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ABSTRACT

We present a detailed study of the colours of late-type galaxy discs for ten of the EDisCS galaxy clusters with 0.5 < z < 0.8. Our
cluster sample contains 172 spiral galaxies, and our control sample is composed of 96 field disc galaxies. We deconvolved their
ground-based V and / images obtained with FORS2 at the VLT with initial spatial resolutions between 0.4 and 0.8 arcsec to achieve
a final resolution of 0.1 arcsec with 0.05 arcsec pixels, which is close to the resolution of the ACS at the HST. After removing the
central region of each galaxy to avoid pollution by the bulges, we measured the V — I colours of the discs. We find that 50% of
cluster spiral galaxies have disc V — I colours redder by more than 1o of the mean colours of their field counterparts. This is well
above the 16% expected for a normal distribution centred on the field disc properties. The prominence of galaxies with red discs
depends neither on the mass of their parent cluster nor on the distance of the galaxies to the cluster cores. Passive spiral galaxies
constitute 20% of our sample. These systems are not abnormally dusty. They are are made of old stars and are located on the cluster
red sequences. Another 24% of our sample is composed of galaxies that are still active and star forming, but less so than galaxies with
similar morphologies in the field. These galaxies are naturally located in the blue sequence of their parent cluster colour—-magnitude
diagrams. The reddest of the discs in clusters must have stopped forming stars more than ~5 Gyr ago. Some of them are found among
infalling galaxies, suggesting preprocessing. Our results confirm that galaxies are able to continue forming stars for some significant
period of time after being accreted into clusters, and suggest that star formation can decline on seemingly long (1 to 5 Gyr) timescales.

Key words. methods: data analysis — galaxies: clusters: general — galaxies: evolution

1. Introduction

Galaxy evolution is influenced by their environment (for a re-
view of the seminal works see Blanton & Moustakas 2009),
although the exact mechanisms at play and their sphere of in-
fluence still need to be unveiled (Villalobos et al. 2012; Haines
et al. 2015; Woo et al. 2015; Bahé & McCarthy 2015). There
are indeed spectacular signs of perturbations induced by the in-
fall of galaxies in clusters, such as the stripping of the neutral
gas (e.g. Chung et al. 2009) and complex perturbed morpholo-
gies (e.g. Ebeling et al. 2014). Some signs are more subtle but
nevertheless involve a large portion of a galaxy population, such
as the decrease in star formation rate (e.g. Poggianti et al. 2008;
Fumagalli & Gavazzi 2008) or the emergence of lenticular galax-
ies (S0) and corresponding decline in spirals (e.g. Desai et al.
2007; Just et al. 2010). Although spiral disc fading is not a suf-
ficient explanation for the rise of SOs (Christlein & Zabludoff
2004), spirals are strongly affected both in numbers and proper-
ties by dense environments. Clues to the intensity and timescale

Article published by EDP Sciences

of the processes at play are to be found in gas content and stellar
population properties (e.g. Rodriguez Del Pino et al. 2014).

The link between the hot gas, which is heated by young
stars, and the galaxy stellar component has essentially been in-
vestigated from the standpoint of their spatial distribution. At
intermediate redshift, Bamford et al. (2007) showed that while
the stellar disc scale lengths remain similar in field and clus-
ter spirals, the extent of the emission line regions is smaller in
cluster systems. Jafté et al. (2011) found that kinematically dis-
turbed star-forming galaxies are more frequent in clusters than
in the field, but the presence of kinematically disturbed gas
and morphological distortions are almost not correlated at all.
They also showed evidence that the gas discs in cluster galax-
ies are truncated, with star formation more concentrated than in
a low-density environment. These results are in line with those
of Maltby et al. (2012), who found with STAGES (the Space
Telescope A901/2 Galaxy Evolution Survey, Gray et al. 2009)
that the galaxy environment does not affect the stellar distri-
bution of the outer discs, but contrasts with studies in higher
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Table 1. Properties of the galaxy clusters.

Cluster ID Zel o [kms™!] Rinax /Rooo Netus Niield Sa-Sab Sb-Sbc Sc-Scd Sd
cl1037.9-1243 0.5805 319 fg; 1.99 11 14 3 6 1 1
cl1040.7-1155 0.7043 418 fig 1.84 19 24 4 7 7 1
cl1054.4-1146 0.6972 589 f;g 1.85 20 12 5 9 5 1
cl1054.7-1245 0.7502 504 fé? 1.49 13 8 7 3 3 0
cl1103.7-1245b 0.7031 252 f‘s’§ 2.71 6 11 0 3 3 0
cl1138.2-1133 0.4788 732 j;g 0.61 26 3 6 4 14 2
cl1216.8-1201 0.7955 1018 j;; 0.96 28 3 7 6 13 2
cl1227.9-1138 0.6357 574 j;g 1.36 13 12 4 7 2 0
cl1232.5-1250 0.5419 1080 fééf’ 0.71 26 3 12 12 2 0
cl1354.2-1230 0.7620 6487105 1.59 10 6 1 5 4 0

-110

Notes. The table includes cluster name, redshift (z.;), velocity dispersion (o), radius of the region covered by the observations in units of Rago
(Rmax), number of field spiral galaxies defined as non-cluster member, but whose redshift falls within Az < 0.1 of z, (Ngeq), number of cluster

galaxies per Hubble type.

density environments such as the Coma and Virgo clusters. In
these, the stellar scale lengths of the disc galaxies were measured
to be 20—30% smaller than those in the field (Aguerri et al. 2004;
Gutiérrez et al. 2004; Koopmann et al. 2006).

