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ABSTRACT

The observed UV rest-frame spectra of distant galaxies are the result of their intrinsic emission combined with absorption along the
line of sight produced by the inter-galactic medium (IGM). Here we analyse the evolution of the mean IGM transmission Tr(Lya)
and its dispersion along the line of sight for 2127 galaxies with 2.5 < z < 5.5 in the VIMOS Ultra Deep Survey (VUDS). We fitted
model spectra combined with a range of IGM transmission to the galaxy spectra using the spectral fitting algorithm GOSSIP+. We
used these fits to derive the mean IGM transmission towards each galaxy for several redshift slices from z = 2.5 to z = 5.5. We
found that the mean IGM transmission defined as Tr(Lya) = e (with 7 as the HI optical depth) is 79%, 69%, 59%, 55%, and 46% at
redshifts 2.75, 3.22, 3.70, 4.23, and 4.77, respectively. We compared these results to measurements obtained from quasar lines of sight
and found that the IGM transmission towards galaxies is in excellent agreement with quasar values up to redshift z ~ 4. We found
tentative evidence for a higher IGM transmission at z > 4 compared to results from QSOs, but a degeneracy between dust extinction
and IGM prevents us from firmly concluding whether the internal dust extinction for star-forming galaxies at z > 4 takes a mean value
significantly in excess of E(B—V) > 0.15. Most importantly, we found a large dispersion of IGM transmission along the lines of sight
towards distant galaxies with 68% of the distribution within 10 to 17% of the median value in 6z = 0.5 bins, similar to what is found
on the lines of sight towards QSOs. We demonstrate that taking this broad range of IGM transmission into account is important when
selecting high-redshift galaxies based on their colour properties (e.g. LBG or photometric redshift selection) because failing to do so
causes a significant incompleteness in selecting high-redshift galaxy populations. We finally discuss the observed IGM properties and
speculate that the broad range of observed transmissions might be the result of cosmic variance and clustering along lines of sight.
This clearly shows that the sources that cause this extinction need to be more completely modelled.

Key words. Galaxy: evolution — Galaxy: formation — galaxies: high-redshift — cosmology: observations —
large-scale structure of Universe

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

The light coming from distant sources in the Universe is sub-
ject to increasingly higher absorption from gas clouds along the
line of sight (LOS) as redshift increases. Photons from a distant
source with a wavelength corresponding to the Lyman series of
hydrogen at the redshift of the gas cloud are partially or totally
absorbed. With many clouds along the LOS, the resulting ab-
sorption pattern is known as the Lyman-a forest. As the distance
to the source is increasing, the number of gas clouds may be-
come so high that all photons below the Lymana-1216 A line
(hereafter, Lya) at the source are entirely absorbed. The Ly« for-
est is thought to be the natural result of hierarchical structure
formation within cold dark matter models (e.g. Cen et al. 1994),
and is therefore a powerful probe of matter distribution in the
Universe.

With a hypothesis on the distribution of gas clouds along
the LOS, such as their numbers and redshift distribution N(z),
it is possible to model the average transmission towards dis-
tant sources. The result is quite striking: as shown in models by
Madau (1995, hereafter M95), the average transmission strongly
decreases with increasing redshift and has a characteristic pat-
tern, with several steps corresponding to the Lyman series of
hydrogen, most prominently the Lya, Lyg, and Lyy transitions.
In his models, M95 noted the possibly wide spread in the aver-
age transmission by computing 1o variations from the mean. At
A = 1100 A (rest-frame), the average transmission at z = 3.5
is predicted to vary from 20% to 70% around a mean of 40%.
Using simulations, Moller & Jakobsen (1990, hereafter MJ90)
pointed out that the statistical dispersion on the inter-galactic
medium (IGM) transmission could be very large. At z = 3.2,
their simulation showed that the IGM transmission could be be-
tween 50% and 100%. The range of LOS absorption was further
explored by Bershady et al. (1999) using Monte Carlo simula-
tions of the IGM absorbers. They found that the range of possi-
ble IGM transmission was narrower than in the model of M95.
Meiksin (2006, hereafter M06) produced updated IGM models
using the ACDM model of Meiksin & White (2004) and found
higher IGM transmission than M95, identified as the result of
differences in the estimates of the contributions of resonant ab-
sorption. This has recently been confirmed in a model by Inoue
et al. (2014).

The average IGM transmission Tr(z) has been directly es-
timated from Lya forest measurements on the LOS of QSOs.
The IGM transmission can be related to 7.5, the HI effective
optical depth, as Tr(Lyaw) = e ™ to constrain the intensity of
the ionizing background (Haardt & Madau 1996; Rauch et al.
1997; Bolton et al. 2005), and is therefore used to investigate
the sources responsible for this ionizing background. Songaila
(2004) measured the average IGM transmission and dispersion
on the LOS of 50 QSOs in 2004, and the data showed a range of
transmission values around the mean. Dall’ Aglio et al. (2008)
used 40 bright quasars to determine the redshift evolution of
the HI effective optical depth in the Lya forest between 2.2 <
z < 5 and found a good agreement with measurements based
on smaller samples. Faucher-Giguere et al. (2008a) reported on
the mean transmission using 86 QSOs with 2.2 < z < 4.6
and claimed to identify a departure from a power-law evolution
Teg = 0.0018(1 + 2)>%? at around z ~ 3.2, which they tentatively
identified as the signature of the reionization of Hell. Using 6065
QSOs from the Sloan Digital Sky Survey (SDSS), Becker et al.
(2013) reported on the mean 7.¢ over 2.2 < z < 5.5, finding no
sign of a departure from a smooth evolution with redshift. Their
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best measurements indicate an error on the mean transmission of
about ~1% in 6z = 0.1 bins.

While the mean value of the IGM transmission is impor-
tant, the dispersion around the mean is a key information as well
because the properties of the IGM transmission are extensively
used to pre-select galaxies and QSOs in the distant Universe. In a
seminal work, Steidel and collaborators (Steidel et al. 1996) pre-
sented the Lyman-break selection method based on the Lyman-
break produced by the Lyman-limit at 912 A and its position in a
three-band filter set, producing a colour difference that can easily
be identified from deep photometric observations. This galaxy
selection has become a standard to find large samples of galax-
ies, called Lyman break galaxies (LBG), from a wide range of
redshifts. In addition to the 912 A Lyman limit, this technique
relies on the average IGM transmission, as the observed flux be-
tween the Lyman limit and Ly« is strongly affected by the IGM.
At increasing redshifts and with increasing IGM extinction, a
strong apparent continuum break builds up as the flux blueward
of Lya at the source is increasingly suppressed. This property
is extensively used to identify dropout galaxies up to the high-
est possible redshifts (e.g. Bouwens et al. 2015, and references
therein). A good knowledge of the average IGM transmission
and the dispersion around the mean is then not only crucial for
understanding the properties of the IGM itself, with the distri-
bution and content of the gas clouds, but also for understanding
how high-redshift galaxies are selected and how they may be
missed.

Today, the knowledge of the IGM transmission is mostly
provided by QSOs studies (Becker et al. 2013, and references
therein) with the measurement of the optical depth 7.¢, and it
can be predicted from simulations (MJ90, M95, M06, Inoue
et al. 2014). Surprisingly, only few reports have been published
on the observed dispersion in Tr(Lya) as a function of redshift.
Faucher-Giguere et al. (2008b) used 86 high-resolution quasar
spectra with a high signal-to-noise ratio to provide reference
measurements of the dispersion in Tr(Lya) over 2.2 < z < 4.6.
Cutting the IGM along the LOS into segments of 3 Mpc, they
presented the observed Tr(Lya) for these individual measure-
ments, with a standard deviation of the individual 3 Mpc seg-
ments of o(Tr(Lya)); = 0.1-0.15. The individual Tr(Lya) re-
ported in Dall’ Aglio et al. (2008) indicate a similar dispersion.

No observational study has been made of the evolution of
the IGM transmission from galaxy samples mainly because we
lack large spectroscopic samples with high signal-to-noise ra-
tios that would probe significantly bluer than Lya. Hence the
comparison of IGM transmission towards extended galaxies with
point-like QSOs has not yet been performed. In this paper we
use 2127 galaxies that include the galaxies with the highest
signal-to-noise ratio in the VIMOS Ultra Deep Survey (VUDS;
Le Fevre et al. 2015) to compute the mean IGM transmission and
the distribution around the mean in the range 2.5 < z < 5.5. This
large sample enables us to probe many different lines of sight
and to characterize the statistical properties of the IGM trans-
mission towards galaxies. We describe the VUDS galaxy sam-
ple in Sect. 2. The GOSSIP+ spectral fitting algorithm and the
range of IGM templates used in the spectral fitting is described
in Sect. 3. The results of the spectral fitting of the IGM trans-
mission and dispersion are described in Sect. 4. The evolution of
the Ly« effective optical depth is presented in Sect. 5. We dis-
cuss the uncertainties in measurements and models in Sect. 6.
The effect of the IGM transmission dispersion on the selection
of high-redshift galaxies is analysed in Sect. 7. Our results are
summarized in Sect. 8.
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All magnitudes are given in the AB system unless specified
otherwise, and we use a cosmology with Qy = 0.3, Qy = 0.7
and & = 0.7. QSO studies often consider the redshift z, defined
by 1 +z, = Ag(1 + z5)/ALye Where zg is the emission redshift of
the source (e.g. Becker et al. 2013; Inoue et al. 2014). All the
redshifts in our paper are given as z; and have been transformed
from z, when necessary.

