraint (feff

esc(Lyα) ≤ 1), we find that the relation be-
tween EW(Lyα) and age is similar to the one observed at low-z
with the galaxy exhibiting largest EW(Lyα) being the youngest
(e.g., Hayes et al. 2014). Regarding other physical parameters,
we find that the LAEs with the largest EW(Lyα) are less dusty,
less massive, and less star-forming than non-LAEs or LAEs with
lower EW(Lyα). The relations between EW(Lyα) and physical
parameters are similar at low and high-redshift and suggests that
the escape of Lyα photons is likely driven by similar physical
processes.

We find that z ∼ 6 galaxies in our sample have a median stel-
lar mass log(M?/M�) = 8.7+1.3

−0.7, an age of 25+769
−24 Myr, an instan-

taneous star-formation rate log(SFR/M� yr−1) = 1.4+0.9
−0.7, and a

color excess E(B − V) = 0.06+0.11
−0.06 (assuming an SMC curve,

twice this value for a Calzetti or Reddy curve). If we define a
LAE as a galaxy with EW(Lyα) ≥ 20Å, then we find than non-
LAE have typical properties similar to the average of the sam-
ple (they made up 75% of the sample), while LAEs are slightly
less massive, less star-forming, and have a higher specific SFR
(SFR/M?). The main difference between LAEs and non-LAEs
is the dust extinction, with LAEs having color excesses twice
as small as the typical value for non-LAEs. Again, this relation
between dust extinction and the ability for Lyα photons to es-
cape have been found in previous studies at lower redshift (e.g.,
Pentericci et al. 2007; Verhamme et al. 2008; Atek et al. 2009;
Hayes et al. 2011).

We also derive the median feff
esc(Lyα) for our sample with

feff
esc(Lyα) = 0.23+0.36

−0.17. This result is mostly independent from the
model assumed. Our feff

esc(Lyα) is remarkably consistent with val-
ues derived at by comparing the Lyα and UV luminosity func-
tions z ∼ 6 (Hayes et al. 2011; Blanc et al. 2011; Dijkstra &
Jeeson-Daniel 2013). We discuss the implication of this result in
Sec. 5.1.

4.4. Effect of spectral synthesis models accounting for binary
stars

Until recently the effects of binary stars and stellar rotation were
neglected in stellar population synthesis models (e.g., Eldridge
et al. 2008; Eldridge & Stanway 2009; Levesque et al. 2012).
Models taking into account these effects are able to fit young
local star-clusters (Wofford et al. 2016) and are necessary to re-
produce nebular emission lines not typically observed in local
galaxies (e.g., C ivλ1550, C iii]λ1909, and He iiλ1640) but that
seem more common at high-z (e.g., Shapley et al. 2003; Stark
et al. 2014; Steidel et al. 2016; Vanzella et al. 2016a; Amorı́n
et al. 2017; Smit et al. 2017; Vanzella et al. 2017). These lines
require harder ionizing spectra and cannot be reproduced by
models not taking into account binaries or rotation. Indeed, the
main difference between standard BC03 templates used to per-
form SED fitting in this work and models accounting for binaries
and/or rotation is an increased ionizing flux and a harder ioniz-
ing flux (Stanway et al. 2016). Those models with an increased
ionizing photon output have also been favored recently because
of the current stringent constraints on the typical Lyman contin-
uum escape fraction of star-forming galaxies (e.g., Grazian et al.
2016) that are difficult to reconcile with a realistic scenario for
the cosmic reionization where star-forming galaxies are thought
to be the main contributors to the ionizing background (Bouwens
et al. 2016b).

The Binary Population and Spectral Synthesis code (BPASS;
Eldridge & Stanway 2009) was developed specifically to take
into account binary evolution in modelling the stellar popula-
tions. We use the BPASSv21 models with Z = 0.2Z� for a con-
stant SFH to fit our sample and we compare the results with those
obtained with BC03 templates. An example of a fit is shown
in Fig. 8. BPASS models are able to reproduce UV slopes as
well as BC03 (Sec. 4.1) and the physical parameters are simi-
lar to those derived with BC03, except for the stellar mass. As
shown in Figure 10, because BPASS models have a larger ion-
izing photon output, emission line fluxes and equivalent widths

1 http://bpass.auckland.ac.nz/2.html
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at a given age and dust extinction are larger, relative to BC03 re-
sults. EW([O iii]+Hβ) are more than twice as large with BPASS
than with BC03. While the trend of EW([O iii]+Hβ) with red-
shift is uncertain, mainly because of the gap between z ∼ 5.5
and z = 8.0 with no constraints on equivalent width except for
the small samples from Smit et al. (2014) and Castellano et al.
(2017), it seems that the values that we derive for our z ∼ 6 sam-
ple using either BC03 or BPASS templates are consistent with
expectations regarding results at z < 6 and result at z ∼ 8 from
Labbé et al. (2013). While results obtained with BPASS and
BC03 are consistent within their uncertainties, the large EWs
found with BPASS have an impact on stellar mass estimation:
on average, stellar masses are 0.4dex lower using BPASS tem-
plates2. Another effect of using BPASS templates is that the pre-
dicted Lyα fluxes are larger and the effective escape fraction is in
this case feff

esc(Lyα) = 0.15+0.24
−0.10. This lower feff

esc(Lyα) value seem
in greater tension with values from literature than the feff

esc(Lyα)
derived in Sec. 4.3, but it is still consistent within uncertainties
with the values from other studies (Dijkstra & Jeeson-Daniel
2013).

