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Cucciati5,2, A. Durkalec1, A. Fontana4, M. Giavalisco13, A. Grazian4, N. P. Hathi1, O. Ilbert1, S. Paltani9, B. Ribeiro1,
D. Schaerer10,8, M. Scodeggio3, V. Sommariva5,4, M. Talia5, L. Tresse1, E. Vanzella2, D. Vergani6,2, P. Capak12, S.

Charlot7, T. Contini8, J.G. Cuby1, S. de la Torre1, J. Dunlop16, S. Fotopoulou9, A. Koekemoer17, C. López-Sanjuan11,
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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 transmissionTr(Lyα)
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 fit model
spectra combined with a range of IGM transmission to the galaxy spectra using the spectral fitting algorithm GOSSIP+. We use these
fits to derive the mean IGM transmission towards each galaxy for several redshift slices fromz= 2.5 toz= 5.5. We find that the mean
IGM transmission defined asTr(Lyα)=e−τ (with τ the HI optical depth) is 79%, 69%, 59%, 55% and 46% at redshifts 2.75, 3,22,
3.70, 4.23, 4.77, respectively. We compare these results tomeasurements obtained from quasars lines of sight and find that the IGM
transmission towards galaxies is in excellent agreement with quasar values up to redshift z∼4. We find tentative evidence for a higher
IGM transmission at z≥4 compared to results from QSOs, but a degeneracy between dust extinction and IGM prevents to draw firm
conclusions if 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 find 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 inδz=0.5 bins, similar to what is found on the LOS towards QSOs. We demonstrate
the importance of taking into account this large range of IGMtransmission when selecting high redshift galaxies based on their colour
properties (e.g. LBG or photometric redshift selection) orotherwise face a significant incompleteness in selecting high redshift galaxy
populations. We finally discuss the observed IGM propertiesand speculate that the large range of observed transmissions might be the
result of cosmic variance and clustering along lines of sight, supporting the need for a more complete modelling of the distribution of
sources responsible for the extinction.

Key words. Galaxies: evolution – Galaxies: formation – Galaxies: highredshift – Galaxies: intergalactic medium – Cosmology:
observations – Cosmology: large-scale structure of Universe – Astronomical Databases: surveys
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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-α forest. As the distance
to the source is increasing, the number of gas clouds may be-
come so high that all photons below the Lymanα-1216Å line
(hereafter, Lyα) at the source are totally absorbed. The Lyα 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, e.g. their numbers and redshift distribution N(z), it is pos-
sible to model the average transmission towards distant sources.
The result is quite striking: as shown in models by Madau (1995,
hereafter M95), the average transmission is strongly decreasing
with increasing redshift and it has a characteristic pattern with
several steps corresponding to the Lyman series of Hydrogen,
most prominently the Lyα, Lyβ, and Lyγ transitions. In his mod-
els, M95 noted the possible large spread in the average transmis-
sion, by computing 1σ variations from the mean. Atλ = 1100Å
(rest-frame) the average transmission atz = 3.5 is predicted to
vary from 20% to 70% around a mean of 40%. The range of LOS
absorption was further explored by Bershady et al. (1999) using
Monte-Carlo simulations of the IGM absorbers. They find that
the range of possible IGM transmission is reduced compared to
the model of M95. Meiksin (2006, hereafter M06) produced up-
dated IGM models using theΛCDM model of Meiksin & White
(2004) and find higher IGM transmission than M95, identified
as the result of differences in the estimates of the contributions
of resonant absorption. This is confirmed in a recent model by
Inoue et al. (2014).

The average IGM transmissionTr(z), has been directly es-
timated from Lyα forest measurements on the LOS of QSOs.
The IGM transmission can be related toτe f f, the HI effective
optical depth, asTr(Lyα) = e−τe f f to constrain the intensity of
the ionizing background (Haardt and Madau 1996, Rauch et al.
1997, Bolton et al. 2005) , and is therefore used to investigate
the sources responsible for this ionisation background. Songaila
(2004) measure the average IGM transmission and dispersion
on the LOS of 50 QSOs and their data show a range of trans-
mission values around the mean. Dall’Aglio et al. (2008) use40
bright quasars to determine the redshift evolution of the HIef-
fective optical depth in the Lyα forest between 2.2<z<51, finding
good agreement with measurements based on smaller samples.
Faucher-Giguères et al. (2008a) report on the mean transmission
using 86 QSOs with 2.2 < z < 4.6 and claim to identify a de-
parture from a power law evolutionτe f f = 0.0018(1+ z)3.92 at
aroundz ∼ 3.2 which they tentatively identify as the signature
of the reionisation of HeII. Using 6065 QSOs from the Sloan
Digital Sky Survey (SDSS) Becker et al. (2013) report on the
meanτe f f over 2.2 < z < 5.5, finding no sign of a departure

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

1 QSOs studies often consider the redshiftzα defined by 1+ zα =
λ0(1 + zs)/λLyα wherezs 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 aszs and have been transformed fromzα when necessary.

from a smooth evolution with redshift. The best measurements
indicate an error on the mean transmission of about∼ 1% in
δz=0.1 bins (Becker et al. 2013).

While the mean value of the IGM transmission is important,
the dispersion around the mean is also a key information as 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) presented
the Lyman-break selection method based on the Lyman-break
produced by the Lyman-limit at 912Å, and its position in a 3
band filter set producing a colour difference which can easily be
identified from deep photometric observations. This galaxyse-
lection has become a standard to find large samples of galaxies,
calledLyman Break Galaxies(LBG), from a wide range of red-
shifts. In addition to the 912Å Lyman limit, this technique relies
on the average IGM transmission, as the observed flux beween
the Lyman limit and Lyα is strongly affected by the IGM. At in-
creasing redshifts, as the IGM extinction gets higher, a strong ap-
parent continuum break builds-up as flux blueward of Lyα at the
source is increasingly suppressed. This property is extensively
used to identifydropoutgalaxies up to the highest possible red-
shifts (e.g. Bouwens et al. 2014 and references therein). A good
knowledge of the average IGM transmission and the dispersion
around the mean is then not only crucial to understand the prop-
erties of the IGM itself, with the distribution and content of the
gas clouds, but also to understand how high redshift galaxies are
selected and eventually missed.

Today the knowledge of IGM transmission is mostly coming
from simulations (M95, M06, Inoue et al. 2014), coupled to ob-
servational evidence of the average IGM transmissionTr(Lyα),
or equivalently the effective optical depthτe f f, coming from the
analysis of QSO lines of sight (Becker et al. 2013 and references
therein). Surprisingly, there are only few reports on the observed
dispersion inTr(Lyα) as function of redshift. Faucher-Giguères
et al. (2008b) use 86 high-resolution, high signal-to-noise quasar
spectra to provide reference measurements of the dispersion in
Tr(Lyα) over 2.2<z<4.6. Cutting the IGM along the LOS in 3
Mpc segments they present the observedTr(Lyα) for these indi-
vidual measurements, with a standard deviation among the indi-
vidual 3Mpc segment ofσ(Tr(Lyα))i=0.1–0.15. The individual
Tr(Lyα) reported in Dall’Aglio et al. (2008) indicate a similar
dispersion.