2. Data: the VUDS survey

The VUDS survey is described in detail in Le Fevre et al.
(2015); we provide a summary in this section. The main target
selection of the survey is based on photometric redshifts with
Zphot + 100 > 2.4 and ixg < 25, and it also includes objects
whose secondary peak in the photometric redshift probability
distribution function is zphe + 10~ > 2.4 even if the primary peak
might be very different. This primary target selection is supple-
mented by colour—colour selection (BzK, LBG), adding those
objects that failed to satisfy the zpho criterion, but which satisfy
the colour—colour selection at the corresponding redshift; this
adds about 10% of the objects. Observations are performed with
the VIMOS multi-slit spectrograph on the ESO-VLT (Le Fevre
et al. 2003), using the LRBLUE and LRRED grisms with a spec-
tral resolution R =~ 230, and integration times of ~14 h for each
grism, covering a wavelength range 3650 < A < 9350 A.

Data were processed within the VIPGI environment
(Scodeggio et al. 2005), and redshifts were measured with the
EZ code (Garilli et al. 2010) based on cross-correlation with
reference templates. The redshift measurement process includes
visual inspection of all spectra by two independent observers,
each making their best redshift measurement running EZ man-
ually if necessary. These two measurements are compared in a
personal meeting of the researchers to produce the final redshift
measurement and associated reliability flag. All VUDS galax-
ies are matched to deep photometric samples existing in each of
the three VUDS fields: COSMOS, ECDFS, and VVDS-02h, as
described in Le Fevre et al. (2015).

To study the absolute amount of IGM transmission in ob-
served spectra, the UV flux has to be calibrated to better than
10% over the observed wavelength range, particularly for all
wavelengths below Lya. The relative spectrophotometry over the
entire VIMOS wavelength range calibrated on reference stars is
accurate to better than a few percent (Le Fevre et al. 2003) when
observations are taken at the zenith on point sources. However,
by comparing the observed photometry to the photometry com-
puted from the spectra and normalized in the i band, we observed
that the spectroscopic photometry was lacking ~40% of the flux
in the u band. This apparent lack of flux was traced back to three
different processes: extinction from the Milky Way galaxy, at-
mospheric absorption, and atmospheric refraction. The galactic
extinction is due to the presence of dust in the Milky Way. This
was corrected by applying the E(B — V) maps of Schlegel et al.
(1998). This correction is small (~7% at 4000 10\) but necessary
because we compare the spectrophotometry of VIMOS spec-
tra with broad-band photometry corrected for the Milky Way
extinction. The atmospheric absorption depends on the quan-
tity of airmass on the light path. To correct for this effect, we
used the prescription of Patat et al. (2011), which is defined
for the Paranal observatory. Finally, the atmosphere is equiva-
lent to a small-angle prism before entering the telescope, and
this leads to a spread of the incoming light into a small spec-
trum whose length depends on the airmass and parallactic an-
gle, which is the angle of the slit to the zenithal angle. As this

small pseudo-spectrum is produced before entering the spectro-
graph slit, a significant fraction of the flux may be lost when
entering the 1 arcsec slits used for the VUDS observations. The
effect is negligible beyond ~4500 A observed wavelength and
becomes increasingly stronger farther down in wavelength to-
wards the UV domain. This loss was estimated and then cor-
rected for using a geometrical model for each source based on
its light moments (size, ellipticity) to compute which fraction of
the flux was out of the VIMOS slit. With these corrections im-
plemented, the magnitudes measured from the # band imaging
agree to within 0.02 + 0.3 mag with the u band magnitudes as
derived from the spectra, the standard deviation being dominated
by u-band photometric errors for u# band magnitudes ranging up
tou ~ 27.

We used the VUDS sample with redshift reliability flags 2,
3, and 4 (primary and secondary objects), the highest reliabil-
ity flags as defined in Le Fevre et al. (2015) with a confidence
level of ~75%, 95%, and 100% for the spectroscopic redshift
measurements for these three flags, respectively (see Le Fevre
et al. 2005a, 2013a, and 2015, for more details about the redshift
flag system). In addition, we selected only objects whose spectra
had the highest signal-to-noise ratio (S/N). We computed the S/N
from the mean and 1o standard deviation of the spectral contin-
uum in two regions, 1345—-1395 A and 1415-1515 A rest-frame,
which were chosen to avoid emission or absorption features. We
only considered galaxies whose spectra have a S/N ratio higher
than 5 perpixel at z < 4 (S/N > 12 per resolution element) and
higher than 3.5 at z > 4 (>8.5 per resolution element).

The sample we used in this study contains 2127 galaxies with
2.5 < z < 5.5. This is the largest sample of galaxies with high
S /N spectra covering this redshift range.

3. Measuring the IGM transmission with spectral
fitting
3.1. IGM transmission measurements

Several methods have been used to measure the IGM transmis-
sion using the mean transmitted flux F(z) from quasar spectra.
The measurement of F(z) can be performed by fitting a power
law representative of a quasar spectrum on regions redward of
the Ly emission and free of emission or absorption features,
as applied at the highest redshifts z > 5 (Songaila 2004; Fan
et al. 2006; Becker et al. 2007). The power law is then extrap-
olated blueward of the Lya line, and the transmission is the
result of the ratio between the power law and the QSO spec-
trum in the region 1070—1170 A . With medium-resolution spec-
troscopy, several methods have been applied, including the fit
of individual quasars using principal component analysis (PCA;
e.g. Paris et al. 2011) or with bias corrections estimated from
model spectra (Dall’ Aglio et al. 2008). At high spectral reso-
lution R ~ 30000-40000, the IGM transmission is expected
to reach 100% for a sufficient number of spectral resolution
elements so that the quasar continuum can be estimated (e.g.
Faucher-Giguere et al. 2008a,b; Dall’ Aglio et al. 2008; Becker
et al. 2011). Faucher-Giguere et al. (2008a,b) applied statistical
corrections to the continua as a function of redshift based on ar-
tificial spectra drawn from hydrodynamic simulations. Another
powerful method is to use composite quasar spectra to directly
estimate the IGM transmission with continuum measurements;
this was applied by Becker et al. (2013).

Working with a faint galaxy sample observed at low spectral
resolution, we have opted to measure the Lya transmission from
a model fit of the observed spectra. Figure 1 presents the method
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Fig. 1. Method adopted for the IGM transmission measurement when
fitting VUDS galaxy spectra. The observed spectrum (here a stack with
a high signal-to-noise ratio from VUDS galaxies at z ~ 3.4) is pre-
sented in black. The best-fit model (see Sect. 3.2) resulting from the
combination of a stellar population synthesis model, dust extinction,
and IGM transmission is plotted in red. The same stellar population
synthesis model with dust but without the IGM transmission applied is
shown in blue. The IGM template selected for the best fit is presented
in green (the value of the transmission is given on the right y-axis). The
IGM transmission is then the average transmission in the wavelength
range 1070 < 2 < 1170 A (vertical dashed lines) as measured directly
on the IGM template selected in the best fit.

we adopted. The best-fit spectrum is produced from a y? minimi-
sation on models built from combining stellar population synthe-
sis models, dust extinction, and IGM transmission spectrum tem-
plates. The IGM transmission is then measured directly on the
IGM template that has been selected for the best fit (as described
in the next section). The transmission is computed shortward of
the Lya line in the wavelength range 1070 < A < 1170 A as mea-
sured on the IGM template. This wavelength range avoids imme-
diate proximity effects of the circum-galactic medium (CGM) in
the vicinity of the galaxy itself.