The stellar population properties make a decomposition into
bulge and disc galaxies necessary. Hudson et al. (2010) analysed
eight nearby clusters (z < 0.06, 700 < o < 1000 kms™!) and
inferred that while the B — R colours of the bulge components
do not significantly depend on the environment, the discs in the
cluster centre are redder than those at the virial radius and even
more redder than the discs of the field spirals. This was also
confirmed by Head et al. (2014) in the Coma cluster. Our work
is part of a global observational effort to help identify how spirals
are transformed in dense regions. Establishing where and when
the stellar populations of cluster spiral discs differ from those in
field analogues provides critical information on the gas-removal
timescales for the bulk of the cluster galaxy population. To do
this, we place our study at intermediate redshift, when both star
formation and quenching are still in full swing (Rudnick et al.
2009; Finn et al. 2010)

Distinguishing bulge and disc properties at intermediate and
high redshifts requires at least spatial resolutions and samplings
comparable with those achieved with the HST in at least two
photometric bands. This type of dataset is not always available,
particularly in the case of large ground-based surveys. The de-
convolution technique offers a unique alternative. It is very ef-
ficient when applied to objects with scales close to the point
spread function (PSF) size and presents a number of crucial ad-
vantages. First, the absence of priors on the underlying galaxy
profiles, classically imposed with analytical formulae, is ex-
pected to provide more robust results. Second, because the PSF
is essentially removed, the resolution of the deconvolved images
can be controlled and fixed for an entire sample despite very dif-
ferent original observing conditions. Third, the improved sam-
pling, combined with the higher resolution and the PSF removal,
allows studying those parts of the galaxies that were previously
buried inside the PSF. The better the sampling of the initial PSF,
the finer the results of the deconvolution.

In the following, we present the first analysis of spiral disc
colours in a sample of intermediate-redshift cluster galaxies by
applying our deconvolution technique to a set of images ob-
tained with the FORS2 camera at the VLT. Our sample is drawn
from the ESO Distant Cluster Survey (EDisCS, White et al.
2005) and allows us to investigate trends with cluster masses and
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lookback-time. Because the EDisCS clusters were only observed
with the ACS at the HST in the F814W filter, our deconvo-
lution method provides a unique opportunity of retrieving the
galaxy properties at high spatial resolution from the ground-
based FORS2 multi-band observations.

We present our dataset in Sect. 2. An overview of the decon-
volution procedure is provided in Sect. 3. Section 4 presents our
main results, which are discussed in Sect. 5 and summarized in
Sect. 6.

2. EDisCS cluster sample

EDisCS is an ESO Large Programme dedicated to the analy-
sis of 20 galaxy clusters in the redshift range 0.4 < z < 1,
spanning a wide range of masses, that is, of velocity disper-
sions, from ~200 km s~ to ~1000 kms~! (Halliday et al. 2004;
Milvang-Jensen et al. 2008). These clusters were initially se-
lected from the most significant brightness peaks in the Las
Campanas Distant Cluster Survey (LCDCS; Gonzalez et al.
2001). They all benefit from deep B, V, R, and I photometry
obtained with FORS2 at the VLT (White et al. 2005). A subset
of ten clusters was also imaged with the ACS at the HST in the
F814W filter (White et al. 2005; Desai et al. 2007); they consti-
tute the basis of the present study.

For the purpose of our analysis, we distinguish cluster and
field populations based on the cluster redshift, z,, and cluster
velocity dispersion, 0. The cluster members are the galaxies
with spectroscopic redshifts within +30 (Halliday et al. 2004;
Milvang-Jensen et al. 2008). This spectroscopic sample is mag-
nitude limited at / ~ 23 mag measured in 1 arcsec radius aper-
tures, with the exception of c11232.5-1250, at lower redshift, for
which the limit is / = 22 mag (Halliday et al. 2004). As dis-
cussed in Poggianti et al. (2006), we were able to build an /-band
selected unbiased sample of field galaxies with the same ex-
act observational conditions as the cluster members by selecting
galaxies that are not cluster members in each observed spectro-
scopic mask, but have redshifts within 6z = +0.1 of the targeted
cluster redshift.

From the original sample of 350 spectroscopically confirmed
cluster members, we selected the spiral galaxies with T-type be-
tween 1 and 7, that is, with Hubble types between Sa/SBa and
Sd/SBd. The final set of galaxy members comprises 172 cluster
members. The full control sample encompasses 196 field galax-
ies, from which 96 have Sa/SBa to Sd/SBd types and redshifts
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Fig. 1. Comparison of the distribution into Hubble types and inclina-
tions between our cluster and field galaxy samples. The cluster and field
galaxies are plotted in green and blue, respectively.

0.45 < zZgpec < 0.81. Table 1 summarises the number of cluster
and field galaxies found in each cluster field as explained above
together with their morphologies. They constitute our full sam-
ple, which is grouped into redshift bins later in the analysis.

Figure 1 displays the visually classified morphological types
(Desai et al. 2007) of our sample galaxies and the distribution of
the inclination angles as measured from GIM2D (Simard et al.
2009). The uncertainty on the morphological classification is of
the order of one Hubble type. The cluster members and field
galaxies display almost identical distributions and can thus be
safely compared free of biases that might have been generated
by differential dust obscuration or different morphologies.

3. Photometry
3.1. Image deconvolution

Most cluster galaxies are small at 0.5 < z < 0.8 . Spiral bulges,
whose effective radii are of the order of 2—-3 ACS pixels, are
therefore barely resolved even with the HST. The PSF full width
at half maximum (FWHM) of images obtained with FORS2 at
the VLT lies between 0.48" and 0.85”, depending on the photo-
metric band and the observing night. The complete photometric
description, with the seeings and exposure times of each cluster,
is accessible in White et al. (2005). These resolutions cause the
bulge light to leak onto the disc component and adjust all im-
ages to the same resolution, as is classically done in photometric
measurements. which further degrades the situation and makes
studying the discs impossible.

To distinguish the contribution of the different galaxy com-
ponents to the total luminosity, multi-component model fitting is
often carried out. The impact of the PSF is taken into account to
deliver PSF-free galaxy models as well as possible (e.g. Simard
et al. 2002; Peng et al. 2011; Vika et al. 2013). Nevertheless,
the choice of the analytical functions is somewhat arbitrary and
does not necessarily apply to all galaxies. The case of galaxies
perturbed by gravitational interactions constitute a clear prob-
lem for which a general analytical solution is not trivial, if it
is possible at all. Therefore, we aim at avoiding any prior on
the shape of the galaxy components. The first step is to ac-
cess the galaxy morphologies directly, that is, visually. This is
done by converting the original FORS2 images to a common and

much smaller resolution with a finer sampling similar to that of
the HST. The photometric measurements are then performed on
these deconvolved images. In the following the HST images are
only used as a posteriori checks of the reliability of the decon-
volution. They are not used as priors.