There is no observational study for the evolution of IGM
transmission from galaxy samples, mainly because of the lack
of large spectroscopic samples with high signal-to-noise probing
significantly bluer than Lyα, and hence the comparison of IGM
transmission towards extended galaxies with point-like QSOs
has not yet been performed. In this paper we use 2127 high-
est signal to noise galaxies in the VIMOS Ultra Deep Survey
(VUDS; Le Fèvre et al. 2014) to compute the mean IGM trans-
mission, and the distribution around the mean, in the range
2.5 < z < 5.5. This large sample enables to probe a large num-
ber of different lines of sight, and hence to characterize the sta-
tistical properties of the IGM transmission towards galaxies. We
describe the VUDS galaxy sample in Section 2. The GOSSIP+

spectral fitting algorithm and the range of IGM templates used in
spectral fitting is described in Section 3. The results of thespec-
tral fitting on IGM transmission and dispersion are described in
Section 4. The evolution of the Lyα effective optical depth is
presented in Section 5. We discuss the uncertainties in measure-
ments and models in Section 6. The impact of the IGM trans-
mission dispersion on the selection of high redshift galaxies is
analysed in Section 7. Our results are summarized in Section8.
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All magnitudes are given in the AB system unless specified,
and we use a Cosmology withΩM = 0.3,ΩΛ = 0.7 andh = 0.7.

2. Data: the VUDS survey

The VUDS survey is described in details in Le Fèvre et al.
(2014); we provide a summary in this section. The main target
selection of the survey is based on photometric redshifts with
zphot + 1σ ≥ 2.4, andiAB ≤ 25, and is also including objects
for which the secondary peak in the photometric redshifts prob-
ability distribution function iszphot + 1σ ≥ 2.4 even if the pri-
mary peak might be very different. This primary target selection
is supplemented by colour-colour selection (BzK, LBG) adding
those objects which failed satisfying thezphot criterion, but which
satisfy the colour-colour selection at the corresponding redshift,
adding about 10% of objects. Observations are performed with
the VIMOS multi-slit spectrograph on the ESO-VLT (Le Fèvre
et al. 2003), using both the LRBLUE and LRRED grisms with
a spectral resolutionR ≃ 230, and integration times of∼14h for
each grism, covering a wavelength range 3650≤ λ ≤ 9350Å.

Data were processed within the VIPGI environment
(Scodeggio et al. 2005), and redshifts measured with the EZ
code (Garilli et al. 2010) based on cross-correlation with refer-
ence templates. The redshift measurement process includesvi-
sual inspection of all spectra by two independent observers, each
making their best redshift measurement running EZ manuallyif
necessary, and these two measurements are confronted in a face-
to-face meeting to produce the final redshift measurement and
associated reliability flag. All VUDS galaxies are matched to
deep photometric samples existing in each of the 3 VUDS fields:
COSMOS, ECDFS and VVDS-02h, as described in Le Fèvre et
al. (2014).

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 Lyα. The relative spectrophotometry over
the entire VIMOS wavelength range calibrated on reference
stars is accurate at better than a few percent level (Le Fèvre et
al. 2003) when observations are taken at the zenith on point-
sources. However, comparing the observed photometry to the
photometry computed from the spectra and normalized in the
i−band, we observed that the spectroscopic photometry was
lacking ∼ 40% of the flux in theu-band. This apparent lack
of flux was traced back to three different processes: extinction
from the Milky Way galaxy, atmospheric absorption, and atmo-
spheric refraction. The galactic extinction is due to the presence
of dust in the Milky-Way. This was corrected applying theE(B-
V) maps of Schlegel et al. (1998). This correction is small (∼ 7%
at 4000Å ) but necessary as we compare the spectrophotometry
of VIMOS spectra with broad band photometry corrected from
the Milky Way extinction. The atmospheric absorption depends
on the quantity 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
equivalent to a small angle prism before entering the telescope
and this leads to a spread of the incoming light into a small
spectrum with length depending on the airmass and parallactic
angle, the angle of the slit to the zenithal angle. As this small
pseudo-spectrum is produced before entering the spectrograph
slit, a significant fraction of the flux may be lost when entering
the 1 arcsecond slits used for the VUDS observations, the effect
being negligible beyond∼ 4500Å observed wavelength and be-
coming increasingly stronger going further down in wavelength

towards the UV domain. This loss was estimated and then cor-
rected 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 theu-band imaging
agree to within 0.02±0.3 magnitude with theu- band magnitudes
as derived from the spectra, the standard deviation being domi-
nated byu-band photometric errors foru-band magnitudes rang-
ing up to u∼27.

We use the VUDS sample with redshift reliability flags 2,
3 and 4 (primary and secondary objects), the highest reliabil-
ity flags as defined in Le Fèvre et al. (2014) with a confidence
level of ∼ 75%, 95% and 100% for the spectroscopic redshift
measurements for these three flags respectively (see Le Fèvre
et al. 2005a, 2013a, and 2014 for more details about the red-
shift flag system). In addition, we select only objects whichhave
the highest signal to noise ratio (SNR) spectra. We compute the
SNR from the mean and 1σ standard deviation of the spectra
continuum in two regions 1345-1395Å and 1415-1515Å rest-
frame chosen to avoid emission or absorption features. We only
consider galaxies for which the spectrum has a signal-to-noise
ratio higher than 5 per pixel atz < 4 (S NR> 12 per resolu-
tion element) and higher than 3.5 atz > 4 (> 8.5 per resolution
element).

The sample we use in this study contains 2127 galaxies with
2.5 < z < 5.5, the largest sample of galaxies with high SNR
spectra covering this redshift range.

3. Measuring the IGM transmission with spectral
fitting

3.1. IGM transmission: definition

The IGM transmission has been mainly studied from QSOs.
As a short summary measuring this quantity from QSOs
is performed fitting a power law on regions redward to the
Lyα emission and free of emission or absorption features.
The power law is then extrapolated blueward of the Lyα
line. The transmission is then the result of the ratio between
the power law and the QSO spectrum in the region 1070-1170Å .

Working with a galaxy sample we have opted to measure
the Lyα transmission from a model fit of the observed spectra.
The best fit spectrum is produced from aχ2 minimisation on
models built combining stellar population synthesis models, dust
extinction, and IGM templates. 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 transmis-
sion is computed shortward of the Lyα line in the wavelength
range 1070≤ λ ≤ 1170Å as measured on the IGM template,
this wavelength range avoiding immediate proximity effects of
the circum-galactic medium (CGM) in the vicinity of the galaxy
itself.

