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Abstract

This thesis investigates the rble of environment on gakaxgnation and evolution,
giving particular focus to the transformation of star fongpispirals into passive SOs.
The data utilised for this study comes from photometric getioscopic observations
of galaxies at) < z < 1 in different environments from the ESO Distant Cluster
Survey. We first study the formation history of (172) clustipticals (Es) and SOs,
the oldest types of galaxies in the local universe. We exartiiair colour-magnitude
relation (CMR), and find a very small intrinsic colour scatt@nly 7% of the galaxies
are significantly bluer than the CMR. The scarcity of blue B@scates that, if they
are the descendants of spirals, these were already red Wwhgrbécame S0s. We
observe no dependence of the CMR scatter with cluster velocity dispersion. This
implies that by the time cluster E/SOs achieve their morpgmlthe vast majority have
already joined the red sequence. We estimate the galaxyatmmredshiftzy for
each cluster and find that while it does not depend on theeatlustocity dispersion,
it increases weakly with cluster redshift. This suggesas, tht any given, in order to
have a population of fully-formed E and SOs they needed te f@awmed most of their
stars~ 2—4 Gyr prior to observation. In other words, the galaxies thagaaly have
early-type morphologies also have reasonably-old stplgnulations. This is partly
a manifestation of the “progenitor bias”, but also a consege of the fact that the
vast majority of the E/SOs in clusters (in particular the sias ones) were already
red by the time they achieved their morphology. Moreovemé 80 galaxies exhibit
very similar colour scatter, implying similar stellar pdation ages. We also find that
fainter E/SOs finished forming their stars later, consisigth the cluster red sequence
being built over time and the brightest galaxies reachiegréd sequence earlier than

fainter ones. Finally, we find that the E/SOs cluster gakxmeist have had their star
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formation truncated over an extended peridd> 1 Gyr.

We then move our focus to the evolution of star-forming gasaxWe investigate the
effect of the environment on the transformation of stardimg spirals into passive
SO0s by studying the properties of the gas and the stars in plsah422 emission-
line galaxies in different environments. We identify gaésxwith kinematical dis-
turbances (in their gas disks), and find that they are mowguéet in clusters than
in the field. The fraction of kinematically-disturbed gaks<increases with cluster
velocity dispersion and decreases with distance from thstet centre, but remains
constant with projected galaxy density. We also studiedpmalogical disturbances
in the stellar light, finding that the fraction of morphologily disturbed galaxies is
independent of environment. Moreover, there is little elation between the presence
of kinematically-disturbed gas and morphological distors. For the kinematically-
undisturbed galaxies, we find that the cluster and figldand Tully-Fisher relations
are remarkably similar. Additionally, we find that the kinatically-disturbed galaxies
show a suppressed specific star formation rate. There isegidence indicating that
the gas disks in cluster galaxies have been truncated, arefdine their star formation
is more concentrated than in low-density environmentspiliags are the progenitors
of cluster SOs, our findings imply that the physical mechanisansforming cluster
galaxies efficiently disturbs the star-forming gas and ceditheir specific star forma-
tion rate. This star-forming gas is either removed moreiefiity from the outskirts of
the galaxies or it is driven towards the centre (or both).ny@ase, this makes any re-
maining star formation more centrally concentrated, imgjpo build the bulges of SOs.
All this evidence, together with the fact that the transfation mechanism does not
seem to induce strong morphological disturbances on thexigsl, suggests that the
physical processes involved are related to the intragluséelium, with galaxy-galaxy
interactions playing only a limited role in clusters. Irgstingly, in analogy with the
“blue” early-type galaxies found in the CMR study in clustewe have also found

several emission-line E/SO galaxies with extended rajagtar-forming gas disks.
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Chapter 1

Introduction

In 2011, we are proud to say that we understant®o of the universe that we live in. It
will become evident throughout this thesis however, thigt4¥o is far from being fully
understood. This little fraction of the universe most faamiko us, includes atoms,
stars, and galaxies. We can see, and study these objectssbabt@y interact with
radiation. The remaining6% of the universe is not visible and poorly understood,
hence it is distinguished with the adjective “dark”. Darkegegy for instance, is the
mysterious driver of the accelerated expansion of the useyavhile dark matter, is
believed to be responsible for the formation of structurthenuniverse and is present
in galaxies and clusters of galaxies. Although we have sonuerstanding of how
they affect the evolution of the universe, we do not undeibsthe essence of their

nature.

This thesis focuses mainly in thHé6 of the universe that we can see, but it also refers
to dark energy and dark matter, as they are greatly resgerfsibthe shaping of our
universe, and thus directly affect the visidi. In particular, this thesis investigates
the formation and evolution of galaxies as a function of dosime. We study these
topics by analysing observational data of galaxies in tfi€ environments in a wide

range of cosmic time.
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1.1 Us and the universe

For thousands of years we have looked up at the sky and triédild models to
explain the behaviour of the sun, the moon and the other sightces in the night sky.
The (most accepted) model of the universe that we have toalapéen built over the
history of humanity by many great thinkers. The modern bafsikis model however,
is not as ancient. It was not until the ®&entury that Giordano Bruno suggested
that stars were actually other suns, and may have othertplanerbit around them.
And, although many ancient observers described the Milky A& a collection of
stars, it was not until Galileo Galilei’s time (17century), when actual proof came,
from observations made with his telescope. A century létexse ideas were further
polished. In 1750, Thomas Wright speculated that the MillggMias a flattened disk
of stars, and that some of the nebulae visible in the nightsight be objects similar
to the Milky Way. In 1755, Immanuel Kant introduced the teigtand universeso
describe these distant nebulae. These ideas have beemmahby observations, after
causing much debate. Evidently, since the telescope wasi§esl for astronomical
observations, our understanding of the universe has inggrimamensely. Since then,
technology has advanced with unprecedented rapidityleatmg knowledge growth.

Figure 1.1 illustrates the advances in astronomical olasiens over a period of 160

1This was such an important step in astronomy, that in 2009vtiae world celebrated the “inter-

national year of astronomy”, marking 400 years after Galidirst pointing at the sky with a telescope.

Figure 1.1: M51: before and afterLeft: Sketch of the Whirlpool Galaxy (also known as M51)
made by Lord Rosse in 1845 from observations made with a (k§3elescope he built himself.
Right: Composite image of M51 taken in 2005 with the Advanced Carfer8urveys, on board
of the Hubble Space Telescope.
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. e ~
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EO E3 E7 S0
SBa SBb SBc
Figure 1.2: Figure showing the morphological classification schemm@dhiced by Hubble (1926).
In this scheme galaxies are classified (according to th@eagance) as ellipticals (Es), spirals(S,

and SB if a bar is present), irregulars (Irr) and lenticulgd8s), a transitional class of galaxy
between the ellipticals and spirals.

years. There is no doubt that the fast technological grotheopast few decades has

extended our horizons enormously.

Observations of galaxies through the years led to a claasditscheme, first proposed
by Hubble (1926), where galaxies are divided by morphology B distinct classes:
ellipticals (E), lenticulars (S0), and spirals (S). Furtimprovements to this scheme
have defined a fork that splits barred (SB) from non-barredasp and included an
additional class of galaxies with peculiar or irregular ptoslogies (Irr). Hubble’s
classification (schematically shown in figure 1.2) is stgked today and it is known
as the “Hubble sequence”. The name hints at an evolutiom@kybketween the dif-
ferent types of galaxiéswhere SOs mark a transition between ellipticals and spiral
Indeed, after Hubble’s paper, many referred to the ellgidi@and SOs as "early-type”
galaxies. More recent studies, that have considered o#t@xyproperties (e.g. spec-
tral features) have confirmed the presence of evolutionh&we proved that, actually,
“early-type” galaxies have older stellar populations tkiaa “later” spirals. However,
remaining loyal to history, astronomers nowadays stillthegterm “early-type” when
referring to E/SO galaxies. We also know that spirals tendatee circular motions,
bluer colours, and more gas and dust content than ellipgjaklxies. But why are
there such differences? How did the different galaxies foHow did they acquire the

shape, size, and colours we observe?

2Although Hubble himself did not imply any evolutionary link
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1.2 Galaxy formation

To understand galaxy formation we must start from the beg@nthe origin of the
universe. The Big Bang is the most accepted model of the tsewbat we have nowa-
days. Although it requires particular initial conditiongof fully understood yet), this
model successfully describes the observed expansion oiilierse, the origin of the
Cosmic Microwave Background (CMB) Radiation, the synthes$iight elements, and
the formation of large-scale structure. From CMB obseoretj we know that after the
Big Bang, the universe, for a time, was remarkably homogesésee figure 1.3). The
small CMB anisotropies, which represent small changeserptimordial universe’s
density (dominated by dark matter), then grew. As the useooled due to the ex-
pansion, clumps of dark matter began to condense (into whagemerally referred to
as “haloes”), channelling material into these increasirgnse areas. At this point
the visible universe was almost exclusively composed oftyein and helium. Along
with the dark matter, the hydrogen and helium gas withingltEnse regions began to
condense, making the first stars. Eventually, the first pgatlexies were also formed.
The structures kept growing as the universe aged, reachatevels of clumpiness
seen in the matter distribution of today’s universe (gaaxgalaxy clusters, galaxy
filaments, etc). This is a consequence of the fact that barywisible) matter will
generally follow the dark matter, as they interact graiotally. The detailed baryon

distribution however, will differ from that of the dark mattwithin an individual halo

Figure 1.3: The Cosmic Microwave Background (CMB) is the radiation &fer from the early
stages of the universe. This map shows the CMB temperatutediions from the 7-year Wilkin-
son Microwave Anisotropy Probe data (Jarostkal, 2011) seen over the full sky. The average
temperature is 2.725 K, and the colours represent the tmpeéeature fluctuations. Red regions
are warmer and blue regions are colder by about 0.0002 dedteedits: NASA / WMAP Science
Team.
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due to hydrodynamic effects. In other words, the structdrthe gas and the stars

within a galaxy does not follow the same distribution as tAgkadnatter in it.

This cosmological model has been built from analytical andherical work. The
analytical approach is based on the derivation of the overaks function of dark
matter haloes as a function of cosmic time (Press & Schect®@d). More recently,
advances in computer technology have led to the developofentarge number of
numerical cosmological simulations (e.g. Springelal, 2005). These simulations
agree with the analytical results but have the advantagehbaistories of individual
haloes can be tracked, and their internal structure examifégure 1.4 shows the

predicted distribution of dark matter from ¥(particle simulations, contrasted with the

Figure 1.4: Observations and simulations of large-scale structuredruniverse. The top and left
slices (blue and purple) show the distribution of galaxiethie universe as seen by SDSS (around
the Coma cluster) and 2dFGRS (in the southern sky) respdctithe 2dFGRS determined dis-
tances to more than 220,000 galaxies in the southern skyocutepth of 2 billion light years.
The SDSS has a similar depth but a larger solid angle andrntlyri@cludes over 650,000 ob-
served redshifts in the northern sky. At the bottom and ormitite (in red), mock galaxy surveys
constructed using semi-analytic techniques to simulagefdhmation and evolution of galaxies
within the evolving dark matter distribution of the 'Mill@ium’ simulation are shown, selected
with matching survey geometries and magnitude limits. F&pringel, Frenk & White (2006).
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observed distribution of galaxies. The resemblance betwes observations and the
simulated distribution of matter in the universe is so rddmhle that without a caption
in the figure, it would be impossible to distinguish one frdm bther. The success of
dark matter simulations in reproducing observations gfisosupports the hierarchical
picture of galaxy formation. Observations of galaxy mesgard accretion also support
this model. A crucial piece of evidence is the discovery eflat streams in the halo
of the Milky Way and M31, that imply that accretion is stilkiag place (e.g. Ibata,
Gilmore & Irwin, 1994; Vivaset al,, 2001, 2008, and many others). Moreover, galaxy
mergers have been observed in the local universe and at édtghifts, and they are
thought to be able to transform spiral galaxies into eliigs (Toomre & Toomre, 1972;
Mihos, 2003).

The hierarchical picture described above is, however, m®tonly galaxy formation
model proposed. A competing scenario proposes that galdarened through the
monolithic collapse of a single, massive over-dense regithout gaining significant
mass thereafter (e.g. Eggen, Lynden-Bell & Sandage, 1@8&pite all the supporting
evidence for the hierarchical picture of galaxy formatitrere are a few unresolved
problems. One of them arises from the old ages found in masdiyptical galaxies.
Ellipticals are known to be the oldest galaxies in the ursgeand dominate clusters at
z = 0, whilst spiral galaxies are younger (and typically haveang star formation)
and are more frequently found in less dense environmenisliest of the passive, red
galaxies that dominate local clusters show that the bulkei stars formed at > 2
(Bower, Lucey & Ellis, 1992; Aragbn-Salamanegaal, 1993) and indicate that the
cluster population has evolved passively in the fast Gyr. These results favour the
collapse model over the current paradigm of hierarchice¢m@bly, that predicts that
clusters continue to grow by accreting galaxies. In thisype; the stellar disks are the
first galactic components to form, with elliptical galaxa®d bulges of spiral galaxies
forming later through the merging of pre-existing galaxskdi (e.g. Kauffmann, White
& Guiderdoni, 1993).

Additionally, many observations indicate that the mainapof star-formation activity
was earlier for massive galaxies. This problem, known as/ttiizing” (Cowieet al,,

1997), troubles the hierarchical picture for galaxy fornm@atnless there is a mecha-
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nism delaying star-formation in less massive galaxies amhghing it in the massive
ones. A great deal of simulation work has been done to reletiese observations
with the hierarchical picture, and recent results are ssiugeit is possible. The an-
swer seems to come from one magic word: “feedback”. Feedakthe supernovae
of the first stars is a good candidate for delaying star folenah low-mass galaxi€s
while feedback from AGN in the centre of massive galaxiedaeitficiently stop the

star formation in these systems.

Although there is progress still to be done in polishing tle¢éads of the hierarchi-
cal galaxy formation picture, it seems to be an excellemh&aork to study galaxy

evolution in aACDM universé.

1.3 Galaxy evolution

Evolution can be defined as “a process of gradual changerirogum a system, insti-
tution, subject, artefact, product, etc., from a simplea tmore complex or advanced
state®. Galaxy evolution is thus the process changing galaxiesutiir cosmic time.
Because galaxies have such long lifetimes (as comparedumarhlifetime, or even
the history of humanity), we cannot see the same galaxieg)lmeirn, and ageing until
their death. However, we can model such evolution by makmgsigal assumptions
that can successfully reproduce the observable universethus extremely important
to study galaxy properties through observations at diffec®smic epochs that can

help constrain these models.

One of the most fundamental properties of galaxies subjechange or evolution is
galaxy morphology, which represents the underlying stmaoof the stars. In figure 1.2
it was hinted that SOs represent a transition between gitakies and elliptical galax-
ies. Supporting evidence for transformation of galaxy rhotpgy from spiral to SO

and elliptical includes the following: The fraction of sglirgalaxies in clusters rises

from the local universe ta ~ 0.5, while the SO fraction decreases comparatively

3The first stars formed in the early universe, known as Pojoulali stars, are thought to have been

extraordinarily massive, hence likely ended their live as@rful supernovae.
4ACDM refers to a universe dominated by dark enetjydnd cold dark matter (CDM).
SDefinition taken from thé@xford English Dictionaryhttp://www.oed.com)



Introduction: 9

Redshift Redshift
016 037 065 016 037 065 108
1L0F ' ' ‘ T ' ' ' 1.0
0.8 1038
= v
2 06} 106 5
g g
: 0.4} 104 g.
0.2} 102
0.0 100
1.OF 110
0.8 108
g -
5 0.6f Jo6 §
a o
3 04} {04 &
+ g
= 02} {02 =
0.0, \ ; ) : ) i 10.0
0 2 4 6 g8 0 2 4 6 8

Lookback Time (Gyr) Lookback Time (Gyr)

Figure 1.5: Evolution of the E, SO, E+S0, and Sp+lrr fractions as trageHDIsCS clusters (filled
circles) and FOO clusters (open circles). All fractions eveomputed within a radius of 600 kpc,
using the standard cosmology. The lookback times were leddzliwith the WMAP cosmology.
From Desakt al. (2007).

(Couchet al,, 1994; Dressleet al., 1997; van Dokkunet al., 1998; Fasanet al., 2000;
Desaiet al, 2007%. In contrast, the elliptical fraction appears to remainstant, as
shown in figure 1.5. Moreover, it has been well establishad glalaxy morphology
is tightly correlated with environment: dense environmsesuch as cluster cores pre-
dominantly contain galaxies with elliptical or SO morphgyq~ 80 per cent; Dressler,
1980; Postman & Geller, 1984), while the field contains a ten#daction of galaxies
of early-type morphology. This is known as the morphologysity relation, shown
in figure 1.6. These observations have been interpreted@snee for transformation
of star-forming spiral galaxies into passive SOs by thecefbé the environment. Such
hypothesis is consistent with the structure formation aderof ACDM (discussed in
section 1.2), that predicts that many field galaxies have beereted by clusters since

z < 1 (De Luciaet al,, 2004).

In addition to the morphology evolution, much has been ledrfiom the study of
other galaxy properties that are also subject to evolutiore of the most important is

galaxy colour, as it is easily measured, and reflects the sfahe stellar population’s

6See Desagt al. (2007) for a detailed discussion on the classification of 8&xdes and associated

uncertainties.
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Figure 1.6: The morphology-density relation, from Dressler (1980)isTiot first showed that,
in the local universe, the fraction of SO galaxies increasiés density, whilst the spiral galaxy
fraction decreases comparatively. This is considered &tlo@g observational evidence of trans-
formation of spirals into SO by the influence of cluster eomiment.

age and metallicity, the gas and dust content within gataxaed the star formation
activity. The gas is the reservoir of material from whichrstare formed, while the

stars themselves can give important clues about the age atad content of the sys-
tem. It is well known that spiral galaxies tend to have rick gaservoirs and young
stellar populations (hence their blue colours), while yeype galaxies (E/SOs) are
known to have older stellar populations on average. A dzensequence of this is the
colour bimodality found in cluster galaxies, composed afattred concentration of

galaxies known as the “red sequence” and a more diffuse cdbbllie galaxies called

the “blue cloud”. This colour bimodality is thus well cora¢éd with morphology (e.g.

see recent work by Conselice, 2006; Waatgal., 2007), implying that morphology

correlates at some level with the stellar population canteinich work has been done
in understanding the origin and evolution of the bimodaditg the current picture is
that the red sequence is built from bluer galaxies over cosimie. On one hand, red
sequence galaxies exhilbgdder colours at lower redshift (Aragbn-Salamaretaal,

1993). The systematic trend in the infrared colours of elustlipticals up toz ~ 1,
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supports a monotonic evolution with redshift, where rechgials formed at > 2 and
aged passively since then. On the other hand, there is egdenan increasing frac-
tion of blue, star-forming galaxies in clusters at highetstafts (Butcher & Oemler,
1984; Couch & Sharples, 1987; Ellingsenal, 2001; Poggiantet al., 2006). This
effect, known as the “Butcher-Oemler effect”, has triggeaesignificant amount of
work in understanding the link between the evolving clugigpulation at intermedi-
ate redshifts with the predominantly quiescent onesat0. A possible explanation
is that the effect may be partially the result of galaxy-gglmergers (Dresslegt al.,
1994; Couctet al,, 1994). Complementary studies of the star-formation #gtim dis-
tant galaxies have confirmed that, in general, galaxies pre@ucing far more stars at
intermediate redshifts than they arezat 0. However, from observations at~ 0.7,
Bell et al. (2005) found that about half of these star-forming galakege undisturbed
spiral morphology. They imply from these results that th@davolution of the cosmic
star formation is not driven by a higher incidence of majorgees at these redshifts.
Instead, it has been proposed that the star-formation caffdxtively reduced by the
influence of cluster environment (e.g. Poggiaettal., 2006, 2008). Even fairly low-
density environments (galaxy groups) have shown greattefie their star-formation
activity (Poggiantiet al,, 2006) and it has been proposed that galaxy pre-processing
might occur in groups that are later accreted into more massisters (e.g. Zabludoff

& Mulchaey, 1998; McGeet al., 2009).

Although the effect of environment on galaxy evolution iquastionable, galaxies
have been caught in the act of transforming outside clusteaking the emerging
galaxy evolution picture even more complex. Observatiawldiscovered a class of
galaxy with strong Balmer absorption lines but no opticaission lines (the so-called
k+a or ‘post-starburst’ galaxies, Dressler & Gunn, 1983). @hsence of emission
lines suggest that there is no ongoing star formation, wthisstrong Balmer absorp-
tion is indicative of the presence of A stars and hence a tde@ rapid) truncation
of star formation (within the past 1 Gyr, Couch & Sharples, 1987; Poggiastial,
1999, 2009). These galaxies are understood to mark thettcemisom a star-forming
disk galaxy into a quiescent spheroidal (Caldvetlal., 1996; Zabludofet al.,, 1996;
Yanget al,, 2004, 2008). Interestinglyka galaxies exist in clusters but are also found

in the field (Zabludoffet al,, 1996). Cluster k+a galaxies however, are observed in a
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transition phase, at the moment they are rather massive (68agalaxies, evolving

to passive cluster early-types (Poggiaettal., 2009).

So far, we have discussed the evolution of galaxy morpheloggur and star forma-
tion properties, but in order to build a complete picture afagy evolution, another
important property must be included: galaxy mass. The maasgalaxy is one of
its most fundamental characteristics, and it is generaligted to its total luminosity.
Bundy et al. (2006) suggested that there is a threshold stellar massafloch star
formation is somehow quenched. These results imply thaixgadvolution might be
at some level, a consequence of intrinsic properties oigad“nature”, rather than

“nurture”).

The distribution of galaxy stellar mass at the present dayiarthe past is key in
understanding the assembly of galaxies over cosmic timadi&t of the evolution
of the stellar mass function indicate that blue galaxies oioshow much evolution,
even though these galaxies host the majority of the stardtbom. In contrast, the
growth of the total stellar mass density is dominated by egfience galaxies (Borch
et al, 2006). Moreover, Rudnickt al. (2009) studied the luminosity function of dis-
tant cluster galaxies and found that, while the bright enthefluminosity function is
consistent with passive evolution, there is a significaiitbup of the faint end of the

red sequence toward lower redshift.

The debate between the “nature” and “nurture” scenariogdtaxy evolution has been
arduous. On one hand, several studies (e.g. Bundy, Ellis 8s€lice, 2005; Vergani
et al,, 2008) have shown that mass plays a crucial role in deténgngralaxy properties
and in driving their evolution. On the other hand, the stelt@ss function of galax-
ies depends on environment (Baldzial, 2006; Bolzonellaet al,, 2010). Evidently,
mass and environment are linked, and it is thus importanuidysthem with caution.
Recently, Pengt al. (2010) have claimed that the effect of environment and migss a
separable up te ~ 1. From a large galaxy sample at low and high redshift (SDSS
and zCOSMOS respectively), they propose an empirical lawhith the quenching
rate is related to the star formation rate and the local temSithough their empirical
description works surprisingly well, it still doesn not prde a clear physical interpre-

tation.
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Figure 1.7: Schematic arrows showing galaxies migrating to the red esecpiunder a “mixed”
merging hypothesis. Evolutionary tracks are plotted indbleur-mass diagram. Quenching tracks
are shown by the nearly vertical black arrows. The mergerddvoe gas-rich (“wet”) because the
progenitor galaxies are blue objects making stars and hemti®in gas. Once a galaxy arrives
on the red sequence, it may evolve more slowly along it thincaigeries of gas-poor, or “dry”,
mergers (open black arrows). They are tilted upward to retfiecageing of the stellar populations
during the more gradual dry merging. A major variable is threetof mass assembly vs. the time
of quenching. Wet mergers are not the only way to transforre bllaxies into red ones. The gas
supply of some disks may simply be choked off or stripped athiaut mergers (by the effect of
cluster environment), to produce disky S0s. In this caseetivlutionary tracks would be vertical
(see grey arrows), but aside from this their histories arélai. Adapted from Fabest al. (2007)

It is possible that there are various physical processg®nsgble for the transforma-
tion of galaxies, or that different mechanisms act in défgrenvironments, but this is
still unclear. A number of plausible mechanisms have beepgsed for spiral-to-SO
galaxies in clusters (discussed in depth in chapters 4 and Thgse include ram-
pressure stripping by the intracluster medium (Gunn & Gb&f72), numerous high
speed encounters between galaxies or “harassment” (Mziose, 1999), and tidal

interactions between galaxies and the gravitational pisileof the cluster (Larson,

Tinsley & Caldwell, 1980; Balogh, Navarro & Morris, 2000).

In summary, observations have shown that galaxies chaegeiorphologies, stellar
population, colours and masses through cosmic time, pggsmsforming from blue,

star-forming spirals into red and dead early-types. In gdhat, they migrate from
the blue cloud to the red sequence as shown schematicaltyurefiL.7. If we assume

mergers as a transformation driver in this model, blue gatagan either (i) populate
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the lower-mass end of the red sequénith cosmic time via “wet” (gas-rich) mergers,
and once in the red sequence, galaxies grow in mass via “dgs-poor) mergers,
or (ii) populate the higher-mass end of the red sequence byndnanaximally late
guenching, in which case they assemble most of their mads wsfili blue and then
merge to become red with no or little further dry merging. lunsters however, galaxy
mergers are rare due to the high velocities of the galaxiethi$ case, the gas supply
of some disks may simply be choked off or stripped out withnatgers (by the effect
of the environment), to produce disky S0s. Such evolutiptracks would be vertical,
as the galaxy migrates from the blue cloud to the red sequeitbeut gaining mass

(see vertical grey arrows in the diagram).

Although we have constructed a general galaxy evolutiotupgc the details of the

mechanisms driving the evolution are still debated.

1.4 Motivation and thesis outline

With the aim of understanding the physical mechanisms miyivhassive galaxy for-
mation and evolution, we study galaxy properties in a breade of environments up
to redshift of~ 1. We use photometric and spectroscopic data from the ES@uidist

Cluster Survey, which is described in chapter 2.

In chapter 3, we constrain the formation history of earlgetgalaxies, the oldest type
of galaxies in the local universe. We do this by examiningdb®ur-magnitude re-
lation of morphologically selected elliptical and SO gadexin clusters of different

masses and redshifts.

In chapters 4 and 5 we move our focus to the evolution of yostay-forming) galax-
ies. We investigate the effect of the environment on thesfamation of star-forming
spirals into passive SOs by studying the state of the gastandtars in galaxies in
different environments (chapter 4), as well as correlatioaetween the star formation

and scaling relations with environment (chapter 5).

Finally, the conclusions of this thesis are summarisedaptdr 6, where future prospects

Likely galaxies of SO morphology, as SOs dominate on the egdence belov*, while ellipticals

are common above that luminosity (Marinatial.,, 1999).
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are also described.

Throughout this thesis, we use Vega magnitudes and adofxtdaheordance’A\CDM
cosmology withy; = 0.3, Q4 = 0.7, andH, = 70 km s ! Mpc~! is assumed, unless

otherwise stated.



Chapter 2

The Data

Throughout this thesis, different sub-samples of galaixaes the ESO Distant Cluster
Survey (EDisCS) dataset are used.

The survey details are presented in this chapter, and in&atle following chapters

the sub-set of galaxies utilized will be further described.

2.1 EDIisCS

EDisCS is a multi-wavelength survey designed to study elustructure and cluster
galaxy evolution over a large fraction of cosmic time. Thenptete dataset is focused
on 20 fields containing galaxy clusters at redshifts betw@&dnand 1. The cluster
sample was selected to be among 30 of the highest surfadetieis candidates in
the Las Campanas Distant Cluster Survey (Gonzeatlet, 2001), after confirming the
presence of an apparent cluster and a possible red sequighd&ery Large Telescope
(VLT) 20-min exposures in two filters. From these candidat@sf the highest surface
brightness clusters were followed up in each of two bins ttneged redshift9.45 <
Zest < 0.55 and0.75 < z.4 < 0.85, wherez.,; was based on the magnitude of the

putative brightest cluster galaxy.

For the 20 fields with confirmed cluster candidates, matclpgda photometry was
taken using FORS2 at the VLT (see Whdteal., 2005, for a detailed description). In

brief, the optical photometry consists of B, V and | imaging the 10 intermediate-
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Figure 2.1: Two (V RI) colour composite images of EDiSCS clusters are shown as@es. Top:
CL 1054.4-1146 ¢ =0.70, cluster velocity dispersian; = 589 km/s). Botom: CL 1103:71245
(2 =0.96, 0.70, 0.637. = 534, 252, 336 km/s).
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redshift ¢..; = 0.5) cluster candidates and V, R and | imaging for the 10 higlshétl
(zest = 0.75) cluster candidates. Typically, the integration timesewéb min for the
intermediate-redshift sample and 2 h for the high-redsafhple. Figure 2.1 shows
two example composite images. In addition, near-IR J and &tghetry was ob-
tained for most clusters using SOFI at the New Technologgskelpe (NTT) (Aragon-
Salamanca et al., in preparation). Deep multi-slit specwpy with FORS2/VLT (Hal-
liday et al, 2004; Milvang-Jenseat al, 2008) showed that several of the confirmed
fields contained multiple clusters at different redshiés @lso Gonzaleet al., 2002;
White et al,, 2005).

The spectroscopic targets were selected ffelpand catalogues (Hallidat al., 2004).
Conservative rejection criteria based on photometrichigds(Pell6et al., 2009), /-
band magnitudes, star-galaxy separation parameters,\&itthV~(or ellipticity) were
used in the selection of spectroscopic targets to rejeagr@fwiant fraction of non-
members, while retaining a spectroscopic sample of clugitaxies equivalent to a
purely I-band selected one. Hallidat al. (2004) and Milvang-Jensest al. (2008)

verified that these criteria excluded at most 1.3% of clugidaixies.