Using BPASS templates, our results remain globally un-
changed except regarding the emission lines strength, because
of the increased ionizing output. Accordingly the stellar masses
are decreased because of the lines contribution to IRAC1 and
IRAC2. We cannot conclude about the accuracy of the binary
modeling in BPASS and this will have to be tested with JWST
observations (Stanway 2017). A possible test would be to per-
form SED fitting of high-z galaxies with BPASS at a redshift
where empirical constraints on emission line EWs are available
(e.g., z ∼ 4; Shim et al. 2011).

5. Discussion

5.1. IGM effect on Lyα visibility at z ∼ 6

Several studies have tried to derive the impact of the IGM
on the Lyα visibility in a fully ionized Universe. In Dijkstra
et al. (2007), Zheng et al. (2010), and Laursen et al. (2011),
the IGM transmission to Lyα (TIGM) is found to be low with
TIGM ≤ 0.01 − 0.3 at z ∼ 6. Values as low as TIGM = 0.01
cannot be reconciled with the effective escape fraction found in
our work feff

esc(Lyα) = 0.23+0.36
−0.17, but higher values (TIGM ∼ 0.3)

would be consistent. We have defined the effective Lyα escape
fraction as the result of the combined effects of ISM, CGM and
IGM, and the relative Lyα escape fraction is defined as the result
of ISM only, then

feff
esc(Lyα) = TIGM × frel

esc(Lyα) (3)

Therefore to constrain TIGM, we need to have constraints on
frel
esc(Lyα). Several relations have been derived between E(B-V)

and the effective Lyα escape fraction from z ∼ 0 to z ∼ 3 (e.g.,
Verhamme et al. 2008; Atek et al. 2009; Kornei et al. 2010;
Hayes et al. 2011; Yang et al. 2017) and while the definition
of E(B-V) varies among studies, they all find that feff

esc(Lyα) de-
creases with increasing color excess. Interestingly, at those lower
redshifts, the effect of the IGM on the Lyα visibility is expected
to be much lower (TIGM ∼ 0.8 at z ∼ 3.5; Laursen et al. 2011)
and so feff

esc(Lyα) ∼ frel
esc(Lyα). While the large uncertainties on

our derived physical parameters like E(B-V) and feff
esc(Lyα) for

individual galaxies preclude any attempt to derive similar rela-
tions with our data, we stress that on average we find that the

2 We compute the mass normalization of BPASSv2 assuming a 30%
mass fraction recycled in the ISM as in Castellano et al. (2017).

main difference between LAEs and non-LAEs is the dust extinc-
tion (Sec. 4.3). This result suggests that the processes governing
Lyα escape from galaxies at low redshift are similar to those at
high redshift. Thus to put constraints on TIGM, we assume that
there is a relation between E(B-V) and fesc(Lyα) at z ∼ 6 similar
to those found at low redshift.

The first difficulty arises from the choice of the relation that
we want to use at z ∼ 6. For example, in Atek et al. (2009),
E(B-V) is derived assuming the Cardelli et al. (1989) attenuation
curve and using the Balmer decrement, while Hayes et al. (2011)
use stellar color excesses derived from SED fitting and a Calzetti
et al. (2000) curve, finally Yang et al. (2017) add a term based
on Lyα velocity red-peak on the relation between E(B-V) and
feff
esc(Lyα).

We choose to use the relation described by Eq. 4 in Hayes
et al. (2011) because the E(B-V) values are derived in the same
way as in the present work. This relation is:

frel
esc(Lyα) = CLyα × 10−0.4×E(B−V)×kLyα (4)

Hayes et al. (2011) derive a value of CLyα = 0.445 and kLyα = 12
using a Calzetti curve.