We used an improved version of the MCS image deconvo-
lution algorithm (Magain et al. 1998), because sampled images
cannot be fully deconvolved without violating the sampling the-
orem. Instead, the images are partially deconvolved, meaning
that we aim at an improved instead of an infinite resolution. As a
consequence, the PSF in the deconvolved image (“target” PSF)
can be chosen in such a way that it is well sampled. In practice,
the shape of the target PSF is chosen to be a circular Gaussian.
The description of the new algorithm is presented in Cantale
etal. (2016). The new features, which specifically benefited from
the deconvolution of the EDisCS data, are an efficient regulariza-
tion strategy, a new minimization, and a proper noise treatment.
The new regularization uses a multi-scale approach to eliminate
the high frequencies where no signal is present. Special care was
also taken in the proper noise treatment. An incorrect estimate of
the noise may lead to significant errors in the final photometry.

The algorithm uses super-resolved PSFs, constructed from
several stars in the field of view (two to six stars, depending on
the cluster), with a smaller pixel scale than in the original image.
The stars were selected from the brightest stars, without neigh-
bours and close to the cluster centre, in such as way that the PSF
corresponds to the region in which the galaxies are located. We
chose the pixel size to be four times smaller than the original size
and a target PSF sampled with two of these pixels at FWHM. In
other words, the resolution in our deconvolved images is 0.1”
with a pixel size of 0.05”, which is similar to the data from the
ACS at the HST. All our images are therefore fully numerical
(as opposed to described by an analytical function), and the only
prior on the light distribution imposed by the regularization is a
pixel-to-pixel continuity.

Figure 2 shows a few examples of deconvolution over the
full redshift range of our sample. The galaxies were chosen to
span a broad range of angular sizes, compactness, and num-
ber of substructures. We show the /-band images of the FORS2
at the VLT, their deconvolved counterparts, the residual maps,
and the corresponding F8/4W images obtained with the ACS
at the HST. The residual maps are the difference between the
original VLT image and its deconvolution, in units of photomet-
ric noise. These are displayed between —30 (white) and +30
(black). The red circles correspond to the aperture applied to re-
move the bulge light, as explained in Sect. 3.2. The complexity
of the galaxy morphologies and the small-size features such as
star-forming regions, faint spiral arms, or even dust lanes are un-
veiled by the deconvolution procedure. They are all confirmed
by the comparison with the ACS images. Most of the time, the
residual maps reveal only negligible structures, which illustrates
the excellent quality of our procedure. Only the regions with
very peaked luminosity profiles are difficult to fit because of the
regularization and yield large residuals.

3.2. Aperture photometry

We performed aperture photometry with SExtractor (Bertin &
Arnouts 1996). The centroids and the shapes of the global aper-
tures were drawn from the original /-band FORS2 data, taken
as reference images, the photometric measurements were sub-
sequently carried out on the V-band and /-band deconvolved
frames at a resolution of 0.1”. The apertures used to compute
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Fig. 2. Examples of deconvolving the EDisCS spiral galaxies over the whole redshift range. From left to right, the columns show (i) the original
I-band images obtained with FORS2 at the VLT with seeing between 0.5” and 0.7”; (ii) their corresponding deconvolved VLT images with a
resolution of 0.1”; (iii) the images obtained with the ACS at the HST in the F874W filter for comparison; and (iv) the residual images in units of
the photon noise between the initial FORS2 images and their deconvolution. The red circles represent the 3.5 kpc circular aperture used to remove
the bulge contribution. The similarities between the VLT deconvolutions and the HST images are striking: details such as spiral arms or dust lanes
previously smeared out by the PSF are made visible and are confirmed by the HST images.
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the total object magnitudes are the Kron-like elliptical aperture
from SExtractor.The photometric error bars are given by the
photon noise in the aperture:

2
F aper T O sky

_—,
F aper

ey

Mere = 2.5 -logo| 1 +

where Fype, is the total photon number counts in the aperture,
that is, the counts corresponding to the sum of the sub-exposure
images and converted into electrons; oy is the sky noise in the
full image, corresponding to the standard deviation in the empty
regions of the original image, as estimated on the full image.
This is the same as the image used during the deconvolution.

The flux of the disc component was recovered by subtracting
the bulge contribution from the galaxy total luminosity. The total
galaxy flux was measured in an elliptical aperture, while the flux
of the galaxy bulge was calculated in a circular aperture. The
apertures were identical in V and I bands.

This method obviously requires the size of bulge aperture to
be carefully chosen. It must be sufficiently small to include most
of the disc component, but large enough to account for the diver-
sity of bulges along the Hubble sequence. To fix this minimum
size, we used the great variety of bulge and disc profiles of the
sample of face-on nearby spirals reported in de Jong (1996) to
build model galaxies with redshifts, signal-to-noise ratios, an-
gular sizes, and resolution similar to those in our sample. By
varying the aperture radii, we calculated the flux of all simulated
galaxies. There is no PSF at this stage. We requested a maxi-
mum 5% error on the recovered disc fluxes, that is, a negligible
pollution by the bulge. This corresponds to 0.05 mag, which is
smaller than our photon noise errors (see below), and an aper-
ture of r = 1.5 kpc. Then, we evaluated the impact of the PSF.
Although the deconvolution brings the images to a much im-
proved spatial resolution, there is still a PSF to be taken into
account, since we deconvolve to a finite resolution. This means
that the deconvolved data represent the true light distribution,
convolved by the Gaussian PSF of 0.1” FWHM. This, combined
with the necessary regularization inherent to the deconvolution,
which also causes spreading of the light, prevents the decon-
volved data from reaching the true light distribution in the inner
parts of very sharp profiles. This affects the photometry of the
bulges, with a leakage of their light beyond the physical theoreti-
cal limit. The left panel of Fig. 3 presents the difference between
the /-band magnitudes integrated in the images obtained with
ACS at the HST and in the original FORS2 images as a function
of the aperture radius, while the right panel of the same figure
presents the difference between the aperture magnitudes calcu-
lated in the images of the ACS at the HST and in the final de-
convolved /-band FORS?2 images. As revealed by the large dif-
ference between the HST and original-FORS2 magnitudes, the
bulge light leaks onto the disc from the inner regions to far out.
The deconvolution does not deal easily with sharp unresolved
profiles. This is a consequence of our choice not to introduce
any a priori analytical profile: unresolved features, such as point
sources or bulges, conflict with the regularization. Nevertheless,
after deconvolution, the HST and the VLT (deconvolved) mag-
nitudes agree on average to within ~0.05 mag (rms) in an aper-
ture as small as 0.3". This corresponds to a physical aperture of
2.2 kpc, which we represent by a dotted red line for the highest
redshift galaxies. We note that we cannot conclude for objects
below this limit because the HST PSF itself affects the profiles:
within a 0.3” aperture, the encircled energy of the HST PSF is
about 90%, which corresponds to a 0.1 mag.