The extensive spectroscopic observations were taken nathXU multi-object mask
facility of the FORS2 spectrograph mounted on the VLT Yepumilkelescope, ESO
Paranal. The field of view of the FORS2 instrument.i§ x 6.8'. The observations
consist of high signal-to-noise data fer30 — 50 members per cluster and a compa-
rable number of field galaxies in each field down/te- 22. The wavelength ranged
typically from 5300A to 8000A for two of the runs and 5128 to 8450A for the
other two, although the exact wavelength range for eactxgalapends on its exact
position on the mask. The mask design gave priority to taggkitxies, but included
non-targeted objects when there was free space in the mBEs&&xposure times were
typically 4 hours for the high-z sample and 1 or 2 hours forrthd-z one. Given the
long exposure times, the success rate for the spectros@gshifts is 97% above the
magnitude limit. The completeness of the spectroscopalagties, which depends on
galaxy magnitude and distance from the cluster centre, wapuated for each cluster
in Poggiantiet al.(2006). Typically, the spectroscopy samples a region oaidaster-

centric radius equal t&,q,* (see Poggiantt al., 2009, and references therein).

! Rogo is the radius delimiting a sphere that has mean density iinteeior equal to 200 times the
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Figure 2.2: Example of a 2-dimensional emission-line spectrum of axyadd > = 0.47. In this
spectrum, the dispersion direction is horizontal, and fae®l direction is vertical. The prominent
emission line seen is the [OI1]37Z7 doublet. Although the doublet is not resolved, the emissio
feature is clearly tilted due to rotation.

The slit size used for the spectroscopic observationsiwas 1 arcseconds, and the
spectra have a dispersion of 18ix ! or 1.66A pix !, depending on the observing
run. The masks were designed using fhieand images, since they best correspond
to the wavelength range chosen for the spectroscopy. Tisensdre aligned with the
major axis of the targeted object if the tilting of the sliddnot exceedt-45°. In

the second run however, this was only done for objects ifiedtas late-types by the
photometric redshift code (we refer to Halliday al. (2004); Milvang-Jensert al.

(2008) for full details on the mask design).

The FWHM resolution of the spectroscopy~st A, corresponding to rest-frame A8
at z = 0.6. This translates into a rest-frame velocity resolution of~ 70 km/s at
6780A (central wavelength of grism 600RI+19). For the typic@rsl-to-noise ratio
in the emission lines, this means that reliable rotationeigkes can be measured down

to ~ 20 km/s. An example two-dimensional spectrum is shown in figuPe

Spectroscopic redshifts were measured using emissianwhere possible, in partic-
ular the [OII\3727 line, or the most prominent absorption lines (see Miydensen
et al. (2008)). Figure 2.3 shows the redshift distribution of tlaagies with spec-

troscopy.

critical density.
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Figure 2.4: An HST view of cluster 1037. Galaxies of different morpha&xyan be easily spotted
in the image. The arrow indicates the size of 0.5 arcminuthish at the cluster redshift (= 0.4)
is equivalent to~165 kpc.

In addition to this, ten of the highest redshift clustersyirthe database were enriched
with Hubble Space Telescope (HST) mosaic imaging in the W8dter with the
Advanced Camera for Surveys Wide Field Camera (Desal.,, 2007). This allowed
us to perform a visual morphological classification of thiagigs in these fields. An
example HST image is shown in figure 2.4. The morphologieasification was done

visually, by a team of expert classifiers (see Desail., 2007, for details).

Additional follow-up of EDisCS fields includes narrow-baHd imaging (Finnet al.,

2005) and XMM X-ray observations (Johnsetal., 2006) for a subset of the clusters.

One of the key advantages of EDIsCS is its ability to probergelaange of en-
vironments, as it contains a large and homogeneous samgelafies in clusters,
groups, and the field. Cluster and field galaxies were distgiged using spectro-
scopic redshift information. Galaxies whose spectroscogaishift places them within

+30 uster OF the Zy,41, IN rest-frame peculiar velocity were considered clustemme
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Figure 2.5: The distribution of velocity dispersion vs. lookback timer £EDisCS (black points)
and for two other well-studied cluster samples at similaistgfts (red and blue points), as well
as for a well-studied local sample (histogram). Dashedslsteow how the velocity dispersion is
expected to evolve with time. From Milvang-Jenstl. (2008).

bers. Galaxies with z outside this range were flagged as fagdIption (see Halliday
et al, 2004; Milvang-Jenseat al, 2008). EDisCS clusters have velocity dispersion
in the range400 < o, < 1100 km/s. Galaxy groups with velocity dispersion of
160 < o, < 400km/s are also present (See Poggiattal., 2009, for further details).

Unless stated otherwise, the group and cluster populatibbevstudied together.

The EDisCS dataset is larger than all previous (similaistiat high redshift and not
only has the advantage of spanning a broad range in clusteegies but also contains
a significant field sample to match the cluster galaxies (spedi2.3 ). Figure 2.5
illustrates the wide velocity dispersion range of EDisC&sta#rs. From this plot it is
apparent that EDisCS clusters span a wide range of velopesions (and hence
masses), and that the majority of EDISCS clusters can bespitags of typical low

redshift clusters.



Chapter 3

Formation of early-type cluster

galaxies

3.1 Introduction

Galaxy clusters have proven to be very useful laboratooeghe study of galaxy
formation and evolution. They can provide large and divgy@axy samples across
practically small areas of sky. Although the relative intpace of nature and nurture
in shaping galaxy evolution remains debated, it is wellldshed that many galaxy
properties in the nearby Universe correlate strongly whigrtenvironment. In this
chapter, we will study the properties of E/SO galaxies irst@ts in order to better

understand galaxy formation and evolution.

In section 1.3, we mentioned observational evidence forlaucdimodality present
in cluster galaxies (e.g. Conselice, 2006; Wat@l., 2007, and references therein).
From this bimodality, we are able to divide galaxies inteethdistinct groups: (i) the
“blue cloud”, dominated by spirals and irregular galaxi@$the “red sequence”, the
prominent ridge of red galaxies (mainly passive E/S0), @di(ess distinct group of

presumably transition objects in the so-called “greeneyéll

The existence of a red sequence of cluster ellipticals indb@& Universe was estab-
lished by the works of Baum (1959), Faber (1973) and Cald{@®i83). They showed

that these galaxies have systematically redder coloubsiméteasing luminosity. Vis-
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vanathan & Sandage (1977) and Sandage & Visvanathan (178&tr found that
this colour-magnitude relation (hereafter CMR) is unia&r3 he detailed study of the
UV K colours of local cluster early-type galaxies carried ouBloyver, Lucey & Ellis
(1992) confirmed Sandage & Visvanathan’s anticipation tiwdlh SOs and ellipticals
follow the same relation. Furthermore, they also showetdttigeobserved scatter about

the CMR is very small{ 0.04 mag inU — V for their sample).

In the past decade, a number of studies have shown that thed@BIRotical galaxies
holds at progressively higher redshifts, at least up te 1.4 (e.g. Elliset al,, 1997,
Stanford, Eisenhardt & Dickinson, 1998; van Dokkeal., 2000, 2001; Blakeslee
et al, 2003; Meiet al, 2006; Lidmanet al, 2008). As a consequence, the CMR is,
arguably, one of the most powerful scaling relations obdyethe early-type galaxy
population at the cores of clusters, encoding importamrmétion about their forma-

tion history.

The slope of the CMR has traditionally been interpreted asdinect consequence
of a mass-metallicity relation (e.g. Faber, 1973; Lars@v,4t Gallazziet al., 2006).
The classical explanation of this mass-metallicity segeas based on the idea that
star-formation-induced galactic outflows would be morecgdfit at expelling metal-
enriched gas in low-mass galaxies than in massive onesL@sgpn, 1974; Dekel &
Silk, 1986; Tremontet al, 2004; De Lucia, Kauffmann & White, 2004; Kobayashi,
Springel & White, 2007; Finlator & Davé, 2008; Arimoto & Ybs, 1987). An alter-
native interpretation in which the CMR is predominantly ge aequence would imply
that the relation changes significantly with redshift as lesssive galaxies approach
their formation epochs. The possibility that age is the ntaiver for the CMR was
ruled out by observations of clusters at intermediate réidblat showed that the slope
of the CMR evolves little with redshift (Kodama & Arimoto, 29; Kodamaet al.,,
1998). Nevertheless, weak age trends along the CMR havediaemed (e.g. Fer-
reras, Charlot & Silk, 1999; Poggiarst al., 2001; Nelaret al,, 2005), even though it

seems clear that they are not the main physical driver.

Bower, Lucey & Ellis (1992) interpreted the small scatteoafthe CMR as the result
of small age differences at a given galaxy mass. The tightoéshe relation then

implies very synchronized star-formation histories foesdl galaxies. Larger colour
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scatter would imply later episodes of star-formation, ori@denrange in galaxy forma-
tion redshifts. These results are not only indicative oftassive evolution of elliptical
galaxies but also of an early formation epoeh> 2-3; e.g. Bower, Lucey & Ellis,
1992; Blakesleet al,, 2003; Meiet al., 2009). Studies of absorption-line indices in the
spectra of early-type galaxies also imply old ages (e.ggdret al., 1998). Further-
more, combined evidence from studies of the Faber-Jackégin,oc and Fundamental
Plane, and line strengths, also agree with passive evaolafioluster early-type galax-
ies (see e.qg. Ziegleat al,, 2001; Fritz, Bohm & Ziegler, 2009, and references therein
Some evidence has been found that the mean stellar age$ystyger galaxies may de-
pend on their stellar mass in the sense that lower-massigalagpear to have formed
their stars at later epochs than the more massive ones (ggdset al,, 2005), al-
though Trager, Faber & Dressler (2008) find no such trendeir #tudy of the Coma

cluster.

The above interpretation of the nature of the CMR, althougHitionally accepted,
has an important problem: it assumes that all red-sequealagigs that we see today
can be identified as red-sequence members of high redshaftygelusters. As noted
by van Dokkum & Franx (1996), this assumption is probably ngdecause of the
so-calledprogenitor bias if the progenitors of some early-type galaxies were spiral
at higher redshift, they would not be included in the highestshift samples, which
biases the studied population towards older ages. Thistéfées been corroborated by
recent studies of the CMR evolution. De Lueibal. (2007) found a significant deficit
of faint red cluster galaxies éat4 < = < 0.8 compared to galaxy clusters in the local
Universe. They conclude that the red sequence populatidngbf redshift clusters
does not contain all the progenitors of nearby red sequednseec galaxies (see also
De Luciaet al, 2009, and references therein). Tana&kaal. (2008) also find such
deficit in a galaxy cluster at = 1.1. We will come back to this issue in sections 3.4

and 3.7.

In this chapter, we present a study of the CMR for a total semfil 74 morphologically-
selected elliptical and SO galaxies contained in 13 galéssters and groups at4 <

z < 0.8 from the ESO Distant Cluster Survey (Whigt al, 2005, EDIisCS), tak-

ing advantage of the availability of extensive Hubble Speslescope (HST) imaging
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obtained with the Advanced Camera for Surveys (ACS) andsite ground-based
imaging and spectroscopy (see chapter 2). We interpretctitées about the CMR as
a proxy for age (or formation tim&-), and study its dependence on intrinsic galaxy
properties such as their luminosities and morphologied,tha role of the environ-
ment as quantified by the mass/velocity dispersion of the&teta. We complement the
scatter analysis with information derived from the zeropoif each cluster's CMR to
constrain not only the formation epoch of early-type gadaxiut also the duration of

their formation phase.

It is important to point out that, even though there is mucid@wce suggesting that
the CMR scatter is principally driven by galaxy age (e.g. &wva & Arimoto, 1997,
Kauffmann & Charlot, 1998; Bernardit al,, 2005), metallicity variations could also
contribute to it (Nelaret al,, 2005). If that is the case, the stellar ages we derive here
would be lower limits since the colour scatter we measurel@voantain both an age
component and a metallicity one. Taking the results of Netaal. (2005) at face
value, the maximum scatter in metallicity at a given velpdispersion (luminosity)
is ~ 0.1dex, implying that at most we could be systematically unstareating the
stellar ages by 0.15dex, where we have assumed Worthey (1992)age-metallicity
degeneracy law. Notwithstanding this caveat, even if theolibe ages were affected
at this level, it is not unreasonable to expect that the etiaaelative ages (the main

focus of this chapter) would be smaller.

3.2 The sample of cluster early-type galaxies

This chapter focuses on a sub-sample of galaxies from theE®dataset (fully de-
scribed in chapter 2). The selection yielded 174 E/SO gesaxi 13 clusters/groups

and was based on the following criteria:

1. The galaxies must be spectroscopically-confirmed allgstaip members (Hall-
idayet al,, 2004; Milvang-Jenseet al., 2008). This ensures a very clean sample,
avoiding the uncertainties introduced by other cluster imenship criteria such
as photometric redshifts (Rudniekt al, 2009; Pelléet al,, 2009). The penalty

is, of course, a significant reduction in the sample size.



Formation of early-type cluster galaxies 27

2. They must have early-type morphology (E or S0), based suviclassification
from HST images (Desai al., 2007). We note that by imposing this, the sample

reduces to galaxies within the 10 fields observed with HST.

3. The galaxies should belong to clusters/groups with at aarly-type members
in order to measure the CMR scatter with reasonable accuiiddyg allows us
to detect the presence of an intrinsic colour scatter witso confidence in all

cases.

Since all spectroscopically-confirmed members in the H8%ed area have been
morphologically classified, the selection function of oamgple is the same as that of
the spectroscopic sample (with a magnitude limitZof- 22 ). This means that for
all practical purposes our early-type galaxy sample behéke the original/-band
selected spectroscopic sample (Milvang-Jeretesd.,, 2008), and therefore as a rest-
frame B-band selected sample. On average we typically rédgh< —18.5, with
some cluster-to-cluster variation. Although all our as&yhas been carried out us-
ing this empirically-defined-band selected sample, thus maximizing the sample size,
we have checked that using a rest-fraBvand luminosity selected sample would not
have altered any of our conclusions. We have also checkeththapectroscopic selec-
tion function does not affect our conclusions. We producexhtd Carlo realizations
of the colour-magnitude diagram of our sample taking intmaat the empirical selec-
tion function determined by Milvang-Jensenal. (2008) and found that the simulated

colour scatter agrees very well with the measured one.

To test the robustness of the morphologies for the galaxiesur sample, we re-
examined visually their HST images (see figure 3.1). It tdroeat that only two
galaxies had been misclassified as early-types in Detsal. (2007). The first one,
EDCSNJ11380961135223, is clearly not an elliptical and shows a very péedr
morphology. The second one, EDCSNJ113812734190, is in a dense group of
(probably) interacting galaxies and there is a bright 8ad very close to the posi-
tion of this object. It is obvious that the wrong galaxy waasslified. The last two
lines of table 3.4 show some of the properties of these twaxges and their HST
F814W images are shown in the bottom row of figure 3.1. It issooprising that both

galaxies are substantially bluer than the red-sequencsy dite also quite faint, where
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EDC3KJ1040398- 115183

z=0.7048
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Figure 3.1: HST F814W images for a representative sample of ellipti¢tals row), SOs (second
row) and “blue tail” galaxies (third row). The last row shotlhie 2 galaxies that were excluded from
our study due to morphological misclassification. The mgbs$t 2 galaxies in the third row (blue
tail) exhibit some degree of perturbation in their morplyis (see text for further discussion).
The horizontal white lines correspondiépc.

visual classification is, perforce, less reliable. These msclassified galaxies were
removed from our sample and will not be discussed further. nét&ced that 6 out
of the remaining 172 galaxies (3.5%) have signs of pertiobaalthough their early-
type morphology is clear. Interestingly, 2 out of these §lely perturbed galaxies are

significantly bluer than the CMR. We will come back to this @tson 3.4.

The cluster sample with the corresponding redshifts, difisight velocity dispersions
(0,) and number of early-type members is shown in table 3.1. dfeare taken
from Hallidayet al. (2004) and Milvang-Jensest al. (2008). The reliability of these
velocity dispersions as mass estimators has been confirgneegdk lensing (Clowe

et al,, 2006) and X-ray (Johnsaet al,, 2006) estimates.

For consistency with previous work on the CMR of EDisCS adughlaxies (De Lucia
et al,, 2007), in the following we use magnitudes and colours measin seeing-
matched images with'lW H M = 0.8 arcsec (the typical seeing in the optical images),
using a fixedl.0 arcsec radius circular aperture. This aperture represeatenpro-

mise between minimizing sky-subtraction and contamimegiwors and being as close
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Table 3.1: Properties of the EDisCS cluster sample used in the anatydisis chapter. The
columns correspondto: cluster ID, spectroscopic redsimé-of-sight velocity dispersion, number
(V) of early-type galaxies (E+S0), number elliptical§ (E)) taken into account in the scatter
calculation, and number of “blue tail” membersy..). See text for details. Cluster redshifts and
velocity dispersions were taken from Hallideyal. (2004) and Milvang-Jensest al. (2008).

Cluster name z o, (km/s) N(E+S0) N(E) Npue
Cl1037.9-1243a 0.4252 537+% 12 7 1
Cl1138.2-1133a 0.4548 54215 9 7 1
Cl1138.2-1133 0.4796 732772 16 11 3
Cl1232.5-1250 0.5414 1080*1.L° 23 15 3
Cl1354.2-1230a 0.5952 4339, 4 4 0
Cl1103.7-1245a 0.6261 336*% 4 4 0
Cl1227.9-1138 0.6357 57417 8 3 0
Cl1054.4-1146 0.6972 589%™ 16 14 2
Cl1040.7-1155 0.7043 418*% 8 7 0
Cl1054.7-1245a 0.7305 182738 6 5 0
Cl1054.7-1245 0.7498 504711 18 13 0
Cl1354.2-1230 0.7620 64871% 5 4 2
Cl1216.8-1201 0.7943 101877 31 18 0

as possible to measuring global colours. We noteltliadrcsec corresponds1e 7 kpc
atz ~ 0.7, and at these redshifts early-type galaxies in the lumipeange consid-
ered here have half-light radi¢ 3kpc (Treuet al, 2005; Trujillo et al, 2007). The
associated photometric errors were derived by placing g@pertures in regions of
the image without detected objects to estimate accuratelygky contribution to the
error budget. This is justified since the sky noise is the dami source of error when
measuring the aperture magnitudes of our faint galaxies \(gkite et al, 2005, for

details).

3.3 Method: the scatter-age test

The scatter-age test carried out in this thesis was develbpd&ower, Lucey & El-
lis (1992) as a reasonably simple, yet powerful method faistraining the formation
history of early-type galaxies. They applied itat- 0 to galaxies in the Virgo and

Coma clusters. Elligt al. (1997) applied the same test to galaxies in three 0.54
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clusters. We apply it here to a much larger cluster samplesrang a significant clus-
ter mass range. We have the added advantage that since ¥@iddrtainty in the
cosmological parameters, and thus the transformationdshié into look-back time,
has decreased considerably. We also benefit from a large @anddeneous galaxy
sample in a wide range of redshift and cluster velocity disijpa (or cluster mass).
This method has been used by many authors in the past (e.pokkumet al., 1998;
Stanford, Eisenhardt & Dickinson, 1998; Blakestal., 2003, 2006; Meet al., 2006,
2009; Hiltonet al., 2009). A description of the specific steps we took to perftmm

scatter-age test follows.

We first constructed colour-magnitude diagrams (CMDs) efdarly-type galaxies in
each cluster using the photometric bands closest to rasteft/ and V. Rest-frame
U — V measures the strength of th@0OA break and is therefore a very age-sensitive
broadband colour (see section 3.3.1 for a detailed judiiicaf our choice of ob-
served colour). For most of the clusters this choice redui®IDs of R — I versus/,
but for the three lowest redshift clusters we uséd- [ versus/ (see table 3.2). We
then fitted a linear CMR for each cluster using a fixed slope@f)9 * and setting the
zeropoint to the median colour. This procedure is very rgbagarticular for groups
and clusters with small numbers of galaxies where the CMResttannot be deter-
mined to sufficient accuracy. Our results are not sensitivbeé exact choice of slope
since in general the CMR is reasonably flat and redshiftpeddent (Holderet al,,
2004). As an example, the CMD for the early-type galaxiesuster CL1216.8-1201
is shown in figure 3.2. The full set of CMDs for our EDiSCS chrssample can be
found in Appendix A.

For each cluster, the observed scatter in the galaxy cotosgt the CMR €,,,s) was
computed as the r.m.s. of the residuals (in the colour doerbetween the observed
colours and the fitted CMR. We reject outliers in this prodsssnposing the condition
that galaxy colours should be withia0.3 mag from the CMR. While other methods
such as the biweight scatter estimator used by other aufeagsMeiet al., 2009)
reject outliers implicitly, we chose to do it explicitly. Vkscuss these outliers in some

detail later.

1This value was previously used in De Lueital. (2007) to construct V-l CMRs for colour selected

red-sequence galaxies from the EDisCS database
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Figure 3.2: The R — I vs. I colour-magnitude diagram for the early-type galaxies umster
CL1216.8-1201 atz = 0.79 is shown here as an example. The full set of CMDs for our EDisCS
clusters can be found in Appendix A. Elliptical galaxies s¥presented by “+” signs, and S0s by
open diamonds. The solid line shows a linear fit to the cotoagnitude relation with the slope
value determined by De Luciet al. (2007). See text for details. The dotted lines correspond to
+0.3 mag from the CMR. For reference, the typical sizes of therdvaos are plotted on the top of
the figure as a function of magnitude.

Following Bower, Lucey & Ellis (1992), the intrinsic scattg;,;) was then obtained
by subtracting, in quadrature, the mean value of the phadiaenenlour uncertainty
from the observed scatter. The colour uncertainties rargge #.012 to 0.021 (White

et al, 2005), and have therefore little effect on the observetiexc@ee section 3.4).

Bower, Lucey & Ellis (1992) used;,; to constrain the formation history of the galax-
ies by assuming the following relationship between the wokzatter and the colour

evolution of the stellar population (Bower, Lucey & Elli€92):

AU —V)

(th — tp) 8 < Oint, (3.1)

wherety is the age of the Universe at the cluster redshifts the look-back time from
then to the epoch at which star formation ended,&bd-V"),/dt (where the subscript
“0” denotes rest-frame) is derived from galaxy evolutiondels. This factor should
be reasonably well understood as it is mainly governed byryeaquence evolution

(for a given IMF). In this equationj parametrizes the spread in formation tidveas
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Figure 3.3: Time-line of the Universe illustrating the different pareters used in equations 3.1
and 3.2. The time arrow starts on the left at the beginningp@finiverse { = oc). The orange
region shows the total available time galaxies can use to &ars.At is the time galaxies actually
spend forming stars. From then on, the cluster galaxiessamenaed to evolve passively until the
observed redshift(;). We defing as the time elapsed from the epoch when star formation ended
until the cosmic time corresponding tg,.

a fraction of the total available time:

At

Thus,3 = 1 implies no synchronization, i.e. the galaxies in the sarfgimed using
all the available time, whilgg = 0.1 would mean a high degree of synchronization,
with all the galaxies forming in the last 10% of the availaiohee. Figure 3.3 illustrates

the time-line defined by equations 3.1 and 3.2.

We calculated thé(U —V'), /dt factor using Bruzual & Charlot (2003, hereafter BC03)
model$ for a passively-evolving stellar populations that formadaisingle burst of
0.1 Gyr duration. The exact burst duration does not have a sigmifieffect on our
conclusions provided that it is much shorter tianSolar metallicity ¢, = 0.02), a
Chabrier (2003) initial mass function (IMF) and no dustaiigtion were assumed. Us-
ing alternative IMFs (e.g. Salpeter, 1955) would not ali@r @onclusions because for
the stellar masses of interest (given the range)nthe relative differences in the IMFs
are only minor (cf. Bower, Lucey & Ellis, 1992). The use of netglwith solar metal-
licity is partially motivated by the results presented angShez-Blazqueet al. (2009),
where ages and metallicities are derived for EDisSCS redessce galaxies from their

absorption line indices. Sanchez-Blazqeeal. (2009) found solar-metallicity mod-

2For the range of ages discussed in this chapter and the bquiloars on which we base our conclu-
sions, using alternative population synthesis models as¢hose of Maraston (2005) would not change

our results.
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Figure 3.4: lllustration of the colour-scatter method and the assediaandom (a) and system-
atic (b) uncertainties for the cluster CL1216.8201 atz = 0.79. The rate of colour change
(dColour/dt) as a function of is shown by the identical solid red lines in panels (a) and Ifb)
this example we use the observgll— I), very close to rest-fram@’ — V') at the cluster redshift,
computed using BCO3 stellar population models for galawiis solar metallicity and a single
star formation burst of.1 Gyr duration (see text for details). The scatter about theRGivbvides
an upper limit to the allowed rate of colour evolution, paedinized by equation 3.3 for a giveh
(equation 3.2). This constraint is shown in both panels byidientical solid black lines, as derived
from the intrinsic colour scatter for this cluster and asgghree different values of. The in-
tersection between the observational lines (solid blaokl)the model ones (solid red) constrains
tr. The dotted black lines in panel (a) correspond totier random errors affecting the solid
black line as a result of the observational uncertainty andblour scatter. The red dotted lines
in panel (b) illustrate the effects of systematic model utaisties (e.g. metallicity) ofr. These
lines correspond to models with the same star formationtyists for the red solid line but different
metallicities: the upper line hds,,—so1ar = 0.008, whilst the lower line ha¥guper—solar = 0.05.

els agreed well with the observed galaxy spectra. We digtessffect of assuming

different metallicities later.

Figure 3.4 shows how equation 3.1 can be used to constrastahérmation history
of the galaxies from the colour scattey,; of our richest cluster. It also illustrates
the effect of the relevant random and systematic unceiaintin figure 3.4(a), the
red solid line represent® R — I)/dt (very close to rest-framé(U — V'), /dt) as a
function oftg, calculated from the BCO3 models. The black solid lines afendd by
the equation

d(R—1) Cint

dt (tn—tp)B (3:3)
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for several values of. Equation 3.1 implies that the allowed region lies below the
black lines, and thus the intersection of the red and blawsliprovides a constraint
(upper limit) onty for a giveng. It is clear that the colour scatter alone cannot be used
to constrainy andg simultaneously. The dotted black lines in figure 3.4(a)espnt
the+10 random errordin the colour scatter, showing their effect on theincertainty.
The effect of systematic uncertainties, such as changiegntbdel chemical compo-
sition, are shown on panel (b). The dotted red lines cormdpo stellar population
models with non-solar metallicityZ,,—solar = 0.008 and Zgyper—solar = 0.05). Itis
immediately apparent that the effect of systematic modeg¢ttainties such as these in
the calculation ofy. is, in general, significantly larger than that of photontetandom
errors. This implies that absolute valuestpfmust be interpreted with great caution.
However, it is not unreasonable to assume that these syttsmauld affect all the
galaxies similarly, making angifferential or comparativestudy precise and, hope-
fully, robust. Unless otherwise stated, we consider randogertainties only when
discussingr since our study is largely comparative, but it is importarbéar in mind

that substantial systematic uncertainties do exist.

3.3.1 Colour dependence of the derivetk:

Previous studies have noted that colours which bracket@heA break provide the
most sensitive indicators of age changes, yet are the |#astexdd by photometric
errors (e.g. Blakesleet al,, 2006). For this reason, and following Bower, Lucey &
Ellis (1992), we decided to carry out the age-scatter taagusbserved colours close
to rest-framé/—V'. Nevertheless, itis instructive to study how the actuabaothoice
could affect our results. We used our richest cluster, C61211201, as the ideal test
bed for this purpose. Using the galaxy sample in this clugteicarried out the scatter-
age test with CMDs compiled for different sets of colours. d¥lcolours straddle the
4000A break atz = 0.79 (the cluster redshift), with the exceptionslof J and/ — K.
The values ot andtr derived for each colour are plotted in figure 3.5 for diffaren

values off3. It is clear that, at least fo > 0.3, all the colours provide a consistent

3The errors in the colour scatter were estimated from the 1664% confidence levels in the

distribution of the measured,,;, which correspond te-10 uncertainties.
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Figure 3.5: The derived formation times of the early-type galaxies mdhuster CL1216.91201
atz = 0.79 are plotted against the intrinsic CMR scatter measuredii@wdifferent colours used
in the scatter analysis. With the exceptioniof- J and/ — K all colours straddle thea000A
break at the cluster redshift. Filled stars correspond te 1.0, diamonds tg3 = 0.3 and circles

to 5 = 0.1 (see equation 3.2). The black dotted line indicates the &gleeoUniverse {y) at
the cluster redshift. In this figure the errorstin are calculated as the sum (in quadrature) of
the random and systematic uncertainties discussed in e Within the errors, most colours
yield consistent values af: (particularly forg > 0.3). However, fors = 0.1 the optical-optical
and optical-infrared colours give discrepant results jpbgslue to the difficulty in modelling the
contribution of asymptotic giant branch stars.

value oftr within the combined random and systematic errors. Howdoer; = 0.1
the optical-optical and optical-infrared colours giveadepant results. This is probably
because at the relevant stellar population age® Gyr) asymptotic giant branch stars
have a potentially large, and very uncertain, contributmthe near-infrared galaxy
emission, making the model predictions very unreliable ri@dton, 2005; Conroy &
Gunn, 2010). The colour with the smallest scatter and sstadleatter uncertainty
is R — I, which is the closest to rest-franié — V' at this redshift. This provides
additional justification for the use of observed colours tr@ the closest match to

rest-frame/ — V' in our analysis.