3.2. Spectral fitting software: GOSSIP+

The galaxy observed-simulated SED interactive program
(GOSSIP, Franzetti et al. 2008) is a software created to fit the
spectrophotometric flux of galaxies, including spectra, against
a set of synthetic models, and was born in the framework of
previous large galaxy surveys such as the VVDS (Le Fevre
et al. 2005a). The aim is to find the model galaxy that best re-
produces the observed data, using spectra, photometric magni-
tudes, or both together, making it a unique tool. The result of
the fit can be used to estimate a number of physical parame-
ters such as the star formation rate (SFR), age, or stellar mass
of the observed galaxy by computing their probability distribu-
tion function (PDF). GOSSIP correlates spectra and spectral en-
ergy distributions (SED) with model spectra covering ranges of
ages, metallicities, dust extinctions E(B — V), and star forma-
tion histories (SFH). The range of models used in this study is
presented in Table 1 and is discussed in Sect. 4. The model spec-
tra are computed from current galaxy population synthesis mod-
els: BCO3 (Bruzual & Charlot 2003) and M05 (Maraston 2005).
An object SED and/or spectrum is cross-correlated against all
model spectra, and the best model is identified by means of
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the best reduced y?. The new upgraded version of the software,
GOSSIP+ that we used in this paper has been developed with
new functionalities and will be described in detail in a forth-
coming paper (Thomas et al., in prep). For the purpose of the
present paper, the main improvement included in GOSSIP is re-
lated to the treatment of the IGM. While most of the SED-fitting
programs use the M95 prescription, which gives a single IGM
transmission curve as a function of wavelength for a given red-
shift, GOSSIP can choose at each redshift among seven different
IGM curves with different IGM transmission, as presented in the
next section. This allows us to choose among different possible
transmission curves, and hence enables identifying IGM values
that deviate from the mean transmission when the IGM trans-
mission indeed varies.

3.3. IGM transmission templates

The flux we observe from distant galaxies is the result of two dis-
tinct sets of processes: emission and absorption from the galaxy
itself and its immediate surroundings in the CGM, and absorp-
tion from H1 clouds located between the observer and the galaxy.
The latter is the result of gas clouds along the LOS that ab-
sorb the light blueward of the Lye line at 1216 A. The mod-
els used to reproduce this effect exhibit several differences: M95
is based on an empirical model that uses a Poissonian distribu-
tion for the Ly forest (with a fixed Doppler parameter). M06
is based on ACDM cosmological simulations from which the
Lya forest number density as well as the Doppler parameter are
derived (Meiksin & White 2004). Comparing these models to
observations along the LOS of QSOs, M95 predicted a transmis-
sion too low to reproduce the observed IGM attenuation, while
MO6 agreed better with observations (e.g. Inoue et al. 2014). In
this paper, we base our spectral fitting on M06, augmented by the
possibility of using a range of seven different transmission tem-
plates at any given redshift, and we refer to M06 for a detailed
comparison between the models of M06 and M95.

MO95 and MO06 both produce a single attenuation curve for a
given redshift. This is equivalent to saying that at a given red-
shift all LOS towards distant objects are populated by the same
number of gaseous clouds with similar properties, producing the
same transmission independently of the position of the observed
galaxy or QSO in the sky. As quoted by M95, this is not ex-
pected to be the case because of the way absorbing clouds are
distributed along the LOS, but experimental measurements of
the transmission dispersion are scarce in the literature, and this
point remains open. It is also unclear whether the covering factor
of clouds along the LOS would affect the flux transmission in the
same way for a point-source QSO or for an extended galaxy. Be-
cause of these uncertainties, we allowed the IGM to vary in our
SED/spectra fitting prescription to enable measuring the trans-
mission scatter. This adds an extra free parameter in the SED or
spectral fitting.

To test variations in the IGM transmission, we constructed
IGM templates probing a range of transmissions around the
mean IGM of M06. The range of possible transmission was set
using the +10 range of IGM transmission from M95 (see their
Fig. 3aatz = 3.5). To better probe this range, we added transmis-
sion templates computed from the +0.50" and the +1.50" around
the mean. It is important to note that our IGM templates are
defined to probe a wide range of IGM transmission, indepen-
dently of whether the +10- model values of M95 are correct.
Our logic was to use templates that reproduce the wavelength
dependence of the IGM transmission reasonably well, whether
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Transmission

Restframe wavelength (A)

Fig. 2. Seven IGM transmission templates used in this work at z = 3.0,
z = 4.0, and z = 5.0. The mean M06 IGM transmission is represented
by the dashed red line. The +0.507, +1.00, and +1.50 curves are the six
black curves of different thickness. The thicker lines represent +1.50.

the transmission is high or low (even if some of our templates
might be unphysical when saturating to a transmission of one
at z ~ 3). The fitting process is then free to choose which of
the IGM templates best reproduces each observed galaxy spec-
trum, in combination with all other model parameters. We note
that at the spectral resolution R ~ 230 of our observations we
can measure the IGM transmission averaged in 1070—1170 A,
but not the transmission from individual cloud absorption lines.
This average transmission is then best reproduced by models like
those of M95 or M06, which are in effect an average over many
lines of sight, and extending the IGM templates with a range of
transmissions around the mean models.

GOSSIP+ calculated the seven IGM templates using the
transformation described above for each galaxy depending on
its redshift, and these templates were then used in the fitting pro-
cess for that galaxy. The sets of templates allowed in our study
at z = 3.0,z = 4.0 and z = 5.0 (based on M06 models) are
shown in Fig. 2. Each template is identified by an identifica-
tion number (hereafter id) 0, +1, £2, and +3 (middle panel). The
id = 0 (red curve) is the MO6 mean IGM transmission curve. The
id ranges from —3 (smallest transmission; —1.507) to +3 (highest
transmission; +1.50°). The range of IGM transmission is broad
at any redshift and allowed us to explore the dispersion around
the mean. With our adopted templates the IGM transmission at
1100 A may vary from 19% to 100% at z = 3.0 and from 5% to
50% at z = 5.0.

In summary, the spectral fitting procedure with GOSSIP+
allowed us to consider very different average IGM transmissions
along the lines of sight from one spectrum to another, as the
fitting algorithm tested each galaxy model with all of the seven
IGM transmission templates.

1.of
0.8}
0.6}
0.4}
0.2
0.0

Transmission

840 900 960 1020 1080 1140 1200
Restframe wavelength (A)
Fig. 3. Thirty IGM transmission templates available to make the mock
galaxies at z = 3.5 (as an example of the simulation process). At
this redshift, one of these template is chosen randomly and applied to
the galaxy template. In red we plot the seven IGM templates used in

GOSSIP+ to perform the fit and verify whether the simulated IGM can
be recovered.

3.4. Simulation of spectra: ability of recovering
the line-of-sight integrated IGM transmission

We performed extensive spectral fit simulations to test the abil-
ity of GOSSIP+ to retrieve the IGM transmission. To be rep-
resentative of our galaxies, we simulated 50 times each 3-tuple
(redshift, ixg, S/N) that we have in our sample of 2127 galax-
ies. In our data the redshift ranges from 2.5 to 5.5, the S/N per
resolution element ranges from 5 to 25 (at z < 4) and from
3.5 to 10 (at z > 4), the magnitude ixp varies from 22 to 25.
The final sample of mock galaxies was then populated by al-
most 108 000 objects. Each mock galaxy was based on a galaxy
model randomly chosen from a BC03 model library composed
of a wide range of model parameters. The E(B — V) extinction
ranged from 0 to 0.5. The metallicity was chosen in the range
Z = [0.004,0.05]. The star formation history was a delayed ex-
ponential (see Sect. 4) with a timescale that ranged from 0.1 to
1.0 Gyr. Ages were limited by the age of the Universe at the
given redshift and for the selected cosmology. We randomly used
an IGM transmission spectrum chosen among 30 different IGM
transmission templates at a given redshift built from the average
transmission in M06, as presented in Fig. 3. Each model spec-
trum was multiplied by one of these 30 IGM templates, selected
randomly. The Poisson noise was then added to the data as the
square root of the simulated flux.

The synthetic galaxies were then fitted with GOSSIP+, us-
ing the seven IGM templates as defined in Sect. 3.3. As for the
data, we ignored emission line regions for the fit (Lya). Since
we created those mock galaxies with BCO3 templates, we chose
to fit the model spectra using a library computed from the M05
synthesis models (the results still hold when fitting with BCO03).
This library was computed with an exponentially delayed SFH
with a timescale that ranges from 0.1 to 1.0 Gyr (with a step of
0.1 Gyr), E(B — V) can take values in [0.0, 0.05, 0.1, 0.2, 0.3,
0.4, 0.5], and the metallicity ranges from Z = 0.001 to Z = 0.04.
This library was computed with a Chabrier initial mass function
(IMF, Chabrier 2003).