3.2. Spectral fitting software : GOSSIP+

GOSSIP (Galaxy Observed-Simulated SED Interactive
Program) is a software created to fit the spectro-photometric
flux of galaxies, including spectra, against a set of synthetic
models (Franzetti et al., 2008), and was born in the framework
of previous large galaxy surveys like the VVDS (Le Fèvre et al.
2005a). The aim is to find the model galaxy that best reproduces
the observed data, using spectra, photometric magnitudes,or
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both jointly, making it a unique tool. The result of the fit can
be used to estimate a number of physical parameters like the
star formation rate (SFR), age, or stellar mass of the observed
galaxy through the computation of their Probability Distribution
Function (PDF). GOSSIP correlates spectra and Spectral Energy
Distribution (SED) with model spectra covering a range of age,
metallicity, dust extinction E(B−V), and star formation histories
(SFH). The range of models used in this study is presented
in Table 1 and is discussed in Section 4. The model spectra
are computed from state of the art galaxy population synthesis
models: BC03 (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 the best reducedχ2. The new upgraded version of
the software used in this paper, GOSSIP+, has been developed
with new functionalities and will be described in details in
a forthcoming paper (Thomas et al, in preparation). For the
purpose of the present paper the major improvement included
in GOSSIP is related to the treatment of the IGM. While most
of the SED-fitting programs use the M95 prescription which
gives, for a given redshift, a single IGM transmission curveas
a function of wavelength, GOSSIP can choose at each redshift
among seven different IGM curves with different IGM trans-
mission, as presented in the next section. This allows to choose
among different possible transmission curves, and hence enable
to identify IGM values deviating from the mean transmissionin
case the IGM transmission is indeed varying.

3.3. IGM transmission templates

The flux we observe from distant galaxies is the result of two dis-
tinct set of processes: emission and absorption from the galaxy
itself and its immediate surroundings in the CGM, and ab-
sorption from H I clouds located between the observer and the
galaxy. The latter is the result of the presence of gas clouds
along the LOS that absorb the light blueward of the Lyα line
at 1216Å . The models used to reproduce this effect exhibit
several differences: M95 is based on an empirical model that
uses a Poissonian distribution for the Lyα forest (with a fixed
doppler parameter). M06 is based on cosmological simulations
in ΛCDM from which the Lyα 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 predicts a transmission too low to reproduce the observed
IGM attenuation, while M06 is more in agreement with observa-
tions (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
7 different transmission templates at any given redshift, and we
refer the reader to M06 for a detailed comparison between the
M06 and M95 models.

Both M95 and M06 produce, for a given redshift, a single
attenuation curve. This is equivalent to say that at a given red-
shift all lines of sight towards distant objects are populated by
the same number of gaseous clouds with similar properties, pro-
ducing the same transmission independently of the positionof
the observed galaxy or QSO in the sky. As already quoted by
M95, this is not expected to be the case because of the way ab-
sorbing clouds are distributed along the LOS, but experimental
measurements of the transmission dispersion are scarce in the lit-
erature and this point remains open as noted in the Introduction.
It is also unclear whether the covering factor of clouds along the
line of sight would affect the flux transmission in the same way
for a point-source QSO or for an extended galaxy. Because of

these uncertainties we have therefore allowed the IGM to vary
in our SED/spectra fitting prescription to enable a measurement
of the transmission scatter. This adds an extra free parameter in
the SED or spectral fitting.

To test variations in the IGM transmission, we construct IGM
templates in addition to the mean IGM of M06. The range of
possible transmission is set using the±1σ range of IGM trans-
mission from M95 (see their figure 3.a atz = 3.5). To bet-
ter probe the range of possible IGM transmission, we added
transmission templates computed from the±0.5σ and the±1.5σ
around the mean. It is important to note that our IGM templates
are defined to probe a large range of IGM transmission, inde-
pendently of whether the±1σ model values of M95 are right or
wrong. Our logic is to use templates which reproduce reason-
ably well the wavelength dependence of the IGM transmission,
whether the transmission is high or low (even if some of our tem-
plates might be un-physical when saturating to a transmission of
one atz∼ 3). The fitting process is then free to choose which of
the IGM templates is best in reproducing each observed galaxy
spectrum, in combination with all other model parameters.

GOSSIP+ calculates the 7 IGM templates using the trans-
formation described above for each galaxy depending on its red-
shift, and these templates are then used in the fitting process for
that galaxy. The set of templates allowed in our study atz= 3.0,
z= 4.0 andz= 5.0 (based on M06 models) are shown in Fig. 1.
Each template is identified by an‘identification number’(here-
afterid) 0,±1,±2 and±3 (middle panel). Theid = 0 (red curve)
is the M06 mean IGM transmission curve. Theid ranges from
−3 (smallest transmission;−1.5σ) to +3 (highest transmission;
+1.5σ). The range of IGM transmission is large at any redshift
and allows us to explore the dispersion around the mean. With
our adopted templates the IGM transmission at 1100Å 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+ al-
lows to consider very different lines of sight from one spectrum
to another, as the fitting algorithm tests each galaxy model with
all of the seven IGM transmission templates.

3.4. Simulation of spectra: ability to recover the IGM
transmission

We performed extensive spectral fit simulations to test the ability
of GOSSIP+ to retrieve the IGM transmission. To be representa-
tive of our galaxies we simulate 50 times each 3-tuple (redshift,
iAB, SNR) that we have in our sample of 2127 galaxies. In our
data the redshift ranges from 2.5 to 5.5, the SNR per resolution
element ranges from 5 to 25 (at z<4) and from 3.5 to 10 (at
z>4), the selection magnitudeiAB goes from 22 to 25. The final
sample of mock galaxies is then populated by almost 108000 ob-
jects. Each mock galaxy is based on a galaxy model randomly
chosen from a BC03 model library composed from a wide range
of model parameters. The E(B−V) extinction ranges from 0 to
0.5. The metallicity is chosen in the range Z=[0.004, 0.05]. The
star formation history is a delayed exponential (see section 4)
with a timescale that ranges from 0.1 to 1.0 Gyr. Ages are lim-
ited by the age of the Universe at the given redshift and for the
selected Cosmology. Each model spectrum is multiplied by one
of the seven IGM templates, selected randomly. Poisson noise is
then added to the data as the square root of the simulated flux.