Table 3.2: Values of the measured intrinsic scatter,() and the calculated formation timeégr{ and redshift £r) for solar metallicity and3 = 0.1,0.3 and1.0. The
associated uncertainties correspond to the random ert6# énd 84% confidence levels im@ distribution). Recall thatr is the lookback time, from the cluster
redshift, since star formation ceased.

Cluster name 2 CMR Tint tr(8=0.1) tp(8=0.3) tp(f=1.0) 2p(B=0.1) zr(8=0.3) zp(8=10)
colour (Gyr) (Gyr) (Gyr)

Cl1037.9-1243a 0.4252 V — T  0.0970:03 2.3704 4.4%9% 6.0103 0.7675 1.3+0.1 2.1707
Cl1138.2-1133a 0.4548 V — 1 0.10%993 2.4%92 3.34701 4.0751 0.8270 06 1.031993  1.2240.03
Cl1138.2-1133 0.4796 V — T  0.0970:03 2.1703 3.7103 51703 0.7970 02 1197007 1.840.1
Cl1232.8-1201 0.5414 R—1 0.087002 1.8754 3.8703 51703 0.827005  1.40759%  26+0.2
Cl1354.2-1230a 0.5952 R — I 0.04709, ~ 22%95 4.2+04 5,703 1.0791 17192 2.8
Cl1103.7-1245a 0.6261 R—1  0.08*307 1.0+08 3.1704 4.753 0.8701 1.4+92 2.2102
Cl1227.9-1138 0.6357 R—1  0.0979:9 0.5704 2.510:3 4.1102 0.71%008 1.2791 1.8703
Cl1054.4-1146 0.6972 R—1 0.067007 1.0192 2.9702 45703 0.867097 144700 2.440.2
Cl1040.7-1155 0.7043 R—1 0.0579% 11794 3.210:3 4.9702 09401  1.640.2 2.7103
Cl1054.7-1245a 0.7305 R—1  0.11%3% 0.5703 16195 4.0752 0.80705, 1440 2.1704
Cl1054.7-1245 0.7498 R—1 0.1079% 0.6703 1.8793 3.610: 0.841008 1307598 1.9015.06
Cl1354.2-1230 0.7620 R—1 0.0579% 0.970 2.910-4 4.6103 0.9+0:1 1.6%92 2.7H0:3
Cl1216.8-1201 0.7943 R—1 0.058799%  (.9%92 2.8102 45101 0.967502 1.6+£01 275809
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Table 3.3: Main characteristics of the comparison samples.

saixe|eb J21snjo adA-Ajes Jo uonew.loH

Cluster name z Cint Colourused Ref. o, Ref. Symbolin
iN ot for oy (Km/s) foro, Fig. 3.6
Coma 0.0231 0.056 + 0.01 U-Vv 1 82173 8 X
Virgo 0.0038 0.044 +0.01 U-Vv 1 63275 8 X
CL1358+62 0.3283 0.079 4 0.01 B-V 2 102773 9 X
low-2z CL0412-65 0.510 0.131+0.027 (U-V),o 3 681772 10 X
CL0016+16 0.546 0.064+0.01  (U—V).— 3 1127119 7 i
CL0054-27 0.563 0.06+0.01 (U—-V).o 3 74279 10 X
MS 1054-0321 0.831 0.0704£0.008 (U—-B).—o 4  1156+82 4 O
RX J0152.7-1357 0.834 0.050 £0.005 (U—B).—g¢ 4  1203™5, 4 O
CL1604+4304 0.897 0.0314+0.003 (U—-B)..o 4  703£110 4 O
high-z CL1604+4321 0.924 0.0434+0.006 (U—-B).o0 4  582+167 4 O
RDCS J0910+5422 1.106 0.060 £0.009 (U —-B).—¢ 4 675190 4 O
RDCS J1252.9-2927 1.237 0.112+£0.022 (U - B).—o 4 74770 4 O
RX J0849+4452 1.261 0.070£0.014 (U — B).—g 4 740718 4 O
RX J0848+4453 1.270 0.049+£0.027 (U—-B).—¢ 4 650170 4 O
very highz  XMMU J2235.3-2557  1.39 0.055+£0.018 J— Ks 5 7624265 11 O
XMMXCS J2215.9-1738 1.46 0.12 4+ 0.05 Zg50 — J 6 580140 11 A

Note: Following Blakesleet al. (2006), the scatter it/ — B)._, was transformed intQ/ — V'),_, scatter by adding.04.

References: (1) Bower, Lucey & Ellis (1992); (2) van Dokketral. (1998); (3) Elliset al. (1997); (4) Meiet al. (2009) and references therein;
(5) Lidmanet al. (2008); (6) Hiltonet al. (2009); (7) Borganet al. (1999); (8) Faddat al. (1996); (9) Fisheet al.(1998); (10) Girardi &
Mezzetti (2001); (11) Mullist al. (2005); (12) Hiltonet al. (2007)
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3.4 The scatter in the colour-magnitude relation

3.4.1 The CMR scatter for different clusters

For each cluster, we calculated the intrinsic colour scattg following the method
described in section 3.3. The valuesgf and the actual colours used for each cluster
are listed in table 3.2. At this stage, we exclude from thiswdation all galaxies whose
colours are> 0.3 mag bluer than the fitted CMR. The number of galaxies excluded
each cluster is listed in table 3.1. In total, there are 12)(@f4hese blue early-type

galaxies in our sample. We justify this approach and disthesse galaxies later.

The colour scatter shows no significant evolution with réiti$br the clusters in the
EDisCS sample (figure 3.6, top panel). To extend the redsasieline and compare our
results with previous studies, we plot in figure 3.6 similaliocir scatter measurements
from the sources listed in table 3.3. No redshift dependéndéeund even for this
extended redshift range. The bottom panel of figure 3.6 énrshows that the colour
scatter does not correlate with cluster velocity disperiQ) either, implying that the
scatter is not strongly affected by cluster mass. We notetligavelocity dispersion
range spanned by our sample is very broz@) (< o, < 1200km/s). Adding the

~Y

clusters in the comparison samples reinforces our result.

3.4.2 CMR scatter dependence on galaxy properties

To explore the overall behaviour of the galaxy colours atbtive CMR, figure 3.7
shows the distribution of the residuals for the completexgalsample as a function
of the absolute rest-fram8 magnitudeM (for details of the calculation of/g,
see Rudniclet al, 2009). By construction, the residuals are concentratedtaheir
median value# 0; solid line in figure 3.7). The vast majority of the colouricksals
follow a normal distribution reasonably well. The scatgesimall, as discussed above.
However, at faint magnitudes there is a clear “blue-tailhtedning a few galaxies
with significantly bluer colours (smaller blue symbols inuiig 3.7). These results
can also be seen in the upper histogram of figure 3.8, whictvshioe distribution

of the colour residuals for the complete sample of earlyetgjuster galaxies. The
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Figure 3.6: The upper panel shows the dependence of the intrinsic saatiee observed colour
closest to rest-fram@/ — V') .. for EDisCS clusters (filled black diamonds) and several caninp
son samples at lower and higher redshift (grey symbols).IGkeedshift cluster sample (asterisks)
was compiled from the work of Bower, Lucey & Ellis (1992); vBokkumet al. (1998) and Ellis
etal.(1997). The higher redshift sample was taken from #teil. (2009) (open diamonds), Hilton

et al.(2009) (open triangle) and Lidmaat al. (2008) (open square). See table 3.3 for details about
the comparison samples. This plot reveals there is no ignifiCMR scatter evolution with red-
shiftup toz < 1.5. The lower panel shows the scatter as function of clustercitgi dispersion. In
both panels, the solid line represents the medignvalue for the EDisCS clusters and the dotted
lines correspond te-20. The CMR scatter does not correlate with cluster velocigpdrision.
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Colour residuals

Figure 3.7: Observed colour residuals around the CMR as a functiail gfof all the galaxies in
the sample. Note that we express the magnitud&/gs— 5 Log h, whereh = H,/70. Elliptical
galaxies are represented with crosses and lenticularsdidgthonds. The solid line indicates the
location of the median, dotted lines corresponéd@and3o for the black data points, and the blue
symbols represent the galaxies in the “blue tail” (see texietails). The median luminosity is
also shown for reference (black dashed line).

measured scatter for the whole sample is small;(= 0.078 when excluding the
“blue-tail”) and significantly larger than the scatter doethe photometric errors~(
0.017). This implies that the intrinsic colour scatter for the qoeate sample is;,; =
0.07610 055, very close to the average scatter for the individual chsste:,;) = 0.077,

cf. table 3.2).

There are 12 galaxies (7% of the total sample) with colouis3 mag bluer than the
CMR. The number of “blue” galaxies in each cluster is listedable 3.1, while their
individual IDs and some observed properties are present@dbie 3.4. These galaxies
were excluded from our scatter-age analysis (section 8ts)insistency with previous
studies (e.g. Meet al., 2009) where outliers are rejected implicitly. The choicasw
to exclude them explicitly, but we discuss the implicatidhat their existence and
properties have in our conclusion. Interestingly, 2 outhw#f 12 blue galaxies show
a small degree of disruption in their morphologies, as fobpdsisually inspecting
their HST images (see comments in table 3.4 and figure 3.Bedtion 3.2 6 galaxies
(4%) were found in our full sample that, despite their cleadyetype morphology,

show some signs of disruption. Now we find that 2 of these theil galaxies have
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Figure 3.8: Histograms of the observed colour residuals around the CoRhE different galaxy
sub-samples computed from figure 3.7: (a) the complete safBpipticals and S0s); (b) Ellipticals
only (c) SOs only; (d) luminous galaxies and (e) faint gadaxiThe dotted lines in the top panel
correspond t®c and 3¢ for a Gaussian distribution with,,s = 0.078. The solid lines in all
panels show a gaussian fit to the complete sample (top) fopadson. The open blue part of each
histogram corresponds to the “blue tail* (see text and figurefor details).

“blue” colours, indicating that among the blue galaxies rphological disturbances
are much more common than among the ones in the CMR. Newesthdahe rest of
the blue galaxies (10) do not show any clear sign of morphcédglisruption. We
further discuss the implications of these faint blue gaaxi.e. the “blue tail”) in our

conclusions.



Table 3.4: Properties of the “blue tail” galaxies. The “excluded” gaés are also listed in the two bottom lines.

EDisCS galaxy ID Type Residual (mag)V/p Comments (from spectra; morphology)
EDCSNJ10541991146065 E  -0.32 -18.97 Several emission lines
EDCSNJ105420#1148130 SO -0.41 -18.43 Considerable [Oll] emission
EDCSNJ123230#1249573 E -0.90 -19.51 Absorption-line spectra
EDCSNJ12323361252103 SO -0.52 -19.24 Galaxy of spectral type k+a
EDCSNJ12323041250391 E -0.42 -20.03 Considerable [Oll] emission; Sormge sf disturbance
EDCSNJ11380501132546 E  -0.60 -18.17 Strong [Oll] emission
EDCSNJ11380681132510 E  -0.68 -18.73 Starburst?; High surface brightness
EDCSNJ11380341133049 E -0.64 -18.07 Strong [Oll] emission; Some sign sfutbance
EDCSNJ13540731233336 E  -0.45 -18.86 Strong [Oll] emission
EDCSNJ13540221234283 E -0.68 -19.15 Strong [Oll] emission; Compact galax
EDCSNJ10375641245134 SO -0.37 -17.61 Considerable [Oll] emission
EDCSNJ11381351137137 E  -0.66 -18.28 Considerable [Oll] emission
EDCSNJ11380961135223 * -0.33 -19.00 Strong [Oll] emission; Very disturbed/Mergjin
EDCSNJ11381271134190 * -0.33 -17.88 Either HIl regions or large merger

* These galaxies where misclassified as E in Desal. (2007). We excluded them from the sample since their HST @nagveal that they are
not early-type galaxies and they show strong signs of disragsee section 3.2).
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Figure 3.9: The left side of the figure shows the spectral type of our samgplaxies as a function
of CMR residuals. The dotted line indicates the boundarybenh red-sequence galaxies and
the “blue tail” (filled symbols). A vertical histogram on thight side of the figure shows the
distribution of the spectral types. In the histogram, “Ithi€ galaxies are highlighted in the shaded
area. The spectral types range from 1 to 4, where 1 corresgorabsorption-line spectrum; 2 to
absorption-line spectrum plus some very weak emissiongdrtigsion-lines with EW[OlIk 254

rf; and 4 to strong emission line spectrum (EW[O!IR5 4 rf).

Figure 3.9 shows the spectral type of the sample galaxiefusmeton of CMR residu-
als. Blue galaxies are represented with filled circles (aride shaded histogram). The
vast majority of the early-type galaxies in the red sequénpen symbols and open
histogram) have absorption line spectra, while the “blwal’ galaxies show higher
spectral types indicating they have emission lines in amdito their blue colour,
which is likely a consequence of the presence of youngdastbpulations. Indeed,

all galaxies with spectral type of 4 (except one) are in tHaéhail”.

In what follows, we concentrate on the remaining 160 gaxitose colours are
within £0.3mag from the CMR. From these, we constructed sub-samplescng to

different galaxy properties:

e Morphology (E vs. S0), as indicated by different symbolsgufe 3.7.

e Luminosity (Luminous vs. Faint), divided at the median reate B absolute
luminosity (corresponding ta/3¢! = —19.8; cf. vertical dashed line in fig-

ure 3.7).
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The four bottom histograms of figure 3.8 show the distributtdéthe colour residuals
for each one of these sub-samples. Within the errors, we liigidboth ellipticals and
SO0s show the same scatter. However, the luminous galaxiesehalightly smaller
intrinsic scatter than the faint ones. The values;gffor each sub-sample are listed in
table 3.5. In the next section, we interpret these scatteieyms of the star-formation

history of the different galaxy samples.

3.5 Star formation histories

3.5.1 Star-formation histories of the early-type galaxiesn each

cluster

Using the method discussed in section 3.3 and the intrirdmuc scatter measured
for the early-type galaxies, we computed, for three valig$ the formation timesgg
and their respective errors for each individual clusterroug (see table 3.2). An in-
spection of this table immediately shows that, as expebtbediigher values off (less
synchronous galaxy formation) older ages are requiredgtaaxthe small colour scat-
ter. A clear trend is also apparent: at a fixedhigher redshift clusters have smaller
tr. However, if we correct for the difference in look-back timeing our adopted
cosmology, thesg: can be translated into formation redshifts, and the trend disap-
pears. All the EDisCS clusters yield consistent formateashifts for their early-type
galaxy population4r ~ 0.8 for 5 = 0.1, 2zp ~ 1.4 for § = 0.3 andzp >~ 2.4 for

g = 1.0). This is shown in figure 3.10, wherg is plotted vs. cluster redshift for the
different values or8. For comparison, we overplot the formation redshifts detitay
Sanchez-Blazqueat al. (2009) using absorption-line indices in the spectra of EISis
early-type red-sequence galaxies (blue and red diamontsg. blue points (corre-
sponding to galaxies with velocity dispersioas175km/s) agree very well with our
formation redshifts fop = 0.3 (black diamonds), while the red points (galaxy velocity
dispersions> 175km/s) agree withg > 0.3. Moreover, galaxy ages derived from the
analysis of the Fundamental Plane of these galaxies (Setgéih in preparation) are

also in agreement with our formation redshifts for 0.3.
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Figure 3.10: Galaxy formation redshifir vs. cluster redshift. Symbols correspond to the different
values of3 used: triangles fop = 0.1, filled diamonds fos = 0.3 and stars fos = 1.0. The
solid line is a linear fit to the solid black diamonds. For camgon, the predicted: from Sanchez-
Blazquezet al.(2009) are shown as larger coloured symbols. The blue didscorrespond to the
morphologically-selected sample of EDiSCS early-typeagials with galaxy velocity dispersions
< 175km/s, while the red symbols correspond to the sample witlxgalelocity dispersions

> 175 km/s. The blue points agree very well with oyr for 3 = 0.3, whilst the red points are in
agreement with our resultsif > 0.3. We observe an increase af with cluster redshift (see also
figure 3.11).

Figure 3.10 also shows that may be slightly higher for higher redshift EDiSCS clus-
ters (fitted line). Although this trend is not very signifitaih would be desirable to
extend the redshift baseline to test whether it continudsgiter redshifts. We can
do that by using the study published by Maial. (2009). These authors follow a
very similar procedure to ours, and predict formation tirhased on a colour-scatter
analysis for a value of ~ 0.3. Their galaxy samples also contain morphologically-
classified ellipticals and SOs, and can therefore be cordgareurs. Their results are
plotted as open diamonds in figure 3.11, together with owrlte$or 5 = 0.3. If we
take these points at face value, the trend of increasingith redshift becomes very
significant. However, a word of caution is required. Althbumur study and that of
Mei et al. (2009) are very similar, there are some differences. Ringir photometry
and the colours that they use are different because the rhigtshift of their clus-

ters. Second, they estimate the intrinsic colour scattegusiweight scale estimator
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Figure 3.11: Galaxy formation redshiftr (derived using? = 0.3) vs. cluster redshift for EDisCS
clusters (solid diamonds) and for the clusters publishellbiet al. (2009) (open diamonds). We
observe thatr increases slightly with cluster redshift for the EDiSCS péngsee also fitted line in
figure 3.10). This trend becomes stronger when we includbititesr redshift comparison sample.

(which implicitly excludes outliers). However, using theiethod with our data does
not change our results since we exclude outliers expli@sdydiscussed in section 3.3.
Finally, their implementation of the scatter-age testai#fin some minor details from
ours, although they use the same Bruzual & Charlot (2003)atsodVe believe these
differences are probably not important for this exercisg viie cannot be completely
certain without re-analysing their data. With all thesesads, the trend observed in fig-
ure 3.11 would imply that morphologically-classified eligal and SO galaxies formed

earlier in higher redshift clusters than in lower redshifes.

Figure 3.12 showsy plotted against cluster velocity dispersion. Consisteitt fig-
ure 3.6, no correlation is found betwegnando,, implying that the formation time
of morphologically-classified ellipticals and SOs does aepend strongly on cluster

mass.
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Figure 3.12: Galaxy formation redshifty vs. cluster velocity dispersion. As in figure 3.10, sym-
bols correspond to the different values®ftriangles fors = 0.1, filled diamonds fo3 = 0.3 and
stars forg = 1.0. The dashed, solid and dotted lines correspond to the méafiaration redshift
for each value ofs. We find thatzr does not depend on the cluster velocity dispersion.

3.5.2 Dependence of the star-formation histories on galaxyrop-

erties

In table 3.5, we show the colour scatter and derived formatealshift for the galaxy

samples divided in terms of morphology and luminosity, @sassed in section 3.4.2.
Within the errors, ellipticals and SOs show the same scdhiece the E and SO sam-
ples have very similar mean redshifts, similar colour scattmply similar average

formation redshift. However, the faint galaxies seem talgkh larger scatter than the
bright ones. This, together with the fact that the luminautssample has a higher av-
erage redshift than the faint one, suggests that the mostdws (massive) early-type

galaxies formed earlier than the fainter (less massiveg.one

An identical conclusion is reached if the sample is split tgtlar mass (derived fol-
lowing Bell & de Jong, 2001) instead of by luminosity, whighriot surprising since
homogeneous colours imply near-constant stellar maighoratios. When splitting
the sample by galaxy velocity dispersion or dynamical messSaglia et al. in prepa-
ration), similar trends are observed, albeit with smaltetistical significance since

only half of the galaxies in our sample have measured velddsipersions.



Table 3.5: Scatter analysis results for the morphology and luminesityt sub-samples. The colour scatter and the deriveddtiam times and redshifts are given for
three values of.
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Al 0.6411 0.0777090% 2.647000  4.04700  5.45700° 1.2275 1857008 2.887007
E 0.6443 0.075700% 2.657007  4.057005  5.45700 1.2210:3 1.857004  2.88T007
S0 0.6589  0.079799% 2.6753 4.0101 5.3101 1.2410:05 1877055 29701
Luminous 0.7016 0.07079:9% 2636+ 0.1 4.0079%  5.33+008 1.34+0:01 2.03+9:%8 3.1%903
Faint 0.6071 0.080%3%7 2.668701  4.1070% 56701 1.11+90% 1.6770:0 2.651008
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3.6 The CMR zeropoint

Our CMR scatter analysis cannot constrginand 5 simultaneously. Until now, we
have not discussed the zero-point of the CMR because piregliabsolute colours
from stellar population models is, arguably, more unceriaan predicting differential
colour changes (see, e.g., Aragon-Salamaetca. 1993). However, since accurate
zero points are available, it is worthwhile checking whett@nsistent and, perhaps,
additional constraints can be obtained from them. Figut8 3hows for each of the
EDisCS clusters the CMR colour corresponding to the medisolate B magnitude
of the whole sample, after correcting for luminosity evadat Specifically, for each
cluster we determine the colour of its CMR fofy = M} + 1.15, where M} is
empirically-determined (Crawford, Bershady & HoesseD20Rudnicket al., 2009).
These zero-points do not correlate with intrinsic clustepgrties such as their velocity

dispersions or masses.

The solid lines in the figure show the predictions of BruzuaCKarlot (2003) models

A
o

N
o

V=1 (Mg + 1.15)
=N
o O

O

Figure 3.13: V — I CMR zero-point vs. redshift for the EDisCS cluster galaXpsnts) compared
with population synthesis models from Bruzual & Charlot @R The black lines have been
computed withZ,,1,, = 0.02 metallicity, the blue one witt¥}, _so1ar = 0.008, and the red one
With Zguper—solar = 0.05. The black dashed line correspondsite= 0.1 (zr ~ 0.9), the black,
blue and red solid lines t6 = 0.3 (zr ~ 1.5) and the black dotted line 16 = 1.0 (2 ~ 2.5). See
text for details. The observed points clearly rule oyt a 0.1 scenario (i.e. very synchronized
formation for all the galaxies). However, they are in agreetwith 5 > 0.3.
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for zp ~ 1.5 (corresponding t@ = 0.3, cf. section 3.5.1) fotZ,;,_so1ar = 0.008
(blue), Zsorar = 0.02 (black) andZgyper—solar = 0.05 (red). It is clear that for median
luminosity galaxies non-solar models do not provide an piatse fit to the galaxy
colours for any value of.* However, solar-metallicity models do a reasonable job.
This provides additional justification for the use of solagtailicity models in our

analysis (cf. section 3.3).

Taking the solar models at face value, a constraint oan be derived from figure 3.13.
The black-dashed line corresponds@o= 0.1 (zr ~ 0.9), the black solid line to
B = 0.3 (zr ~ 1.5) and the black dotted line t6 = 1.0 (zr ~ 2.5). The observed
points clearly rule out = 0.1 (i.e. very synchronized formation for all the galaxies).
They are in reasonably good agreement with= 1.0, but 5 = 0.3 is not ruled out.
Hence, it seems reasonably safe to conclude/that0.3 on the basis of this analysis.
If we translate this into the time intervalt over which all the galaxies “formed”, the
constraint translates ¢ > 1 Gyr. Sincety refers to the time at which star formation
ceased, this implies that there was an extended epoch owehn wlaster galaxies had
their star formation truncated/stopped. In other words, ¢Rssation of star formation

was not synchronized for all the cluster early-type galsxie

3.7 Discussion

In this chapter, we have studied the colour-magnitudeioglfiCMR) for a sample
of early-type galaxies from the ESO Distant Cluster SunieRiéCS). Our sample
consists of 172 strictly morphologically-classified diigals and SO galaxies in 13
clusters and groups with redshiftst < z < 0.8 and velocity dispersion®)0 < o, <
1200 km/s. All these galaxies are spectroscopically-confirmiedter members, and
their magnitudes span the rangeé2 < Mg — 5logh < —17.5. We have analysed the
colour scatter about the CMR and its zeropoint to derive nmgdunl constraints on the
formation history of these galaxies. Assuming that thenstc colour scatter about

the CMR is due to differences in stellar population ageshoain results are:

e In agreement with previous studies, the intrinsic colowatter o;,; about the

“4For clarity, we show the non-solar metallicity lines for= 0.3 only.
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CMR in rest-frame/ — V' is small (o;,,) = 0.076). However, there is a small
minority of faint early-type galaxies (7%) that are sigraftly bluer than the
CMR and these were excluded from the scatter analysis. Tdedagies prob-
ably represent a population of young galaxies that have ebfoyned the red-
sequence population. Interestingly, only 2 out of the 12 Iglalaxies show signs
of morphological disturbances and/or interactions, wthke rest are bona-fide
ellipticals or SOs. However, the vast majority of the bluéagees have emis-
sion lines in their spectra indicative of ongoing star fotiora (see table 3.4).
Faint blue low-mass early-type galaxies have been repamtpcevious studies
(e.g. Blakesleet al, 2006; Bamforcet al,, 2009), preferentially in low density
environments. To explain the existence of these low-massdurly-type galax-
ies with normal E/SO morphologies in the field Huertas-Conypet al. (2010);
Kannappan, Guie & Baker (2009) propose two possible exfitama First, they
could be the result of minor mergers, which would triggertcaly-concentrated
star-formation, helping to build a bulge, and eventualkirtg them to the red
sequence. Alternatively, the disks in these galaxies areaps being (re)built
from the surrounding gas, moving then back (or staying) edlue-cloud. It is
hard to see how this second possibility would work in the telusnvironment,
where it is more likely that gas is removed than allowed tbdato these low
mass galaxies. In clusters, minor mergers remain a pasgilil particular if
they occur while these galaxies were in filaments and/orggpbut they need
to be minor enough to avoid strong morphological disruptlors also possible
that these galaxies are just approaching the cluster fofirdtetime, and will
eventually stop forming stars due to gas removal by the efustvironment.
This would take them to the red sequence without severetytisig their mor-

phologies.

e \We observe no significant evolution of the intrinsic coloeatser toz ~ 0.8 from
the EDIisCS clusters alone. This result is consistent wiévipus studies (e.g.
Ellis etal, 1997). After expanding our sample with higher redshifstdus from
the literature, we have still found no significant evolution;,,; up toz ~ 1.5.
Moreover, in the wide range of cluster velocity dispersiorags) of our sample
(100 £ o0, < 1300) the scatter does not seem to show any trend. Because

~Y
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our sample is strictly morphologically-selected, this liep that by the time
cluster elliptical and SO galaxies achieve their morphgldbe vast majority
have already joined the red sequence. The only exceptionsseebe the very

small fraction € 7%) of faint blue early-types.

¢ Following the work of Bower, Lucey & Ellis (1992), we used tb@our scatter
to estimate the galaxies’ formation tinig, defined as the time elapsed since
the major episode of star formation. This allowed us to dateuthe formation
redshiftzr for the early-type galaxy population in each cluster. Yediagwe
measured no significant dependencyzpfon the cluster velocity dispersion.
However, we found thaty increases weakly with cluster redshift within the
EDisCS sample. This trend becomes very clear when the higtshift clusters
from Mei et al. (2009) are included. This implies that, at any given redstof
have a population of fully-formed ellipticals and SOs thaystrhave formed most
of their stars~ 2—4 Gyr prior to observation. That does not mean tiaearly-
type galaxies irall clusters formed at these high redshifts. It means that tee on
that we observe to already have early-type morphologiestese reasonably
old stellar populations. This is partly a manifestation lod tprogenitor bias”
(van Dokkum & Franx, 1996), but also a consequence of the magbrity of
the early-type galaxies in clusters (in particular the nvassnes) being already
red (i.e., already having old stellar populations) by theetithey achieved their
morphology.

e Elliptical and SO galaxies show very similar colour scatteplying that they
have similar stellar population ages. If we assume that tieerved properties
are representative of the early-type cluster galaxy pajomat these redshifts,
the scarcity of blue SOs indicates that, if they are the defmats of spirals
whose star formation has ceased (Aragbon-Salamanca, d@dteMerrifield,
2006; Bedregal, Aragon-Salamanca & Merrifield, 2006; Baral., 2007), the
galaxies were already red when they became SOs, i.e. thet{xueal galaxies
became red before loosing their spiral arms. The red sgoafed preferentially
in dense environments (Wodft al, 2009; Bamfordet al, 2009; Master®t al,,

2010) are the obvious candidate progenitors of these SOs.
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¢ Dividing the sample in two halves by luminosity (or stellaass), we find that
the formation redshiftr (derived from the CMR scatter in each sample) is
smaller for fainter galaxies than for brighter ones. Thidicates that fainter
early-type galaxies finished forming their stars later. @sults are also con-
sistent with the observation that the cluster red sequenitdver time with
the brightest galaxies reaching the sequence earlier thatef ones (De Lucia
et al, 2004, 2007; Rudnickt al,, 2009).

e The CMR scatter analysis cannot constrain both the formdiioe ¢ and for-
mation intervalAt¢ simultaneously. However, its combination with the obsdrve
evolution of the CMR zero point, enabled us to conclude thattarly-type clus-
ter galaxy population must have had their star formationdated/stopped over
an extended periodt > 1 Gyr. Hence, the cessation of star formation was not

synchronized for all the cluster early-type galaxies.



Chapter 4

The effect of the environment on the
gas kinematics and stellar structure of

distant galaxies

4.1 Introduction

In this chapter, and in chapter 5, the EDisCS dataset is usethke a statistically

significant investigation of the environmental effects aagy evolution.