The relation between the simulated transmission and the
transmission obtained by the fitting process is given by
ATr(Lya)/Tr(Ly@)inpu defined as

ATr(Lya)
Tr(Lya)inpul

The results of the simulation on this quantity is presented in
Fig. 4, representing the accuracy of GOSSIP+ in retrieving the

= (Tr(Lya)input - Tr(Lya)output)/Tr(Lya)input- (1)
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Fig. 4. Evolution of the difference in transmission ATr(Lya)/Tr(Lya)
with redshift between the input simulated spectra and the result of the
fit with GOSSIP+.

correct Tr(Ly,) as a function of redshift for galaxies with a sim-
ilar range of properties as in the VUDS sample. For the whole
simulated sample ATr(Ly,)/Tr(Ly@)inpue = —0.01 £ 0.09. The
ATr(Lya)/Tr(Lya)inpu: ranges from —0.08 + 0.11 at z = 2.75 to
—0.07 = 0.05 at z = 4.8. There is therefore very little devia-
tion from the mean, and this shows that GOSSIP+ can retrieve
the correct Lya transmission at all redshifts and over the spectral
S/N considered in this study. Additionally, we note that the dis-
persion on the quantity ATr(Lya) = Tr(Lya@)inpu — Tr(Lya@)ouput
decreases with redshift, most likely the result of a larger Lya
dropout break at the higher redshifts and stronger IGM features,
which results in easier retrieval in the fitting process. The influ-
ence of this IGM prescription on other physical parameters when
fitting spectra/SED will be fully discussed in a forthcoming pa-
per (Thomas et al., in prep.).

3.5. Ly, forest simulation vs. IGM templates

In addition to the simulation we ran in the previous section, we
ran a simulation where the input Ly« transmission was different
from the IGM transmission templates used in the GOSSIP+ fit,
therefore testing possible circular arguments.

We used mock cosmological simulations of the Ly« forest
with known line-of-sight integrated IGM transmission to test the
ability of our method to recover the IGM transmission of realistic
spectra. The mock IGM transmission skewers were taken from
the BOSS DRI11 public mock catalogue simulating the Lymana
forest (Font-Ribera et al. 2011; Bautista et al. 2015). We created
5025 mock galaxies, following the same method as described
in the previous section, but randomly drawing IGM transmis-
sions from this mock set. The redshifts of simulated galaxies are
distributed between z = 2.8 and z = 3.5, the latter being the
high-redshift limit of the mock catalogue.

We used the same library for stellar emission and dust ex-
tinction as for the simulation in Sect. 3.4, but the IGM transmis-
sion was now one of the BOSS DR11 Ly« transmission skew-
ers, Gaussian smoothed to the lower resolution of VUDS. Three
examples of such skewers are presented in Fig. 5. Each skewer
in our Ly Forest sample includes a large number of absorbing
clouds, including high-column density absorbers, which become
hard to identify individually at the VUDS resolution. The sim-
ulated spectra were then fitted with GOSSIP+ to identify which
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Fig. 5. Three examples of Lya skewers at z = 2.936, z = 3.287, and
z = 3.49. In each plot, the black spectrum represents the high spectral
resolution BOSS DR11 mock IGM transmission, while the same spec-
trum in red is degraded to the VUDS lower resolution. The blue lines in
each panel represent the wavelength interval where the Lya transmis-
sion is estimated (1070—-1170 A).

of the seven reference IGM templates defined in Sect. 3.3 best
reproduces the integrated line-of-sight IGM transmission.

The comparison of the Lya transmission from the input sim-
ulated Lya forest transmission and the transmission recovered
from the GOSSIP+ fit with the seven IGM templates is presented
in Fig. 6. This figure shows that our galaxy template fitting is
able to provide an excellent estimate of the Ly transmission,
even when the input IGM is a realistic Ly« forest simulation. The
difference between the input Lya transmission, Tr(Lya)porest,
and the transmission as recovered by the GOSSIP+ method,
Tr(Lya)s, has a mean value of 0.013 (and a median of 0.002),
while the standard deviation is of 0.13 (and the error on the mean
is ~107%).

Based on this realistic simulation, we conclude that the
method developed in this paper is able to estimate the LOS in-
tegrated Lya transmission towards distant faint galaxies very
reliably.

4. Evolution of the mean IGM transmission
and its dispersion as a function of redshift

Here we present the IGM transmission obtained from the fit
of VUDS galaxy spectra with redshifts between z = 2.5 and
= 5.5, with the selection as described in Sect. 2 and using
GOSSIP+ as discussed in Sect. 3.2. Since we combined the IGM
transmission templates with different galaxy models, we expect
the results to be as independent of stellar population synthesis
models as possible. We ran GOSSIP+ twice, using both a BC03
model library and a library computed with M05 models. The
large parameter space explored during the fitting process is sum-
marized in Table 1.
The star formation history used in this study is a delayed
exponential. It is defined as

1 —t
SFR(t) = ) Xt X exp ey )
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Fig. 6. Comparison of the Lya transmission from the input mock Ly«
forest and the output IGM template selected by GOSSIP+. In red we
plot the distribution of the difference Tr(Lya)gores-Tr(Lya@)gs.. The blue
line is a Gaussian fit of the red histogram where ¢ = 0.013 and
o =0.13.

Table 1. Parameter space used for the spectral fitting, using existing
BCO03 and MOS5 stellar population models.

Parameter BCO03 MO05
IMF Chabrier Chabrier
Tsrr in Gyr 0.1 to 1.0, 0.1 steps
Metallicity [Z] 0.004, 0.008, 0.02, 0.05  0.001, 0.01, 0.02, 0.04
E(B-V) 0,0.1,0.2,0.3,0.4,0.5
E(B-V)atz >4 0,0.05,0.1, 0.15
Ages (Gyr) 0.05t0 4.0
IGM 7 curves
Neemplate 47040

where 7 is the SFH timescale. It corresponds to the time after
which the SFR is highest. A range of 7 from 0.1 to 1.0 Gyr al-
lows us to produce very different SFHs, from a fast-rising star
formation rate to an early peak in star formation followed by
a rapid decrease, to a more extended period of almost continu-
ous star formation. We used the initial mass function (IMF) of
Chabrier (2003). The dust extinction was applied through the
value of E(B — V) using the Calzetti et al. (2000) law. As our
model spectra did not include emission lines, the wavelength do-
main around known emission lines in the observed spectra were
ignored in the fitting process.

Figure 7 presents the results of spectral fitting for ten rep-
resentative objects at different redshifts between z = 2.5 and
z = 5.5. For four of them, the fit locks on an IGM identical to
the mean IGM. For the other six, GOSSIP+ identifies an IGM
transmission different from the mean.

We performed the fit with GOSSIP+ for all 2127 galaxies
in the VUDS sample described in Sect. 2. Measurements of
the median IGM transmission are presented in Table 2 and in

Figs. 8 and 9. The dispersion around the median is computed as
the value including 68% of the full sample in each redshift bin.
Figure 8 shows the distribution of Tr(Ly,) in five redshift bins
from z = 2.5 to z = 5.5. Tr(Ly,) is computed on the IGM tem-
plates obtained from the GOSSIP+ fit for each VUDS galaxy. As
shown in Fig. 8, there are no significant differences between the
distribution of transmission observed for the most reliable flags 3
and 4 in our sample compared to flag 2 with its lower reliability.
We note that the use of BC0O3 or M05 templates in the fitting pro-
cess provides indistinguishable results on measured IGM prop-
erties at any redshift. This effect is expected because the main
difference between BC03 and MOS5 is the treatment of TP-AGB
stars that influence the red part of the model spectra. The median
and mean transmission values are nearly identical in our sample.
In the following we use mean transmission or median transmis-
sion to mean the same. A wide range of IGM transmission is
observed at all redshifts.

As expected, the mean IGM transmission decreases with red-
shift (Fig. 9). This is the first time this is clearly demonstrated
from galaxy spectra. The IGM transmission derived from VUDS
galaxy spectra agrees remarkably well with the mean transmis-
sion in the IGM model of M06 up to z = 4. At a redshift z > 4
we find tentative evidence that the median IGM transmission is
slightly higher than expected from the M06 model. The differ-
ence in transmission between the observed and theoretical model
is ATr(Ly,) = 0.03 at4.0 < z < 4.5 and reaches ATr(Ly,) = 0.09
at 4.5 < z < 5.5 (corresponding to ~18% of the theoretical
value). Whether this is a real physical result or the result of a
degeneracy between IGM transmission and dust internal to the
galaxies is further discussed in Sect. 6.2. We report in Fig. 9
IGM transmission values obtained for two different dust extinc-
tion conditions with dust extinction limited to E(B — V) < 0.15
and E(B — V) < 0.05 in the fitting process.

The other important result from our study is the high dis-
persion of Tr(Ly,) observed for all redshifts in the range we ex-
plored. To compute the dispersion in IGM transmission, we cor-
rected the observed dispersion in quadrature for the dispersion
resulting from our fitting method. The latter was derived from
the simulations presented in Sect. 3.4 for spectra with a S/N in
the range of the VUDS spectra. The resulting transmission dis-
persion is found to be high, with a slow decrease with increasing
redshift. It ranges from o ~ 0.18 at redshift 2.8 to o ~ 0.10 at
redshift 4.8. We stress that these are effective 1o values, and we
observe that all seven IGM templates covering the range +1.50
allowed in the fitting were used at any redshift. We find that in
72% (fitting with BCO3 templates) and 75% (with M05) of the
cases GOSSIP+ choose one of the six additional transmission
curves. The observed variation in Tr(Lya) is large enough to re-
quire a wide range of IGM variation when fitting the spectra or
SED of galaxies as well as in colour—colour selection of galaxies
(see Sect. 7).