05 0.5
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= /
‘ y
o 8
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Z
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Fig. 3. Left: differences between the aperture photometry performed
on images obtained with the ACS at the HST and on the original
FORS?2 images. Right: the difference between the aperture photome-
try performed on the deconvolved FORS2 and the images of the ACS
at the HST. Ninety percent of the ACS PSF energy is contained inside
a 2.2 kpc radius, shown as the dotted red line. The measurements made
on the HST and the VLT-deconvolved images down to 3.5 kpc from the
centre of the galaxy (black dotted line) agree excellently well.

Taking the still large scatter between the HST and
deconvolved-VLT magnitudes at » = 0.3” into account, we con-
servatively set the bulge aperture limit to » = 0.5” (the angular
sizes apply to our redshift range). This ensures that the contam-
ination of the disc by the bulge light is smaller than 0.05 mag.
This remains also true for the V-band images because bulges
tend to be smaller in the blue. We wish to compare galaxies at
different redshifts, therefore we carried out our measurements
on physical instead of on angular scales, that is, 7,5, = 3.5 kpc.
The corresponding angular apertures (red circles in Fig. 2) were
calculated for each galaxy based on its redshift. They were typ-
ically between 0.45” (z = 0.8) and 0.6” (z = 0.4). The galaxy
sizes extend from 0.5” to 2.5”” with a mean at 1”. For the small-
est galaxies, only 25-30% of their surface was therefore kept to
retrieve the photometry of the discs. However, even though the
uncertainty became large, the measurement was still possible.
Photometric errors were tracked down at all steps of the analysis.

4. Colours of the discs

Figure 4 shows the colour-magnitude diagrams of the spi-
ral galaxies in the ten EDisCS clusters. At this stage, colours
and magnitudes are still from the original EDisCS photometry,
meaning that they are integrated over the full galaxy before de-
convolution. In each panel, we identify the cluster members and
field galaxies with redshift z = z¢ +0.03. This field galaxy selec-
tion was chosen to avoid crowding in the diagram. In each panel,
we show the position of the red sequence of the clusters calcu-
lated as in De Lucia et al. (2007). Field and cluster spirals cover
very comparable locii in the CMDs, whereby we exclude strong
biases in the comparison of the properties of two populations.

4.1. Comparison between field and cluster population

We now explore the relation between the colours of the discs
and the morphological types of their parent galaxies in the field
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Fig.4. Colour—magnitude diagrams of the spiral galaxies in the ten
EDisCS clusters. In each panel, the green triangles indicate the cluster
members. The blue points are the field galaxies within +0.03 the clus-
ter redshift with or without HST imaging (see Sect. 2). The solid thick
lines represent the red sequence best-fit relations, using all the cluster
members and a bi-weight estimator (Beers et al. 1990), and assuming
a fixed slope of @ = —0.09 as in De Lucia et al. (2007). The dashed
lines correspond to a +0.3 mag deviation from this best-fit line. The red
circles identify galaxies with discs redder than their field counterparts,
i.e., at same redshift and with same morphological type, as identified in
Fig. 6. The black circles show the galaxies that were detected at 24 um
with Spitzer.

and clusters. This time colours are obtained after and by the
deconvolution.

Figure 5 presents the mean colour of the spiral discs in the
field and its dispersion as a function of the galaxy Hubble type.
The error bars correspond to the dispersion around the mean
value at each morphological type. In the rare cases of only one
galaxy, we plot its photometric error.
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Fig. 5. Colour-morphology relation for the discs of field galaxies at dif-
ferent redshifts. In each of the upper panels the solid lines show the
best fit of the relation that is obtained by keeping both the slope and the
y-intercept as free parameters. The dashed lines show the 1o confidence
interval, computed from the covariance matrix of the fits. These fits are
used to infer the relative colour properties of field and cluster discs. The
lower panel shows the redshift distribution of the galaxies inside each
redshift bin.

We grouped the galaxies per redshift bin by considering
the position of the V and I filters with respect to the 4000 A
break. Although the V and [ filters probe gradually bluer parts
of the galaxy spectra from the highest to the lowest redshift,
V — I nevertheless brackets the 4000 A break over the full red-
shift range. The resulting redshift partition yields four groups,
045 <z < 052,052 <z <0.64, 066 < z < 0.76, and
0.76 < z < 0.81 and 89 field galaxies. The field comparison
at 045 < z < 0.52 is only used for c11138.2-1133. In each
of the redshift groups, galaxies have masses between ~10° and
10'" My, as calculated with iSEDfit (Moustakas et al. 2011).

Discs become clearly bluer towards later morphological
types at z = 0.64 when the V filter gathers a majority of the
light at a restframe wavelength shorter than 3500 A. The slope
of the relation between V — I and the galaxy Hubble type be-
comes steeper with increasing redshift, which is essentially due
to the reddening of the discs of the earliest Hubble type galaxies.
This is expected from the shift in zero-point of the red sequences
(De Lucia et al. 2007), +0.4 mag from z ~ 0.5 to z ~ 0.8.

The relations between the colours of the discs and the galaxy
Hubble types in the field are indicated again in Fig. 6, where
we present the distribution in V — [ for the discs of spirals in
clusters. The three clusters c11054.4-1146 (z = 0.6965, o =
589 kms™1), c11040.7-1155 (z = 0.7020, o = 418 kms™') and
cl1103.7-1245b (z = 0.7029, oy = 242 kms™!) are grouped
together in one single bin at (z) = 0.7. We provide the number
of galaxies per Hubble type at each redshift with histograms.