We focus our analysis on the physical mechanism(s) tramsfgy star-forming spirals
into passive S0s. So far, a number of plausible mechanisuesleen proposed. We

summarize the most important ones here:

(i) Ram-pressure stripping (Gunn & Gott, 1972): the pressueetduhe passage of
the galaxy through the intra-cluster medium removes thexya gas in timescales
comparable to their cluster crossing time (a feéWyr). The HI can be removed and/or
its distribution could become very asymmetric, while coldletular gas is of high

enough surface density to prevent its disturbance eveneinmbst massive clusters
(Boselli & Gavazzi, 2006, and references therein). Sinmaitetshow that a mild star-
burst due to gas compression may or may not occur before this giripped and star
formation is eventually quenched (Fujita, 1998). Depegdipon the model one as-

sumes, the gas could be removed from the disk, the halo or Batth case affects the
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star formation of the galaxy differently, as illustratedfiigure 4.1. One possibility, is
that all the gas is removed from the disk and halo of the galapjdly truncating the
star formation (Abadi, Moore & Bower, 1999; Quilis, Moore &®er, 2000), alterna-
tively, if only the gas in the halo is removed, the star forimratleclines gradually, until
it eventually halts due to the consumption of the disk gasresr that is not replen-
ished (Bekki, Couch & Shioya, 2002). A third possibility Isat the interaction with
the ICM removes the halo gas, but also the increased prasdheedisk gas may actu-
ally trigger an initial burst of star-formation, causing@mhancement in the SFR. The
gas in the disk is used faster, due to the increased acfvggucing a subsequent rapid
decline of the SFR (Bekki & Couch, 2003). Recent high resofutydrodynamic sim-
ulations (Tonnesen & Bryan, 2009) suggest that low ram presslues compress the
gas possibly enhancing the star formation, while high \&atweate smaller amounts od
high density gas. Other simulations (e.g. Kapfeseal., 2009) claim a star formation
enhancement of more than a magnitude under high ram pressaddition to com-
plex structures in the gaseous wake. Furthermore, simoukby Roediger & Hensler
(2005) show that gas disks of galaxies in high density envirents are heavily trun-
cated or completely stripped, whilst in lower density eosiments, the gas disks of

galaxies are disturbed.

(i) Mergers: simulations predict that a merger between unagaas spirals can form
an SO galaxy (Bekki, 1998), while major mergers are verylyike produce giant
ellipticals (Naab & Burkert, 2003). In cluster cores, thghrelative speeds of galaxies
prevent the formation of gravitationally bound pairs dgratose encounters. In cluster
outskirts, the environment however is less dense in gea@imergers are likely to

take place (Mihos, 2003).

(i) Galaxy harassment (Mooet al., 1999): tidal forces due to close high-speed en-
counters with other, more massive, galaxies can causeldatening and gas fuelling
of the central region (possibly resulting in star formajioAs a consequence, the gas
becomes exhausted and star formation is quenched. Thisamieaiis understood
to be particularly important in dwarf or low-surface-brighss galaxies and is most

efficient in the cluster periphery.

(iv) Tidal interactions between galaxies and the cluster pialefistrangulation”, or
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Figure 4.1: lllustration of the possible star formation histories thagalaxy falling into a cluster
may experience. Initially the galaxy is forming stars at astant rate (SFR 1M, /yr in this ex-
ample, like in the Milky Way). One possibility is that all tigas is removed from the galaxy (disk
and halo), rapidly truncating the star formation (Abadi,dvi® & Bower, 1999; Quilis, Moore &
Bower, 2000, green line), alternatively, if only the gashe talo is removed, the star formation
declines gradually, until it eventually halts due to the amption of the disk gas reservoir that is
not replenished (Bekki, Couch & Shioya, 2002, red line). idipossibility is that the interaction
with the ICM removes the halo gas, but also the increasedpresn the disk gas may actually
trigger an initial burst of star-formation, causing an emtement in the SFR. Because of the in-
creased activity, the gas in the disk is used faster, progucsubsequent rapid decline of the SFR
(Bekki & Couch, 2003, blue line). Figure taken from Bamfo2®(6).

“starvation” (Larson, Tinsley & Caldwell, 1980; Balogh, Waro & Morris, 2000):
the hot halo of a galaxy is stripped upon falling into a moressinge halo. The tidal
field of the cluster or group then removes the halo gas frongtiaxy, halting its
accretion onto the disk (Bekki, Couch & Shioya, 2001). Hemlecis mechanism effec-
tively truncates the galaxy star formation, in a simmilammer to that illustrated by
the red line in Figure 4.1. Although this mechanism is effectn low mass groups
(McCarthyet al, 2008; Kawata & Mulchaey, 2008), it is unclear whether it e&n
count for the apparently strong effect of the cluster emmnent. It is possible however,
that the extreme properties observed in galaxy clustershaalge result of some “pre-
processing” of galaxies in groups before accretion intodster (e.g. Zabludoff &
Mulchaey, 1998; McGeet al., 2009).

Each one of these mechanisms is expected to be effectivéfenedit regions of the

cluster environment. This is illustrated in figure 4.2, whéne different ranges of
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Figure 4.2: Schematic diagram indicating the clustercentric radiusr avhich each of several
listed physical mechanisms may be effective at fully hgltatar formation or transforming the
visual morphology of a radially infalling galaxy. The rarsgare indicated for two clusters: ClI
0024 (solid line) and MS 0451 (dashed line). The arrows iadithe virial radius of each cluster
(i.e. the radius of a sphere centred on the galaxy clusténjmwivhich virial equilibrium holds).
The tidal processes in this diagram refer to interactiontls thie cluster potential, while tidal forces
during galaxy-galaxy interactions are a component of thragsment mechanism. Figure taken
from Moranet al.(2007a)

action of the proposed mechanisms are shown for two magssieanediate redshift
clusters. From this figure, it is clear that tidal strippisgmore effective towards the
centre of clusters while ram pressure stripping, staraaind harassment are effective
up to larger radii (in that order), and mergers dominateidatsf the cluster centre.
However, these regions can overlap, and hence the difficusigparating the effects of
the various physical processes with observations. The/dtydMoranet al. (2007a),
has suggested that the transformation of spiral galaxiesS0s is a heterogeneous
process that nevertheless proceeds robustly across g\afrdifferent environments.
Whilst ICM related processes mainly affect (suppress) tae fermation, the mor-
phological transformation is likely to be driven by tidabpesses such as harassment.

However, there is still much debate on the importance of ea@thanism.

Numerous studies have been carried out to identify whichafrteese mechanisms

is dominating galaxy transformation. A common approachttohang the physical
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mechanisms driving galaxy evolution is to observe and comitee properties of well
defined galaxy samples in different environments. Exampldabese properties in-
clude gas and dust content, star formation rate, chemigaposition, stellar popu-
lations, kinematics, luminosity, colour and many othersie Tombination of these
observables (and the ability to reproduce them with modelsjucial for a complete
understanding. In addition to the study of individual gglaharacteristics, under-
standing the effect of environment on scaling relationsvsrg useful way of address-

ing the problem.

This chapter investigates the effect of environment on #sekgnematics and the struc-
ture of the stars in distant galaxies, and chapter 5 furtmegstigates environmental

effects on the scaling relations and star formation of dedlaxjes.

4.2 The sample

In the analysis of the present chapter and in that of chaptee Socus on a sub-sample
of galaxies from the EDisCS dataset, consisting of galaxids measurable emission

in their spectra, as described in the following.

First, we rejected galaxies with emission-lines clearfe@ed by sky lines or with-
out a discernible tilt (as judged by visual inspection). \Wert rejected galaxies with
inclinations of less thaB0° (inclination= 0 corresponding to face-on) to ensure that
rotation could be measuredSection 4.2.1 describes how the inclinations were com-
puted. We also rejected observations affected by slit mgisadent (misalignment with
respect to the major axis of the galaxy30°) to ensure secure rotational velocity mea-
surements. After applying these conditions, there wer@ Ed3ission lines, belonging

to atotal of 422 galaxies. Typically, we could detect 3 emis$ines per galaxy. These
were typically (in order of frequency), the [OII]37ﬁ7doubIet, H3, the [Olll] 5007
and 495@ lines, Hy, and H.

The “true” parent emission-line galaxy distribution is Welpresented by our sample.
The fraction of EDisSCS galaxies with emission-line spe@travhich we were able to

model emission-lines and measure a rotation curve is fashstant £ 35%) in the

'Rotation velocities are used in the construction of Tuligher relations in Chaper 5
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Figure 4.3: Histogram of the morphological types for those galaxie®WMST observations in our

parent emission-line galaxy sample. The open area repgeetenmorphology distribution of the

galaxy sample with HST observations. The shaded area willisi®issed in section 4.3.1 and it
corresponds to the galaxies (within the HST sample) withd"@mission line fits (i.e. disturbed

gas kinematics). The different morphologies are labelfethé plot. Whilst most of the galaxies
have late-type morphologies, there is a small group of egpes in our emission-line galaxy
sample.

magnitude range of our galaxiell(< I < 26 mag).

In section 4.4, we impose additional constraints on the $anipboth Mz and red-
shift, to produce a luminosity-limited sample. This stepequired in order to create
matched cluster and field galaxy samples. Until then, alktmaple described in this

section is considered, unless otherwise stated.

As explained above, our sample selection was based on teenue of measurable
emission lines (and not on galaxy morphology). It is therefateresting to determine
which galaxy morphologies passed our selection criteria.h&ve HST observations
for 61% of our sample, hence reliable visual morphologiess@et al, 2007). Fig-
ure 4.3 shows a histogram of the morphological types for #iages with HST obser-
vations. The open histogram contains all the fitted galaXibe shaded area represents

potential kinematically-disturbed galaxies, as expldilaer in section 4.3.1.

As expected, most of the emission-line galaxies in our samap¢ spirals, and the
distribution peaks at Sb morphology types. However, sona¢whexpected, there is a

significant population of early-type galaxies, 27 of which ellipticals. We return to
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Table 4.1: Number of galaxies per morphology type for the sub-set aixjak with HST observa-
tions. This sample is drawn from the measurable-emissiengalaxy sample, where no redshift
or magnitude cuts have been made. The columns correspo(id tilve morphology type; (2) the
total number of galaxies with that morphology; and (3) thenber of galaxies within that morphol-
ogy group for which none of the emission-line fits were “godd. galaxies with disturbed gas
kinematics. We refer to section 4.3.1 for the definitionsgddd” and “bad” fits. These numbers
are also represented in figures 4.3 and 4.8.

Morphology No. galaxies No. “Bad” galaxies
Elliptical (E) 27 15
Lenticular (S0O) 17 12

Spiral (Sa to Sm) 169 31
Irregular (lrr) 30 7

this finding in section 4.3.1 after studying the gas kineosaif the galaxies. Table 4.1

guantifies the morphology distribution shown in figure 4.3.

Note that in a study of the star formation histories of EDigfafxies, Poggianét al.
(2009) found a few spiral galaxies with spectra showing ngssion lines. Obviously,

these passive spirals are not present in our sample.

We also note that we do not attempt to exclude galaxies lpstnAGN from our

emission-line sample. We are unable to identify AGNs in catagdas the traditional
optical diagnostics are based on emission lines that arénoltded in the spectral
range covered by most of our spectra. In Poggiahgl. (2008) however, it was esti-
mated that, the contamination from pure AGNs in EDisCS specbpic sample is at
most 7%. Because the contamination is negligible, we caemdy refer to galaxies

interchangeably as “emission-line” or “star-forming”.

4.2.1 Structural parameters

Inclinations were derived by fitting a a 2-component 2D fit &1&W HST images
when available, orghs-band (VLT) images otherwise. The fit accounted for a bulge
with a de Vaucouleurs profile and an exponential disk compprenvolved to the
PSF of the images. This was done using the GIM2D softwareSseardet al., 2002,
20009, for a detailed description of the method used).

Inclinations are used to correct absolute magnitudes fraiernal extinction (sec-
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Figure 4.4: Inclinations derived from F814W HST imagesdyst) are compared with those com-
puted from/-band VLT imagesificyr) for galaxies within our (luminosity and redshift limited)
matched samples A and B used in later in this work (see sedt®n The left hand panel shows
a histogram of the difference between both values. The hght panel shows a histogram of the
ratio of the sines of both inclinations. We plot these ratiosnderstand how much the Tully-Fisher
relation (in particularlog V;.t, computed in chapter 5) would be affected . As is evidentgike
tribution in the right hand panel is very narrow and peaks ah both panels, the mean value and
rms of the distributions are shown for reference.

tion 4.2.2) and to compute rotation velocities (chapterPy. this reason, we verified
that the use of different image data sets (HST or VLT) doesras our results. This
is illustrated in figure 4.4, where HST inclinations are camga with those computed
from VLT images. The figure contains two histograms. The onté&e left hand panel
shows the distribution of the difference between the twbnations (ncysr —incyyr).
The distribution peaks very near zero and has a rms scatterl 6fdeg. The right hand
panel shows the ratio of the sines of the two inclinatieisgincygt) andsin(incyrr).
This was done to quantify and understand how much the chdica®or the other
value of inclination would affect the positioning of the daoints on the TFR (i.e. the
values oflog V;;). The distribution in the right hand panel is very narronthna clear
peak atin(incygt)/ sin(incyrr) = 1. Therefore, we can reliably use VLT-derived in-
clinations without biasing our results. This is also truetfe less-demanding position

angles.

We note that inclinations were derived from a 2D fit to the iegginder the assump-
tion that all galaxies had a “bulge” and a “disk” componeme(Simarcet al, 2009).
The presence of a “disk” component does not necessarilyyithpk there is an actual

disk, because many dynamically hot systems have simplenexpial profiles. We
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know from our HST observations that not all the emissioe-tyalaxies are disks (e.g.
see figure 4.3), however, the vast majority are (96% witha lthminosity and red-
shift matched samples defined in section 4.4). Potentiaksiantroduced by the small

fraction of non-disk galaxies included in our sample areussed later.

4.2.2 Rest-frame magnitudes

The magnitudes used throughout this and the following @rapiere absolute B-band
magnitudes)Mpz. We chosel iz because it is a good tracer of recent star formation.
Values of Mz were calculated from the observed SED of each galaxy, naretato

its total /-band flux, and the spectroscopic redshift (we refer to Ruldei al., 2009,

2003, for details of the calculation df z and luminosities).

The magnitudes were additionally corrected for internaihexion, following the pre-
scription of Tullyet al. (1998), to give the corrected absolute rest-frame B-bangt ma

nitudes,Mp, used in this chapter (and in chapter 5).

4.3 Emission-line fitting

In order to study the state of the gas kinematics in our gatamiple (this chapter),
as well as computing trustworthy rotational velocities tpplate the Tully-Fisher dia-
gram (chapter 5), we need a reliable method to compute tla¢iontvelocity (/)

of the galaxies under study. We use a synthetic rotationecamethod based on
ELFIT2D by Simard & Pritchet (1999), and dubbed ELFIT2PY bgniford et al.
(2005), which was designed to fit rotation curves to spatigsolved emission lines
of distant galaxies. In this technique, a model emissioa iscreated for a particular
set of parameters, assumin@aurteaurotation curve (Courteau, 1997), and exponen-
tial surface-brightness profile. The galaxy inclinatioeeisg, and instrumental profile
are provided as input and the fitting procedure also accdantbe galaxy size being
comparable to the slit-width. A Metropolis algorithm (a Mav chain Monte Carlo
proposed by Metropolist al,, 1953) is used to search the parameter space to find those

which best fit the data, and to determine the confidence ialenf these parameters.
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For this work, ELFIT2PY was modified to best suit the chanastes of the EDisCS
data used. The algorithm constructs a 2D model of each emidisie studied, which
is used in this chapter to identify kinematical disturbanoethe galaxies’ gas. Ad-
ditionally, ELFIT2PY computes the rotational velocity adah emission lineW.. ;),

together with the best fit for the emission scale-length.{ission ;) Of the line. These

two quantities will be thoroughly described and used in t&p.

Many galaxies in our sample have more than one measurabksiemiline, and a
fit was performed for each line independently. Final value$q andrg emission are
computed in section 5.3 by combining the individual measamts. The final errors
in the measured parameters include the uncertainty caystgkbmultiplicity of chi-

squared minima. All errors represent 68% confidence inke(va errors).

4.3.1 Quality control

To determine the state of the gas in the galaxies (if the gasaknematically disturbed
or not) as well as ensure the use of secure rotational vidscive visually examined
a sub-set of emission line fits and investigated whether fitsozould be identified by
their reducedy? (output from ELFIT2PY), median and maximum signal-to-eoisf
the data, length of confidence intervals, and/or extent@éthission-line. We reached
the conclusion that there was no efficient way of rejectingrjydfitted emission-lines
without visually inspecting their quality. For this reasdawo people independently
(the author of this thesis and Alfonso Aragon-Salamanespected the fits made to
all the (1038) emission lines. We graded the fits accordirtheo quality and created
two groups: “good” and “bad”. Both classifiers agreed in tlastvmajority of the
cases (91%). In the few cases where we disagreed, we adbyetedoist pessimistic
outcome. This classification yielded 527 “good” quality fit®. reliable emission
line fits) and 511 “bad” ones. The “bad” fits correspond to eithnes with poor
signal, artefacts in the postage stamps (e.g. a poorlyaetbtt overlapping sky line
or cosmic rays), or more frequently, poor fits due to distdrfas kinematics in the
targeted galaxy (i.e. observed rotation curve that did asemble a rotating disk).
We note that generally, galaxies with kinematically “bad$ ionsistently showed the

same distorted features in all their visible emission lindwe “bad” fits were not used
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Figure 4.5: The extent of the fitted emission lines normalized to the pimatric scalelength
(rentent/Td,phot) 1S plotted versus the turnover radius normalized to thetgrhetric scalelength
(r¢/rda pnot)- The dotted lines simply shows the one-to-one relationcfamparison. This plot
shows how the emission lines of our “good” fit sample extengbhbd the turnover radius, making
our rotational velocity measures reliable.

in the Tully-Fisher analysis (section 5.4.1), as they caudd yield reliable rotation
velocities. However, we used the information that they mted in this chapter to
study of the fraction of potential “kinematically distudiegalaxies with luminosity,

environment and morphology (cf. sections 4.5.1, 4.5.2 ard3%

Within the “good” fit sample of emission-lines, in almostadithe cases, the observed
emission extended beyond turnover radiughis is demonstrated in figure 4.5, where
we compare the extension of the emission with the turnowBusa From this figure it
is clear that most of the emission lines extend beyond tmouar radius. We note that
in figure 4.5 we only plot the “good” emission-line fits becawsly in this sample we

have reliable measures f ¢mission @and hence.

Figures 4.6 and 4.7 show examples of “good” and “bad” emis§ite fits respec-
tively. The complete set of emission line fits can be founchm EDisCS website at:

http://www.mpa-garching.mpg.de/ediscs/Papers/J&aff@011/RCfits.html

2The turnover radius, is the radius at which the rotation curve of a galaxy “turftein diferential
rotation to rigid. In ELFIT2PY, this radius has been set tgpbgportional to the disk scalelength of the

emission {4 emission)-
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Figure 4.6: Representative examples of our HST images, emission lisaufitl rotation curves.
3 Galaxies are shown as means of illustrating the method lendjtality of the fits. The first
row shows the HST image of the galaxy with the slit positioertsid, the second row shows an
extracted emission line from the 2D spectrum (postage Stampthird row shows the best fitted
model to that line, while the fourth row contains the residwd the previous two. In addition, the
traces or 1D rotation curves are shown in the bottom row irsygay units. Open circles represent
the data points, while the filled ones are the model points.thAtbottom of each column the
morphology, redshift)/ g, line plotted,V;qt, andrg emission are specified. This figure only shows
“good” fits, while figure 4.7 shows “bad” fits. Note that thetlefiost panel is a very good fit,
whilst the other two good fits (more typical) are less gooddbilltmodel the data reasonably well.
Note that for example in the third column (from left to righthhe emission line had a sky line
subtracted. Although the subtraction is visible, this doesaffect the fitting of the rotation curve
significantly. There were cases however, where the skyaciiin was not as clean, making the fit
a more difficult task.



Environmental effects on the gas and stars of galaxies 66

- s
2N 4
m tnl ]
= 2l s
-0 : ]
7 S~ ao 31
na_ - i;- 7 _UN 3 L ;
g, [ 'EP__
o Q — & "
o 1
1 38". -
B2 ol L0 5!“
£ a1 e =
= ol ‘a 5
281 = 3. i
'§_ an g S }
] 3 e
=] o+ %
o
B o e W |
52 FUE ] -
2 T ol &
a - ar ":I‘!;'"LI; Rk ST
So -o % e - X
S & g-— o —g-”';h; o ML
-4 gnde o -t :50_‘_‘#-","
o T T o L] |3-..|‘.l'.' §_v— =
ele bt bt wavelength pixels
wavelength pixels
s 49 20 20 —
[+]
10 g ? 0
£ e & 10 T =
—— ! = &
= @ = —Lhs < e
2 z 0 o z O =
2 _10 z 3 Y
a 2 -10 g 10} g
-20 " o " o=
—4 4
g (Em/zf)o 00 -400-200 0 200 40 ~400-200 0 200 400
yrel (km/s) vrot (km/s)

Sa; 2=0.59; Ms=-21.1 S0; z=0.75; MB=-21.8 Scd; z=0.86; Ms=-21.7
[Oll]; Vrot=95 km/s [Olll]; Vioi=14 km/s [Oll]; Vrot=197 km/s
rd,emission=8.1 kpc rd,emission=0.4 kpc rd,emission= 3.9kpc

Figure 4.7: This figure similar to figure 4.6, but shows three exampledatathat had “bad”
fits. These fits show clear signs of kinematical disturbandee 2D spectra, and in the observed
rotation curves. For this reason the model fails at repriodp@Courteaurotation curve.

In section 4.2, we showed that the parent emission-line Easgans a wide range of
morphologies but is mostly composed of spirals. At this saigis interesting to see
how the quality of the emission-line fits is correlated witbnphology, especially if we
assume that galaxies with “bad” fits are kinematically diséa systems. The shaded
area in the histogram of figure 4.3 shows the morphologyiligion of the poorly
fitted galaxies (galaxies for which all the emission-line awailable were flagged as
“bad”). The open histogram draws the distribution of theé fgbod and bad) parent
sample where HST images were available. The fraction of “leackinematically-
disturbed galaxiesft) is plotted as a function of morphology in figure 4.8, and ta-
ble 4.1 lists (in numbers) the amount of “bad” fits obtainedsfach morphology group.
It is evident that the worst fitted group of galaxies (the oste®wing the greatest devi-

ations from aCourteaurotation curve) are the early types (E and S0s). Interdsgting
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Figure 4.8: The fraction of galaxies with disturbed kinematigiJ in the whole emission-line
sample are shown for the different morphologies. Galaxietuster/group and the field are plotted.
Horizontal error bars (when present) represent the graupiradjacent morphology types, these
cases are: Sa + Sab, Sb + Shc, and Sc + Scd. This was done @sitne number of galaxies in
these morphology bins. Error bars are the confidence irfea0.683) for binomial populations,
from a beta distribution (see Cameron, 2010).

the worst fitted galaxies seem to be SOs and not the elliptieal the irregulars. How-
ever, as expected, the galaxies with the least amount of ‘fitacare the spirals. In
the context of spiral-to-SO0 transformation, this implieattgalaxies already having SO

morphology have been subjected to strong disturbancegingas content.

A very interesting finding is the discovery of 41 emissiamelearly-type galaxies, 17
of which have “good” rotation curve fits. These galaxies doog the first observa-
tional evidence of intermediate-redshift early-type geda with extended rotating gas
disk. Although, these objects are not thoroughly studigtlimthesis, we are currently
carrying a separate investigation on this interesting grafugalaxies (Jaffé et al., in
preparation, see chapter 6), where we examine their foomatenario and possible
evolutionary link to the: ~ 0 analogues found by (e.g.) the SAURON collaboration

(see Emsellerst al, 2007, and references therein).

4.4 Matched samples

Our emission-line galaxies (with fitted rotation curvesaisp broad range of redshifts

and rest-framé3-magnitudes, as figure 4.9 shows. Galaxies of all qualitegbtted.



Environmental effects on the gas and stars of galaxies 68

The galaxies with “good” rotation curve fits are plotted irlazo's other than grey,
depending on their environment: the blue open diamondgspond to field galaxies,
red filled diamonds to cluster galaxies, and black astettiskgroup galaxies. The
galaxies with “bad” rotation-curve fits are plotted in greitwthe same symbols for
environment. It is clear that there are more field than chigteup galaxies~{60%

of the emission-line galaxies are in the field). Field gataxare also more widely
distributed in both redshift < z < 1.2) and rest-frame3-magnitudes{/z < —14)

than the cluster/group population. The difference in rétd&letween the field and
cluster sample is a direct result of the redshift of our @usst The different ranges in
Mp are a consequence of the different redshift ranges, as ses\@al/ -band targeting

limit was the same for both cluster and field galaxies.
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Figure 4.9: Distribution of Mp with redshift for the 422 galaxies of our measurable-emaissi
line sample. The cluster galaxies are plotted in filled diads) groupsd, < 400km/s) are
represented as asterisks and the field sample correspotius épen diamonds. The red, black
and blue colours (for cluster, group and field galaxies retbpaly) correspond to those galaxies
with “good” rotation-curve fits, whilst the grey symbols repent the poorly-fitted galaxies. Three
sub-samples are drawn from this plot: the lower redshificimed sample A (labelled dashed-line
box), the higher redshift sample, B (again drawn within éhédsline box), and an overall matched
sample C that covers the redshift rargd6 < z < 0.75 and has the same magnitude limit as
sample B (see dotted lines for guidance). For future refarewe have highlighted galaxies with
HST observations with a surrounding grey circle.
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In table B.1, all the emission-line galaxies used in thiskvare listed, along with
some of their measured quantities such as kinematicalretges, rotation velocity,

emission disk scalelength, etc.

In order to investigate possible differences between etigtoup and field galaxies,
we created field galaxy samples to match the cluster/gropplpton. We did this
by imposing cuts in redshift antl/z simultaneously. Three different cuts were made,
producing three luminosity-limited or “matched” samplepresented (with boxes) in

figure 4.9 and summarized in table 4.2.

The samples containing all (“good” and “bad”) galaxies asedithroughout this chap-
ter, whilst in chapter 5 we focus mainly on the matched sasmptataining galaxies

with good rotation-curve fits.

The redshift cuts for samples A and B were chosen so that eactpans the same
amount of cosmic time~ 1.5 Gyr). Therefore, sample C spans3 Gyr of cosmic
time. Throughout the rest of this thesis, we only considdgvdes within the limits
of these 3 matched samples, unless otherwise stated. By thog) we ensure a fair
comparison between field and cluster galaxies (similarlepaad luminosities), which
is the main goal of this investigation. In this chapter we willy consider the overall
matched sample C. Samples A and B, although described hesariplicity, are not

used until chapter 5.

We created matched samplesiifi rather than in stellar mas3aA4,), to keep the sam-
ple selection as close to the observables as possible. \Wehnatever that matching
the samples in/, does not make a significant difference sindg and M, are well
correlated in our sample (see Figure 4.10). ®y-matched sample C is equivalent to
aM,-matched sample af/, > 3 x 10°M,,, in the same redshift range, with the excep-
tion of a few galaxies~{ 2% of the galaxies in C). Figure 4.10 shows that, although
there is some scatteb/z and M, are clearly correlated. In this plot, thdg limit is
shown as a vertical dashed line, and fiie limit as a horizontal one. These lines de-
limit four regions in the plot: the upper-right region cointagalaxies selected in both
magnitude and mass (73.7%), the upper-left area contairse thelected in mass but
not in magnitude (9.7%), the lower-right region those deléin magnitude but not in

mass (2.4%), and the lower-left those not selected in massmagnitude (14.2%).



Table 4.2: Characteristics of the matched samples A, B and C of clggtarp and field galaxies (see figure 4.9), as well as for thdevkmmple (without any/ or z
cuts). For each sample, the following information is givélie magnitude limit, redshift range, number of galaxiefgtood” rotation-curve fits, and number of galaxies
with poor or “bad” rotation-curve fits. The last two quarggtiare given for cluster/group galaxies (labelled “Clu$ts well as for galaxies in cluster/groups or the field
(labelled “Total”). The number of field galaxies in each caaa be calculated by simply subtracting the number of diiggteup galaxies from the total number. The
table also gives the sample sizes for the sub-samples withdbServations, in the same format as explained above.

Sample A Sample B Sample C No cuts
Mp (faint) limit -18.5 mag -20.0 mag -20.0 mag -
redshift range 0.36 <2<055 0.55<2<0.86 0.36 <z<0.86 -
All galaxies Cluster Total  Cluster Total Cluster Total Cluster Total
Total No. 57 143 60 151 109 264 132 422
No. “good” galaxies 35 100 37 105 65 181 81 289
No. “bad” galaxies 22 43 23 46 44 83 51 133

saixe[eh Jo siejs pue sef ay) Uo S109)43 [eIUSLILOIIAUT

Galaxies with HST observations: Cluster Total Cluster Total Cluster Total Cluster Total

Total No. 23 69 56 111 73 155 88 259
No. “good” galaxies 18 55 34 77 47 112 59 188
No. “bad” galaxies 5 14 22 34 26 43 29 72

0L
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Figure 4.10: B-band magnitude is plotted against the logarithm of thdastehass for those
emission-line galaxies in the ran@e36 < z < 0.86. This plot shows that becausd; and
M, are clearly correlated, a stallar mass selection would iieédmuch from a magnitude selec-
tion. TheMp limit of sample C is shown in a vertical dashed line and a clgeivalentV/, limit

is shown in a horizontal dashed line.