IGM transmission studies from QSOs often quote the error
on the mean o(Tr(Lya)) = o(Tr(Lya));/ V(N) where N is the
number of independent measurements. Faucher-Giguere et al.
(2008a) found o (Tr(Lya)) ~ 0.008% atz = 3 and ~1% at z = 4
in redshift bins 6z = 0.2, while Becker et al. (2013) quoted about
1% in 6z = 0.1 bins. Only a few studies have reported the disper-
sion around the mean IGM transmission. Faucher-Giguere et al.
(2008b) presented the distribution in transmission from z = 2.2
to z = 4.6 and derived a dispersion ranging from o = 0.11 to
0.15 in 6z = 0.2 bins. Songaila (2004) measured the IGM trans-
mission from 50 high-redshift quasars and its evolution with
redshift. They stated a transmitted fraction ranging from 46%
to 90% between z = 2.5 and z = 3.5, and from 20% to 80%

A88, page 7 of 16


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201425342&pdf_id=6

A&A 597, A88 (2017)

———T———
7=2.9055, IGM= +1,0
24

E(B-V)=

0.1, 0
1.6

0.8

0.0
1.0

0.5

0.0

-0.5

0.3

0.0

-0.3

Flux density (10'8erg.s~!.cm™2.A~1)

0.3 :-

0.0

-0.3 E(B-V)= 0.05, 0.0

-03

[ E®B-V)= 0.05, 0.0

1.0

0.5

0.0

Lyo

L 1 L 1 1
4500 6000 7500

1
9000

L 1 L 1 1
4500 7500 9000

Observed frame wavelength (A)

Fig. 7. Example of spectral fitting for ten representative galaxies in the VUDS sample, using the BC0O3 model spectra. The IGM “id” (cf. Sect. 2)
and the redshift of the galaxy are indicated for each fit. The best fit obtained with our prescription of varying the IGM transmission is shown in red,
while the best fit with the IGM transmission set to the mean M06 value is shown in blue for comparison (the E(B — V) dust extinction is reported
for both). For four objects the best fit finds an IGM equal to the mean, while for the six others GOSSIP+ selects an IGM template different from

the mean.

between z = 3.5 and z = 4.5, a range similar to Faucher-Giguere
et al. (2008b) and our VUDS measurements.

The dispersion derived by Faucher-Giguere et al. (2008b)
was based on breaking up the part of the same QSO spectrum
affected by the IGM into segments of 3 4~! Mpc along the LOS
and measuring the dispersion among these from different LOS
to emulate a large number of independent measurements. The
dispersion measurements on VUDS galaxies were made in the
wavelength domain 1070—1170 A, corresponding to a scale of
about 70 77! Mpc at z ~ 3.5. As the sizes of IGM absorbers are
thought to have remained roughly constant with time and smaller
than 100 #~'kpc (Cen 2012), much smaller than 3 A~! Mpc,
our measurements should be directly comparable to those of
Faucher-Giguere et al. (2008b). To compare dispersion values,
we also need to use the same redshift bins because part of the
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dispersion stems from the evolution in the transmission itself,
changing by 5-10% over 6z = 0.5 for the redshift range con-
sidered. Using the 6z = 0.2 values from Faucher-Giguere et al.
(2008b), we find that the dispersion from their data in 6z = 0.5
is increased by about 20%, resulting in even better agreement of
our dispersion measurements. Although working with smaller
samples, the reverse is also verified when computing the disper-
sion in 6z = 0.2 bins: we find a dispersion similar to that of
Faucher-Giguere et al. (2008b). We therefore conclude that the
dispersion observed in our data on galaxies is in excellent agree-
ment with the dispersion found along the LOS of QSOs and re-
flects the intrinsic properties of the IGM.

We plot in Fig. 10 the average of 60 spectra with
the highest IGM transmission (Tr(Lye) > Tr(Ly®)mean +
lo) and 53 spectra with the lowest IGM transmission
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Table 2. Median IGM transmission and dispersion around the median as observed from the VUDS spectra fitting.

VUDS galaxies QSOs
Median IGM transmission Tr(Lya) Dispersion IGM transmission IGM dispersion
Redshift Median z Dust E(B-V) <0.15 Dust E(B-V) <0.05 +68% (Becker et al. 2013)  Faucher-Giguere et al. (2008b)
BCO03 with MO5 BCO03 MO5 BC0O3  MO5
0.005 0.005 0.17 0.17
25<z<3.0 2.75 0. 79*8 8(1)(2) 0. 78*8 8(1)2 - - fg_}g fg_%g 0.80 0.12
+0. +0.
30<z<35 322 0. 69+8 8(1)3 0. 67+8 8(1)5 - - 78‘%%‘ _8'%'? 0.70 0.13
+ + L 10 ..
35<z<40 3.70 0. 59_8 8% 0. 59_8 8(1)§ —0012 —00“ tg‘éé jg'}? 0.59 0.13
+ H + + +0. +0.
40<z<45 423 0. 55_8 8(1)2 0. 56_8 8}2 0.49 88%2 0. 50_8812 78’(1)(5) _8'(1)1 0.47 0.12
72>45 4.77 04610015 0457005 0424000 042700 Toos o 0.35 0.13

Notes. The dispersion is computed as 68% of the distribution. The transmission values are indicated for the GOSSIP+ fits performed using the
BCO03 and M05 composite stellar population models. Comparing these results shows that IGM transmission and dispersion values do not depend
on the stellar population used in the fit. At z > 4 we indicate two different measurements, one is obtained when the dust extinction in galaxies is let

free to vary up to E(B—V)

= 0.15, while the other is for dust constrained to E(B—V) < 0.05 (see Sect. 6.2) . Results from the VUDS galaxies LOS

are compared to the mean IGM transmission from Becker et al. (2013) and to the IGM dispersion measured by Faucher-Giguere et al. (2008b).
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Fig. 8. IGM transmission Tr(Lye) measured from 2127 VUDS galaxies
in increasing redshift bins from z = 2.5 to z = 5.5. The black vertical
lines represent the median of the distributions in each redshift bin. A
wide spread in transmission is observed at all redshifts. The red shaded
histograms include all galaxies with flags 2, 3, and 4, while the white
striped histograms only represent flag 2. No significant difference is
found between the IGM properties of flags 3 and 4 and flag 2. The dis-
tribution of IGM transmission is somewhat discretized because of the
seven IGM templates used in the spectral fitting. The median and dis-
persion values measured by Faucher-Giguere et al. (2008b) using QSOs
are represented by the blue distribution in each redshift bin. The median
values from VUDS galaxies are in excellent agreement with Faucher-
Giguere et al. (2008b) for z < 4, while the VUDS results seem to show
higher transmission at z > 4 (see text for a discussion). The dispersion
values are also in excellent agreement at all redshifts.

(Tr(Lya) < Tr(Lya@)mean — 107), compared to the mean spectrum,
for galaxies with 3.2 < z < 3.8 (and with the highest relia-
bility flags 3 and 4). The spectra are normalized to the same
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Fig. 9. Median IGM transmission Tr(Lye) derived from the LOS to-
wards 2127 VUDS galaxies (full red circles). IGM transmission values
are computed from the distribution of IGM transmission measurements
resulting from the fit with GOSSIP+, in redshift bins 6z = 0.5 at a mean
redshifts 2.75, 3.25, 3.75, and 4.25 and in a redshift bin 6z = 0.8 at
z = 4.8, and using a dust extinction limit E(B — V) < 0.15. The error
bars represent the 68% interval in the distribution of IGM transmission
values as measured from the 2127 LOS probed by the VUDS galaxies.
The empty red circles at z > 4 represent the measurements obtained
when setting the dust extinction limit to E(B — V) < 0.05. The blue
triangles and associated error bars are median transmission and 1o~ dis-
persion values taken from Faucher-Giguere et al. (2008b). At z > 4,
points have been artificially shifted in redshift for clarity.

continuum value redward of Lya (in the range free of strong
lines between 1345-1395 and 1415-1515 A). The difference
observed between galaxies with IGM transmission measured at
+10 from the mean and the mean spectrum of the full sample is
quite striking and provides further support to the observed range
in IGM transmission reported above. The stacked spectrum of
the full sample and spectra at +10 from the mean agree within
errors in slope or in absorption lines strengths. This shows that
stellar populations at the source emission are very similar, lend-
ing additional support that the IGM and not the source proper-
ties are responsible for the observed spectral differences below
Lya. The only notable difference is the strength of the Lya emis-
sion line, with equivalent width EW(Lya) = 16 A for high IGM
transmission spectra and EW(Lya) = 10 A for low-transmission
spectra. This difference might further indicate that Lya photons
are more absorbed by the CGM of the galaxy in the latter case.