The synthetic galaxies are then fitted with GOSSIP+. As for
the data we ignore emission lines regions for the fit (Lyα). Since
we created those mock galaxies with BC03 templates we chose
to fit the model spectra using a library computed from the M05
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Fig. 1. The 7 IGM transmission templates used in this work at
z = 3.0, z = 4.0 andz = 5.0. The mean M06 IGM transmission
is represented by the dashed red line. The±0.5σ, ±1.0σ and
±1.5σ curves are the 6 black curves of different thickness. The
thicker lines represent±1.5σ.

synthesis models. This library is 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 is computed with a Chabrier IMF.

The relation between the simulated transmission and the
transmission obtained by the fitting process is given by
∆Tr(Lyα)/Tr(Lyα)input defined as:

∆Tr(Lyα)
Tr(Lyα)input

= (Tr(Lyα)input − Tr(Lyα)output)/Tr(Lyα)input (1)

The results of the simulation on this quantity is presented in
Figure 2, representing the accuracy of GOSSIP+ in retrieving
the correct Tr(Lyα) as a function of redshift for galaxies with
a similar range of properties as in the VUDS sample. For the
whole simulated sample∆Tr(Lyα)/Tr(Lyα)input=−0.02± 0.14.
The∆Tr(Lyα)/Tr(Lyα)input ranges from -0.01±0.18 at z=2.7 to
0.06±0.10 at z=4.8. There is therefore very little deviation from
the mean and this shows that GOSSIP+ can retrieve the correct
Lyα transmission at all redshifts and over the spectra SNR con-
sidered in this study. We note that the standard deviation inour
simulations is slightly better at higher redshifts, likelythe result
of a larger Lyα dropout break at the higher redshifts and stronger
IGM features, easier to retrieve in the fitting process. GOSSIP+
is able to retrieve the correct IGM transmission in∼74% of the
fits. There are 26% of the cases when GOSSIP+ finds another
set of parameters that reproduces better the simulated spectra,
mostly resulting from the degeneracy between dust and IGM ex-
tinction at lower SNR as discussed in Section 6.2. The influence
of this IGM prescription on other physical parameters when fit-

Table 1. Parameter space used for the spectral fitting, using ex-
isting BC03 and M05 stellar population models.

Parameter BC03 M05
IMF Chabrier Chabrier

τS FR 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) at z> 4 0, 0.05, 0.1, 0.15

Ages (Gyr) 0.05 to 4.0
IGM 7 curves

ting spectra/SED will be fully discussed in a forthcoming paper
(Thomas et al, in prep).
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Fig. 2. Evolution with redshift of the difference in transmission
∆Tr(Lyα)/Tr(Lyα) between the input simulated spectra and the
result of the fit with GOSSIP+.

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 betweenz = 2.5 and
z = 5.5, with the selection as described in Section 2 and using
GOSSIP+ as discussed in Section 3.2. Since we combine the
IGM transmission templates with different galaxy models we
expect the results to be as much independent from stellar pop-
ulation synthesis models as possible. We run GOSSIP+ twice,
using both a BC03 model library and a library computed with
M05 models. The large parameter space explored during the fit-
ting process is summarized in Table 1.

The star formation history used in this study is a delayed
exponential. It is defined as:

S FR(t) =
1
τ2
× t × exp

−t
τ

(2)

whereτ is the SFH timescale. It corresponds to the time after
which the SFR is maximal. A range ofτ from 0.1 to 1.0 Gyr
allows us to produce very different SFHs, from a fast rising star
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formation rate to an early peak in star formation followed by
a rapid decrease, to a more extended period of almost contin-
uous star formation. We use the initial mass function (IMF) of
Chabrier (2003). The dust extinction is applied through thevalue
of E(B−V) using the Calzetti et al (2000) law. As our model
spectra do not include emission lines, the wavelength domain
around known emission lines in the observed spectra are there-
fore ignored in the fitting process.

Figure 3 presents the results of spectral fitting for ten repre-
sentative objects at different redshifts between z=2.5 and z=5.5.
For four of them, the fit locks-in to an IGM identical to the mean
IGM. For the other 6 GOSSIP+ identifies an IGM transmission
different from the mean.

We perform the fit with GOSSIP+ of all the 2127 galaxies in
the VUDS sample described in Section 2. Measurements of the
median IGM transmission are presented in Table 2 and in fig-
ures 4 and 5. The dispersion around the median is computed as
the value including 68% of the full sample in each redshift bin.
Figure 4 shows the distribution of Tr(Lyα) in 5 redshift bins cov-
ering from z=2.5 to z=5.5. Tr(Lyα) is computed on the IGM tem-
plates obtained from the GOSSIP+ fit for each VUDS galaxy. As
shown in Figure 4 there is no significant difference between the
distribution of transmission observed for the most reliable flag 3
and 4 in our sample compared to the lower reliability flag 2. We
note that the use of the BC03 or M05 templates in the fitting pro-
cess provides undistinguishable results on measured IGM prop-
erties at any redshift. This effect is expected because the main
difference between BC03 and M05 is the treatment of TP-AGB
stars that have an influence in the red part of the model spectra.
The median and mean transmission values are nearly identical in
our sample. In the following we use indistinctlymean transmis-
sionor median transmission. A large range of IGM transmission
is observed at all redshifts.

As expected the mean IGM transmission decreases with red-
shift (Fig. 5), the first time this is clearly demonstrated from
galaxy spectra. The IGM transmission derived from VUDS
galaxy spectra is in remarkable agreement with the mean trans-
mission 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 ∆Tr(Lyα)=0.03 at 4.0< z <4.5 and reaches∆Tr(Lyα)=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 degener-
acy between IGM transmission and dust internal to the galax-
ies is further discussed in Section 6.2. We report in Figure 5
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 disper-
sion of Tr(Lyα) observed for all redshifts in the range we have
explored. To compute the dispersion in IGM transmission, we
correct in quadrature the observed dispersion for the dispersion
resulting from our fitting method as derived from the simulations
presented in Section 3.4 for spectra with SNR in the range of
VUDS spectra. The resulting transmission dispersion is found to
be large with a slow decrease with increasing redshift: it ranges
from σ ∼ 0.15 at redshift 2.8 to σ ∼ 0.10 at redshift 4.8. We
stress that these are effective 1σ values, and we observe that all
7 IGM templates covering the range±1.5σ allowed in our fitting
process are used at any redshift. We find that in 72% (fitting with
BC03 templates) and 75% (with M05) of the cases GOSSIP+

has chosen one of the 6 additional transmission curves builtbe-
sides the mean model value. The observed variation in Tr(Lyα)
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Fig. 4. IGM transmission Tr(Lyα) measured from 2127 VUDS
galaxies in increasing redshift bins covering from z=2.5 to
z=5.5. The black vertical lines represent the median of the dis-
tributions in each redshift bin. A large spread in transmission
is observed at all redshifts. The red shaded histograms include
all galaxies with flag 2,3,4, while the white striped histograms
represent flag 2 only. No significant difference is found between
the IGM properties of flag 3 and 4 and flag 2. The distribution of
IGM transmission is somewhat discretized because of the 7 IGM
templates used in the spectra fitting. The median and dispersion
values measured by Faucher-Giguère 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-Giguère 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 agree-
ment at all redshifts.

is large enough to make it necessary to consider a large range
of IGM variation when fitting the spectra or SED of galaxies
as well as in selecting galaxies based on colour-colour selection
(see Section 7).