The morphologies of the cluster and field galaxies in the hetsample C are shown
in figure 4.11 for galaxies with HST observations. The fillegks correspond to galax-
ies with “bad” rotation curve fits or disturbed gas kinemsiitthe field (upper panel)
and cluster/group (lower panel) environments respegtividie overall distribution (of
“good” plus “bad” galaxies) is shown by the solid lines (ofeéstograms) in each case.
Although the numbers are low (due to the sample being réstrito HST observa-
tions), the figure shows that there are more “bad” fits in elushvironments~{ 44%)
than in the field £ 25%). This effect is studied thoroughly in section 4.5.1 for thi
sample C. Figure 4.11 also shows that while all of the cligteup early-type galax-
ies had “bad” fits, 7 field early-types (6 ellipticals and 1 80bhis “matched” sample
survived the quality filters. We emphasize that in the molpdn distribution shown
previously in figure 4.3, the number counts are higher thaiigure 4.11 because in
figure 4.3, we did not restrict our emission-line sample yaay, whilstin figure 4.11

we imposed magnitude and redshift cuts to create a “matctedple.

As mentioned in section 4.2.2 when describing the data g$teframeB-band magni-
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Figure 4.11: Histogram of the morphological types for the galaxies wiiTHbbservations that are
in the C matched sample for cluster/groups (bottom paneljfamfield (top panel). The filled areas
(in both panels) represent the galaxies for which all rotaturve fits were “bad”. The different
morphologies are labelled in the plot.

tudes were corrected for internal extinction. When acdaogrfor this effect, we used
the galaxy inclinations, which were calculated from the suead ellipticities, assum-
ing all the galaxies to be disks. As figure 4.11 illustrates,ail of the galaxies in our
matched sample are disks. We note however that the numbé#iptitals is so small
(6 in samples A and B, within sub-set of galaxies with HST obstons) that thél/g
correction applied to them does not alter our results. Hewefie inclination correc-
tion could potentially underestimate the luminosity and thay produce scatter in the
Tully-Fisher relation (studied in section 5.4.1) sincethbiz and the rotational veloc-
ity depend on the inclination. The typicafz correction for these galaxies was very
small (~ —0.3 mag), since their inclinations were all below 55°. In section 5.4.3
however, we study the Tully-Fisher relation of (strictlyprphologically selected spi-

rals, where the inclination correction is more reliable.
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45 Results

4.5.1 Kinematically disturbed galaxies

As explained in section 4.3.1, a significant fraction of tlie fhnade to the emission
lines in our galaxy sample were classified as “bad” fits. Mahthese lines showed
evidence of disturbed gas kinematics in the galaxy, thuSparteaurotation curve

could not provide a good fit. We use this information to inigege the fraction of

galaxies with disturbed gas kinematics (“bad” galaxieghwnvironment. The left-
hand panel of figure 4.12 shows the fraction of “bad” overltotanber of galaxies
(fx = %) in the matched sample C as a functiondf; (in bins that contain the
same number of field galaxies). Although sample C spans albrmshift range, in

section 5.4.2 we show that the luminosity evolution is nghgicant in0.3 < z < 0.9

redshift interval.

The 1o uncertainties in the bad fractions were calculated fronttrgidence intervals
(at confidence level /0.683) derived from binomial population proportions usiing

beta distribution (see Cameron, 2010, for a descriptiorjastdication of the method).

It is evident that the fraction of kinematically-disturbgalaxies in clusters is greater
than in the field population, at least fafz < —20.5. The percentage of “bad” over
total number of galaxies in the wholdz and redshift range (of sample C) is#43%

for clusters and groupg4 6% in clusters3171°% in groups), an@5*4% in the field.

Itis important to recall that not all galaxies that were gatézed as “bad” are necessar-
ily kinematically disturbed, but the majority of them ares éxplained in section 4.3.1,
some of them simply had poor quality spectra (e.g. badlyraated sky lines near the
studied galaxy emission line) but frequently, it is a diffi¢ask to distinguish between
these cases. Nonetheless, it is reasonable to argue thastiies presented here are
not biased because in principle, galaxies with bad spebtald appear in both field
and cluster samples equally. However, to verify that thigug, we examined all
galaxy spectra again to make a very conservative cut thaglisshes kinematically-
disturbed galaxies from the others (all the doubtful caserewejected). We repeated

the exercise presented in the left hand panel of figure 4.1 thisutime, we only con-
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Figure 4.12: The fraction of galaxies with disturbed kinematics is shdandifferent environ-
ments as a function ai/p for the “matched” sample C (see figure 4.9 for the definitiorihaf
samples). In the left hand panel, all the “bad” rotation eufits are considered. The right hand
panel shows the same but with a more conservative cut in t@tae of “bad”. In this case, we
have revised the “bad” emission-line fits to isolate galsxidth “secure” kinematical distortions
(see text for details) and reject galaxies with spectradrapresumably affected by artefacts. The
different environments are shown in the legend of the plothenleft and also apply for the right
hand plot. The error bars in the abscissa correspond to emti@dintervals for binomial popu-
lations (from a beta distribution, see Cameron, 2010) aachtirizontal error bars (shown at the
top of the plots) simply represent the bin sizelif. These bins were chosen to contain similar
number of field galaxies. The position of the points correspto the median value of the galaxies
within their magnitude bin. It is clear that the plot on thght agrees with the plot on the left,
albeit with larger error bars due to the reduced sample size.

sidered as “bad”, those galaxies with clear and strong sifkmematical disturbance
in their spectra. By making these conservative cuts, thepkarmeduced to about half
of its size. This is shown in the right hand panel of figure 4vil2ere we found similar
trends as in the left hand panel, but for a smaller number laixgss. Numerically,
the percentage of (confirmed) kinematically disturbed detal number of galaxies
in the wholeMp range is2275% for clusters,17"3°% for groups,2175% for clusters
and groups, and33% for field galaxies. Because of the difficulties in separating
kinematically-disturbed galaxies from the rest, and hgw@hown that the cut adopted
does not bias the trends with magnitude and environmentgdagtahe first cut (shown

in the left panel of Figure 4.12) hereatfter.

Figure 4.12 shows that, in clusters, the fraction of kinecadly-disturbed galaxies
is higher at brighter magnitudes. This does not happen iridet (or the effect is

too mild to detect). It is not clear whether groups follow matosely the cluster or
field behaviour (more detailed discussion in section 4.5&possible interpretation
is that the trend observed in clusters could be the resuliiofdr (less massive) clus-

ter galaxies having already been stripped of their gas cetelyl This would cause
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them to have no (or very little) emission in their spectrad are hence excluded from
our emission-line galaxy sample. Nonetheless, it is arguaihether this could be
a consequence of a larger fraction of early-type galaxighjch are more likely to
have disturbed rotation curves, as shown in figure 4.8) dtdnituminosities in clus-
ters. We discarded this possibility by repeating the esershown in figure 4.12 with
only the morphologically confirmed spirals. The results Ww&am are compatible with
our findings for the entire emission-line sample but are itably affected by larger

uncertainties due to the reduced number of galaxies.

In addition to the above interpretation, it is arguable that most luminous galaxies
are those that were accreted more recently and thereforeesults reflect the influ-
ence of the cluster environment at play. In a hierarchicaléhse, one expects more
massive systems to be accreted later, although there is scatter (De Lucia et al.,
in preparation). In section 4.5.2 however, we show that thetion of kinematically-
disturbed galaxies decreases with distance from the clastdre (see figure 4.14),
hence the above interpretation is unlikely. The resulteofien 4.5.2 suggest another
possibility: fx may grow with luminosity because brighter (emission-liga)axies
may be more likely to reside in the cluster centres, whereetigea higher incidence
of kinematically-disturbed galaxies. We discard this jjaifisy since we find no cor-
relation between the luminosity of the cluster galaxies thed distance to the cluster

centre.

4.5.2 Probing the environment

In section 4.5.1, we compared the gas kinematics of clugteup and field galaxies.
There are other ways however of studying environmentattsffen the galaxy’s gas
state. In this section, we investigate the dependence dfdabgon of kinematically-
disturbed galaxies with (i) velocity dispersion of the gads’ host cluster, (ii) pro-

jected distance from the galaxy to the cluster centre, ang(ojected galaxy density.

A useful way to quantify the global environment in which aagal resides is in terms
of the cluster velocity dispersion of the parent cluster.(:..), @ good proxy for the
cluster mass. The top panel of figure 4.13 shows the cluskecitiedispersion distri-

bution of all the cluster emission-line galaxies (opendgsam) in the matched sample
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C, and highlights the distribution of galaxies with bad fitkkmematical disturbances
(filled histogram). The cluster velocity dispersion rangeered by EDIisCS is very
broad and thus is a good probe of environmental effects cexgaroperties. The
bottom panel of figure 4.13 shows the fraction of kinemalyedisturbed galaxies as
a function of cluster velocity dispersion. This plot reirdes the results presented in
section 4.5.1, showing that the fraction of kinematicaligturbed galaxies increases
With oguster DY @ factor of~ 2 betweens,gier ~ 100 — 1200 km/s. A non-parametric
Spearman’s rank correlation coefficient analysis of thedrehown in figure 4.13 in-

dicates that the observed correlation is significant at 8% &vel.

A frequently-used way to quantify the local environment ajadaxy is the distance
from the cluster centre, which should be correlated withpagnother things, the den-
sity of the intracluster medium (ICM) and the velocities bétgalaxies inside that
radius. To compare galaxies in all clusters, we normalieedistance from the galaxy
to the centre of the cluster) by Ray0%, and study the ratie/Ry. The values of
r/ Rago USed here were computed in Poggiattal. (2006) and are projected (2D) dis-
tances. Figure 4.14 shows the fraction of kinematicalbtidbed galaxies as a function
of r/ Rago. The blue point corresponds to the field population and itgxddfor refer-
ence at arbitrarily large radius. The figure shows a cleadtof increasing disturbance

towards the cluster centre. This correlation is also sicgifi at the 98% level.

We investigate how the fraction of kinematically-distudlgalaxies is affected by pro-
jected galaxy densities. The projected local galaxy dexssitsed here are described
in Poggiantiet al. (2008). Briefly, densities were computed for each spectqusally
confirmed cluster member. They were derived from the circal@a (A) that, in pro-
jection on the sky, encloses théclosest galaxies brighter than an absolute limit.
Hence, the projected densitylis= N/A and is given in number of galaxies per square
megaparsec. The value dfused was 10, and the limiting magnitude wds = —20.

In this chapter, we use the density computed from the “sigissubtraction method”
described in Poggianét al. (2008). In this method, all galaxies in the EDisCS pho-
tometric catalogues are used, ands then corrected using a statistical background

subtraction. We note that the calculations made in Poggeaat. (2008) excluded two

3Where Ry is defined as the projected radius delimiting a sphere witrior mean density 200

times the critical density, commonly used as an equivalewirial radius.
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Figure 4.13: Top: The cluster velocity dispersion distribution of alll@ées in sample C (open
histogram) and the distribution of those with “bad” fits @l histogram) are plotted. Bottom: The
fraction of “bad” galaxies (i.e. galaxies with disturbed&matics) is shown as a function of cluster
velocity dispersion for the matched sample C. The blue @&tato.ustor >~ 0 km/s corresponds to
the field population, shown for comparison. The values @fsi., were taken from Hallidagt al.
(2004), Milvang-Jenseat al. (2008), and Poggiantt al. (2009). A non-parametric Spearman’s
rank correlation coefficient analysis indicates that theedation shown in this figure is significant
at the 83% level.
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Figure 4.14: The fraction of galaxies with disturbed kinematics is sh@sra function of-/ Rag

for the luminosity-limited sample C. All the “bad” rotatiacurve fits are considered. The data
point for the field is plotted for comparison at arbitrariligh »/ Rooo as a blue asterisk. There
seems to be significantly more galaxies with disturbed gasrkatics towards the cluster centre
than in the field or high cluster-centric distances. A Spearsrank correlation test indicates that
the correlation shown in this figure is significant at the 98%el.

fields without deep spectroscopy, and two others that hawghbouring rich struc-
ture at slightly different redshift, indistinguishable pyotometric properties alone.
For this reason, our analysis contains only part of our matched sample C, but this

fraction is nonetheless significant.

Figure 4.15 (bottom panel) shows the fraction of kinemé§icisturbed cluster/group
galaxies in the luminosity-limited sample C as a functiorpadjected densities. It is
clear that the fraction of kinematically-disturbed gaésxremains constant with, up

to the highest densities.

To test that the trends seen in figures 4.15, 4.13, and 4.1dcaréominated by the
inclusion of elliptical and SO galaxies (which we know arerelikely to be disturbed,
see figure 4.8), we repeated each plot without the known Ed8@®btained the same
trends. In addition, we repeated them with only confirmedadpi Because we only
have visual (HST) morphologies for about half of the samfile,number of galax-

ies reduces significantly. The observed trends for the Isgataxy sample remain
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Figure 4.15: The top panel shows the distribution of the projected disssilf the cluster emission-
line galaxies in sample C. In the bottom panel, the fractibgataxies with disturbed kinematics
is shown as a function of projected density for cluster/grgalaxies in the luminosity-limited
sample C. The horizontal dotted line corresponds to the amedilue offk and is plotted to show
that the fraction of kinematically-disturbed galaxiesassistent with that value at all densities.
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unchanged, but inevitably suffer from greater uncertainty

Because of the small number of galaxies in the bins of figur#3,41.14 and 4.15,
we adopted a conservative approach in estimating the cowkdmtervals (the one
described in Cameron, 2010). However, the clear and smoatkdg that we observe
in figures 4.13 and 4.14 seem to suggest that we are overésijihe the errors

somewhat.

When comparing the results obtained from figures 4.13, 4abd, 4.15, it is clear
that the gas kinematics is not affected by the local galaxysitg but significantly
affected by the nature of the global environment itself§tdn mass and distance from
centre). This strongly suggests that what affects most thpepties of the gas in
cluster galaxies has to be linked to the ICM and/or the ga#ieibal potential of the

cluster itself and not to galaxy interactions.

4.5.3 Morphologically disturbed galaxies

With the aim of comparing the state and distribution of the@ad the stars for galaxies
in different environments, we performed an independerniiarsaof the morphological
disturbances of the galaxies, as traced by optical (HSTyinga The expectation is
that our analysis of the 2D spectroscopy we have just destpibovides information
on the gas structure and distribution, while the opticditligaces the stellar structure.
For the 126 (out of 224) galaxies with HST observations inltheinosity limited
sample C, we fitted a smooth single-Sersic index model. We theeGALFIT code,
described in Pengt al. (2002). The set-up with which GALFIT runs, named GAL-
PHYT?*, is described in detail in Hoyost al. (2011). Residual images were created
by subtracting the model from the galaxy’s HST image. Thestduals highlight
the presence of morphological distortions and containalakiinformation about the

interaction state.

Three people (the author of this thesis, Alfonso Aragbta®anca and Carlos Hoyos)
independently examined the residual images and gradecdetiet df morphological

disturbance of the galaxies under study. We did this by logKor different fea-

“Developed in python by Carlos Hoyos
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Figure 4.16: The distribution of the degree of morphological distortiemlotted in a histogram
with normalized area (to unity) for: galaxies with good tada curve fits (i.e. with normal disk
kinematics, shown in a black solid line), and galaxies wigtudbed disk kinematics (blue dashed
line). The vertical (orange) arrow indicates the limit wh&re have separated non-disturbed from
disturbed morphologies (definition used for figure 4.18).e Bample plotted is the luminosity
limited sample C that counts with HST observations (sededrsymbols in figure 4.9). The inset
panel shows the cumulative distributions of the morphaalgiisturbance, as well as KS statistics,
for the kinematically disturbed and undisturbed galaxies.

tures such as asymmetry, presence of tidal tails, nucleapooents, mergers, and
interactions. Each of these parameters were graded selyar&@y comparing the
parameter space drawn by each examiner, we reached thaisiomcthat the most
reliable (and consistent) way of determining the degree afpimological disturbance
was the quantification of the asymmetry in the residual imagence, we defined
a morphological disturbance index by combining the gradesHe asymmetry pa-
rameter from the different examiners into an average gradee disturbance index
increases from 0 in the positive direction as the level ofrasgtry becomes stronger.
From the distribution of morphological distortion in ourngale, we then defined
two sub-samples of morphologically “good” and morpholadjizdisturbed galax-
ies by choosing a threshold value (see orange arrow in figLiré)4 Figure 4.17
shows a few examples of what we call morphologically distdrland undisturbed
galaxies. The complete set of HST images, single-Sersi@afitsresiduals images

for the EDISCS galaxies treated in this chapter can be foundtip://www.mpa-
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Figure 4.17: Representative examples of the method used to identify hodogical disturbances
in our galaxy sample. Our results are shown for four galavtles two on the top were consid-
ered “good fits” or morphologically undisturbed galaxiesile the other two were classified as
“morphologically disturbed”. The first column presents H8T cutout of the galaxies, the second
column shows the best-fit model made to that image, and the ¢biumn exhibits the residual

image between the model and the data. Galaxy namgsand effective radius are listed at the
top of each galaxy.
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garching.mpg.de/ediscs/Papers/Jdffe2011/singlesersicfits.html

To understand how the morphological and kinematical distnces are related, we
compared the morphological disturbance index for both therkatically “good” and
“bad” samples. This is illustrated in figure 4.16, where weehglotted the morpho-
logical distortion index for the galaxies with disturbedsganematics (dashed blue
line) and the galaxies with good rotation curve fits (soliddid line). The figure also
contains an inner plot showing the cumulative distribusiand the resulting KS statis-
tics. We find that although the distributions are statidigcdifferent (Pxs of only
0.15%), there does not seem to be a very clear differenceeketthe morphological
disturbance indices of galaxies with perturbed and unpeetiigas distributions. This
suggests that the disturbance we observe in the gas is eotldilinked to the galaxys

morphological distortions.

Keeping in mind that early type galaxies are more likely tkimeematically disturbed
(see figure 4.8), and that there are more kinematicallyxbsd galaxies in clusters
than in the field (see figure 4.12), we repeated the analysisrsim figure 4.16 with
only morphologically-classified spiral galaxies, sepaatluster and field ones. The

results did not change significantly.

We also studied the fraction of morphologically disturbedagies, f\;, as a func-
tion of Mg in the same manner of section 4.5.1. The result is shown iar&ig.18
(plotted in the same way as Figure 4.12 for comparison). Véee that there is no
significant difference between the morphologically disad galaxy fraction between
cluster, group, and field environments in thig; range studied. Our results are actually
consistent with a constant morphologically disturbedtfaacas a function of\/z in
all environments. The total fraction of morphologicallystirbed galaxies (over the
full Mp and redshift range of sample C)4§ 4 7% in clusters4115% in groups,
45+ 6% in cluster and groups, and + 6% in the field. It is important to point out that
these fractions should only be compared internally within study since the actual
value of fy; will depend on the definition of “kinematically disturbed? ‘amorpholog-
ically disturbed”. For instance, if we shift the verticat@w in Figure 4.16 that defines
the threshold between kinematical disturbed and nondlistlgalaxies, the fractions

change in number. However, the lack of a trend seen in Figli@ dioes not change.
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Figure 4.18: Fraction of morphologically-disturbed galaxies in diat environments as a func-
tion of Mp, for galaxies with HST data in the matched sample C. This iglainalogous to the
ones shown in figure 4.12, but instead of showing the dishaban the gas kinematics with en-
vironment, it studies the disturbances in the stellar stinec The different symbols correspond
to different environments, as shown in the legend. The draos and\/z bins (shown at the top
of the plot) are as in figure 4.12. We observe no dependenceogitrological disturbance on
environment.

We emphasize that the high fraction of disturbed galaxies-(60%, cf. Figure 4.18)

is a direct result of the threshold used to define morphoddgisturbances (the or-
ange arrow in Figure 4.16 roughly divides the galaxy sammpleailf). Moreover, by
subtracting a smooth model to the HST images, small morgjcdbdisturbances are
enhanced (cf. Hoyost al, 2011), increasing the number of galaxies categorized as

“morphologically disturbed”.

We note that, our index for morphological disturbance (a&isndex) is very similar

to the asymmetry index in the CAS system (Conselice, 2003)t treshold value

for defining morphologically-disturbed galaxies is appnoately equivalent to a CAS
asymmetry index greater than 0.2. When using CAS asymmetgsarements and
adopting this threshold value, we obtain the same trendsreég in figures 4.16 and
4.18.

The results presented here for the disturbance of the staucf the galaxies’ stel-
lar component and those from section 4.5.1, show that tletidraof kinematically-

disturbed galaxies is higher in clusters, whilst the fiattf morphologically-disturbed
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galaxies does not change significantly with environmerg (gpires 4.12 and 4.18).
This suggests that environmental effects are mild enougbttdisturb the stellar struc-
ture in the galaxies significantly, but to strongly affect thas in cluster environments.

The implications of this result will be discussed in sectof.

4.6 Discussion

We have presented a detailed analysis of the effects of themement on the gas and
stars of distant galaxies. We have studied the gas kinespatial stellar morphology
of galaxies in various environments, which has provided itis immportant clues about
the physical mechanisms transforming galaxies. We surasand discuss our results

in the following.

From the full EDiSCS galaxy sample at< 1, we selected all galaxies with measur-
able emission in their spectra, inclinations30° (to avoid face-on galaxies), and slit
misalignment (with respect to the major axis of the galaxyj0°. We then modelled
the 2D emission lines and fitted a rotation curve to obtaiatiomal velocities. All the
fits were individually inspected in a quality check procegltivat separated our galaxy
sample into two categories. The first one contains galaxies/hich their emission
lines yielded acceptable fits (“good” sample). The secorelaumsists of galaxies for
which no emission line could be fitted satisfactorily, angstho reliable rotational ve-
locity could be derived (“bad” sample). We then computégd for each galaxy from

the “good” emission-line fits.

Galaxy morphology was not taken into account in the sampéesen. To investigate

the morphology distribution of our emission-line sample, studied the morphology
distribution of the sub-sample of galaxies that have HSa (&% of our sample). We
found that while most of the emission-line galaxies in oumpke are spirals, 16% were
classified as early-type galaxies (E or SO). Notably, théaéstyquality rotation-curve

fits were obtained in the spiral sample, while the early-tgakaxy group contained a
significant fraction of “bad” galaxies. We neverthelessdiered 12 ellipticals and 5
SO0s with clearly extended rotation curves in their emissidrese interesting galaxies,

although not studied in detail in this thesis, are currebh#ing investigated (Jaffé et
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al. in preparation).

We have shown that the galaxies with “bad” rotation curveréfgesent a population
of kinematically-disturbed galaxies. The fraction of kimatically-disturbed galaxies
(fx) decreases significantly with morphological type (towdader types). Within the
spiral sample, there is a difference of a factor~of3 between Sa and Scd galaxies,
and this difference is even higher if we include SO galaXieshe context of spiral-to-
SO0 transformation, this implies that galaxies already 080 morphology have been

subject of stronger gas disturbance.

By studying the fraction of kinematically-disturbed gats<over the samé/z and
redshift range in cluster, group, and field environments,haee found thatfx is
clearly higher in cluster/group environments than in thédfigor Mz < —20.5).
The presence of kinematically-disturbed galaxies in elssivas first found by Rubin,
Waterman & Kenney (1999) in the Virgo cluster, and has beefitned by similar
studies of the kinematical properties of galaxies in distéusters (e.g. Ziegleet al,
2003; Jageet al, 2004; Metevieret al., 2006; Moraret al., 2007b). The difference
in the kinematics between cluster and field galaxies we finé&€EisCS emission-line

galaxies agrees with these previous results.

While the fraction of kinematically-disturbed galaxiestive field is roughly constant
(= 25%) throughout thel/z range, in clustergk is not only higher, but increases
with luminosity. In other words, the most luminous (mas}igalaxies exhibit more
signs of gas disturbance. We interpret this trend as eveldrat many of the fainter
(less massive) galaxies have been completely strippeceofdgls. This causes them
to have no (or very little) emission in their spectra. Fostlgason, these galaxies are
not selected in our emission-line galaxy sample. Moreavempropose that if we were
able to detect emission in these galaxies, the fractionustet galaxies with disturbed
gas kinematics should be significantly higher than in thd fkall luminosities, with a
much smaller luminosity dependence. We have considerédjsfavour, two alterna-
tive explanations for the observed behaviour. First, thetrhoninous galaxies could
be those that were accreted more recently and thereforeotbserved properties will
reflect the recent influence of the cluster environment. Taidd be the result of the

hierarchical cluster assembly, where more massive sysiegnsccreted later (De Lu-
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cia et al. in preparation). This interpretation is unlikblscause we also find that the
fraction of kinematically-disturbed galaxies decreaséh distance from the cluster
centre (see below). Second, it could be thagrows with luminosity because brighter
emission line galaxies may reside at the centre of the ckisténere we find higher
incidence of kinematically-disturbed galaxies. We diddhis possibility because we
find no correlation between the luminosity of our cluster sitn-line galaxies and

their distance to the cluster centre.

To ascertain which physical mechanisms are affecting teekgematics, we studied
how fx varies with different proxies for environment. We foundtihathough fik

increases with cluster velocity dispersion (by a factorof) and decreases with dis-
tance from the cluster centre (by the same factor), it resmeamstant with projected
galaxy density. Although our results suffer from consitdgauncertainty, they are
self-consistent, and suggest that the physical mechargingaon cluster galaxies is

probably related to the ICM or the cluster potential itselfl mot to galaxy interactions.

We also tested whether there is any correlation between égeed of kinematical
disturbance in the galaxies’ gas and the amount of distadantheir morphologies.
We did this by fitting a smooth single-Sersic index model iwhegalaxy (with available
HST data) and subtracted it from the original HST image. Tdressponding residual
images thus highlighted morphological distortions. Bypeating them carefully, we
found that~ 50% of the galaxies show significant signs of asymmetry that axesh
interpreted as the possible result of a recent interactlde. hote however that the
method we use highlights small assymetries and hence we tddaum that 50% of
the galaxies have recently experienced a merger event. Nkefg, a few of these
galaxies are mergers and most are only experiencing legsnvimteractions. We
did not find a clear direct link between the kinematic distunte in the galaxies’ gas
and their morphological disturbance, indicating that thggaical mechanisms and/or

timescales involved are different.

In sum, our results suggest the physical mechanism redperisr the transformation
of star-forming spirals into passive SOs in clusters effityedisturbs the galaxies’
star-forming gas and reduces their star-formation agtibiit leaves their stellar disks

largely undisturbed. In particular, our findings supportechmanism that is related to
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the intra-cluster medium, with galaxy-galaxy interaci@nd mergers playing only a

limited role.



Chapter 5

The effect of the environment on the
Tully-Fisher Relation and star

formation of distant galaxies

5.1 Introduction

In addition to the study of the state of the gas and the stamshiomogeneous galaxy
sample (chapter 4), understanding the effect of environroerscaling relations is a
very useful way of identifying the physical mechanism(dyidg galaxy evolution.
In particular, the relation between disk luminosity and maxn rotational velocity,
i.e. the Tully-Fisher relation (TFR, Tully & Fisher, 1977a$ proven to be one of
the fundamental empirical clues to the physics of galaxynfdron, in particular, to
the relation between dark and luminous matter in galaxigscdnparing the TFR of
cluster versus (vs.) field galaxies it is possible to spoéptal environmental effects
that ultimately transform spirals into SOs. Whilst the med kinematics of galaxies
reflect the overall gravitational potential (providing aygy for the total mass), the
luminosity can be used as a proxy for both luminous mass arda@tmation, if the
right photometric band is chosen (the rest-frafdand luminosity is particularly

sensitive to star formation).

Much effort has been made in understanding the local TFRjtamddshift evolution
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(e.g. Tully & Fisher 1977; Colet al. 1994; Vogtet al. 1996; Ziegleret al. 2002,
Kannappan, Fabricant & Franx 2002; Milvang-Jenseal. 2003; Bohmet al. 2004;
Bamford, Aragbn-Salamanca & Milvang-Jensen 2006; Nakaraual. 2006; Weiner
et al.2006; Pizagnet al. 2007; Kutdemiret al. 2010, and references therein). Kassin
et al. (2007) developed a revised TFR with the aim of understanttiagcatter about
the stellar-mass TFR. This new relation replaced rotat@aaity (V) with a revised
kinematic estimatory 5) that accounts for disordered or non-circular motionsufgio

the gas velocity dispersian,,;: Sg- = 0.5V2

rot

+ o7,;- This new relation between stel-
lar mass and 5 is remarkably tight for their Keck/DEIMOS spectroscopicrgde
over(0.1 < z < 1.2 with no detectable evolution in slope or intercept with fatts
They conclude from this that the galaxies are perhaps \edlover this 8 billion year
period. Furthermore, they find that tltg 5 stellar-mass TFR is consistent with the
absorption-line-based stellar-mass Faber-Jacksonorlttr nearby elliptical galax-
ies in terms of slope and intercept, suggesting a physicat@ction between them.
This has also been seen locally (over a larger mass rangeatigld/, Zabludoff &

Gonzalez (2008).