A88, page 9 of 16


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201425342&pdf_id=8
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201425342&pdf_id=9

A&A 597,

A88 (2017)

sufrfn of VUDS si)e;ci:,ra with 3.2<z§<3.8

_._ mefari1 V(;JDfsgsample

Fe ! L
X i : L ]
= 3 L
= 2 3 L -
o | L
> s D i
- A YN N
e IR TR T N
: L
e e R I o o S o
X Sd= LB o Eas = =
i T3 #1685 @ A9 axd <8
| | | . | . | | | | I. I. .I | | | I | I | | | I I |
800 1000 1200 1400 1600 1800 2000

AR)

Fig. 10. Average (stacked) spectra for VUDS galaxies with 3.2 < z < 3.8 (zpeq = 3.4) for which GOSSIP+ identifies an IGM transmission >10
above (golden spectrum) and below (green spectrum) the mean IGM transmission of M06. The average VUDS spectrum over all galaxies in the
sample is shown as the black shaded-grey spectrum. All three spectra are normalized in the range 1400 < A < 1510 A.

5. Evolution of the Lya effective optical depth

The mean IGM transmission is related to the HI effective optical
depth7 Teff(Z)a by

Ter = —InTr(Ly,) = —In(e™™). 3)
We obtained the evolution of 7. with redshift (Fig. 11). This
was compared with 7. derived from QSO spectra as there is no
measurement derived from galaxy spectra in the literature. Our
measurements from z = 2.5 to z = 4 are in excellent agreement
with the mean 7.4 reported in the literature for samples with
large numbers of QSOs (left panel of Fig. 11, e.g. Becker et al.
2013; Faucher-Giguere et al. 2008a; Dall’ Aglio et al. ( 2008).
This agreement is quite remarkable, considering that we used a
sample of faint galaxies to derive the optical depth. This result
therefore further validates our method of treating the IGM as a
free parameter in the fitting.

Our highest redshift measurements at z 4.2 and z
4.75 present a lower optical depth than those of M06. This is
due to the high IGM transmission reported in Sect. 4. At these
redshifts the IGM transmission values are somewhat degener-
ate with the dust extinction in galaxies as discussed in Sect. 6.2.
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Therefore, we present the IGM transmission values obtained in
the case when the E(B — V) extinction at the source is let free to
vary up to E(B — V) = 0.15, as well as transmission values ob-
tained for E(B—V) < 0.05. In this latter case, the IGM transmis-
sion is significantly lower and becomes compatible with QSO
measurements and models within measurement errors as shown
in Fig. 11. This is further discussed in Sect. 6.2.

We fit our data with a power law of the form 7. = C X
(1 + 2)7 , which is generally used in the literature to reproduce
the evolution of 7.¢. The fit is presented in the right panel of
Fig. 11. Our mean optical depth increases, following a power
law with y = 2.55*00% and C = 0.0089*0:000°. We also display as

; —0.0003"
comparison the models from M06, M95, and Inoue et al. (2014).

6. Uncertainties in observations and models
6.1. Possible observational biases at z > 4

While the IGM transmission that we find in 2.5 < z < 4.0 is
in excellent agreement with QSO measurements and the latest
models from MO06 and Inoue et al. (2014), we need to under-
stand whether the higher transmission values we find at z > 4
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Fig. 11. Left panel: the HI optical depth T.s as computed from the measured IGM transmission in the VUDS galaxy data (red filled circles for
E(B - V) < 0.15 and empty red circles for E(B — V) < 0.05). The error bars on 7. represent the error on the mean (defined as o-(Tr(Lya))/v(N))
on the 2127 LOS probed by the VUDS galaxies. The data of Songaila (2004) are indicated by the black line, and the brown line represents the
measurements from Becker (2013). The blue triangles are from Faucher-Giguere et al. (2008a) and the green line indicates the measurement of
Dall’ Aglio et al. (2008). Right panel: power-law fit of the VUDS HI optical depth 7. as a function of redshift, with 7. = C(1 + z)* with y = 2.55
and C = 0.0089 for the points computed with E(B — V) < 0.15 and y = 2.81 and C = 0.0062 for the points computed with E(B — V) < 0.05. This
is compared to the M06 model (black dashed line), M95 models (green), and Inoue et al. (2014) (blue).

are physical measurements or the result of some uncertainty or
bias in our data or methods.

As presented in Sect. 2, VUDS galaxies were selected mainly
using their photometric redshift. Photometric redshifts were
computed with the code LePhare (Ilbert et al. 2006, 2009), which
uses the M95 prescription with a single mean IGM transmission
at a given redshift. Therefore this selection is expected to prefer-
ably select galaxies with the M95 IGM transmission. As the M95
transmission is somewhat lower than is observed from QSOs or
the more recent simulations of M06 and Inoue et al. (2014), the
photometric selection with Le Phare and the M95 IGM transmis-
sion would result in a sample bias, if any, towards galaxies with
a lower transmission on their LOS than observed from QSOs.
Our highest redshift data points at z = 4.2 and z = 4.8 seem to
indicate a higher transmission, a trend opposite to what would
be expected from our photometric redshift selection. If any such
bias existed, correcting it would further increase the difference
between the observed mean and the model M06 mean. There-
fore, it is likely that our data are not affected by this type of bias.

As described in Sect. 2, the VIMOS spectra are corrected for
atmospheric extinction and refraction (in addition to galactic ex-
tinction, which is negligible for the effects discussed here). The
highest flux correction applied to spectra is ~60% at 3800 A,
while it is lower than 25% at 4500 A and lower than 10% at
5500 A. The mean distribution of the corrected spectroscopic
fluxes agrees with the fluxes obtained from the multi-band pho-
tometry within 2% (Sect. 2), with a 1o standard deviation lower
than 5% in the u band when corrected with the magnitude errors
for faint magnitudes u < 25 in this band. This is further con-
firmed with the brighter g-band magnitudes where 1o < 2%.
These values are significantly lower than the IGM transmission
dispersion of ~15% observed in our data. Furthermore, spectral
flux calibration corrections mainly affect the u-band and would
therefore affect the IGM transmission measurements for a red-
shift z ~ 2.5, while residual errors in g-band corrections would

affect measurements for z < 3.0. These small residual instru-
mental calibration errors are unlikely to have an effect on the
measured IGM transmission dispersion.

Another possible observational bias is that the spectra of
galaxies with the lowest IGM transmission are most likely in our
high S/N sample because the break produced in the spectrum is
easier to identify when measuring the spectroscopic redshifts of
these distant galaxies. This would create a distribution skewed
towards low-transmission systems, which is again the opposite
to what is observed in our data at z > 4. We note that we used
the LOS towards 43 high S/N galaxies at z ~ 4.8, therefore the
sample is still small and subject to cosmic variance. More LOS
will need to be observed to confirm the trend for observed higher
transmission compared to models at z > 4.

It is also important to note that the IGM transmission in our

sample is computed from extended galaxies and not from point-
like QSOs. This is further discussed in Sect. 6.3.

6.2. Dust versus IGM at z > 4

The other main parameter that affects the fit in the UV part of the
spectra in addition to IGM transmission is dust extinction inter-
nal to the galaxies. A possible way to compensate for a change in
the IGM transmission is to change the dust content of the galaxy:
if the IGM transmission is higher (lower), then the dust extinc-
tion would need to be higher (lower) in the best fit.

At z < 4 we computed the E(B — V) values from the spectral
fitting using a limit of E(B—V) = 0.5 and obtained a mean value
of E(B—V) =0.12 at z ~ 3. This is in agreement with Cucciati
et al. (2012), who found E(B-V) = 0.14 at z = 3.0, and Shapley
et al. (2003), who reported E(B—V) in the range 0-0.2. Atz > 4,
we computed our E(B — V) with a limit of E(B — V) = 0.15, as
presented in Sect. 4. We found a mean E(B — V) of 0.12 for
these galaxies. At z ~ 4 Tresse et al. (2007) and Cucciati et al.
(2012) reported a mean E(B — V) ~ 0.05-0.1, somewhat lower
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than Ouchi et al. (2004), who computed E(B — V) ~ 0.15 at
z = 4.7. At even higher redshifts, Bouwens et al. (2013) reported
E(B-V) < 0.02-0.03. The E(B— V) is poorly constrained from
the fit of a UV-rest spectrum, therefore we used the E(B — V)
computed from the full SED fitting of all photometric data points
and found that the mean E(B— V) atz > 4is E(B-V) = 0.03.