Figure 6 is used to evaluate whether the colours of spiral
discs differ between field and cluster environments. This is done
by comparing — at each Hubble type — the V — I disc colours of
the cluster galaxies to the colour-morphology relations obtained
for the field sample. We can then define three categories: At a
given Hubble type, a cluster galaxy disc is defined as blue (red)
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and the clusters (green). The scale is on the right-hand vertical axis.

when its V — I colour, including its uncertainty, is bluer (redder)
by more than 1o (error on the slope on the fit in the field) than
the mean value obtained in the field for this morphology. Cluster
galaxies with disc colours consistent with their field counterparts
(same morphology, same redshift) are called green.

4.2. Spatial distribution

Mahajan et al. (2011) distinguished between virialized, infall,
and backsplash classes of galaxies based on their radial velocity
and projected clustercentric distances. We applied their scheme
to our galaxy sample, using the probability of a galaxy to be viri-
alized, P.;; from their Table 2. Virialized galaxies have cluster-
centric distances smaller than the cluster virial radius, infalling
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Fig.7. Distribution of the colour of the spiral discs in clusters. The
bar sizes represent the number of galaxies inside each galaxy cate-
gory: infalling, intermediate, and virialized. Blue stands for cluster discs
1o bluer than their field counterparts. Red shows the number of clus-
ter discs 1o redder than their field counterparts, and green illustrates
the number of cluster discs with colours compatible with those of their
field counterparts.

systems prefer large projected distances and high velocities,
while the backsplash particles are mostly found just around the
virial radius and have low absolute line-of-sight velocities. In the
following, we define three categories: galaxies with Py > 0.7
are defined as “virialized”, galaxies with P,;; ~ 0.5 are “inter-
mediate” since they have as much probability to be infalling as
to be already virialized. The remaining galaxies are “infalling”.
Figure 7 summarizes how the colours of discs in cluster compare
to discs in the field for each of these three classes. The galaxy
counts per cluster are presented as a function of the parent cluster
velocity dispersion. Because we compare the disc colours to the
mean field population within 1o, the signature of a cluster disc
population compatible with the field would be a normal distribu-
tion centred on the green bin (68% of the galaxies). This is not
what is observed: Fig. 7 reveals a clear bias of the distribution of
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Fig. 8. Same as Fig. 7, but with the clusters binned in velocity dispersion.

Table 2. Fractions of cluster spiral galaxies with discs redder than their
field counterparts, N4, as a function of cluster velocity dispersion and
redshift.

(@)
oa [kms™'] Nred/Not  Nred/(Nintat + Ninter)  Nrea/Nyi
oy <420 058 0.67 047
420 < oy < 1000 0.55 0.59 0.52
1000 > oy 0.56 0.33 0.64
(b)
z Niea/Not  Nred/(Ningant + Ninter)  Nrea/Nuie
0.52<z<0.64 0.62 0.50 0.68
0.66 < z<0.76 0.74 0.71 0.80
0.76 <7< 0.81 0.32 0.25 0.36

Notes. The parts (a) and (b) of the table correspond to Figs. 8 and 9,
respectively. Ny, is the total number of galaxies. Njygy is the number of
infalling galaxies, Niyer the number of intermediate galaxies, and Ny;;
the number of virialized galaxies.

the cluster galaxies towards redder discs for the majority of the
clusters.

4.3. Cluster mass

To increase the statistical significance of our result, we now bin
the clusters in velocity dispersion, o, in Fig. 8. We split the
sample into three categories: low (o < 420 kms~!), moderate
(420 < oy < 730 kms™"), and high (oq > 1000 kms™!) ve-
locity dispersions. The fractions of red discs are explicitly given
in Table 2 for the full sample together with the infall, intermedi-
ate, and virialized galaxies. The prominence of galaxies with red
discs clearly depends neither on the mass of their parent clus-
ter nor on whether the galaxies are in the infall, intemediate, or
virialized group.

We also tested the robustness of our results by removing one
cluster at a time in each o bin and checking any change in the
global features of Fig. 8. C11232.5-1250 (z = 0.54) is the only
cluster that affects the distribution of its group. Given its size and
relatively low redshift, we essentially only sample its virialized
region. It is indeed one of the two most massive clusters of our
sample, the other one being c11216.8-1201 (z = 0.79) at much
higher redshift. The group of the o > 1000 kms™' clusters
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obviously suffers from degeneracy between evolution with time
and mass.

Without ¢l11232.5-1250 and c11216.8-1201, that is, restrict-
ing the analysis to structures with o from 252 kms~! to
732 kms~!, we find that ~50% of the spiral galaxies have a disc
redder than the mean field population regardless of the cluster
mass in which they reside. This is much more than the expected
16% (fraction outside the 1o~ probability distribution) we expect
to measure if the cluster and field populations were similar.

Cl11232.5-1250 clearly stands out because its fraction of spi-
rals with red discs is larger than the rest of the investigated struc-
tures. Similarly, in our hightest redshift bin, the fraction of red
discs is higher in cl11216.8-1201 (o 1080 kms™!) than in
cl1354.2-1230 (o0 = 648 kms™!). This suggests that that either
extremely dense environments act as particularly efficient star
formation suppressors or that galaxies in these massive clusters
have been perturbed longer.

4.4. Look-back time

Figure 9 groups galaxies in redshift bins. For each cluster galaxy
we calculated the difference in colour, 6(V — I), between its
colour and the mean colour of the field galaxies in its redshift
bin 6(V —I) = [V — I]gq — [V — I]gelq- The mean and the dis-
persion of these colour shifts are indicated, with values given
on the right y-axis of the figure. The error bars are the standard
deviation around the mean 6(V — I).

Figure 9 reveals a sharp increase in the number of reddened
discs below z = 0.76. The lowest and highest z bins are domi-
nated in number by cl1232.5-1250 and cl1216.8-1201, respec-
tively. Nevertheless, c11216.8-1201 and cl1354.2-1230 in the
high-z bin share consistent disc properties in that they encom-
pass a smaller fraction of spirals with red discs than cluster
at lower redshift. Similarly, removing c11232.5-1250 from the
low-z bin diminishes the number of red discs in its groups, but
they still represent the dominant population. In conclusion, the
increase in the number of galaxies with reddened discs below
z = 0.76 is a robust result of our analysis. Its general signif-
icance must be assessed in more detail by conducting similar
studies at higher redshift, as our small number of clusters at
z > 0.75 makes us sensitive to possible variance.