A few studies of the effect of the environment on the TFR hdse been made. For
instance, Milvang-Jensest al. (2003) found, in a rather small sample (containing
8 cluster spirals at = 0.83 and additional field galaxies), that cluster spirals were
brighter than the field ones by 0.5 —1 mag at a fixed rotation velocity (1.5s2esult).
Bamfordet al. (2005) found the same behavior with a significantly largensie (111
galaxies in total ab < 2z < 1). They conclude that this effect could be caused by
an initial interaction with the intra-cluster medium. Censely, Zieglert al. (2003)
and Nakamurat al. (2006) found no difference between the cluster and field TFR o
galaxies. Work by Ziegleet al. (2003); Jageet al.(2004); Metevieet al. (2006) have
further discussed the effect of environment in the integaa kinematics of galaxies,
beyond the TFR. They have found that in cluster environmegmyngalaxies show

unusual kinematic signatures such as noncircular motions.

Undoubtedly, larger and more homogeneous studies thaths&arrelations with re-

spect to cluster properties, redshift, etc. are still ndede

In addition to the TFR and the global star formation in gagaxian important aspect
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presumably affected by environment is the concentratiaheftar formation within

the disk. In fact, a potential difference between the déférmechanisms is their pre-
dictions on the star formation within the affected galaxiassome ram-pressure strip-
ing models (e.g. Bekki & Couch, 2003) itis possible that ttae ®ormation is enhanced
across the disk, while in a merger or tidal stripping scenaicentrally concentrated
starburst is likely to occur (Mihos & Hernquist, 1994). Bufbre we can distinguish
these differences, we must establish that a starburst ofcstaation suppression is

present.

In this chapter, we use the EDisCS dataset to study the effdbie environment on
the TFR, star formation, and location of the star formatiothin the discs of distant
galaxies. Unfortunately, because of the relatively lowcsae resolution of our data we
are not able to make a comparative study of $he stellar-mass TFR of Kasskt al.

(2007) (see chapter 2 for details on our dataset). Our aimusderstand which phys-
ical processes are primarily responsible for the transébion of spiral galaxies into
SOs in clusters. In particular, we are interested in addrgske following questions.
How is the star formation of a galaxy falling onto a clustdeefed? Does it decline
immediately, or does it go through a period of enhancemehgd, lis there a signi-
ficant offset between the cluster and field TFR? Is this lastogle of star formation
centrally concentrated, leading to an enhanced bulgestotiat would occur during a
spiral-to-SO transformation? Do these processes depetiteayalaxy location within

the cluster, or on cluster properties such as their massrmecdration?

5.2 The sample

In this analysis, we use the same EDisCS emission-line galadescribed in sec-
tion 4.2. The only additional constrain we place in this dbafexcept for section 5.4.4)

is that the quality of the rotation-curve fits had to be good.

In section 4.3, the method used for fitting rotation curveth®memission-line galaxy
sample was described. In short, this process yielded donte¢locity and emission
disk scale-length for each fitted emission line. After calrgtiality checks, we divided

our sample in two groups, in accordance with the quality effits: “good” or “bad”.
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In general, poor or “bad” fits were caused by kinematicalultsinces in the gas disk,
and hence a reliable measure of the rotational velocity asson disk scale-length
was not obtained. For the construction of a TFR, we needbielieotation velocity
measurements. For this reason, we only considered “goodssémn-line fits. After
rejecting the “bad” fits, our sample decreased in size to H#&Ibelonging to 292
galaxies. By performing such sample cleaning, we are abémsore that all the fits
used have reliable rotation curves, hence reliable meamunes ofl,;. Most galaxies
(55%) had more than one “good” emission line. The remain&gxes had only one

measurable emission line from which a final rotational vigyomould be computed.

5.2.1 Star formation rates

In addition to the rotation velocities, emission disk sdalegths, and rest-frame mag-
nitudes, this chapter makes use of star formation ratesaiysmpossible environmen-

tal effects on galaxy evolution.

The star formation rates (SFRs, not corrected for dust) instdis chapter were derived
from the observed [OII]3722Y fluxes following Poggiantet al. (2008). These fluxes
were obtained by multiplying the observed [Oll] equivalentith by the continuum
flux, estimated from the broadband photometry using totlxyamagnitudes. We
derived specific star formation rates (SSFRs) by simplydilng the SFRs by the stellar

mass.

Stellar masses\(,) were computed by John Moustakas (see Vuleaai., 2011) using
the kcorrecttool (Blanton & Roweis, 2007), which models the observedadrband

photometry, fitting templates obtained with spectrophatyio models.

We used a Kroupa (2001) IMF covering thé M.—100 M, mass range.

5.3 Unique measurements oV, and 4 emission

Our 2D emission-line fitting procedure (ELFIT2DPY, desedbn section 4.3) yielded
measurements of the rotation velocity {.;ssion ;) @nd the emission scale-lengt) (mission.i)

of individual emission-lines in our galaxy sample. Becansay galaxies have more



Environmental effects on the Tully-Fisher relation and sta formation 93

than one measurable emission line, a fit was performed fdr lae independently.
We label each line with the indeéxwhich goes from 1 to the total number of emission
lines available in the galaxy under study). The complete fitting procedure yielded

N values ofV, ; andrq emission i (@S Well as their uncertainties) for each galaxy.

We combined the individual rotational velocity measuretaen each galaxy into a
uniqueV,,; value taking only “good” quality fits into account. We werethleft with
Ngooa Values oﬂ/mmizz per galaxy, where the indexepresents the individual lines
ando; ando; are thé left- and right-hand side errorslip, ;. These (asymmetric)
errors come from the best-fit model's confidence intervalse tihén combined the
Vioti'S Dy taking the weighted average, given by

Vi = 2 o, (5.1)

Wi

wherew; = 1/07,,;, andoy,; = [(0;7)* + (0;)?]/2, i.e. the average variance. The
upper and lower errorss{. andoy, , or justa‘%mt) in the uniquéel;; were also eval-
uated by combining the individual errors in each galaxy. SEhenique error values

were determined as the maximum value of the following twongjtias:

(i) A weighted combination of the standard errorg) estimated by the best-fit model

Ngood w 2
o = E of [ ———— | ; (5.2)
rot,com ? Ngood

i=0 > it wi

(ii) The standard error in the weighted mean, determineuah fitee individual measure-

ments N
good 2
2 Zi:o (V;"ot,i - V;ot)
= . 5.3
(Svrot) Ngood _ 1 ( )
In other words, the- and— errors inV,, are given by
+ 2
(a‘%mt)2 = Max<(gv"°t’““‘2) ) (5.4)
(Svrot)

In this way, we take into account the cases for which thereeweronsistent velocity
measurements within galaxies with more than one emisgien In these cases, equa-
tion 5.2 would underestimate the true uncertainty, whileatipn 5.3 provides a more

realistic error. The only problem in using the descrildédx function (equation 5.4)
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arises for galaxies with only one measured emission lineviach equation 5.3 has
no meaning. However, we consider this to be a minor problempeawed to the possi-
bility of seriously underestimating the uncertaintiesniost cases (66% of the time),

equation 5.4 yieldedsy. )?> = (o )2

‘/rot,com
To test the reliability of the measured errors we also coexgpaty; for each value of
Viot,; DY calculating the quantity

Yi = V;ot,i B V;ot
7 (o_i—l»)2+(o_i—)2 (o—“'/’ro )2_'_(0.‘;1.0 )2 ?
ERTEC

(5.5)

which has a physical meaning only for galaxies with more ta@ velocity measure-
ment. Figure 5.1 shows a histogram of thevalues obtained. As is clearly evident,
thex; distribution is very Gaussian and has a standard deviagimarkably close to 1,
giving a high degree of confidence in the total errors usetiswork and confirming

that our errors are internally consistent.

A complete table with the final;., 74 emission, @nd other characteristics of our full
sample can be found in Appendix B. In this table, we have fldgbe galaxies for
which we had good or bad emission-line fits. We note that thaxgss that did not
have a meaningful fit because they only had “bad” emissioaits still have listed

values ofl;,; andrq emission @aNd special care should be taken in using this numbers.

Final values of the emission scale-lengthemission, Were computed in a similar man-
ner asV,.;. This quantity will be useful in the study of the concentratof star forma-

tion with environment, carried in section 5.4.5.

5.4 Results

5.4.1 The Tully-Fisher Relation of cluster and field galaxie

One of the principal aims of this chapter is to study possialgations with environ-
ment of the TFR to help us understand what happens when fitddigs fall into a

cluster. Having created matched cluster and field galaxyptssr(section 4.4), we
proceed to construct Tully-Fisher diagrams and comparediteibution of cluster

and field galaxies in them. For this study, we only use gatawigh good rotation-



Environmental effects on the Tully-Fisher relation and sta formation 95

o T 4T
i ,
) . !
()] N )
£ 20 ) ]
5 | /
‘@ r
n | !
= L !
QE) : /)
.10 / —
(@] B /
z r
ot . L
0 2 4
Xi

Figure 5.1: A histogram of the computeg; (see equation 5.5) for the independent velocity mea-
surements in the galaxies with more than one good emissierairailable. The Gaussianity of the
x;-distribution and its unity standard deviation providesighhdegree of confidence in the total
errors in the rotational velocities used in this work.

curve fits. To ensure these galaxies are supported by notatie checked that their
computed velocities were consistent with non-zero rotelip rejecting galaxies with
Vit < 20y, , wherea;rot is the left-hand side error oni;. Forty-five of our “good”
galaxies were consistent with no rotation. Typically, thgalaxies havé,,, ~ 15
km/s andoy. =~ 20 km/s. Their morphology distribution is as broad as the paren
sample, with a higher number of irregular galaxies, and th&i mimics the sample

of “good” galaxies, peaking at —20.3 mag.

The top panels in figure 5.2 shows our TFRs. The absoluterasef3-magnitude is
plotted against thég V. for cluster/group galaxies (red symbols) and field galaxies
(blue symbols) for the low and mid-z matched samples (safpighe left hand panel
and sample B in the right hand panel). The fiducial local TFRufy et al. (1998,
from now on T98) is shown as a dotted-dashed line in both gdioelreference. A
relation can be seen in both samples, althoughithelimit of sample B confines the
TFR to a range of a few magnitudes. The observed scatter iNRReis0.233 dex in
Viet- This scatter is not dominated by the errorsiig, which are typically~ 0.07
dex. The intrinsic scatter we measure is thus 0.230 dex. €atites is larger than local

studies of the TFR but smaller than similar studies at higlslét. For example, the
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TFR presented here has lower scatter than that of Kassih (2007). As mentioned
above, they are able to reduce it significantly by replacioigtron velocity with a

kinematic estimator, which accounts for non-circular s through the gas velocity
dispersion. In this chapter, owing to our poor spectral ltggm, we are unable to
measure velocity dispersions, and hence apply their methaction 5.4.3 however,

we show that the scatter is reduced if we limit our sample i@abgalaxies only.

To compare the cluster and field TFRs, we define the quadtitysz as the vertical
difference inMp between our data points and the local relation plotted. Tiuslle
and bottom panels in figure 5.2 show thé/y distributions and cumulative distribu-
tions respectively, again for the two redshift ranges of dand B matched samples.
The fact that the\ Mg distribution peaks at- —1 mag is probably due to some evo-
lution with redshift of the TFR (Moget al, 1996; Bamfordet al, 2005; Bamford,
Aragon-Salamanca & Milvang-Jensen, 2006; Weigteal., 2006). However, since it
is extremely difficult to make direct reliable comparisom$vieen TFRs at ~ 0 and
at intermediate: (see, e.g. Weineet al, 2006), we will not attempt to quantify this
evolution here and only make comparisons internally withun sample for which the
selection effects and measurement biases are the same.tli@senplots, we can see
that cluster/group and field galaxies have a remarkablylairdistributions ofA Mg,
implying that they follow the same TFR. When applying a KS teshe matched sam-
ple A (left hand panels), we obtained a probability that treathples are drawn from
the same distribution oPcg = 0.99. In sample B (right hand panelsfxs = 0.74.

These numbers are also shown in the bottom panel of figure 5.2.

Although no difference is observed between cluster/groupfeeld TFR inMpg (for
a fixed V,,), it is still possible that a difference could arise in thelg; for a fixed
Mp. To test whether this hypothesis is true, we computed thezdwal (velocity)
difference between the data points and the local TEBR,{). Again, no difference

between cluster/group and field galaxies is observed.

The lack of evidence for environmental effects on the TFRI&de caused by the
fact that we cannot plot the kinematically-disturbed gedayon our Tully-Fisher di-
agrams, as their rotational velocities cannot be reliabbasured. If there were an

enhancement/suppression of the star formation in galdikesg into clusters (hence
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Figure 5.2: Mp vs. log V. is plotted in the two upper panels for the low and mid-z sasple
(A and B, respectively, as labelled). As in figure 4.9, thesdu/group galaxies are plotted as red
filled diamonds, and the matched field sample correspondietoltie open diamonds. The fiducial
TFR of Tully et al. (1998) is marked by the dotted-dashed line in both panels.riiddle panels
show the distribution of the vertical difference betweea ploints and the plotted line\(\/5) for
cluster/group (red) and field (blue) galaxies for each sarbgde. The bottom panels show the
cumulative distributions oAMp in each case. The Kolmogorov-Smirnov (KS) probability that
the two samples follow the same distributidpkg, is shown in a corner.
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an increased-band luminosity), this should be more easily seen in thexges that
already show signs of gas disturbance. However, it is pegctbese galaxies (flagged
as kinematically “bad”) we rejected because of our inapiid fit a robust rotation
curve (from which we could measutg,;). Nevertheless, if we take the observed lack
of differences between the field and cluster TFRs at faceeyalie would conclude
that there is no significant enhancement in the star formatfahe infalling galaxies
(which presumably could have been caused by environmeiféat® such as mergers
in the cluster outskirts or compression of the intersteti@dium by interaction with
the clusters’ dense intergalactic medium). However, itlésucthat additional inde-
pendent evidence is needed to draw definitive conclusionsachieve this we will
combine the TFR results shown here with a study of the standtion activity of the

galaxies in section 5.4.4.

The lack of significant differences between the TFRs of field eluster galaxies that
we find here agrees with the work of Nakamatal. (2006), but disagrees with tt3er
difference found by Bamfordt al. (2005). While Nakamura et al. carried out rotation
curve quality controls similar to the ones performed he@nkrd et al. accepted fits
of lower quality. To test whether this is the cause of ther@igant results we repeated
our TFR analysis accepting the,; values derived from all the fits, including those
from bad quality ones. We find that even when including thed"bigs, we found
no significant difference between the TFRs of cluster/gsoaipd the field. We thus
conclude that differences in the quality of the acceptedafigsnot responsible for the
discrepant results obtained by Bamford et al. and ourseMéesoffer no convincing
explanation for this discrepancy, but since our samplagisicantly larger than theirs
and the quality of our data is at least as good (and oftenrpette trust that our result

iS more robust.

5.4.2 The difference between cluster and group galaxies iné TFR

Cluster cores can have severe effects on galaxies resigmgitn Galaxies however,
are thought to interact with harsh environments well befegching the centre of a
cluster. (Kodamat al., 2001; Treuwet al,, 2003). In the hierarchical scenario of struc-

ture formation, infalling groups of galaxies build the righlaxy clusters we observe
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today. Galaxy groups are thus likely to represent a natmkat@ment for galaxyre-
processinge.g. Fujita, 2004) through tidal interactions that woutd be as effective

in higher velocity dispersion environments.

In this section, we distinguish galaxies in clusters andugsoin the quest for evi-
dence of more refined environmental effects. We compareigalan clusters, groups,
and the field with each other in the Tully-Fisher diagram innailar manner to sec-

tion 5.4.1.

When distinguishing group from cluster galaxies our nundmemts inevitably drop.
We therefore consider in this section the matched sampleaCsibans the redshift
range0.36 < z < 0.86 and is limited byM g = —20 mag. In this way, we improve
the quality of our statistics. Because the redshift range®full matched sample C is
large, we first test whether evolutionary effects would bias study in the following.
We do not attempt however to perform an accurate TFR evolstiody since it is very
difficult to properly fit a TFR to high redshift galaxy sampl@gven the magnitude
cuts and the amount of scatter present). For this reasonnlyeoantify evolutionary
trends by comparing our data points with the local TFR, assgmhe slope is constant

across the entire redshift range.

The middle panels of figure 5.2 showed that our matched sahplee a brighter TFR
than the local relation. We represent this with the quamity/z, which equals the
vertical difference between the galaxy'$z and the local TFR. By comparing the
same galaxy population (e.g. only field galaxies) in subgamA and B (at low
and mid-z, respectively) against the local relation, weabke to quantify the TFR
evolution fromz = 0 to the mean redshifts of samples A and B. The field galaxies of
sample A, show a mediah,,,, of = —0.93 mag (AMp) = —1.39 mag), while, in the
higher redshift sample B, they show median,, = —1.34 mag (AMg) = —1.35
mag). We emphasize that we do not attempt to make a detaleg sf the TFR
evolution here. Formally, this simple test suggests thexietiis a~ 1 mag evolution in
the TFR’sMp, from z = 0 to z ~ 0.5, in agreement with previous studies (Vagtal.,
1996; Bamfordet al, 2005; Bamford, Aragon-Salamanca & Milvang-Jensen, 2006
Weineret al., 2006).

We then looked for any evidence for evolutionifiz in the range).3 < z < 0.9 by
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Figure 5.3: The distribution ofA M  for the field galaxies (upper panel) and cluster/group dgetax
(lower panel). The black solid histogram in both panelsegponds to the lower redshift galaxies
in the matched sample A, while the red, dashed histograragrthe higher redshift matched sample
B (see section 4.4 for the definition of these samples). litiaddeach panel shows a smaller inner
plot containing the cumulative distributions of sampdeandB for each case. These smaller plots
also show the resulting KS statistics.
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comparing sub-samples A and B against each other. We dideparately for the field
and cluster/group populations. Figure 5.3 showsAhd s distribution for the field
(upper panel) and the cluster/group galaxies (lower panéi¢ black solid histogram
corresponds to the lower redshift galaxies in sample A,ehik red, dashed histogram
traces the higher redshift sample B. In each panel, a smafier plot shows the cu-
mulative distributions of samples A and B, in addition to K statistics. From these
plots, we see that although there is a significant offsét/infrom the local relation,
there is no evident evolution within the redshift range af matched sample. In other
words, we find weak or no evolution of the TFR in either field luster/group galax-
ies at0.3 < z < 0.9. This result allows us to compare different galaxy popuolai
(cluster, group, and field galaxies) across the full redsarfge of the matched sample

C expecting redshift-dependent effects to be small.

The left hand side of figure 5.4 shows the absolute rest-fr&meagnitude plotted
againstlog V;; for sample C. As in figure 5.2, the fiducial local TFR is agaiotigd
(dotted-dashed line) for reference. The middle panel ptedastograms oA Mg for
cluster (solid red), group (open black), and field (dasheé)hile the bottom panel
contains the cumulative distributions &f\M/ ; for cluster (solid red line), group (dotted
black line), and field (dashed blue line) galaxies. In additKS statistics are shown

in the left hand side of this plot.

We find that by making the distinction between group and elugalaxies in the TFR,
no significant differences arise. This can also be seen ihother-left panel of fig-
ure 5.4, where the cumulative fractions and KS statistiessdown. We still find no
significant differences, suggesting again a lack of envirental effects on the TFR, at

least when selecting emission-line galaxies that are markatically disturbed.

5.4.3 The TFR of morphologically classified spirals

It is well known that the TFR scatter is related to galaxy nnapgy (e.g. Kannappan,
Fabricant & Franx, 2002) and it is arguable whether SO andalsgalaxies, for ex-

ample, should follow the same relation. Recent studiesr@gd, Aragon-Salamanca
& Merrifield, 2006; Williams, Bureau & Cappellari, 2010) sked that SO galaxies

have the same TFR slope as the spirals, but are on averatgs faia given rotational
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Figure 5.4: As in figure 5.2,M 5 vs. log V;. for the galaxies in the matched sample C are plotted
in the upper panel. Cluster galaxies are plotted as red filil@achonds, groups are represented as
black asterisks, and the matched field sample corresportids tue open diamonds. The fiducial
TFR of Tully et al.(1998) is marked by the dotted-dashed line. The middle pshvels theA M
distribution for cluster (red, solid), groups (black, opeand field (blue, shaded) galaxies. The
bottom panels show the cumulative distributiong\a¥/ 5 for cluster (solid red line), group (dotted
black line), and field (dashed blue line) galaxies. KS diatisare shown in the left hand side of
the plot. Theleft hand panels consider all emission-line galaxies in samplehist in theright
hand panel, only morphologically classified spirals ardtpth
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velocity.

The TFR sample we have studied so far contains galaxies wkhawn morphology
and a few known not to be spirals. To study the effect of emvitent on the spiral-
TFR, we extract the morphologically classified spirals froan matched sample C to
construct a TFR of spirals only. Out of the 151 “good” emissiime galaxies in this
sample (88 of which have HST observations, see circled signbdigure 4.9), only
66 have a confirmed HST spiral morphology and velocities ist&st with non-zero
rotation. The top-right panel of figure 5.4 shows the spifaRTat0.3 < z < 0.8.
The distribution of galaxies in the TFR is tighter than thegis when plotting all the
emission-line galaxy sample (left hand side of figure 5.4)e ntrinsic scatter in the
spiral-TFR is0.18 dex inlog V;., (compared witt).23 dex if we consider all emission-
line galaxies in the luminosity-limited sample). When canpg the distributions
of the TFR residuals for the emission-line sample (left hami of figure 5.4) and
morphologically classified spirals (right hand side of tlgeife) for each environment,
we find that the distributions of group and field galaxies araarkably similar, whilst
the cluster galaxies show some deviation. In numbers, waired the following KS
probabilities: Pxs = 0.23 for cluster members;ks = 1.00 for galaxies in groups, and

Pxs = 0.97 in the field sample.

When studying the environmental effects on the spiral-Tiw&again observe no dif-
ference between the TFR residuals of field and cluster/ggalgxies (see solid blue
and solid red lines in the bottom-right panel of figure 5.4ix, this time, a small differ-
ence between clustes{ > 400 km/s structures; dashed, red line) and field galaxies
seems to appear. However, its significance is too snigh & 0.29, see cumulative
fractions and KS statistics in the bottom-right panel of fegh.4) to consider it too se-
riously. When combining cluster and group galaxies into@mnere numerous) sample,

and comparing with the field, this difference becomes ndgbg Pxs = 0.82).

Complementary to the results found in this section, andétices 5.4.2 and 5.4.1, we
investigated possible correlations between TFR residdel$ ) with cluster velocity
dispersion, distance from the cluster centre and projeg#daixy density, and found

that there are no obvious trends with environment.
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5.4.4 Star formation

In sections 5.4.1 and 5.4.2, we found that the TFR of “goodéaxjas (i.e. galaxies
with no sign of kinematical distortion) is not significaniffected by environment. To
test the effect that environment may have on the the kineaiatidisturbed galaxies,
which cannot be placed on the TFR, we take a more direct rop@paring the
specific star formation rates (SSFRs, see section 5.2. hedfihematically-disturbed
galaxies with the rest. We find that kinematically-distutigalaxies show lower SSFRs
than their non-disturbed counterparts in all environmehitss is shown in the top row
of figure 5.5. The KS statistics yield a very small probapitihat the two samples
(kinematically disturbed and undisturbed) follow the sadngribution (Pxs of the
order of 1071%), which means that these distributions are certainly netstime. Our
sample exhibits a lower SSFR for the kinematically-distgrgalaxies, particularly in

cluster environments.

In section 4.5.1, we showed that there are more kinematididturbed galaxies in
clusters and groups than in the field, and therefore our fijndiconsistent with that of
Poggiantiet al. (2008), who showed that cluster galaxies have slightly toaverage
SSFR than field ones. The suppressed SSFR for the kinenhatitsturbed galaxies
is also seen in the field, so it is not exclusively a clustempineenon. However, since
there are more disturbed galaxies in clusters than in the fied average SSFR of star-
forming cluster galaxies is smaller than that of field onesgreement with Poggianti

et al. (2008) results.

Although the difference in the SSFR distributions of dibeat and undisturbed galax-
ies is very clear, there is a potential caveat. If a galaxyahbsv SSFR it will have
a low [Oll] emission line equivalent width (EW). This will rka fitting the rotation
curve more difficult, lowering the quality of the fits, and ieasing the probability that
the galaxy is classified as kinematically disturbed. In theédie and bottom panels of
figure 5.5 we compare the EW and flux of the [Oll] doublet for theod” and “bad”
galaxies in clusters and in the field separately. We find that® or kinematically-
disturbed galaxies have lower EW[OII] and lower [OlI] fluxatl environments. The
problem arises when trying to decide which is the cause aridnvthe effect. The

perturbed gas kinematics could be related to a process [dmsappresses the SFR,
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Figure 5.5: A comparison between the star formation of the kinematedisturbed galaxies
(shaded blue histograms) and the undisturbed ones (salidk bistograms). Cluster galaxies are
shown in the left hand panels and field galaxies in the righe t6p row shows the specific star for-
mation rates, the middle the equivalent width of the [Oll]igsion, and the bottom row compares
the flux in Oll. Median values are shown inside the plots.
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providing a real physical link between both observationgweler, it could also be
that low SSFR galaxies have lower [Oll] fluxes and EWs, makivagy rotation curves
more difficult to fit well, and thus the apparent link is purelgservational and not
physical. Using only the information presented in this ¢dkago far it is very diffi-
cult to know which one of these possibilities is the true oHewever the additional
independent evidence indicating that star formation ipsegsed in cluster starform-
ing galaxies (Poggiangt al, 2008; Vulcaniet al, 2010; Finnet al, 2010) suggests
that the observed connection between disturbed kinematidsuppressed SSFR is a

physical one. The results of section 5.4.5 will also supftestconclusion.

5.4.5 Concentration of the emission

To examine the location of the star formation within the disif our emission-line
galaxies, and its dependence on environment, we compagesilzi of the stellar disk,
as traced by the photometric scale-length,(.:), with the size of the gas disk, i.e. the
scale-length of the emission lines in the spect{a.{ision). Emission scale-lengths
were output from ELFIT2PY, while photometric scale-lergtiere derived by fitting

a 2-component 2D model that accounted for a bulge with a dedtdaurs profile and
an exponential disk component, convolved with the PSF oirttagjes. This was done
using the GIM2D software (see Simaetlal., 2002, 2009, for a detailed description
of the method used). The valuesmf,,.; used here were computed from the HST
F814W images, because of the higher quality of the data. Wehmwever that if we
used the scale-lengths measured frbotmand VLT photometry, the results presented
here would not change. We note that many dynamically hotsysthave simple
exponential profiles, hence the presence of a “disk” compbdees not necessarily
imply the presence of an actual disk. For this reason, irséasion we only considered

galaxies that have been visually classified as disks (SOsrals only).

In figure 5.6, we compare both (photometric and emissionledeagths. The top
panels show the ratidg emission/d phot PlOtted againstg ne in the mid- and high-
redshift samples (A and B, respectively) for cluster/grang field galaxies in different
symbols. The median values of this scale length ratio aredahge (within the errors)

for cluster/group and field galaxies in both samples. Thigests that the environment
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Figure 5.6: A comparison of the scale-lengths measured in the emidgies-("q emission, 1OP
panel) and the emission-line extentf..., bottom panel) versus those obtained from the photom-
etry (rq,phot) in different environments. Only kinematically “good” gaies with disk morphology
(SOs and spirals) in the matched samples A (left) and B (rigletre taken into account. Clus-
ter/group galaxies are plotted in filled red symbols, wHiksid galaxies correspond to the open
blue diamonds. The red and blue dashed lines show resggdtieemedian deviation from a flat
distribution, for the cluster/group and field galaxiespesgively. This plots show that whilst there
is no difference in the location of the star formation withie stellar disks of cluster/group and
field galaxies (top), there seems to be a truncation of theligks in cluster/group galaxies with
respect to the field (bottom).

is not significantly affecting the gas concentration in esios-line galaxies that show

no evidence of kinematical distortions.

In contrast with this result, Bamford, Milvang-Jensen & éba-Salamanca (2007)
found that the emission (and thus the star formation) otehspirals seems to be more
concentrated than that of field ones. Since these authorsotigkparate kinematically
undisturbed and disturbed galaxies we repeated the texj alliour fits, “good” and
“bad”. In this case we did find some weak evidence suggestimgr@ concentrated

star formation in cluster galaxies than in field ones, butl#nge scatter introduced
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Figure 5.7: A comparison 0f g emission/7d,phot (10P) @NUrextent/7d,phot With the different mor-
phologies, for all the emission-line sample with HST obaéons. The horizontal dotted line in
the top panel just guides the eye to whelemission = 7d,phot and the vertical solid line (both pan-
els) divides early- from late-type galaxies. The largerdseymbols highlight the median values
for each morphology type.

by the unreliable values 0fj ¢mission derived from the “bad” fits prevented us from

reaching any definitive conclusion.

When fitting the emission lines with ELFIT2PY (section 4.8)¢ extent of the line,
Textent, 1S @lSO computed. This quantity is defined as the distamee the continuum
centre to where the line could no longer be reliably deteabexe the noise. Although
Textent d€PENAS on properties of the data (e.g. seeing, pixel sizekdhus not suitable
for comparison with other studies, it is useful for the indrcomparison of our own
dataset. We use this quantity to investigate whether trenéerf the gas disk is affected

by cluster environment.

The bottom row of figure 5.6 shows how the extent of the emiss@mpares to the
size of the stellar disk in a similar manner as figure 5.6. Degpe scatter, the plots

exhibita~ 1—2¢ difference between field and cluster/group galaxies. Hsare ev-
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ident in the higher redshift sample (B). Cluster/group giags show smaller emission
extents than field galaxies, implying that the cluster emvinent effectively truncates
the gas disks. This is consistent with the results of Koopn&aienney (2004), who,
found that~ 50% of spiral galaxies in the Virgo cluster have their idisks truncated,
whereas field galaxies do not show such evidence as frequehdditionally, they
find that most of the galaxies that exhibit truncated gassdiskve relatively undis-
turbed stellar disks. From their results, they conclude e reduced SFRs of Virgo
spiral galaxies must be mainly caused by ICM gas strippirg¢ivis also the scenario

that our results favour.