IGM transmission studies from QSOs often quote the er-
ror on the meanσ(Tr(Lyα))=σ(Tr(Lyα))i/

√
(N) where N is the

number of independent measurements. Faucher-Giguère et al.
(2008a) findσ(Tr(Lyα)) ∼ 0.008% atz = 3 and∼ 1% at z=4
in redshift binsδz=0.2, while Becker et al. (2013) quote about
1% in δz=0.1 bins. Only few studies have reported the disper-
sion around the mean IGM transmission. Faucher-Giguère etal.
(2008b) present the distribution in transmission from z=2.2 to
z=4.6 and derive a dispersion ranging fromσ = 0.11 to 0.15 in
in δz=0.2 bins. Songaila (2004) computed the IGM transmission
from 50 high redshift quasars and its evolution with redshift.
From their data they give a transmitted fraction ranging from
46% to 90%between z=2.5 and z=3.5 , and from 20% to 80%
between z=3.5 and z=4.5, a range similar to Faucher-Giguère et
al. (2008b) and our VUDS measurements.
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Table 2. Median IGM transmission and dispersion around the median asobserved from the VUDS spectra fitting. The dispersion
is computed as 68% of the distribution. The transmission values are indicated for the GOSSIP+ fits performed using the BC03
and M05 composite stellar population models. Comparing these results show that IGM transmission and dispersion valuesdo 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 Section
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-Giguère et al. (2008b).

VUDS galaxies QSOs
Median IGM Transmission Tr(Lyα) 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-Giguère et al. (2008b)
BC03 with M05 BC03 M05 BC03 M05

2.5 < z< 3.0 2.75 0.79+0.004
−0.005 0.78+0.004

−0.006 - - +0.13
−0.17

+0.13
−0.18 0.80 0.12

3.0 < z< 3.5 3.22 0.69+0.005
−0.007 0.67+0.007

−0.006 - - +0.17
−0.13

+0.18
−0.14 0.70 0.13

3.5 < z< 4.0 3.70 0.59+0.009
−0.006 0.59+0.009

−0.007 - - +0.15
−0.11

+0.15
−0.12 0.59 0.13

4.0 < z< 4.5 4.23 0.55+0.012
−0.010 0.56+0.015

−0.012 0.49+0.015
−0.014 0.50+0.014

−0.012
+0.11
−0.08

+0.13
−0.11 0.47 0.12

z> 4.5 4.77 0.46+0.020
−0.012 0.45+0.020

−0.016 0.42+0.020
−0.019 0.42+0.020

−0.016
+0.10
−0.09

+0.13
−0.10 0.35 0.13
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Fig. 5. Median IGM transmission Tr(Lyα) derived from the
line of sight towards 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 binsδz=0.5 at a mean redshifts 2.75, 3.25,
3.75, 4.25 and in a redshift binδz=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 mea-
sured 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
1σ dispersion values taken from Faucher-Giguère et al. (2008b).
At z> 4, points have been artificially shifted in redshift for clar-
ity.

The dispersion derived by Faucher-Giguère et al. (2008b) is
based on breaking-up the part of the same QSO spectrum af-
fected by the IGM in segments of 3 h−1Mpc along the LOS and
measuring the dispersion among these from different LOS to em-
ulate a large number of independent measurements. The disper-
sion measurements on VUDS galaxies are done from the wave-
length domain 1070−1170Å, corresponding to a scale of about

70 h−1Mpc at z∼3.5. As the sizes of IGM absorbers are thought
to have remained roughly constant with time and less than 100
h−1kpc (Cen 2012), much smaller than 3 h−1Mpc, our mea-
surements should be directly comparable to those of Faucher-
Giguère et al. (2008b). To compare dispersion values we also
need to use the same redshift bins as part of the dispersion is
coming from the evolution in the transmission itself, changing
by 5-10% overδz=0.5 for the redshift range considered. Using
theδz=0.2 values from Faucher-Giguère et al. (2008b) we find
that the dispersion from their data inδz=0.5 is increased by about
20% which brings our dispersion measurements in even better
agreement. Although working with smaller samples, the reverse
is also verified when computing the dispersion inδz=0.2 bins
we find a dispersion similar to that of Faucher-Giguère et al.
(2008b). We therefore conclude that the dispersion observed in
our data on galaxies is in excellent agreement with the dispersion
found along the LOS of QSOs and reflects the intrinsic proper-
ties of the IGM.

We plot in Figure 6 the average of 60 spectra with the max-
imum IGM transmissionTr(Lyα) ≥ Tr(Lyα)mean+ 1σ and for
53 spectra with the minimum IGM transmission lower than the
mean−1σ, compared to the mean spectrum, for galaxies with
3.2≤z≤3.8 (and with the highest reliability flags 3 and 4). The
spectra are normalized to the same continuum value redward of
Lyα (in the range free of strong lines between 1345–1395 and
1415–1515Å). The difference observed between galaxies with
IGM transmission measured at±1σ from the mean and the mean
spectrum of the full sample is quite striking and provides fur-
ther support to the observed range in IGM transmission reported
above. The stacked spectrum of the full sample and spectra at
±1σ from the mean are identical, within errors, in slope or in
absorption lines strengths. This shows that stellar populations at
the source emission are very similar, lending additional support
that the IGM and not the source properties are responsible for
the observed spectra differences below Lyα. The only notable
difference is the strength of the Lyα emission line, with equiva-
lent width EW(Lyα)=16Å for the high IGM transmission spectra
and EW(Lyα)=10Å for low transmission spectra. This difference
might further indicate that Lyα photons are more absorbed by the
CGM of the galaxy in this latter case.
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5. Evolution of the Ly α effective optical depth

The mean IGM transmission is related to the HI effective optical
depth,τe f f(z), by

τe f f ≡ − ln Tr(Lyα) ≡ − ln(e−τHI ). (3)

We use our data to obtain the evolution ofτe f f with redshift as
presented in Figure 7. This is compared withτe f f 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 meanτe f f reported in the
literature from samples with large numbers of QSOs, as shownin
the left panel of Figure 7, e.g. the measurements of Becker etal.
(2013) as well as to the data of Faucher-Giguères et al. (2008a)
and Dall’Aglio et al. (2008). This agreement is quite remarkable
given the fact that we are using a sample of faint galaxies to
derive the optical depth. This result therefore gives further merit
to the spectral fitting procedure that we have developed letting
the IGM free to vary.