4.5. Extinction

The observed colour reddening of the cluster discs might be
caused in principle by some highly inclined and therefore
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Fig. 9. Same as Figs. 7 and 8, but with the clusters binned in redshift. The mean colour shift, §(V — I), between the field disc colours and the cluster
disc colours is given for each galaxy type and for each redshift bin. The scale of these shifts is provided on the right-hand vertical axis. The error

bars correspond to the dispersion around this mean value.

dust-extinct galaxies. We know from Fig. 1 that our cluster and
field global populations follow the same distribution of inclina-
tion angles. However, these distributions may vary within each
redshift, o or virialization bin and thereby cause a shiftin V—1.
To determine this potential bias, we used the inclination angles
computed on the images obtained with the ACS at the HST
(Simard et al. 2009) to exclude galaxies with angles larger than
70°. This inclination is available for 158 cluster members and
77 field galaxies. Once discarded, the highly inclined galaxies,
63 field galaxies and 114 cluster galaxies remain and our results
are unchanged. In conclusion, strongly inclined galaxies do not
drive the observed reddening of some of the discs in clusters.

5. Discussion

In all redshift groups, galaxies in clusters clearly deviate from a
normal distribution centred on the properties of the field galax-
ies. In the 0.52 < z < 0.64 and 0.66 < z < 0.76 groups, ~60%
and 70% of discs, respectively, are redder than their field coun-
terparts. Above z = 0.76, the discs in the field and in clusters
appear to have more comparable stellar populations, with a to-
tal fraction of red discs of only ~30%. Calculating the binomial
probabilities of such events rejects at 99% confidence level that
the cluster populations could be built from the field sample.
Figure 4 reveals that this redder disc population is not re-
stricted to the cluster red sequences and can also be found in the
cluster blue sequence. This is particularly clear with increasing
lookback time. We flag the galaxies in Fig. 4 that were detected
by Spitzer at 24 ym (Finn et al. 2010), when those observations
were available. At z = 0.79, our 80% star formation rate com-
pleteness limit is ~14 Mg/yr, while at z = 0.48 we reach 5 M/yr.
Figure 10 presents the distribution of our sample disc galax-
ies in the two restframe colour diagram U — V versus V — J. The
U, V, and J magnitudes are total, meaning they are integrated
over the whole galaxies and are derived from our ground-based
photometry (White et al. 2005) using the technique of Rudnick
et al. (2006) and Rudnick et al. (2009). The colours of the points
distinguish between the cluster galaxies i) that are located on the
red sequence with discs redder than their field counterparts (in
red). These red-on-redseq galaxies (for red disc galaxies on the
red sequence) compose ~24% of our full sample. ii) Galaxies
that are not located on the red sequence, but with discs redder
than their field counterparts (in orange). These red-not-on-redseq
galaxies compose another ~24% of our sample of cluster galax-
ies. Finally, iii) galaxies that are not located on the red sequence

with disc colours similar to their field counterparts (in green).
Following Williams et al. (2009), we indicate the dividing line
between star-forming and passive galaxies. It is striking to see
how well the properties of the discs reveal the properties of their
parent galaxies.

5.1. Red-sequence galaxies

The vast majority (80%) of the galaxies that lie on the cluster red
sequences are also located in the region of the (U—-V, V—-J) plane
where the systems that have stopped forming stars are expected
to be. Visual inspection of the images of the remaining galax-
ies reveal that these 20% are composed of inclined dusty star-
forming galaxies. Most of them are detected by Spitzer. If our
sensitivity at 24 um had been higher, we would probably have
detected them all. The left panel of Fig. 11 provides a typical
example of a red spiral galaxy whose star formation has been
quenched, shows its HST/F814W image, and its FORS2 spec-
trum. While the spiral arms can still be identified, dust lane and
clumps of young stars are absent. The optical spectrum is typical
of an old (>5 Gyr) stellar population with strong CN molecular
bands below 3900 A. Interestingly, this type of galaxies is found
in all clusters regardless of their mass. Some of them belong to
the category of infalling galaxies, but most belong to the viri-
alized groups defined in the previous section. This means that
galaxies can be pre-processed before they are trapped in the clus-
ter potential well. Correcting for the galaxies that lie on the red
sequence because of their inclination and high dust content, the
fraction of genuinely passive spiral galaxies constitutes 20% of
our sample. This result combines ten clusters and corresponds to
the fractions of Moran et al. (2006), 27%, in the cluster C10024+
17 at z = 0.4 (possibly including galaxies with residual star for-
mation), 17% in (Wolf et al. 2009) in A901/2 at z = 0.17. Red
passive galaxies are also observed in low-density environments
(Poggianti et al. 1999; Goto et al. 2003; Masters et al. 2010), but
at lower frequencies.

5.2. Blue-sequence galaxies

The right panel of Fig. 11 shows a typical example of red-not-
on-redseq galaxy with red disc, but whose colour and magnitude
do not place it on its cluster red sequence. This time, dusty star-
forming regions appear clearly, although not on all arms. The
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Fig. 11. Three examples of FORS2 spectra. The name of the galaxy, redshift, and T-type are indicated. The left panel displays a representative
spectrum of a galaxy on the red sequence, whose disc is redder than its field counterparts. The middle panel shows the spectrum of a galaxy in
the blue sequence, but forming stars at a low rate and with a red disc. The right panel displays in black the spectrum of a galaxy that actively
forms stars, but with redder disc than its field counterparts. For comparison we show in green a galaxy with a field-like disc that exhibits the same
spectral feature and colours as the galaxy in black, but with an earlier morphological T-type.

FORS?2 spectrum reveals high-order Balmer lines typical of stel-
lar population younger than 5 Gyr.