In the top panel of figure 5.7, we plot the rati@cmission/7d.phot @S & function of mor-
phology, for all the emission-line galaxies. We find that,,ission/7d,phot IS roughly
constant (with some scatter) throughout all the morpholyges. The bottom panel
ShOWSrextent /7d phot fOT the different morphology types. A small decrease.ifiut /7a phot
is observed towards later morphological types. This is isbast with the results
shown in figure 4.8 and a scenario in which star forming spgedhxies are trans-

formed into passive SOs via stripping of their gas.

5.5 Discussion

This chapter has presented a detailed analysis of the &ftédhe environment on
the Tully-Fisher relation, star formation, and concembrabf the emission of galaxies
in various environments, which has provided us with furttlees about the physi-
cal mechanisms transforming galaxies. We summarize amtigsisour results in the

following.

As in chapter 4, we focused on EDisCS galaxies with measeir@flission lines in
their spectra. After modelling the 2D emission lines andeeng poor fits (mainly due

to disturbed gas kinematics), we computed rotation vekxc{t/;,;) and emission-line

disk scalelengths{ cmission)- We then searched for environmental effects on the galax-

ies’ scaling relations, by studying the Tully-Fisher redat(TFR) of cluster, group and
field galaxies in matched samples (iiz and z). We found that there is no differ-

ence between the distribution of cluster, group and fieldxges in the Tully-Fisher
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diagram up to: < 1. The distributions are strikingly similar (the KS probatyithat
the cluster/group and field TFR are drawn from the same digtdn is Ps ~ 0.98).
This result agrees with Nakamugtal. (2006) and Ziegleet al.(2003) but contradicts
the findings of Bamforekt al. (2005), who found a brighter TFR for cluster galaxies.
Because our sample is larger and more homogeneous thandlpibhshed by these
authors, and our quality control more robust we are confidarthe reliability of our
findings. Taken at face value this result suggests that tietazl environment does not
induce a strong enhancement on the star-formation actiispiral galaxies entering
it.

In an attempt to reduce the scatter about the TFR, we haverpetl the above-
mentioned analysis with only morphologically confirmedrals. This reduced the
number of galaxies significantly (by half) since we do noteh®ST observations
for all the emission-line sample. Nevertheless, we obthimdighter TFR (as ex-
pected, e.g. Kannappan, Fabricant & Franx, 2002) and wdestalimake compar-
isons between the different environments. Our results ghatyfor the spiral sample,
the cluster/group TFR again does not differ significantnirthe field relation. No
statistically-significant difference is found either whremparing the TFRs of galaxies

in the field and in clusters with,, > 400km/s (i.e., when excluding group galaxies).

To further confirm that the TFR is not significantly affectgddmvironment, we studied
the TFR residuals as a function of cluster velocity dismersilistance from the cluster
centre and projected galaxy density, and found no evidenrca €orrelation between

environment and TFR residuals.

At face value, the fact that we find no significant environraéeffects on the TFR
seems to suggest that there is no strong enhancement oessigor of the star forma-
tion activity in cluster spiral galaxies. However this cahbe the whole story, since the
TFR analysis can only be properly done for galaxies withageably regular rotation
curves (and thus galaxies without strong distortions iir tpes structure and kinemat-
ics). If the main environmental effects on spirals manitesiselves as disturbances
in the galaxies’ gas, the kinematically-disturbed galaxdee a key component of the
whole picture. Because these galaxies cannot be reliabbefdlon the TFR we need

to use other tests to assess the effect of the environmeheorstar formation activity.
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Using the [Oll] emission line as an estimator of the galaadasrent star formation we
find that kinematically-disturbed galaxies exhibit lowgesific star formation rates
(SSFR, i.e., star formation rate per unit stellar mass) lir@alironments. Although
some observational biases may be at play, using indepepdig@nce from previous
EDisCS studies we argue that this effect is probably realo Ithis suggests that there
may be a physical connection between the disturbance indlaigs’ gas and their

reduction in star-formation activity.

Further support to this interpretation comes from our stofdthe spatial distribution
of the line emission, taken as a tracer of star formation. ddreentration of the star
formation, parametrised as the ratio of the exponentidédeagth of the line emission
divided by the exponential scale length of the stellar dsslems to be unaffected by the
environment for the galaxies with undisturbed gas. Howealdrough the exponential
scale lengths of the line emission do not seem to be affethedactual extent of
the emission appears to be. The radial extent of the galameission (in units of
their stellar disk scale length) is smaller in cluster eonments than in the field. In
other words, the star formation seems to be more concedffatéruncated) in cluster
galaxies. This means that the cluster environment not a@duaes the galaxy’s star
formation activity but also makes what star formation remamnore concentrated. This

has been independently observed in clusters at lower fiesi§hiolf et al., 2009).



Chapter 6

Conclusions and further work

6.1 Conclusions

In this thesis, we have investigated the rdle of environnoengalaxy formation and
evolution, giving particular focus to the transformatiohstar forming spirals into
passive SOs. We utilized photometric and spectroscopiergagons of galaxies at

0 < z < 1in a wide range of environments from the ESO Distant Clustevéy.

6.1.1 Formation of early-type galaxies

In chapter 3, we constrained the star formation historiesaolfy-type galaxies in clus-
ters. We did this by studying the colour-magnitude relaliGMR) for a sample of
172 morphologically-classified elliptical and SO clustafexies. The following con-

clusions are drawn:

(i) The intrinsic colour scatter about the CMR is very smai,.) = 0.076) in rest-
frameU — V. However, there is a small minority of faint early-type gaés (7%)
that are significantly bluer than the CMR. The small scatididates that either all the
early-type galaxies in the clusters formed at the same tintbai they all have old

stellar populations.

(i) We observe no significant dependence gf with redshift or cluster velocity dis-

persion. Because our sample is strictly morphologicadgsted, this implies that by
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the time cluster elliptical and SO galaxies achieve theirphology, the vast majority
have already joined the red sequence. The only exceptionsseebe the very small

fraction of faint blue early-types.

(i) Assuming that the intrinsic colour scatter is due to diffexes in stellar popula-
tion ages, we estimate the galaxy formation redshifof each cluster. We find that
zr does not depend on the cluster velocity dispersion. Howeyeancreases weakly
with cluster redshift within the EDisCS sample. This tremmtdmes very clear when
higher redshift clusters from the literature are includBais suggests that, at any given
redshift, in order to have a population of fully-formed plicals and SOs they needed
to have formed most of their stars2—4 Gyr prior to observation. That does not mean
that all early-type galaxies irall clusters formed at these high redshifts. It means
that the ones we see already having early-type morpholaigeshave reasonably-old
stellar populations. This is partly a manifestation of tpedgenitor bias”, but also a
consequence of the fact that the vast majority of the egpg-galaxies in clusters (in
particular the massive galaxies) were already red (i.eeadl had old stellar popula-

tions) by the time they achieved their morphology.

(iv) Elliptical and SO galaxies exhibit very similar colour geat implying similar

stellar population ages.

(v) The scarcity of blue SOs indicates that, if they are the defaats of spirals whose
star-formation has ceased, the parent galaxies were glredavhen they became SOs.
This suggests the red spirals found preferentially in dems&ronments could be the

progenitors of these SOs.

(vi) Fainter early-type galaxies finished forming their statsrlé.e., have smallerg),
consistent with the cluster red sequence being built oner &ind the brightest galaxies

reaching the red sequence earlier than fainter ones.

(vii) Combining the CMR scatter analysis with the observed eiwiun the CMR
zero point we find that the early-type cluster galaxy popotamust have had their

star formation truncated/stopped over an extended péxiod 1 Gyr.
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6.1.2 Evolution of star-forming galaxies as a function of ewviron-

ment

In chapters 4 and 5, we studied the properties of the gas andt#ins in a sample
of 418 EDisCS emission-line galaxies.Our principal aim wagy to understand the
main physical mechanisms acting on galaxies when theyrtil ¢lusters. Our main

findings are:

() The fraction of galaxies with kinematically-disturbed ghsks is higher in galaxy
clusters than in the field. While this fraction does not clemgth luminosity in

the field, in clusters it increases significantly with in@ieg luminosity. We can ex-
plain this trend a the consequence of gas being more easilyuwed from lower mass

(fainter) galaxies, taking them out from the emission-tiya¢daxy sample.

(i) The fraction of kinematically-disturbed galaxies incremsvith cluster velocity
dispersion and decreases with distance from the clustéregevhich is indicative of
strong environmental effects on the galaxies’ gas. Howeaverfound no correlation
between the fraction of kinematically-disturbed galaxaed the projected galaxy den-
sity. We interpret this as a strong indication that what isstag disturbances in the
galaxies gas is likely related to the intracluster mediu@M) and not due to galaxy-

galaxy interactions.

(i) The fraction of galaxies with disturbed optical morphokxyin our emission-
line sample is luminosity independent and similar in clustgroups, and the field.
Indeed, there is little correlation between the presendenamatically-disturbed gas
and morphological distortions. These results, combinel (§iand (ii) above, suggest
that environmental effects are mild enough to ensure thlilststhey do not disturb

the stellar disks, they do strongly affect the gas in clugédaxies.

(iv) No environmental effects on the Tully-Fisher relation averfd for the emission-

line galaxy sample nor for the morphologically-classifipdals.

(v) Result (iv) is inevitably limited to the galaxies with untlisbed kinematics. Since
reliable rotation velocities cannot be determined for kiagéically-disturbed galaxies,
these cannot be placed on the Tully-Fisher relation. Faerrésson we explored the

possibility that signatures of enhanced or suppressedataation could be present
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in the kinematically-disturbed galaxies. Indeed, we finak tkinematically-disturbed

galaxies have lower specific star formation rates.

(vi) Cluster galaxies display truncated star-forming diskatietly to similarly-selected

field galaxies.

(vii) There are several elliptical and SO galaxies with extenageddisks, which will

be discussed in a forthcoming paper.

Previous studies have shown that, statistically, spiréges transform into SOs in
cluster environments (e.g. Desatial,, 2007, and references therein). This fact, to-
gether with the results presented here, lead to the follipwonclusions: if infalling
spirals are the progenitors of cluster S0Os, the physicahar@sm responsible for this
transformation is such that it efficiently disturbs the gada’ star-forming gas and re-
duces their star-formation activity, but leaves theirlatetlisks largely undisturbed.
Moreover, the star-forming gas is either removed more efiitty from the outskirts of
the galaxies, or it is driven towards the centre (or bothjary case, this makes any re-
maining star formation more centrally concentrated, mgjpo build the bulges of SOs.
We conclude that the physical mechanism responsible fospival-to-SO transfor-
mation in clusters is related to the ICM, with galaxy-galaxteractions and mergers
playing only a limited role. Of course, this does not implgi$0s in lower-density

environments cannot form via different mechanism(s).

6.1.3 Reconstructing the whole story

From this thesis, we have learned about the histories of lithesband the youngest
galaxies in the universe separately. It is therefore appatepto link their evolutionary

paths to reconstruct the complete galaxy formation andutieni picture.

On the one hand, elliptical and SO galaxies in clusters ang ol stellar systems
which populate the red-sequence throughout cosmic tintl,ttve most massive ones
reaching the red-sequence first. On the other hand, thesstaafion in young galax-
ies is significantly affected by the cluster environmentjlgvtheir morphologies are
less easily disturbed. If passive SOs are the descendastarefiorming spirals, our

results are consistent with a mechanism that strips, distamd concentrates the gas in
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galaxies through interaction with the ICM. Once they haepped forming stars and
their morphologies have changed, possibly aided by secprffects such as minor
mergers and galaxy-galaxy interactions, they evolve pealysibecoming redder and
redder. However, the picture is not as simple as that, shrere tare always exceptions.
We find that not all early-type galaxies are red and that Hadtat-forming galaxies

are spirals.

Overall, our results are consistent with a scenario in whieh massive early-type
galaxies we see in clusters today were formed first, eitreenwgt mergers between
smaller gas rich disk spirals that would help build up theassy or from already-
massive spirals that transformed into SOs by the effectustel environment. Alter-
natively, itis also possible that less massive spiralsustelrs transformed into SOs and
later gained some mass via dry minor mergers. The red-sequenlusters kept being
built over time, particularly at its faint end, most likelsofn spirals being stripped of
their gas by their interaction with the ICM. In this scenatlee faint blue E/SO galax-
ies we find in clusters represent a transition populationwvél@r, the evolution in the
field could be slower, and driven by different mechanismgadt, we find star-forming

E/SO galaxies with extended and undisturbed gas disks ifietidle

6.2 Further work

6.2.1 Origin of gas disks in distant early-type galaxies

In chapter 4 we found 17 early-type galaxies with evidencexténded gas disks in
their emission. These are very interesting objects, becthey are in contrast with
what is typically thought of E/SO galaxies (i.e. that they s#d and dead objects). The
author of this thesis is currently leading an investigatiarihese objects to understand
the origin of their gas and to test if these are the high rédahalogues of the early-
type galaxies found by in the local Universe (the fast andsiatators in Emsellem
et al, 2007, and references therein). This work is being carrigdrodirect collab-
oration with Harald Kuntscher (from the SAURON collabooat, Alfonso-Aragbn-

Salamanca, and the EDisCS collaboration.
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6.2.2 Kinematical properties of backsplash galaxies

The work carried for this thesis also let to a project, cuitydoeing led by Rhys Rhodes
(University of Nottingham), that investigates the propertof the backsplash galaxy
population through the comparison of our observations laitipe scale structure simu-
lations (Millenium, Springeét al., 2005) and galaxy evolution models (De Luetzal.,
2006). The aim is to identify and characterize backsplatdxgss within EDisCS. We
want to understand how and when galaxy properties are affexs they infall in the
cluster and thereafter. For example, is the gas in a galdegtatl soon after the galaxy
falls into the cluster?, or do gas disturbances requiredotighnescales (i.e. more or-
bits)?. To do this, we are combining the information from #aulations with the

results presented in chapters 4 and 5.

6.2.3 Galaxy evolution: nature and nurture

So far, we have obtained important clues about the mechartisat quench the star
formation and transform the morphologies of massive gakaixi clusters, but high red-
shift studies, like the one presented in this thesis, asebitowards high galaxy mass.
Low redshift surveys such as the Sloan Digital Sky Surveyadnle to probe galaxy
properties in a wider mass range. They have indeed foundgtiiakies divide into
two distinct families at a stellar madg, ~ 3 x 10M,, (e.g. Kauffmanret al, 2003).
Studying galaxies of all masses in lower redshift clustetsius key in understanding
galaxy evolution, in particular, understanding the redseimind the characteristit/,
scale where galaxies transition from young to old. For teason, pursuing a holistic

study of galaxies at lower redshift in different environrseis ideal.

Adopting this approach, the author of this thesis will workaproject led by Bianca
Poggianti on “Star Formation in Clusters and Superclustei$e project consists
of a broad set of data in low redshift clusters, from which va@ éearn important
clues about galaxy evolution. The clusters we will be stagyare Abell 2192 and
Abell 963. They are not only at low enough redshift to prokeldw-), end, but are
also very different in their dynamical state and star foioraproperties. This makes

them excellent laboratories for galaxy evolution. We witnabine HI information
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with stellar masses, morphology and environment to buildrapete picture of the
formation and evolution for these two clusters. Cold HI gathe source material for
star formation, and is also key in understanding envirorntalgmocesses such as ram-
pressure stripping (e.g. Kenney, van Gorkom & Vollmer, 200Aunget al., 2007).

Studying it is thus essential for understanding galaxysitens.
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Appendix A

Colour-magnitude diagrams of

EDIsCS cluster early-type galaxies

The colour-magnitude diagram for the early-type galaxig¢bé EDisCS clusters listed
in Table 3.1 are shown in Figures A.1 and A.2. Elliptical géda are represented by
“+” signs, and SOs by open diamonds. The solid line showsealifit to the colour-
magnitude relation with the slope value determined by Deid et al. (2007). See
Chapter 3 for details. The dotted lines correspond-to3 mag from the CMR. Blue
symbols highlight blue-tail galaxies (outsig®.3 mag of the CMR). The plots in the

figures are ordered with ascending redshift, in the same wawlhle 3.1.
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Figure A.1: CMRs of EDisCS early-type cluster galaxies (continued guFe A.2).
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Appendix B

Measured rotation velocities and

emission scale-lengths

In Table B.1 we present our measurements of rotation vglokibhematical distur-
bance, and emission disk scalelengths, output from our 2Bséon-line fitting proce-
dure (Section 4.3), as well as the morphological disturbariound from the single-
Sersic fits to the HST data (Section 4.5.3). We also includkdracharacteristics of

the data for completeness. The columns in the table contain:

H

. name of galaxy in the EDisCS catalogue

N

. galaxy environment: “f” stands for for field, “c” for clust (o, = 400km/s) and

“g” for group (o < 400km/s)
3. redshift
4. B-band magnitude corrected for internal extinction

5. logarithm of the rotation velocity (derived from ELFITZP and associated con-

fidence error

6. inclination used (from HST photometry if available, athisse computed from

I-band VLT images)

7. flag for kinematical disturbances (“good” or “bad” for usttirbed and disturbed,

respectively) as judged from the emission lines in the 22 tspe
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8. Hubble T morphology type, obtained by visual inspectibthe HST images.
The numbers correspond to the following types: star=-7,6{&=-5, S0=-2,
Sa=1, Sb=3, Shc=4, Sc=5, Scd=6, Sd=7, Sdm=8, Sm=9, Im=Ed1ly ?=66,

and “-” is placed whenever there is no HST data available

9. flag for morphological disturbances (“good” or “bad” fandisturbed and dis-
turbed, respectively) as detected from the single-sersianiade to the HST
images. We note that these flags must be interpreted withasatieey do not

necessarily represent mayor morphological disturbarefeSéction 5.3).

10. extent of the line as measured by ELFIT2PY (only usabthiwour data since

it depends on e.g. seeing)
11. the emission-line (exponential) disk scalelenght

12. the photometric disk scalelengths, obtained from HS3&,gdus their uncertain-

ties

13. the photometric disk scalelengths, obtained from VLiBgdalus their uncertain-

ties

We note that the values &fg Vo, 7'd emission, @N0rextent @re Not listed for kinematically
disturbed galaxies (intead a “-" is placed), as these vawesot physically correct

and can thus be missleading.



Table B.1: This table contains many of the quantities calculated ard tiwoughoutthe thesis. The columns are: (1) name of galdkg catalogue, (2) environment (“f”
for field, “c” for cluster and “g” for group), (3) redshift, §43-band magnitude corrected for internal extinction, (5@liathm of the rotation velocity (from ELFIT2PY) and
associated confidence error, (6) inclination used (from iBdtometry if available, otherwise computed frdAband VLT images), (7) flag for kinematically disturbed
(“bad”) or undisturbed (“good”) galaxies as judged by thainission-line fits, (8) Hubble T morphology type, obtaingd/isual inspection of the HST images (star=-7,
X=-6, E=-5, S0=-2, Sa=1, Sh=3, Sbc=4, Sc=5, Scd=6, Sd=7~8d®m=9, Im=10, Irr=11, ?=66, and “-" is placed wheneveré¢his no HST data available), (9) flag
for morphological disturbances (“good” or “bad”) as desetfrom the single-sersic fits made to the HST images, (1@nextf the line as measured by ELFIT2PY (only
usable within our data since it depends on e.g. seeing) tfielgmission-line (exponential) disk scalelenght, andafi® 13) the photometric disk scalelengths (for HST

and VLT data), plus their uncertainties.

Object ID envi-. z Mg log Vot inc  kinem. Huble T morph. 74 emission  Textent T(Ii{iEUt rYLT

d,phot

[EDCSNJ* ronment (mag) (km/s) °f dist. morph. dist. 0) (@) (@) (7’)
@) @ ® 4 ®) ® O ®) ©) (10) (11) (12) (13)
1018364-1208375 c 0.4736 —20.75 1.5007f 71 good - - 0.235-03 1.65 - 0.40°90:02
1018383-1212119 f 0.6335 —21.55 24909 31  good - - 0.2300¢  1.07 - 1.209%
1018407-1209413 f 0.2904 —21.07 - 82  bad - - - - - 0.8801
1018417-1212331 f 0.2356 —19.36 - 71 bad - - - - - 1.05:93
1018421-1209540 f 0.5234 —21.76 - 80  bad - - - - - 149320
1018430-1212568 c 0.4744 —21.05 218359, 73 good - - 0.409-02 1.36 - 0.78553
1018437-1214144 f 0.2103 —19.37 113325 71 good - - 0.490-05 292 - 1.089:92
1018471-1210513 c 0.4716 —21.83 - 60  bad - - - - - 1.08:02
1018473-1213164 c 0.4756 —20.83 - 40  bad - - - - - 0.34-02
1018475-1212448\ f 0.6966 - 2.0605 74  good - - 0.35012  0.86 - 0.7455%
1018475-121244® c 0.4767 - 1.8793% 74 good - - 021394 1.89 - 0.745:58

table continues in next page...
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Object ID env. z Mpg log Viot  inc  kin.dist.  T-type  mor. dist. 7q emission  Textent r(lf,igot TX,If)Eot
1018475-1213456 f 04879 —21.44 - 79 bad - - - - - 0.88:03
1018481-1208151 f 06251 -20.76 20909 69  good - - 0.115-93 1.46 - 0.35552
1018490-1212553 c 04733 —21.47 239503 34  good - - 0.600-93 1.47 - 0.70°5-91
1018507-1208362 f 04454 —20.30 21600 50  good - - 0.350-98 1.99 - 0.57552

1018513-120901%  f  0.1529 - 1.00530 74  good - - 0.059-01 2.53 - 0.935°55
1018513-1209018  f  1.1009 - 2113905 74 good - - 0.345-01 1.01 - 0.935°55
1018516-1213162 c 04724 -19.08 20750, 38  good - - 055013 057 - 0.445:58
1018548-1210359 f 05105 -21.69 23200 73  good - - 0.379-98 1.43 - 0.65552
1018555-1209321 f 05284 —2090 223302 60  good - - 03209 o087 - 0.435:92
1037428-1245573 c 04225 -21.32 - 64 bad 2 bad - - 0689, 2.2870-20
1037450-1244475 c 04215 -19.04 189531 76  good 3 bad 0.2005;  0.88 04400 0.48°00°
1037455-1245227 c 04265 -21.01 217502 59  good 3 bad 06805 210 05200, 0.687002
1037459-1241531 c 04256 —21.98 248503 69  good 5 bad 221029 401 114007 1.42°00)
1037463-1244588 f 06443 -20.15 230005 36  good 2 good 0.285:62 1.06  0.217050  0.26"9:03
1037465-1246590 c 04239 —20.77 224503 49  good 4 good 0385 095 052051 0.66709
1037472-1246088 f 05322 —19.11 - 64 bad 66 bad - - 0480%  0.497587
1037475-1246030 c 04247 —19.13 16759 66  good 3 bad 01552 072 03205 036700
1037478-1246542 c 04274 -2033 197519 55  good good 0.48057 1.33 0580051 0.647002
1037489-1247071 0.8531 —22.07 2.09003 74  good good 0.18) 51 142 053)% 0357003
1037494-1243270 g 05799 —20.57 171595 56 good 3 good 0.120°57 0.88 039097 0367052
1037495-1246452 f 05327 —2205 25700 68  good -2 bad 0.08705] 093 06200 0787552
1037501-1246582 c 04280 —2012 18253 40  good 3 good 0.48052 132 07905  0.84002
1037502-1244098 g 05800 —20.80 1.90599 46  good 3 good 0.6513 179 05605 0.6570:02
1037525-1243541 g 05772 —22.88 - 80 bad 2 bad - - 033%  0.637098
1037526-1243306 f 04709 -19.27 2.009% 57  good 3 bad 0.3852 1.38 045057  0.60"008

table continues in next page...
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Object ID env. z Mg logViot  inc kin.dist. T-type mor. dist. 74 emission  Textent r(lf,igot rlﬁm
1037527-1244485 ¢ 0.4223 —22.29 23390 78 good 2 bad 0.55)-5¢ 214 09109t 0907513
1037528-1243508 g  0.5770 —20.85 - 43 bad 3 bad - - 0433  3.267029
1037528-1244192 ¢ 0.4303 —19.59 213998 71 good 3 bad 0.325-52 1.26 0579052  0.6970:07
1037531-1243551 g  0.5788 —20.41 2.009%7 57 good 3 good 0.175:53 062 02830 0367953
1037532-1247270  f  0.9979 —21.15 260590 36 good 8 bad 0.500-03 3.08 0297057 048592
1037535-1244006 g  0.5775 —22.53 1.87503 69 good 4 good 1.35°57 210 074002 1277082
1037539-1243326  f  0.4912 —20.02 - 46 bad 3 bad - - 02400  0.347003
1037539-1247248  f  1.0328 —20.12 2.03932 34 good - - 0.099-92 2.03 - 0.345:5¢
1037541-1246241  f  0.6461 - 20808 85 good 7 good 0.315-52 1.53  1.34057  0.86"0:0%
1037542-1241391  f 04708 —21.31 1.94972 61 good 1 bad 0.18054 075 039909 2657599
1037542-1244395 g 0.5790 —20.67 1.88505 73 good 3 bad 0.145 52 0.77 049007 0527053
1037543-1243020 ¢ 0.4247 —18.98 2.1450; 51 good 5 good 0.30054 0.85 037007 0417552
1037547-1246322  f  0.4470 —18.67 1.8350; 71 good 11 bad 0.15):03 091 022097 0257085
1037552-1246368 ¢ 0.4245 —20.93 - 75 bad -2 bad - - 03409t 0.3275:92
1037553-1246380 g  0.5768 —19.83 158937 67  good -2 bad 0.10°011 073 01639 0157953
1037555-1247123  f  0.4606 —23.20 2.44592 78 good 4 bad 1.226:64 301 12700t 1627952
1037556-1243133  f  1.1385 —23.63 - 79 bad 66 good - - 03403 081013
1037558-1246327  f  0.8763 —20.51 1.3757% 48 good 11 bad 0.02):91 076 013005 0.147552
1037577-1244094 ¢ 04295 —-19.51 113%% 51 good 3 good 0.04°53 076 02900, 0.24755]
1037579-1244340  f  0.4764 —21.28 207597 78 good 5 good 0.37 53 1.78 07405 0.83°002
1037580-1241553  f  0.6836 —22.30 2.1599% 63 good 4 good 0.28057 0.80 02409 651752
1037587-1245140  f  0.9564 —21.32 23090 62 good 8 good 0.48051 146 03605 0597003
1037588-1245566  f  0.7733 —20.79 2.079%% 71 good 1 bad 0.18)-51 238 018001 0577518
1037593-1245431  f 04977 —21.15 215503 47 good 2 good 0.25)51 1.80  0.2805] 0.3100)
1037594-1246209  f  0.8741 —21.47 - 70 bad 11 good - - 0530; 0607003

table continues in next page...
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Object ID env. z Mp log Viot inc  kin. dist.  T-type  mor. dist. 74 emission  Textent r(lfigot TXIEEoc
1037598-1245433 g 05774 —20.35 217005 77  good 7 - 062031 254 057007  0.60700%
1038019-1246556  f  0.3028 —17.85 1.91910 63 good 66 bad 0.4%:%7 1.04 0.40°0:0%  0.49"5-%4

0.14 0.01 0.21
1038038-1243164  f  0.4923 —21.40 2.047 74 good - - 0.025°01 0.83 - 059921
1040320-1152401  f  0.5387 —21.32 1.8790° 48  good 4 good 0.41952 1.54 0.33008  1.3875:%8
1040346-1155511 ¢ 0.7088 —22.00 - 81 bad 7 bad - - 04351 0.35°003
1040350-1157594 ¢ 0.7043 —20.62 252003 60  good 3 bad 055 077 037002 0.367503
1040356-1156026 ¢ 0.7081 —21.69 - 34 bad -5 bad - - 024305 0717915
1040386-1153055  f  0.7957 —20.84 2.08902 74  good 66 bad 0.275:01 1.27 0.47°0:05  0.485-%4
1040388-1154195  f  0.8646 —20.47 1.9750° 63  good 7 good 0.27:5% 1.43 0.30°0:05  0.3275:%8
1040399-1153543 ¢ 0.7059 —20.35 - 60 bad 6 bad - - 038%  0.337001
1040401-1157507  f  0.6243 —21.88 218005 50 good 3 bad 0.519 61 1.73 054001 052051
1040402-1154295  f  0.9637 —21.34 2272502 53  good 1 good 02705, 3.20 02700, 0.3375:52
1040409-1155272  f  0.6247 —20.00 0.38'** 74  good 3 bad 0.08)%% 050 0200007 0.1975:95
1040409-1157230 g  0.6316 —21.62 24450 61  good 5 bad 0.88)5%  2.04 06800t 0867052
1040410-1152550  f  0.9575 —21.96 - 74 bad 5 bad - - 06815  0.347001
1040410-1155590 ¢ 0.7079 —22.26 2.54902 58  good 5 good 1.4856°  4.80 0307092 0937092
1040410-1156345 ¢ 0.7009 —21.54 - 55 bad 4 good - - 048% 0457002
1040415-1156207  f  0.6240 —19.32 - 39 bad -2 bad - - 020097 170705
1040419-1155198  f  0.7388 —20.96 221503 71  good 5 good 0.32053 1.24 03700, 0.4575:52
1040420-1155092  f  0.5875 —20.14 0.66%* 57  good 1 good 0.025) 055 03500, 031705
1040443-1158045 g  0.6317 —21.03 2.3859% 54  good 1 bad 01519 070 014900 0.225:9¢
1040449-1152360  f  0.8645 —21.09 - 47 bad 5 - - - 490590 0.3475:02
1040467-1154041 g  0.7821 —22.13 - 72 bad 3 bad - - 03491  0.3170:07