However, due to numerous uncertainties about z ∼ 6 galax-
ies like the ionizing output of the stellar population or the dust
attenuation curve (Bouwens et al. 2016a), we test different sets
of assumptions to derive the average color excess E(B-V) of our
sample, using both BC03 and BPASS templates with Calzetti
and SMC curves. The difference in terms of average color ex-
cess between BPASS and BC03 is negligible, but the choice
of attenuation curve introduces a factor 2 difference, with the
Calzetti curve leading to larger color excess. Using Eq. 4, we
get frel

esc(Lyα) = 0.08+0.12
−0.03 (BC03+Calzetti), frel

esc(Lyα) = 0.06+0.18
−0.03

(BPASS+Calzetti), and frel
esc(Lyα) = 0.22+0.06

−0.15 (BC03+SMC and
BPASS+SMC). Then we use Eq. 3 with the two values derived
for feff

esc(Lyα) in Sec. 4.3 and 4.4, using BC03 and BPASS tem-
plates respectively, to put constraints on the IGM transmission
to Lyα photons. Accounting for all the models considered, we
obtain TIGM ≥ 0.18. This value is relatively high in comparison
with most of the theoretical studies that derived TIGM, however
accounting for outflows, Dijkstra et al. (2011) found such high
TIGM at z ∼ 6 (TIGM > 0.50). Therefore the lower limit that we
find for the IGM transmission would be easily explained if out-
flows are ubiquitous in z ∼ 6 galaxies, which seems consistent
with current high-redshift observations (Stark et al. 2017), while
possibly with a lower velocity than at z ∼ 2 (Pentericci et al.
2016). Dijkstra et al. (2011) stress than even relatively low out-
flow velocities can be sufficient to have a large IGM transparency
to Lyα photons.

6. Conclusions

In this work, we report deep observations of an i-dropout sample
with VLT/FORS2 to search for Lyα emission. The dropout se-
lection has been designed to avoid bias toward faint LAEs with
large EW(Lyα). Combining our data with archival data, we con-
struct a large star-forming galaxy sample spectroscopically con-
firmed at z ∼ 6, with 127 galaxies with redshift confirmed either
by detecting Lyα emission/continuum emission (Lyman break)
or by excluding low redshift solution through the lack of detec-
tion of Hα, [O iii]λλ4959, 5007, or [O ii]λ3727. All our galaxies
are H-band detected. Thanks to the size of our sample covering
five fields, we determine a new z ∼ 6 LAE fraction, minimiz-
ing cosmic variance. We derive physical properties using SED
fitting while we minimize the number of assumptions going into
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our analysis to compare the properties of LAEs and non-LAEs,
derive the effective escape fraction feff

esc(Lyα), and constrain the
IGM transmission to Lyα photons TIGM.

In summary, we find:

1. The median LAE fractions for bright and faint galaxies in
our sample are lower than found in previous studies (e.g.,
Stark et al. 2011), while still consistent with results reported
in the literature within uncertainties.

2. Our data are consistent with a drop or a flattening of the rela-
tion between the LAE fraction and redshift at 5 < z < 6. This
can be a sign of an already increasing IGM neutral fraction
at z < 6.

3. By comparing SFRSED with SFRLyα, we find that declining
star-formation histories underestimate the star-formation rate
for 50% of our sample spectroscopically detected.

4. Our sample exhibits the same trends between EW(Lyα) and
MUV, and between EW(Lyα) and the UV β slopes as pre-
viously reported at lower redshift (e.g., Pentericci et al.
2009): the largest EW(Lyα) will be found for the faintest and
bluest galaxies. LAEs are slightly less massive and less star-
forming than non-LAEs but those differences are well within
the uncertainties. The main difference is the dust extinction
with an average color excess for non-LAEs twice as large
as the average LAE color excess. These results are mostly
independent from assumptions.

5. We test stellar templates incorporating the effect of bina-
ries (BPASSv2) and they lead to similar physical proper-
ties except for increased nebular emission fluxes due to a
higher ionizing photon output, and accordingly an increase
of EW([O iii]+Hβ) which leads to an average decrease of the
stellar mass by ∼ 0.4dex.

6. By comparing observed Lyα luminosities with SED pre-
dicted Lyα luminosities, we derive an effective escape frac-
tion of feff

esc(Lyα) = 0.23+0.36
−0.17, consistent with values derived

by comparing UV and observed Lyα luminosities (Blanc
et al. 2011; Hayes et al. 2011).

7. Assuming that physical processes governing the escape of
Lyα photons from galaxies are similar at low- and high-
redshift, we derive a lower limit to the IGM transmission to
Lyα photons TIGM & 0.20. Such large IGM transmission is
expected if outflows are present (Dijkstra et al. 2011) which
is also consistent with current constraints (Pentericci et al.
2016; Stark et al. 2017).
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A106

12



S. De Barros et al.: Lyman-α emitter fraction and galaxy physical properties at the edge of the epoch of cosmic reionization

Leitet, E., Bergvall, N., Piskunov, N., & Andersson, B.-G. 2011, A&A, 532,
A107

Levesque, E. M., Leitherer, C., Ekstrom, S., Meynet, G., & Schaerer, D. 2012,
ApJ, 751, 67

Livermore, R. C., Finkelstein, S. L., & Lotz, J. M. 2017, ApJ, 835, 113
Madau, P. & Haardt, F. 2015, ApJ, 813, L8
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