To study the dependence of dust extinction on our results, we
ran GOSSIP+ again for z > 4 galaxies with three different limits:
E(B—V)max = 0.05, E(B=V)max = 0.15and E(B — V) = 0.5.
When the fit was able to explore a wider range of E(B — V), the
mean E(B— V) increased. This results in a higher IGM transmis-
sion and therefore a lower optical depth. At z = 4.2, the IGM
transmission ranges from 49% when E(B — V) < 0.05 to 65%
when E(B — V) < 0.5. At z = 4.8 the change is less pronounced
and the IGM transmission varies from 42% for E(B — V) < 0.05
to 51% for E(B—V) < 0.53. We also computed the mean E(B—V)
values obtained when changing the high limit of E(B — V) at
z > 4. For E(B — V)pax = 0.5 the mean E(B — V) is 0.12, while
it decreases to 0.03 when E(B — V)pnax = 0.05.

Consequently, setting a high dust extinction limit of E(B —
V) = 0.5 drives 7.4 away from the simulation of M06 and also
from the measurements derived from QSOs, while lowering the
highest E(B—V) allowed in the fit brings it closer. This is indirect
evidence that the measured dust extinction in our galaxies might
be lower than a fit without E(B — V) constraints would indicate.
Therefore, we provide as our best measurement at z > 4 the
IGM transmission obtained for a dust content of galaxies up to
E(B - V) =0.15, and we also report the IGM transmission for a
dust content limited to E(B — V) = 0.05 (Table 2).

Another a priori hypothesis in our analysis is the dust extinc-
tion law. While we used the law of Calzetti et al. (2000), the use
of a different extinction law like that of the SMC (Prévot et al.
1984) has been advocated for galaxies with lower metallicity at
high redshifts (e.g. Speagle et al. 2014). In a preliminary analysis
we used the SMC extinction law for the fit of our z > 4 galaxies
for E(B — V)max = 0.15. We found that the IGM transmission
is even more different from the mean transmission from QSOs
or models. Since the extinction law of the SMC has a steeper
slope than the Calzetti (2000) law, the same E(B— V) value leads
to a more pronounced extinction with the SMC extinction law.
Thus, to compensate for this effect, the IGM transmission must
be higher.

6.3. Uncertainties in IGM transmission models and angular
projection effects

One important aspect to consider in comparing to models is that
the dominant contribution to the continuum opacity arises from
a small number of absorbers at the highest column densities in
a given LOS (Madau et al. 1996). As pointed out by Bershady
et al. (1999), small number statistics on those absorbers may
cause strong variations in the observed colours of high-redshift
galaxies of the same intrinsic spectral type. Moreover, there are
still uncertainties in the distribution of column densities and
Doppler b parameters of intervening absorbers, which are fun-
damental ingredients in the simulations. One connected aspect
that also might affect the dispersion in IGM transmission is that
the sources responsible for IGM absorption are expected to be
clustered in space. Gas clouds producing the absorption are con-
nected to large-scale structures and follow the general clustering
of matter (Prochaska et al. 2014). This aspect remains to be fully
treated in IGM simulations at z > 2.5 and could affect both
the mean transmission and its dispersion (Bershady et al. 1999;
Inoue et al. 2014; Prochaska et al. 2014). These effects might
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Fig. 12. Effect of dust extinction on optical depth measurements at
z > 4. The optical depth 7.g is shown for different limits in E(B — V):
E(B — V)max = 0.05 (in green), E(B — V)max = 0.15 (in red) and
E(B — V)max = 0.5 (in black). The blue points are the measurement
from Faucher-Giguere (2008b), and the brown line is from Becker et al.
(2013).

lead to significant cosmic variance around the mean IGM ex-
tinction in models, and modelling them would need to be fully
tested from a number of independent LOS in large cosmological
simulations.

An effect that can additionally complicate the computation
of the mean IGM transmission and its dispersion in models is
the covering factor of IGM clouds on an extended galaxy com-
pared to a point-source QSO. The smaller the clouds, the more
likely that the IGM clouds would block only part of an extended
source. We simulated this effect by taking a distribution of clouds
along the LOS of an extended galaxy with increasing size. This
is shown in Fig. 13. The top panel represents the influence of
the galaxy size (0.5” and 1.5”) on the IGM transmission for a
maximum cloud size of 50 kpc. We find that when the size of
the galaxy increases, the transmission increases for a fixed max-
imum cloud size. This agrees with what we expect because only
a part of the galaxy light is attenuated by the clouds along the
LOS. In this model the mean transmission is equal to that of
QSOs for galaxy sizes that become point-like (like QSOs). The
bottom panel presents the same study performed with different
maximum cloud sizes (25 and 100 kpc). The larger the clouds,
the smaller the difference between M06 and our simulation. The
reason is that when the size of the clouds increases, the light of
the galaxy is more likely to be absorbed and the difference be-
tween QSOs and galaxies tends to disappear.

7. Consequences for the selection of high-redshift
galaxies

The observed range of IGM transmission at a fixed redshift may
have a significant effect on selecting galaxies at z > 2.5. The
classical way to select galaxies at these redshifts is to use the
Lyman break galaxy (LBG) selection technique. The LBG selec-
tion criteria rely on the a priori knowledge of the average prop-
erties of the IGM coupled to the 912 A Lyman continuum limit
(break) intrinsic to a galaxy (Steidel et al. 1996) as well as to the
dust content and Lyman continuum escape fraction (Cooke et al.
2014). These components are responsible for the drop-out in flux
and the resulting strong change in colours with redshift when
the break in the continuum produced by the combination of the
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Lyman break and the IGM goes through a set of filters. These
properties are used to infer the locus of galaxies with different
redshifts in colour—colour diagrams and to identify large sam-
ples of LBGs for analysis of the galaxy population or for follow-
up spectroscopic surveys (e.g. Steidel et al. 2003) at increasingly
high redshifts. The technique of deriving photometric redshifts
from SED fitting also assumes average IGM properties (most of-
ten M95 in existing codes), and therefore is also expected to be
dependent on the exact IGM transmission and its dispersion. As
LBG and photometric redshift techniques have become the main
way to identify large samples of candidate high-redshift galaxies
to study galaxy evolution, it is very important to ensure that the
assumed IGM properties are validated by observational data and
that no major population is missed when using modelled average
IGM properties a priori.

We have modelled how galaxy tracks in colour—colour space
are modified when the IGM departs from the mean values of
MO06 and M95. In Fig. 14 we present the tracks as a function
of redshift for a galaxy in the (u — g,g — r) colour—colour di-
agram classically used as a basis for LBG galaxy selection at
Z ~ 3. When the IGM transmission is low, the magnitude dif-
ference in bands straddling the continuum in the IGM-affected
wavelength domain blueward of Ly« and redward of the Lyman
limit is more pronounced than when the transmission is high.
This has a strong effect on the (g — r) colour such that it red-
dens with decreasing IGM transmission, while the (# — g) colour
changes less drastically because it is dominated by the Lyman-
limit continuum break. The net effect is that galaxies will leave
the LBG box at lower redshifts when the IGM transmission de-
creases. For the simulated galaxy in Fig. 14 the tracks leave
the selection box at z > 3.2 instead of z > 3.5 for our IGM
model —10 below the mean. Interestingly, this mean — 1o track
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Fig. 14. Effect of the change in IGM transmission on the colour—colour
(u — g, g — r) tracks of a galaxy with 2.5 < z < 3.5 and its selec-
tion. As an example we use a template galaxy with average proper-
ties at this redshift: 0.4 Gyr old, with E(B — V) = 0.1, a metallicity of
Z5/2.5, and an SFH timescale of 0.3 Gyr. The blue curve represents the
(u — g, g — r) track for a low IGM transmission (mean —1.00"), while
the green curve represents the track computed with a high IGM trans-
mission (mean +1.007). The red track is computed with the mean IGM
transmission from M06. The grey dashed box corresponds to the LBG
selection for this filter set (from Le Fevre et al. 2013b). For each of the
high- or low-transmission tracks the full line with squares (displayed at
steps of Az = 0.1) ranges from z = 2.7 to z = 3.5, while the dashed line
is for z < 2.7 and z > 3.5. We use an apparent (observed) flux below
the Lyman limit of 3% of the flux at 1500 A as measured by Le Fevre
et al (2014) in the VUDS survey (see also Cooke et al. 2014). The black
lines are the corresponding tracks computed with the M95 models.

enters the LBG selection box at z = 2.1, earlier than z = 2.7,
as expected from the mean transmission. This then implies that
galaxies would be selected at lower redshifts than the anticipated
z = 2.7 limit. These effects are further compounded with the ef-
fect of a varying Lyman continuum escape fraction (Cooke et al.
2014). Significant flux is observed below the Lyman limit for
high-redshift galaxies, as discussed in Cooke et al. (2014) and
observed in the VUDS sample discussed here with a flux ~3%
of the flux at 1500 A (Le Fevre et al. 2015). This observed flux
below 912 A could either be escaping Lyman continuum pho-
tons from the galaxy or be artificially produced by contamination
along the LOS, but either of these effects will affect the strength
of the observed Lyman-limit break. In addition, photometric er-
rors on the (u — g) and (g — r) colours range from about 0.2 to
0.5 mag and will further scatter objects outside of the selection
box, especially for objects near the boundaries of the box, and
therefore concerns objects for which IGM transmission along
the LOS is low.