Our highest redshift measurements at z=4.2 and z=4.75
present a lower optical depth with respect to M06, the resultfrom
the higher transmission reported in Section 4. At these redshifts
the IGM transmission values are somewhat degenerate with the
dust extinction in galaxies as discussed in Section 6.2. We there-
fore 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 obtained for lower
dust extinction E(B−V)≤0.05. In this latter case, the IGM trans-
mission is significantly smaller and becomes compatible with
QSO measurements and models within measurement errors as
shown in Figure 7. This is further discussed in Section 6.2.

We fit our data with a power law of the formτe f f = C ×
(1 + z)γ which is generally used in the literature to reproduce
the evolution ofτe f f. The fit is presented in the right panel of
Figure 7. Our mean optical depth rises following a power law
with γ = 2.55+0.08

−0.07 andC = 0.0089+0.0005
−0.0003. We also display as

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 ex-
cellent agreement with QSO measurements and the latest mod-
els from M06 and Inoue et al. (2014), we need to understand if
the higher transmission values we find at z>4 are physical mea-
surement or the result of some uncertainty or bias in our dataor
methods.

As presented in section 2 the selection of VUDS galaxies
was made mainly using their photometric redshift. Photometric
redshifts were computed with the code LePhare (Ilbert et al.
2006, 2009) that uses the M95 prescription with a single mean
IGM transmission at a given redshift. Therefore this selection
should preferably select galaxies with the M95 IGM transmis-
sion. As the M95 transmission is somewhat lower than is ob-
served from QSOs or the more recent simulations of M06 and
Inoue et al. (2014) the photometric selection with Le Phare and
the M95 IGM transmission 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 rather to indicate a higher transmission, a trend
opposite to what would be expected from our photometric red-
shift selection. If any such bias would exist, correcting itwould
further increase the difference between the observed mean and

the model M06 mean, and it is therefore likely that our data is
not affected by this type of bias.

As described in Section 2, the VIMOS spectra are corrected
for atmospheric extinction and refraction (in addition to galactic
extinction negligible for the effects discussed here). The max-
imum flux correction applied to spectra is of∼60% at 3800Å,
while it is less than 25% at 4500Å and less than 10% at 5500Å.
The mean distribution of the corrected spectroscopic fluxes
agrees with the fluxes obtained from the multi-band photome-
try within 2% (Section 2), with a 1σ standard deviation less than
5% in the u–band once corrected from the magnitude errors for
faint magnitudesu < 25 in this band, and further confirmed from
the brighter g–band magnitudes where 1σ < 2%. These values
are significantly lower than the IGM transmission dispersion of
∼ 15% observed in our data. Furthermore, spectra flux calibra-
tion corrections affect mainly the u–band and would therefore
affect the IGM transmission measurements for a redshift z∼2.5,
while residual errors in g–band corrections would affect mea-
surements for z<3.0. These small residual instrumental calibra-
tion 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 the most likely
to be in our high SNR sample because the break produced in the
spectrum is easiest to identify when measuring the spectroscopic
redshifts of these distant galaxies. This would create a distribu-
tion skewed towards low transmission systems, which is again
the opposite to what is observed in our data at z>4. We note that
we use the LOS towards 43 high SNR galaxies atz∼ 4.8, there-
fore still small and subject to cosmic variance. More LOS will
need to be observed to confirm the trend for higher transmission
observed compared to models atz> 4.

It is also important to note that the IGM transmission in our
sample is computed from extended galaxies rather than from
point-like QSOs. This is further discussed in Section 6.3.

6.2. Dust versus IGM at z>4

The other main parameter that impacts the fit in the UV part of
the spectra besides IGM transmission is dust extinction internal
to the galaxies. A possible way to compensate a change in the
IGM transmission is to change the dust content of the galaxy:
if the IGM transmission is higher (smaller) the dust extinction
would need to be higher (smaller) in the best fit.

At z<4 we compute the E(B-V) values from the spectra fit-
ting using a limit of E(B-V)=0.5 and obtain a mean value of
E(B−V)=0.12 atz∼ 3. This is in agreement with Cucciati et al.
(2012) who found E(B−V)=0.14 atz = 3.0 and Shapley et al.
(2003) reporting E(B-V) in the range 0–0.2. Atz > 4, we com-
puted our E(B-V) with a limit of E(B-V)=0.15, as presented in
section 4. We find a mean E(B-V) of 0.12 for these galaxies. At
z∼4 Tresse et al. (2007) and Cucciati et al. (2012) report a mean
E(B−V)∼ 0.05− 0.1, somewhat lower than Ouchi et al. (2004)
who computed E(B−V)∼0.15 at z=4.7. At even higher redshifts
Bouwens et al. (2013) report values E(B−V)<0.02-0.03. The
E(B-V) is not well constrained from the fit of a UV-rest spec-
trum, so we use the E(B-V) computed from a full SED fitting of
all photometric data points and we find that the mean E(B-V) at
z>4 is E(B-V)=0.03.

To study the dependency of dust extinction on our results we
ran GOSSIP+ again forz > 4 galaxies with three different lim-
its: E(B−V)max=0.05, E(B−V)max=0.15 and E(B−V)max=0.5.
When the fit is able to explore a larger range of E(B−V) the
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mean E(B−V) increases. This results on a higher IGM transmis-
sion and therefore a lower optical depth. At z=4.2, The IGM
tranmission goes from 49% when E(B−V)≤0.05 to 65% when
E(B−V)≤0.5 at z=4.2. At z=4.8 the change is less pronounced
and goes 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. When the E(B−V)
values are able to reach E(B−V)max=0.5 the mean E(B−V) is
0.12 while it goes down to 0.03 when E(B−V)max=0.05.

Consequently, leaving the dust extinction limit E(B−V)=0.5
drivesτe f f away from the simulation of M06 as well as from
the measurements derived from QSOs, while lowering the max-
imum 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 straight fit leaving E(B−V) unconstrained would
indicate. We therefore provide as our best measurement at z>4
the IGM transmission value obtained for a dust content of galax-
ies 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 ex-
tinction law. While we use 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 ourz > 4 galaxies
for E(B−V)max=0.15. We find that the IGM transmission is even
more driven away 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 this effect the IGM transmission must be higher.
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Fig. 8. Impact of dust extinction on optical depth measurements
at z > 4. The optical depthτe f f 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-Giguères (2008b) and the brown
line is from Becker et al. (2013). The redshifts for VUDS points
with different E(B−V) at z=4.2 and z=4.75 have been artificially
shifted for clarity.