We indicate in Fig. 10 the evolutionary tracks of star clus-
ters in the (U — V, V — J) plane as provided by the models of
Maraston (1998) and Maraston et al. (2003). We carefully cal-
ibrated the zeropoints of these models against the observations
of globular clusters of Frogel et al. (1980) and Bica & Alloin
(1986a). We show three metallicities [Z/Zs] —0.33, 0., and 0.35,
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which are representative of the range of mean metallicities of
spiral galaxies. Stellar clusters are — to first-order approximation
— single stellar populations with fixed age and metallicity, and
they are meant to be representative of the mean light-weighted
properties of the galaxies. At this stage, we do not need a more
detailed population synthesis that takes the full metallicty and
age range of the stellar population into account (e.g. Jablonka
et al. 1990).
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Fig. 12. OII equivalent width versus Ho, diagram. Galaxies with disc
colours compatible with their field counterparts are shown in green.
Galaxies that are still forming stars but whose discs are redder than
their field counterparts are plotted in orange.

The key lesson of this exercise is that while extinction runs
along the sequence of star-forming galaxies and might natu-
rally be responsible for some of the scatter in their distribution,
the aging of the stellar population follows the same direction.
This holds until some time between 1 and 5 Gyr, when the stel-
lar population colour—colour evolution becomes perpendicular
to the star-forming galaxy sequence, towards bluer V — J and
redder U - V.

Undoubtely, red-not-on-redseq galaxies are forming stars,
hence the question arises whether their discs are redder by dust
or because their star formation rates have decreased compared to
their field counterparts, which increases the proportion of ageing
stars.

To answer this question, we first consider the [OII] 43727 A
emission line and compare its equivalent width in red-not-on-
redseq galaxies and in cluster galaxies that have discs compa-
rable to field ones. The result is shown in Fig. 12, where we
show the distribution of the [OII] equivalent width as a func-
tion of the Ho4 equivalent width (Balogh et al. 1999; Worthey &
Ottaviani 1997). We show all galaxies, but restrict our analysis
to galaxies with low inclination angles (<70 degrees), which are
displayed in plain colours, while the others are shown in trans-
parency, to avoid spurious effects to differences in the orientation
of the slits with respect to the galaxy major axis. The distribution
of the red-not-on-redseq galaxies in the OII-Hd,4 plane is simi-
lar to the galaxies compatible with their field counterparts, but
lacks the high [OII] equivalent widths at high Hd4.

We indicate with large circles galaxies that have been de-
tected by Spitzer at 24 ym, with logLig > 10.91 (SFR ~
14 Mg/yr, the 80% completeness limit of the highest redshift
of our cluster, cl1216.8-1201 (Finn et al. 2010). For galaxies
with stellar masses above 10'° M, and with a redshift above
z = 0.6 for which we have sufficient statistics, 59% of the field-
like spirals have SFR ~ 13 M/yr as measured in the far-infrared
against 62% for the red-not-on-redseq galaxies. Restricting the
sample to the exact same limit in OII equivalent width (7 A <
eqw(OIl) < 15 A) for the two sets of galaxy populations re-
sults in detections of 50% and 57%, respectively. This means
that if dust enshrouds star formation, it does it in a similar way
in both types of galaxies. Because dust is genuinely associated

with star formation, it can add dispersion in the distribution of
galaxies along the star-forming galaxy sequence in the U — V vs.
V — J plane, but it is not by itself at the origin of the mean loca-
tion of the red-not-on-redseq and field-compatible galaxies.

There are essentially two degrees of evolution among the
red-not-on-redseq galaxies: i) Those that are still actively form-
ing stars, which would hence not be detected in a survey fo-
cussing on star formation rate indicators alone as galaxies on the
way to be quenched. However, their activity already is or has
been for a period diminished with respect to their morphology.
A concrete example is provided by EDCSNJ1040410-1155590
(red-not-on-redseq, 0.7079, log(M,) = 10.94), whose spectrum
is shown in the right panel of Fig. 11. It has the same U — V
(~1.25) and V — J (~1.) colours as EDCSNJ1354025-1232300
(field-like, z = 0.7576, log(M,) = 11.08). These galaxies are
identified with squares with black borders in Fig. 10. Both galax-
ies also have very similar OII and Hé4 equivalent widths, and
their spectra are superimposed remarkably well over each other
in Fig. 11. EDCSNJ1040410-1155590 was visually classified as
T-type=5 (Sc), while EDCSNJ1354025-1232300 has T-type=3
(Sb). EDCSNJ1040410-1155590 is therefore considered red for
its Hubble type. ii) The other type of red-not-on-redseq galaxies
is an accentuated version of the previous one, in which galax-
ies have only residual star formation, such as EDCSNJ1040410-
1156345 (U -V ~ 14 and V — J ~ 1.6) in the middle panel of
Fig. 11. Their spectral signature is a mix between CN absorption
and residuals of the high-order Balmer lines, revealing an ageing
stellar population. As such, these red-not-on-redseq galaxies are
the closest systems to being fully quenched.

Thirty percent of the red-not-on-redseq galaxies are in the
infalling group of galaxies, adding evidence that a fraction of
galaxies are pre-processed in external structures before reaching
the cluster cores.

It is important to stress that while the spatial coverage of
each cluster varies simply because a given FORS?2 field of view
covers larger clustercentric distances of a low-mass cluster than
a massive one, the category of the virialized galaxies essentially
encompasses only galaxies within 0.5 X Rjp of all structures,
hence allowing a proper comparison between all groups and
clusters. This category is the most populated one. Farther out,
our statistics is admittedly poorer. Nevertheless, there is a fair
indication that a significant fraction of the spirals in small struc-
tures (o < 420 km sl2 groups at z = 0.70, one at z = 0.58)
have been perturbed before they reach the cores of the group.

The red-on-redseq galaxies have preferentially early-type
morphologies, while the red-not-on-redseq galaxies have later
(T-Type > 5) ones. This is easily understandable since there is a
genuine strong correlation between morphologies, colours, and
star formation rate (e.g. Fig. 3 in Kennicutt 1998; Jansen et al.
2000). Once their SFR are lower, the earlier types may soon
reach the red sequence, while the more strongly star-forming
systems still remain on the blue sequence or the green valley
of the colour-magnitude diagrams.