We estimated the efficiency of the colour—colour selection
in the presence of variable IGM transmission by producing two
large simulations of galaxies with 2.7 < z < 3.5. We used the
BCO3 stellar population models and a range of E(B — V), SFH,
ages, and metallicities as defined in Table 1. The first simula-
tion was based on a fixed M06 IGM transmission, while the
second simulation randomly added a variable IGM transmission
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Fig. 15. (u — g, g — r) colour—colour diagrams for galaxies simulated with BCO3 synthetic galaxy spectra. Left: simulation using a fixed IGM
value at a given redshift following the mean value of the M06 model. Right: simulation using a varying IGM transmission following the observed

dispersion from QSOs of the VUDS sample presented here.

with the seven templates defined in Sect. 3.3 following the ob-
served dispersion. We derived the (u — g) and (g — r) colours
for each simulated galaxy for the two simulations. The resulting
(u — g, g — r) colour—colour plots are shown in Fig. 15. When
the IGM is in the range reported in Sect. 4, a number of galax-
ies are no longer inside the LBG selection box. We computed
the relative fraction of galaxies included in and excluded from
the LBG selection box for this redshift range. We found that the
fraction of objects outside the LBG box increases to 16% when
the IGM is let to vary. This effect is more pronounced in the
high-redshift part of the selection. Between z = 3.2 and z = 3.5
the proportion of selected/unselected galaxies changes from 6%
to 23%, just by making the IGM a free parameter.

To check whether the observed sample agrees with the simu-
lations, we plot the individual galaxies in the (#—g, g—r) diagram
coded as a function of the IGM transmission measured from the
spectral fitting in Fig. 16. The galaxies outside the selection area
for redshifts 2.7 < z < 3.5 are predominantly galaxies for which
the IGM transmission is lower than the mean, in agreement with
simulations. Finding galaxies in the correct redshift range but
outside the LBG selection area has been reported before (e.g.
Le Fevre et al. 2005b, 2013b); this paper shows that the wide
range in IGM transmission is one possible explanation for these
observations.

Figure 17 shows the same analysis for (g — r, r — i)
colour—colour selection used to select galaxies between z = 3.5
and z = 4.5. The discussion for ugr selection also applies at
these redshifts. The lowest IGM transmission allows us to select
galaxies as early as z = 3.1 but limits the selection of the highest
redshift galaxies to z < 4.3 when the IGM transmission is lower
than the mean transmission.

From this analysis we conclude that it is advisable to al-
low for a range of IGM transmission when defining the locus
of galaxies in a colour—colour diagram for LBG selection or
when performing SED fitting to derive a photometric redshift
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Fig. 16. (u — g, g — r) colour—colour diagram for VUDS galaxies used
in this study. The points are colour-coded based on the IGM transmis-
sion measured from the spectral fitting for each of them. The red points
are the galaxies for which GOSSIP+ identified an IGM equal to the
mean M06 model. The blue points are the objects for which the IGM
transmission is —0.5, —1.0, or —1.50 below the mean, and green points
are for +0.5, +1.0, or +1.50 above the mean. The galaxies outside the
box have an IGM transmission below the mean M06 IGM transmission.
Black points represent the whole VUDS sample at 2.7 < z < 3.5.

(and associated physical parameters) before defining large com-
plete galaxy samples. This will be studied in more detail in a
forthcoming paper (Thomas et al., in prep.).
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Fig. 17. Same as Fig. 14 but for a (g — r, r — i) colour—colour selection
at3.7<z<45.

8. Summary

This paper presented a study of the transmission of the inter-
galactic medium using galaxy spectra over the redshift range
2.5 < z < 5.5. We computed the IGM transmission from
the highest S/N UV rest-frame spectra of 2127 galaxies with
iag < 25 in the Vimos Ultra Deep Survey (VUDS, Le Fevre et al.
2015), which uses integration times of ~14 h on VLT-VIMOS.

To study the IGM transmission on the LOS of these galax-
ies, we used the GOSSIP+ software to perform spectral fitting of
the VUDS VIMOS spectra. A new IGM prescription that treats
the IGM as a free parameter was presented and implemented
in the spectral fitting process. The IGM transmission can be any
of seven IGM templates at any redshift defined from the mean
MO6 transmission and ranging up to =1.50 as defined in the
MO95 models. We simulated mock galaxies to test the reliabil-
ity of GOSSIP+ to retrieve the right IGM transmission for spec-
tra with the same S/N as our observed sample and measured the
success rate to be ~74%. We then measured the IGM transmis-
sion by fitting our VUDS spectra and estimated this transmission
directly from the IGM template selected from the best fit.

The mean IGM transmission is found to be in remarkable
agreement with the M06 theoretical model and measurements
using QSOs up to z = 4. We transformed our transmissions into
HI effective optical depths 7. and found that the mean values
also agree very well with the optical depths measured from the
LOS towards QSOs as reported in the literature (e.g. Becker et al.
2013). The fact that the IGM transmissions derived from galax-
ies and from QSOs agree so well in this redshift range seems
to indicate that the source properties and the properties of the
CGM in the immediate surroundings on these objects have little
effect on the integrated IGM transmission properties, as would
be generally expected.

We reported tentative evidence that at z > 4 the mean IGM
transmission is higher than expected from the IGM model of
MO6, reaching a difference of ~9% at z = 4.75. We discussed
possible observational biases that might produce this difference
and concluded that these would not affect the sample in a way
to produce a transmission observed to be higher than the mean
MO6 or than the values from QSOs, but instead would produce

the opposite. We found that, not surprisingly, at z > 4 the dust
extinction at the source is somewhat degenerate with the IGM
transmission. The IGM is able to compensate for a change in the
E(B — V) value when performing the spectral fitting: the higher
the dust content, the higher the IGM transmission has to be.
When the E(B - V) was free to take values up to E(B—V) = 0.5,
we found a higher transmission than observed from QSOs, but
when we restricted the dust extinction to E(B — V) < 0.05, we
found a mean IGM transmission compatible with the observed
values from QSOs and simulations within measurement errors.

Most importantly, we found that the dispersion of IGM trans-
mission around the mean is high, ranging from 1o = 0.15 at
redshift 2.8 to 1o- = 0.10 at redshift 4.8. Our transmission val-
ues show a range and dispersion very similar to that reported by
Faucher-Gigueres et al. (2008b) from QSOs, confirming that our
measurements are a true indication that the IGM dispersion is
high at any of the observed redshifts. We discuss the possibility
that the high dispersion found in our sample may be the result
of incomplete treatment of the clustering of IGM clouds in mod-
els, which results in large cosmic variance. We also discussed
the possibility that the IGM transmission may be different when
observing extended galaxies instead of point-like QSOs and pre-
sented a simple model supporting this view.

The high dispersion in observed IGM transmission in our
study has important consequences. We explored the effect of
this high dispersion on the selection of high-redshift galaxies
z > 2.5 when using photometric techniques such as LBG or
photometric redshifts. We showed that when the IGM is allowed
to vary, the range of redshifts satisfying colour—colour (LBG)
selection changes and that part of the galaxy population in the
range expected from the LBG selection technique can easily es-
cape photometric selection. This was further compounded when
IGM properties were combined to observed non-zero flux be-
low the Lyman limit, either from Lyman continuum escape frac-
tion or from contamination along the LOS (see e.g. Cooke et al.
2014). We used large simulations to compare the colour—colour
distribution when the IGM has a fixed value and when the IGM
transmission varies. We found that the fraction of galaxies that
can escape detection in the LBG box may reach up to 16% (23%
at 3.2 < z < 3.5) as a result of the IGM dispersion alone. This
fraction can further increase when a wide range of IGM trans-
mission is combined with a significant continuum level below
912 A produced either by high Lyman continuum escape or by
contaminating objects on the LOS. This will be explored with
more extensive simulations (Thomas et al., in prep.).

We have presented the first comprehensive study of the IGM
transmission properties using a galaxy sample up to z ~ 5. The
average IGM transmission found in this work is in excellent
agreement with QSO studies and models at z < 4 and validates
the IGM transmission properties independent of QSO samples.
Our results demonstrate that the spectral fitting method we de-
veloped including varying the IGM transmission is fully able to
recover the mean IGM transmission in the Universe from a faint
galaxy sample. While quasar studies will remain the most power-
ful probe of the IGM properties, applying this powerful method
to even larger galaxy samples will complement the knowledge of
the IGM recovered from QSO spectra analysis and opens a new
window of investigation for the IGM. The large distribution of
IGM transmission observed in our sample and a possible higher
transmission at z > 4 calls for more investigations, both from the
observational and model perspectives, to better understand the
IGM transmission properties. We stress the importance to take
large IGM transmission variations into account when searching
for distant galaxies and fitting their spectral energy distribution.
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