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 is from a
small number of absorbers at the largest column densities ina
given LOS (Madau et al. 1996). As pointed out by Bershady et
al. (1999), small number statistics on those absorbers may cause
large variations in the observed colours of high-redshift galaxies
of the same intrinsic spectral type. Moreover, there are still un-
certainties in the distribution of column densities and Dopplerb
parameters of intervening absorbers, fundamental ingredients in
the simulations. One connected aspect which could also impact
the dispersion in IGM transmission is that one expects that the
sources responsible for IGM absorption are clustered in space.
Gas clouds producing the absorption are connected to large scale
structures and follow the general clustering of matter (Prochaska
et al. 2014). This aspect remains to be fully treated in IGM simu-
lations 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 could likely lead to significant cosmic
variance around the mean IGM extinction in models and mod-
elling them would need to be fully tested from a number of in-
dependent LOS in large cosmological simulations.

An effect which can further complicate the computation of
the mean IGM transmission and its dispersion in models is the
covering factor of IGM clouds on an extended galaxy compared
to a point source QSO. The smaller the clouds are, the more
likely it is that the IGM clouds would block only part of an ex-
tended source. We simulate this effect taking a distribution of
clouds, along the LOS of an extended galaxy with increasing
size. This is shown in Figure 9. The top panel represents the
influence of the galaxy size (0.5′′and 1.5′′) on the IGM trans-
mission for a maximum cloud size of 50 kpc. We find that when
the size of the galaxy increases the transmission increasesfor a
maximum cloud size fixed (top panel). This is in agreement with
what we expect because only a part of the galaxy light is attenu-
ated by the clouds along the line of sight. In this model the mean
transmission is equal to that of QSOs for galaxy sizes becom-
ing point-like as for QSOs. The bottom panel presents the same
study performed with different maximum cloud size (25 and 100
kpc). We see that the bigger the clouds are the smaller the differ-
ence between M06 and our simulation is. This is due to the fact
that when the size of the clouds increases the light of the galaxy
is more likely to be absorbed and the difference between 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 impact on selecting galaxies at high redshifts
z>2.5. The classical way to select galaxies at these redshiftsis
to use the Lyman Break Galaxy (LBG) selection technique. The
LBG selection criteria rely on the a priori knowledge of the av-
erage properties of the IGM coupled to the 912Å Lyman con-
tinuum limit (break) intrinsic to a galaxy (Steidel et al. 1996) as
well as to the dust content and Lyman continuum escape frac-
tion (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 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 iden-
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Fig. 9. Simulation of the IGM transmission expected when the
source is an extended galaxy rather than a point-like QSO, (Top
panel:) Simulation for different galaxy size from 0.5′′to 1.5′′and
a maximum cloud size of 50 kpc. (Bottom panel). Simulation for
a galaxy of 0.5′′and different maximum cloud size of 25 and 100
kpc. The IGM transmission increases when the size of the clouds
gets smaller, or when the size of the sources gets larger.

tify large samples of LBGs for analysis of the galaxy population
or for follow-up spectroscopic surveys (e.g. Steidel et al.2003)
at increasingly large redshifts. The technique of derivingpho-
tometric redshifts from SED fitting also assumes average IGM
properties (most often 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 candi-
date high-redshift galaxies to study galaxy evolution, it is of ma-
jor importance 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
M06 and M95. In Figure 10 we present the tracks as a func-
tion of redshift of a galaxy in the (u-g,g-r) colour-colour dia-
gram 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 Lyα and redward of the Lyman
limit is more pronounced than when the transmission is high.
This has a strong impact on the (g-r) colour getting redder asthe
IGM transmission is decreasing, while the (u-g) colour changes
less drastically as it is dominated by the Lyman-limit continuum
break. The net resulting effect is that galaxies will leave the LBG
box at lower redshifts when the IGM transmission is decreasing.
For the simulated galaxy in Fig. 10 the tracks leave the selection
box atz≥ 3.2 instead ofz≥ 3.5 for our IGM model−1σ below
the mean. Interestingly thismean− 1σ track gets in the LBG
selection box atz= 2.1, earlier thanz= 2.7 as is expected from
the mean transmission, which then implies that galaxies would

be selected at lower redshifts than the anticipatedz = 2.7 limit.
These effects are further compounded with the effect of a vary-
ing Lyman continuum escape fraction, as discussed in 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 1500Å(Le Fèvre et al. 2014). Thisobservedflux
below 912Å 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 theobservedLyman-limit break. In addition, photometric er-
rors on the (u-g) and (g-r) colours range from about 0.2 to 0.5
magnitudes and will further scatter objects outside of the selec-
tion box especially for objects near the boundaries of the box and
therefore concerning objects for which IGM transmission along
the line of sight is low.

To estimate the efficiency of colour-colour selection in the
presence of variable IGM transmission, we produce two large
simulations of galaxies with 2.7<z<3.5 using the BC03 stel-
lar population models, and a range of E(B−V), SFH, ages, and
metallicity as defined in Table 1. The first simulation is based
on a fixed M06 IGM transmission, while the second simulation
randomly adds a variable IGM transmission with the 7 templates
defined in Section 3.3 following the observed dispersion. Wede-
rive 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 Figure 11, where is can be seen that when the IGM
is in the range reported in Section 4, a number of galaxies are
out of the LBG selection box. We compute the relative fraction
of galaxies coming in and out of the LBG selection box for this
redshift range. We find that the fraction of objects outside of
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. Betweenz = 3.2 andz = 3.5 the proportion of se-
lected/unselected galaxies goes from 6% to 23%, just by making
the IGM a free parameter.

To check whether the observed sample agrees with the sim-
ulations, we plot the individual galaxies in the (u-g,g-r) diagram
coded as a function of the IGM transmission measured from the
spectral fitting in Figure 12. The galaxies outside of the selec-
tion area for redshifts 2.7 < z < 3.5 are predominantly galax-
ies for which the IGM transmission is lower than the mean, in
agreement with simulations. Finding galaxies in the right red-
shift range but outside of the LBG selection area has been re-
ported before (e.g. Le Fèvre et al. 2005b, Le Fèvre et al. 2013b);
this paper shows that the large range in IGM transmission is one
possible explanation for these observations.

Figure 13 shows the same analysis for (g-r,r-i) colour-colour
selection used to select galaxies betweenz = 3.5 andz = 4.5.
The discussion for ugr selection also applies at these redshifts.
The minimum IGM transmission allows to select galaxies as
early asz = 3.1 but limits the selection of the highest redshift
galaxies toz≤ 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
(and associated physical parameters), prior to define largecom-
plete galaxy samples. This will be studied in more details ina
forthcoming paper (Thomas et al. in prep.).
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Fig. 10. 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
selection. As an example we use here a template galaxy with av-
erage properties at this redshift: 0.4 Gyr old, with E(B-V)= 0.1,
a metallicityZ⊙/2.5, and a SFH timescale of 0.3 Gyr. The blue
curve represents the (u-g,g-r) track for a low IGM transmission
(mean-1.0σ) while the green curve represents the track com-
puted with a high IGM transmission (mean+1.0σ). 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 Fèvre et al, 2013b). For each of the high or low
transmission tracks the full line with squares (displayed at a step
of ∆z = 0.1) follows fromz = 2.7 to z = 3.5 , while the dashed
line is for z < 2.7 andz > 3.5. We use an apparent (observed)
flux below the Lyman limit of 3% of the flux at 1500Å as mea-
sured by Le Fèvre 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.