5.3. Timescales

The time it takes for a galaxy to stop forming stars is a long-
standing question. Figure 6 shows that there is a range in in-
tensity of disc reddening that extends from a minor colour shift
o0V —1to ~0.5 mag in each redshift bin. This reflects the diversity
of galaxy morphologies and associated star formation history to
which the variety of infall trajectories onto the cluster central
regions must be added.
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It is helpful to form an idea of the ages of the stellar popula-
tions we consider. The Maraston models plotted in Fig. 10 gives
to first approximation light-weighted mean ages of our sample
of cluster spirals between 5 x 10% to 1 x 10° yr when galax-
ies are located on the star-forming system sequence and above
5% 10° yr otherwise. Since these restframe colours are integrated
over the whole galaxies, while colour differences between field
and cluster are calculated for the discs alone, we confirmed these
estimates by reproducing the V — I colours of the discs alone, as
shown in Fig. 6. To do this, we used the observed spectra of
globular clusters with metallicities from —1.5 to solar and open
clusters with ages spanning 108 to 5 x 10° yr, from the database
of Bica & Alloin (1986a,b), which we redshifted.

It is interesting to note that 58% of the galaxies in the virial-
ized groups of galaxies are still forming stars. Some at a slower
pace than others and already redder than their field counter-
parts, but all active. Not only do these results robustly confirm
that galaxies are able to continue forming stars for some signif-
icant period after being accreted into clusters, they also suggest
that star formation can decline on seemingly long timescales, as
revealed by the existence of red-not-on-redseq galaxies. These
galaxies are still forming stars, but for their colour to become
redder, some of them must have diminished star formation rates
for several Gyr (1 to 5 Gyr) (e.g. Fig. 10). The proportion of
younger and older stars must slowly change to favour the latter.
Our conclusion agrees with the findings of some recent works
that favoured long (1-4 Gyr) quenching timescales (Balogh
et al. 2000; Finn et al. 2008; De Lucia et al. 2012; Taranu et al.
2014; Haines et al. 2015).

Koopmann & Kenney (2004) analysed galaxies with reduced
total star formation in the Virgo cluster in which they took into
account the Hubble type of their galaxies as we do. They found
that these systems have truncation (more centrally concentrated
Ha extent than normal systems) rather than anemia (low Ha sur-
face brightness across the disk), which causes the reduced total
star formation rates. It is too early to conclude on this part for
our sample, although Jaffé et al. (2011) found OII truncated at
1-20 significance in the EDisCS spirals for a subsample of the
present sample. Further investigations both in OII and Ha are
planned.

6. Conclusion

We presented the first analysis of the V —I disc colours in cluster
and field spiral galaxies at intermediate redshift that is free of
any prior on the shape of the galaxy luminosity profiles.

We deconvolved the V and [ images of 172 cluster and
96 field spiral galaxies obtained with FORS2 at the VLT with
initial resolution of 0.48" to 0.85” and achieved a final spatial
resolution of 0.1” with 0.05” pixels; this is close to the resolu-
tion of the ACS at the HST. After removing the central 3.5 kpc of
each galaxy to avoid contamination by the bulges, we measured
the V — I colours of the discs and compared them to the mean
colour of the discs in field spirals. This comparison was con-
ducted per Hubble type and took both the photometric errors and
the dispersion of the relations obtained in the field into account.
A cluster galaxy disc was considered to be red (blue) when its
V—I colour, including its uncertainty, was redder (bluer) by more
than 1o (error on the slope on the fit in the field) than the mean
value obtained in the field for this morphology.

— We find a large portion of spiral galaxies in clusters with
V — I colours redder than those in the field at the same mor-
phological type. The prominence of galaxies with red discs
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depends neither on the mass of their parent cluster nor on
whether the galaxies are in the infall, intermediate, or already
virialized regions.

— In all redshift groups, galaxies in clusters have disc colours
that clearly deviate from a normal distribution centred on
the properties of the field galaxies. In the 0.52 < z < 0.64
and 0.66 < z < 0.76 groups, ~60% and 70% of discs, re-
spectively, are redder than their field counterparts. Above
z = 0.76, the discs in the field and in clusters appear to share
more comparable stellar populations, with a total fraction
of red discs of only ~30%. Calculating the binomial prob-
abilities of such events rejects that the cluster populations
could be built from the field sample at 99% confidence level.
Future studies in clusters at higher redshift are needed to as-
sess the significance of the lower fraction of redder discs at
z > 0.76 that we find.

— Passive spiral galaxies constitute 20% of our sample. They
are located on the cluster red sequences. These systems are
not abnormally dusty; they are are made of old stars and are
located on the cluster red sequences.

— Another 24% of our cluster galaxy sample is composed of
galaxies that are still active and star forming, but have discs
redder than their field counterparts. These galaxies are nat-
urally located in the blue sequence of their parent cluster
colour—magnitude diagrams.

— The reddest of the discs in clusters must have stopped form-
ing stars more than ~5 Gyr ago. Some of them are found
among infalling galaxies, suggesting that pre-processing is
at work long before galaxies reach the cluster cores.

— Our results confirm that galaxies are able to continue form-
ing stars for some significant period of time after being ac-
creted into clusters. They also suggest that star formation
can decline on seemingly long timescales. Galaxies that are
still forming stars but have discs redder than their field coun-
terparts must have diminished their star formation rates for
1 Gyr to 5 Gyr to have redder colours.

With ongoing and future wide field surveys such as KIDS, DES,
and Euclid, multi-band photometry with matched spatial reso-
lution will become of increasing importance. This is done so far
with profile fitting of individual bands, for example with GIM2D
Simard et al. (2009), GALFIT Peng et al. (2011), or by simul-
taneously fitting many bands (Megamorph, HauBler et al. 2013).
Direct deconvolution of the data followed by aperture photom-
etry offers an interesting alternative to model fitting, as it does
not depend on any prior on the shape of the galaxies to be stud-
ied. Any complex structure is restored at high spatial resolu-
tion, independently of any underlying model. Our deconvolu-
tion method is fast enough to be applied in an automated way to
large samples of galaxies. The work presented in this paper may
therefore be extended to much larger areas with limited or no
HST imaging, but where multi-band images are available from
the ground.
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