8. Summary

This paper presents a study of the transmission of the inter-
galactic medium using galaxy spectra over the redshift range
2.5 < z< 5.5. We compute the IGM transmission from the high-
est SNR UV rest-frame spectra of 2127 galaxies withiAB ≤ 25
in the Vimos Ultra Deep Survey (VUDS, Le Fèvre et al. 2014)
which uses integration times of∼ 14h on VLT-VIMOS.

To study the IGM transmission on the line of sight of these
galaxies we use the GOSSIP+ software to perform spectral fit-
ting of the VUDS VIMOS spectra. A new IGM prescription,
which allows to let the IGM be a free parameter, is presented and
implemented in the spectral fitting process. The IGM transmis-
sion can be any of seven IGM templates at any redshift defined
from the mean M06 transmission and ranging up to±1.5σ as
defined in the M95 models. We simulate mock galaxies to test
the reliability of GOSSIP+ to retrieve the right IGM transmis-
sion for spectra with the same SNR as our observed sample and
we measure the success rate to be∼ 74%. We then measure the
IGM transmission by fitting our VUDS spectra, estimating this
transmission directly on the IGM template selected from thebest
fit.
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Fig. 12. The (u-g,g-r) colour-colour diagram for VUDS galaxies
used in this study. The points are colour-coded based on the IGM
transmission measured from the spectral fitting on 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 -1.5σ
below the mean, and green points are for+0.5,+1.0 or+1.5σ
above the mean. The galaxies which are outside the box have
an IGM transmission below the mean M06 IGM transmission.
Black points represent all the VUDS sample at 2.7<z<3.5.
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Fig. 13. Same as figure 10 but for (g-r,r-i) colour-colour selection
at 3.7< z<4.5.

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 transform our transmissions into HI
effective optical depthsτe f f and find that the mean values are
also in excellent agreement with the optical depths measured
from the LOS towards QSOs as reported in the literature (e.g.
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Becker et al. 2013). The fact that the IGM transmissions derived
from galaxies and from QSOs are in such excellent agreement
in this redshift range seems to indicate that the source properties
and the properties of the CGM in the immediate surroundings of
these objects have little effect of the integrated IGM transmission
properties, as would be generally expected.

We report tentative evidence that at z>4 the mean IGM trans-
mission is higher than expected from the IGM model of M06,
reaching a difference of∼9% at z=4.75. We discuss possible
observational biases that could produce this difference and we
conclude that these would not affect the sample in a way to pro-
duce a transmission observed to be higher than the mean M06 or
than the values from QSOs, but rather would produce the oppo-
site. We find 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 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)
is free to take values up to E(B−V)=0.5 we find a higher trans-
mission than observed from QSOs, but when we restrict the dust
extinction to E(B−V)≤0.05 we find a mean IGM transmission
compatible with the observed values from QSOs and simulations
within measurement errors.

Most importantly, we find that the dispersion of IGM trans-
mission around the mean is large, ranging from 1σ=0.15 at red-
shift 2.8 to 1σ=0.10 at redshift 4.8. Our transmission values
show a range and dispersion very similar to that reported by
Faucher-Giguères et al. (2008b) from QSOs, confirming thatour
measurements are a true indication that the IGM dispersion is
large at any of the redshifts observed. We discuss the possibility
that the high dispersion found in our sample may be the resultof
incomplete treatment of the clustering of IGM clouds in models
resulting in large cosmic variance. We also discuss the possibil-
ity that the IGM transmission may be different when observing
extended galaxies rather than point-like QSOs and present asim-
ple model supporting this view.

The large dispersion in IGM transmission observed in our
study has important consequences. We explore the impact of this
large dispersion on the selection of high redshift galaxiesz> 2.5
when using photometric techniques like LBG or photometric
redshifts. We show that, when the IGM is allowed to vary, this
changes the range of redshifts satisfying colour-colour (LBG)
selection, and that part of the galaxy population in the range
expected from the LBG selection technique can easily escape
photometric selection. This is further compounded when IGM
properties are combined toobservednon zero flux below the
Lyman limit, either from Lyman continuum escape fraction or
from contamination along the LOS (see e.g. Cooke et al. 2014).
We use large simulations to compare the colour-colour distribu-
tion when the IGM has a fixed value and when the IGM trans-
mission is varying. We find that the fraction of galaxies which
can escape detection in the LBG box may reach up to 16% (23%
at 3.2< z<3.5) due to the IGM dispersion only. This fraction can
further increase when a large range of IGM transmission is com-
bined with a significant continuum level below 912Å produced
either by high Lyman continuum escape or by contaminating ob-
jects on the LOS. This will be explored with more extensive sim-
ulations (Thomas et al. in prep.).

We have presented the first comprehensive study of the IGM
transmission properties using a galaxy sample up toz∼ 5. It pro-
vides a check of the IGM transmission properties independent
from QSO samples. Our results demonstrates that the spectra
fitting method we have developed including varying IGM trans-
mission is fully able to recover the mean IGM transmission in

the universe from a faint galaxy sample. Applying this power-
ful 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. While
the average IGM transmission found in this work is in excellent
agreement with QSO studies and models at z<4, the large dis-
tribution of transmission observed in our sample and a possible
higher IGM transmission at z>4 calls for more investigations,
both from the observational and model perspectives, to better
understand the IGM transmission properties.
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Fig. 3. Example of spectral fitting for 10 representative galaxies in the VUDS sample, using the BC03 model spectra. The IGM ‘id’
(cf section 2.) and the redshift of the galaxy are indicated for each fit. The best fit obtained with our prescription varying the IGM
transmission is 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 4 objects the best fit finds an IGM equal to the mean, while for the 6 others
GOSSIP+ selects an IGM template different from the mean



14 Thomas, R., and VUDS team: VUDS: the IGM transmission towards galaxies 2.5 < z< 5.5

Fig. 6. Average (stacked) spectra for VUDS galaxies with 3.2 ≤ z ≤ 3.8 (zmed=3.4) for which GOSSIP+ identifies an IGM trans-
mission≥ 1σ above (gold spectrum) and below (green spectrum) the mean IGM transmission of M06. The average VUDS spec-
trum over all galaxies in the sample is shown as the black shaded-grey spectrum. All three spectra are normalized in the range
1400<λ<1510Å.
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