0.05 .03 0.01 0.01
1040471-1153262 g  0.7792 —21.48 225007 52 good 5 good 0.28) 0% 1.11 040951 0377001
1040476-1158184  f  0.6171 —20.85 - 36 bad -2 bad - - 029907 0317053
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Object ID env. z Mp log Viot inc  kin.dist.  T-type mor. dist. 7q emission  Textent r(lf,igot TX,If)Eot
1040480-1152408  f  0.5354 —20.01 1.9099% 64 good 11 good 0.16)-39 236 02300t 0277982
0.33 .05 0.09 0.05

1040483-1156427 g  0.6329 —21.11 1.53% 83 good 11 bad 0.08):%2 090  1.1890932 067759
1040492-1156399  f  0.5193 —19.86 - 79 bad 1 bad - - 0289 0237057
1040493-1152154  f  0.6560 —22.55 212991 71 good - - 0.715-9% 3.59 - 219515
1040517-1153222  f  0.9147 —20.61 2.086570; 50 good 3 bad 0.17) 51 111 0.38)% 0.25705°
1054194-1147007  f  0.0764 —19.22 - 38 bad 3 good - - 12800 171700]
1054198-1146337 ¢ 0.6972 —21.42 - 50 bad 11 good - - 02B0; 0.497552
1054207-1148130 ¢ 0.6996 —19.98 1.00%% 67 good -2 bad 0.049:5° 041 021700t 0.257912
1054223-1147460  f  0.8634 —24.80 1.13%% 84 good 3 bad 0.045-53 097 011395 0.027553
1054236-1149453  f  0.6629 —21.68 0.87%7¢ 61 good 1 good 0.05)53 090  0.1830F  0.067991
1054264-1147207 ¢ 0.6963 —21.57 2.45502 81 good 7 good 0.58) 53 1.39 090052 0.60"0:0)
1054277-1149315  f  0.7623 —21.75 - 62 bad 11 good - - 04}, 0707552
1054278-1149580 ¢ 0.6949 —22.75 - 56 bad 3 bad - - 02802 2.047013
1054292-1149028 ¢ 0.7030 —20.93 - 69 bad -6 bad - - 092035  0.407558
1054303-1148158 ¢ 0.6952 —20.02 2.00918 47 good 66 good 0.18):98 032 02909t 0327958
1054338-1146388  f  0.7613 —22.66 2.22992 78 good 5 bad 0.675-52 252 077098 1167957
1054339-1147352  f  0.8608 —21.97 - 53 bad -5 bad - - 02739t 0197552
1054343-1147004 ¢ 0.6935 —21.27 1.76 597 50 good 11 good 0.220:03 1.60 03005 0.2370:03
1054356-1245264 ¢ 0.7493 —21.89 - 52 bad -2 bad - - 037997 1257058
1054358-1243099  f  0.2424 —17.24 1.80507 79 good 3 bad 0.20053 0.89 03109 0347552
1054389-1243521  f  0.2428 —20.66 - 76 bad 4 bad - - 08891 1027051
1054392-1243462  f 05250 —20.01 2.13993 45 good 3 good 0.3551 142 0279051 0457002
1054414-1245384 ¢ 0.7504 —21.47 - 76 bad -6 good - - 03139t 0.387553
0.10 .03 0.01 +0.01

1054436-1244401  f  0.5228 —20.45 1.60013 66  good 3 good 0.187°03 1.07 03305 04150
1054441-1246036  f  0.2322 —17.53 1.6350° 78 good 7 good 0.200 51 095 044007 05205
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Object ID env. z Mg log Vit~ inc  kin.dist.  Ttype mor dist. rdcmission Textent  Thuhot oot
1054457-1244068  f  0.5891 —20.60 2.02997 65 good 5 good 0.30053 202 049930 -
1054486-1243269 ¢ 0.7491 —20.72 - a1 bad 2 bad - - 02601 0.350007
1054494-1247066  f  1.0184 —22.45 252992 57 good 6 bad 0.58-63 1.61 05805 0777903
1054498-1245499  f  0.2017 —18.14 1.6299% 65 good 3 good 0.160 52 0.89 0259005 0.307991
1054512-1242223  f  0.2326 —17.47 176573 44 good - - 0.295:03 1.22 - 0.35053
1054515-1244509  f  0.6446 —20.26 - 55 bad 2 bad - - 0230, 0.247002
1054525-1244189 g 0.7283 —22.34 - 41 bad -5 good - - 03800, 0327552
1059031-1254292 ¢ 0.4561 —23.30 - 78 bad - - - - - 14602
1059052-1254215 ¢ 0.4547 —20.80 2.099715 55 good - - 0.4%0-07 1.17 - 0.96°553
1059058-1255024  f  0.6626 —22.20 2.399%° 53 good - - 0.325-99 4.64 - 2.29°51¢
1059061-1252541  f  0.5190 —21.11 2.23)0] 42  good - - 02900, 195 - 0.407001
1059063-1249405  f  0.6956 —21.92 - 44 bad - - - - - 0.52:0¢
1059065-1252425 ¢ 0.4592 —21.04 20859 52 good - - 0.115:94 1.08 - 0.20°551
1059085-1252506 ¢ 0.4584 —18.17 1.8491> 80  good - - 013354 071 - 042013
1059086-1255576 ¢ 0.4515 —20.75 0.68.'° 40  good - - 0.0250; 053 - 0.690 %
1059089-1252444  f 04120 —21.50 2.23593 59 good - - 0.513-93 3.61 - 0.585-91
1059100-1251390 ¢ 0.4517 —21.52 - 33 bad - - - - - 2.0 0
1059100-1252337  f  0.4150 —20.21 2.08505 65 good - - 0.295:03 1.03 - 0.49°0°52
1059104-1253211 ¢ 0.4553 —21.63 - 58 bad - - - - - 18803
1059105-1249497  f  0.5729 —21.06 - 63 bad - - - - - 04373
1059121-1250330 ¢ 0.4556 —18.66 1.3¢91% 77 good - - 0.135-93 2.29 - 0.19°558
1059135-1254337 ¢ 0.4559 —22.47 - 79 bad - - . - - 0.9807
1059156-1250183  f  0.5200 —20.35 - 70 bad - - - - - 04433
1059156-1254404 ¢ 0.4592 —21.14 - 59 bad - - - - - 0.48:03
1059169-1255242  f  0.3515 —20.74 - 55 bad - - - - - 0.83:23

*=9.03
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Object ID env. z Mg logViot  inc kin.dist. T-type mor. dist. 74 emission  Textent r(}il,i’}Ix‘ot oot
1059176-1255154  f  0.2191 —18.52 - 59 bad - - - - - 10903
0.41 0.06 0.31

1059198-1251424 ¢ 0.4553 —20.61 1.76 % 64 good - - 0.045-9¢ 0.58 - 0.4293%
1103322-1243181  f  0.6044 —21.46 - 71 bad - - - - - 04403
1103323-1243143  f 04109 —21.23 2.3099%7 61 good - - 0.410-98 1.81 - 0.72552
1103336-1249004  f  0.6966 —21.32 2.18502 75 good 7 - 0.609:0% 1.28 - 0.76°053
1103346-1244269  f  0.4106 —18.61 1.70505 71 good 5 - 0.165:03 094 031002 039705
1103348-1244157  f  0.3556 —21.45 - 84 bad 4 good - - 13205 1047002
1103355-1244515 g 0.6259 —22.24 256991 35 good 5 - 1.359-02 3.15 - 0.80°591
1103365-1244223 g 0.7031 —24.45 2.609°%0 77 good 3 good 1.3505° 260  1.64002 1.80750S
1103368-1248298  f  0.5484 —20.83 222507 44 good 4 - 0.519-98 0.91 - 0.5679-92
1103370-1247124  f  0.3051 —20.00 2.08503 81 good 5 - 0.515-08 1.32 - 0.84052
1103374-1244072 g  0.7058 —21.30 2.25502 78 good 11 bad 0.610:03 1.34 063052 0.647003
1103393-1246119  f  0.1475 —16.02 2.00505 73 good 11 - 0.215°53 1.07 059052 0.7870:08
1103395-1244537  f 07217 —21.97 2.44592 64 good 2 - 0.169-91 2.87 060003 1537961
1103398-1246578 g  0.7022 —21.55 2.385%1 66 good 6 - 0.600-91 1.63 060705 0.6379:02
1103398-1247485  f  0.3424 —18.96 1.8T9715 66 good 11 - 0.20553 0.88 - 0.37553
1103401-1244377 g  0.7032 —20.88 2.0L91% 35 good 4 - 0.450-03 265  0.2200  0.2475:92
1103401-1244530  f  0.7228 —22.33 - 67 bad 3 good - - 05605 1.387000
1103404-1247358  f  0.8049 —22.55 237500 46 good 5 - 0.56901 2.16 - 0.5705;
1103418-1244344  f  0.3539 —19.94 - 65 bad -2 bad - - 0.285:99 0357052
1103424-1245086  f  0.1990 —18.61 1.745%1 64 good 5 bad 0.425-63 1.75 098052 1127902
1103430-1245370  f  0.6584 —21.64 - 55 bad -2 bad 012038 - 0507091 1.55751¢
1103435-1248339  f  0.8788 —20.34 - 60 bad 11 - 0.07)-5¢ - - 0.37:9:92
1103446-1249085 ¢  0.9598 —22.16 250092 66  good 7 - 071003 357 - 0.44705
1103447-1245597 ¢ 0.9588 - 18552 63 good 3 - 0.109:02 076 028007 1247003
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Object ID env. z Mg log Vit inc  kin.dist.  Ttype mor dist. 74 cmission Textent  THuhot oot
1103457-1245397 ¢  0.9562 —21.88 - 54 bad 2 bad - - 02891  0.687052
1103458-1243353 f 04275 —20.12 - 31 bad -5 bad - - - 0.435:53
1103462-1247552  f 05003 —23.26 2.150%° 66  good - 075003 228 07400, 6707007
1103463-1246578 g  0.6284 —20.99 22199 78  good 4 - 034002 127 060005 0647003
1103477-1247428 f 07657 —21.75 - 45 bad 6 bad - - 05305 0.88"5:%2
1103485-1247452 f 07668 —2050 1.19%°* 52 good -5 - 0.03"5:02 076 016005 2717057
1103495-1248506 f 11920 -21.66 1.23042 49 good 7 - 0.209:01 0.00 017097 0227552
1103504-1247559 g 06273 -19.87 17850 64 good 66 - 0.105-54 096 020009t 0217953
1103508-1247279 f 06953 —21.09 220003 48 good 5 - 0.575-9% 1.84 06405 0677002
1103531-1243096 g 07033 —21.39 248593 30 good 4 - 0.520-12 1.37 02205 0.227902
1103540-1245259 f 09210 —22.00 15001, 37 good 5 - 0.699:03 1.90 059052 0597002
1103543-1248403 f 07661 -20.82 221007 62  good 8 - 0.25001 101 04205 048592
1119111-1128458 f 04536 -20.79 131033 57 good - - 0.445-02 1.77 - 0.567054
1119112-1133186  f  0.2507 —18.73 - 73 bad - - - - - 0.24:0
1119138-1129498 f 03485 -19.81 19801 48 good - - 1.129-98 0.71 - 0.37591
1119151-1133077 f 02506 —21.87 2.34002 64 good - - 0.159-92 1.07 - 1.4890°01

1119163-1127282  f  1.0241 - 218592 61 good - - 0.279-91 2.63 - 0.87552
1119163-1127288  f  0.9671 - 1.9500% 61 good - - 0.167 5} 1.05 - 0.87992
1119165-1131400 f 06953 —21.52 0.13%7 53  good - - 0.780% 175 - 0.8070 04
1119168-1129376 g  0.5496 —23.73 - 52 bad - - - - - 249737
1119169-1128380 f 07918 —23.06 202005 52 good - - 0.499-92 1.96 - 3.56°52
1119173-1129425 g 05503 —21.64 - 40 bad - - - - - 1169
1119181-1132049 f 01239 —19.95 14731 33  good - - 0.650 59 1.85 - 111901
1119184-1128134 f 03391 -20.37 1.9400; 68 good - - 0.350-01 1.36 - 0.29°0°52
1119204-1127409 f 05286 —2046 1.7800° 58 good - - 0.159:01 1.06 - 0.340 2
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Object ID env. z Mg logViot  inc kin.dist. T-type mor. dist. 74 emission  Textent r(lf,igot rlﬁm
1119215-1129103  f  0.5284 —22.06 2.4250% 68 good - - 0.459-07 1.70 - 0.755:52
1119216-1131053  f 09587 —21.91 1.660%% 53  good - - 01999t 127 - 0.260 03
1119216-1132421  f  0.4746 —20.86 - 69 bad - - - - _ 1.0897
1119216-1132475  f  0.4764 —21.43 - 46 bad - - - - - 0.88:03
1119222-1129055  f  0.3727 —20.34 1.93502 74 good - - 0.225:01 0.97 - 0.36°052
1119226-1128488  f  0.5269 —21.81 - 39 bad - - - - - 0.4909
1119235-1130144  f  0.6777 —20.85 1.3¢9535 43 good - - 0.945:32 1.14 - 0.38053
1119243-1131232  f  0.2125 —20.52 217992 59 good - - 0.610-19 2.67 - 1.059-91
1138034-1132394  f  0.6199 —19.87 1.169%*" 58 good 3 bad 0.08)53 340 01309 2067953
1138035-1132254 ¢ 0.4785 —20.83 2.2299° 66 good good 0.475:63 1.30 04895  0.5470-01
1138037-1137275  f  0.7384 —21.71 1.625}5 82 good 11 good 0.215-03 1.03  1.27047  0.545:08
1138057-1131517  f  0.3586 —19.02 1.76533 43 good bad 0.22053 1.30 031951 0.34700
1138064-1134252  f  0.6192 —20.30 2.18505 36 good 3 bad 0.43)°01 140  0389%% 0431592
1138064-1134297  f  0.5452 —19.31 1415322 46 good 11 bad 0.24)-91 127 02605 0.3175:03
1138069-1136160 ¢ 0.4520 —18.62 - 51 bad -2 bad - - 0.289-9t  0.2475:52
1138073-1132356  f  0.3711 —19.37 197914 72 good 3 bad 0.27%5:52 111 02995 0.36700
1138076-1136272  f  0.6188 —19.58 212904 67 good 7 bad 0.28)52 1.31 04705 044513
1138086-1131416  f  0.5039 —19.03 1.58537 49 good -5 good 0.137 03 098 02900, 0317552
1138086-1136549 ¢ 0.4519 —21.92 236507 54 good 2 good 0.4805] 1.64 051050 0777502
1138094-1134286  f 05291 —19.74 118%%* 55 good 6 good 0.3853 1.35 047057 0517002
1138097-1136571  f  0.8287 —21.14 - 69 bad 11 bad - - 04202 0.4275:83
1138099-1132035 ¢ 0.4738 —21.59 219992 75 good 1 good 0.845-54 252 077005 1287983
1138104-1134064 ¢ 0.4786 —20.79 223901 81 good 6 bad 0.78057 233 06400 0937958
1138112-1135117 ¢ 0.4842 -18.36 0.88%°% 57 good -2 bad 0.03001 034 022302 0357009
1138115-1135008  f  0.1857 —16.90 2.0250: 53 good -5 bad 0.16°0 03 0.87  0.20009; 0.187552
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Object ID env. z Mg logViot  inc kin.dist. T-type mor. dist. 74 emission  Textent r(lf,igot rlﬁm
1138116-1134448 ¢ 0.4571 —20.72 - 46 bad -5 bad - - 0.280-05  0.3975-4L
1138117-1137542  f  0.5740 —20.13 0.98920 49 good - - 0.579-07 1.51 - 0.66°553
1138127-1133524 ¢ 0.4863 —20.60 229998 49 good 6 good 0.28052 115 037950 044700
1138139-1133090  f  0.3055 —18.21 079%™ 47 good 11 good 0.06)-95 0.80  0.32005 041795
1138170-1131411  f  0.2605 —19.23 1.8759%% 47 good -5 good 0.217908 099 018005 019759
1138176-1133209  f  0.5286 —19.75 210570, 66 good 1 bad 0.30054 077 037002 0437552
1138177-1136332  f  0.3049 —19.83 229507 40 good 6 bad 1.2251% 297 0.7209% 1177552
1138183-1135486  f  0.6525 —20.12 2.09597 60 good 11 good 0.33:%% 065 02909t 031795
1138204-1131417  f  0.9090 —21.75 - 53 bad -5 bad - - 0.360:05  1.0975%
1202370-1226079  f  0.4603 —20.36 - 52 bad - - - - - 0.6803
1202393-1222096  f  0.3858 —20.00 - 76 bad - - - - - 04802
1202398-1226154  f  0.7284 —21.53 218507 72 good - - 0.225:03 1.15 - 0.467053
1202400-1223011 ¢ 0.4194 —20.27 1.99595 79 good - - 0.225:0% 0.98 - 0.420°5]
1202406-1221340  f  0.4074 —22.76 - 54 bad - - - - _ 1.880
1202417-1221467  f  0.1269 —16.92 - 63 bad - - . - - 0.38:03
1202428-1224401 ¢ 0.4201 —20.70 2.045715 59 good - - 0.235-92 1.01 - 0.62591
1202435-1222204  f  0.3805 —20.74 1.96392 51  good - - 043907 168 - 1.03503
1202462-1227018  f  0.1865 —14.61 - 83 bad - - - - - 0.09 53
1202471-1226537  f 05224 —21.20 230503 71 good - - 0.425:02 1.33 - 0.67053
1202473-1221101  f  0.3511 —19.83 2.0850; 36 good - - 0.415-0% 1.27 - 0.79053
1202474-1221438  f  0.6944 —21.70 2.2850) 67 good - - 0.620-19 1.95 - 0.56°5-53
1202476-1221272  f 01742 —17.10 1.60572 56 good - - 0.235-93 0.96 - 0.435:52
1202484-1222416  f 04814 —20.32 191992 77 good - - 0.12001 1.05 - 0.367:33
1202495-1225219  f 04811 —21.52 1.955% 66 good - - 0.149-07 1.07 - 0.61553
1216358-1203164 ¢ 0.7850 —21.62 - 69 bad 11 good - - 04707 0.627002
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Object ID env. z Mg log Vzot inc  kin.dist. T-type mor. dist. T4 emission  Textent r(lf,igot rlﬁm
1216361-1159014  f 04816 —21.23 22555 72 good 5 bad 0.8%5¢ 215 079092 0937952
1216381-1203266 ¢ 0.7939 —22.44 239551 62 good 1 bad 0.05)51 0.80 043392 1939%
1216403-1158254  f 02733 —16.26 1.2991> 67  good 3 bad 020019 0.5 053507 0.49°007
1216416-1158464  f  0.8644 —20.87 1.22%%° 71 good 66 bad 0.08)05 080 015707 0.15700%
1216434-1202128 ¢ 0.7839 —21.86 133027 74 good 11 good 0.05):0? 097 028005 0.267501
1216440-1157516 ¢ 0.7917 —21.12 - 41 bad 5 good - - 03705 0337001
1216446-1202358  f  0.6698 —20.75 - 67 bad -2 bad - - 0.165:91  1.59"0-%
1216447-1201282 ¢ 0.7865 —22.24 2.33505% 44 good 6 good 0.38)52 1.61 068952  0.697001
1216452-1158200  f  0.2327 —18.35 1559%% 73 good 3 bad 0.16052 156 021950  0.2170-01
1216467-1159378  f  0.6669 —21.18 1.69%%7 54 good 3 good 0.05)53 090 0199395 1277911
1216494-1159165  f  0.4082 —19.10 1.9195% 69 good 3 good 0.16 52 095 024007 018755}
1216503-1159594 ¢ 0.7906 —21.32  2.0805; 61 good 3 bad 0.1 51 1.04 023007 427527
1216504-1200120  f 09312 -21.22 -0.3Z1%* 37 good 5 good 0.08)53 071 027097 0217952
1216527-1202553  f  0.8263 —21.45 - 37 bad -5 bad - - 022095 2137519
1216533-1158540  f  0.4763 —20.48 237552 49 good 5 good 0.46019 069 04830 0557591
1216537-1159276  f  0.2723 —17.99 176557 53 good 3 bad 0.325-52 070 028392 0327952
1216541-1157559  f  0.8748 —21.75 - 71 bad -5 bad - - 0.320:0%  1.00701%
1216548-1158039  f  0.9827 —21.46 - 36 bad -5 - - - 013942 0.000:00
1227440-1138591  f 05764 —19.26 212015 33 good 1 bad 0.300 53 0.72 - 1.98 528
1227449-1138539  f 01731 —16.93 105035 72  good 3 bad 0.319°59 1.94 - 0.54053
1227462-1140319 g 0.5842 —20.60 0.92515 30 good 4 bad 0.640-52 1.63 - 0.50°5-52
1227469-1139483  f  0.8342 —20.32 19755 69 good 11 bad 0.120:91 1.82 - 0.075:53
1227475-1135475 g 0.5825 —21.87 222552 81 good 5 bad 0.75054 1.90 - 0.89°554
1227477-1136322  f  0.5588 —21.43 19605, 83 good 11 good 0.35):03 2.35 - 0.42053
1227479-1140495  f  0.2137 —17.32 - 65 bad 3 bad - - - 0.74:01

table continues in next page...
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Object ID env. 2 Mg logViot  inc kin.dist. T-type mor diSt. 74 cmission  Textent r(lfifot oot
1227500-1136351  f  0.6796 —20.42 2.2950) 46 good 8 bad 0.40052 1.70 - 0.58°553
1227503-1137253  f  0.2391 —17.52 17357 35 good 3 bad 0.145-63 2.64 - 0.87513
1227507-1139384  f  0.8725 —22.66 1583 63 good -5 bad 0.02052 1.04 - 1.66912
1227509-1135349  f 04899 —18.55 1.5397F 82 good 66 bad 0.04)-91 0.70 - 0.755%
1227524-1139108  f  1.0971 —22.11 - 36 bad 3 bad - - - 03305
1227531-1136325  f  0.5440 —20.29 2.21507 63 good 9 good 0.419°58 3.37 - 0.57053
1227537-1137447  f 07591 —21.03 2.2050, 42 good 6 good 0.3459 1.53 - 0.425°52
1227539-1138211  f  0.4885 —20.49 2115951 44 good 5 good 0.785:52 1.70 - 1.115:97
1227546-1140238  f  0.6172 —19.48 1.40997 78 good 9 bad 0.225:52 0.93 - 0.89°520
1227552-1137559  f  0.4893 —21.22 - 33 bad -2 bad - - - 0.56552
1227554-1139178 ¢ 0.6342 —20.56 0.95515 56 good 4 good 0.02051 0.76 - 1.4580:28
1227558-1139556  f  0.4885 —21.42 2.32505 51 good bad 0.48) 58 2.78 - 1.225:03
1227563-1137159  f  0.4460 —19.98 1.0865}2 83 good 5 good 0.200 51 1.16 - 0.37053
1227575-1137133  f  0.5453 —18.87 - 69 bad 3 bad - - - 27655
1227577-1137211  f  0.5451 —20.83 2468703 32  good -5 bad 051001  1.64 - 1.97099
1227578-1136570  f  0.4679 —21.17 - 44 bad 1 good - - - 22870
1227582-1140248  f 05682 —21.33 2.32901 49 good 3 bad 0.700:54 2.17 - 0.735:52
1227583-1140580  f  0.3427 —18.64 - 76 bad - - - - - 0.3803
1227585-1135120  f  0.8381 —23.69 216507 80 good 11 good 0.42):01 1.64 - 1.21512
1227586-1138496  f  0.8295 —20.25 219503 57 good 66 good 0.17:03 1.02 - 0.33053
1227589-1135135 ¢ 0.6375 —22.91 - 60 bad -5 bad - - - 1.895-%%
1227599-1139341  f  0.3640 —19.19 159995 33 good 11 good 0.36):08 2.47 - 0.675:52
1228001-1136095 ¢ 0.6325 —21.74 231592 51 good 5 good 0.860 57 1.84 - 0.825:92
1228003-1135243 ¢ 0.6376 —19.88 - 55 bad 1 - - - - 3.62 %
1228006-1139294  f  0.8377 - 18905 84 good 66 good 0.3%) 54 0.95 - 0.745:94
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Object ID env. z Mpg logViot  inc  kin.dist.  T-type mor. dist. 7q emission  Textent r(lfigot r(‘{ﬁot
1228011-1138547  f  0.8814 —22.38 2.3g992 73  good 5 bad 0.525-52 1.51 - 0.65553
1228021-1135252  f  0.5434 —19.92 1.8093 73  good 8 bad 0.445-53 1.05 - 0.575:57
1228026-1139163  f  0.3431 -17.46 1.032°° 43  good -5 bad 0.02 501 1.39 - 0.029:03
1228031-1140406  f  0.7712 —21.62 2.40593 32  good 4 bad 0.75054 1.77 - 0.59°5-91
1228034-1136367  f  0.6792 —21.15 1.8250 76  good 66 good 0.43):0) 1.37 - 0.5670 55
1232274-1251372  f  0.1467 —15.28 152512 40 good -2 bad 0.12003 111 0.28)05]  1.23"70:18
1232288-1250490 ¢ 0.5470 —22.30 - 71 bad -2 bad - - 044001 1.457558
1232291-1253326  f  0.0695 —15.34 1.74530 79  good 7 bad 0.4853 111 06205 0577002
1232296-1250119 ¢ 0.5509 —22.77 - 73 bad 3 bad - - 06891 3557988
1232308-1250297  f  0.9534 —24.23 - 70 bad 11 good - - 048502 5847026
1232310-1252396  f  0.1138 —17.76 1.73503 77  good 3 bad 0.28) 51 1.58  0.33)5) 0.96"003
1232327-1249057 ¢ 0.5327 —21.42 2.3250) 66  good 5 good 0685 321 06005 07600
1232352-1253514  f  0.7861 —21.19 1.30%% 58  good 11 good 00493 080 03150, 02770%]
1232365-1253142  f  0.5616 —18.65 1.48%3 70  good - - 00899t 239 01139 2.047070
1232373-1249247  f  0.6778 —21.84 21099 67  good good 0.120:5% 1.34 02905  0.547502

0.36 .10 0.02
1232393-1253463 ¢ 0.5364 —20.54 0.94% 37 good 4 good 0.60019 1.21 - 0.709:02
1232401-1253286  f  0.3818 —20.96 2.1459° 59  good 11 good 0.44)-01 1.36 03895 055700
1238335-1145205 ¢ 0.4581 —21.08 2.21505 68  good - - 023007 1.42 - 0.40°052
1238389-1142283  f  0.5717 —21.85 - 72 bad - - - - - 0.74:52
1238389-1142581  f  1.0551 —24.88 - 82 bad - - - - - 0.28:03
1301302-1138187 ¢ 0.4856 —21.12 - 62 bad - - - - - 0.8823
1301331-1142531  f  0.5321 —20.62 2.05% 36  good - - 0.199-93 1.14 - 0.39°552
1301334-1142027 ¢ 0.4796 —20.05 1.69571 50  good - - 0.209-98 1.09 - 0.4675-92
1301342-1141340 ¢ 0.4819 —21.22 1.675}5 80  good - - 0.260:0° 1.23 - 0.64053
1301346-1139174 g 0.3974 —20.16 1.72535 78  good - - 0.1139: 052 - 0.43052
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Object ID env. z Mp log Vot inc  kin. dist.  T-type mor. diSt. 74 emission  Textent T(Iiifot T(\{, I;)Eot
1301351-1138356 g  0.3976 —22.66 - 52 bad - - - - - 2.98:0%
1301354-1138499 f 05246 —20.73 - 39 bad - - - - - 2.381]
1301358-1138292 g  0.4004 —20.82 - 57 bad - - - - - 0.8¢:01
1301363-1138494 c 04787 —21.21 - 73 bad - - - - - 10419
1301365-1142453  f  0.1224 —19.82 - 77 bad - - - - - 12891
1301375-1138121 c 04882 -2040 180018 46 good - - 0.360:0° 0.97 - 0.74553
1301376-1141351 f 09503 —23.49 20300 76 good - - 0.399:03 1.18 - 0.60°0 53

1301396-1139493% g  0.3971 - - 83 bad - - - - - 13203
1301396-1139498 g  0.3984 - - 83 bad - - - - - 13203
1301397-1139048 ¢ 0.4795 —21.81 - 42 bad - - - - - 0.3¢:9
1301402-1139229 c 04828 —22.92 - 54 bad - - - - - 31803
1301433-1142540  f 02038 —1851 1.83%9% 56  good - - 030052 101 - 033701
1301437-1142174  f  0.6568 —23.19 - 80 bad - - - - - 14803
1301443-1137153 f 06530 —22.39 22300 41 good - - 0.969-07 2.14 - 0.915-91
1301445-1137184 f 04982 —20.29 - 58 bad - - - - - 0.28:02
1301451-1140490  f 05881 —20.04 1.79%%" 57  good - - 0.16705  0.89 - 0.380°03
1352525-1135470 f 07518 —21.37 1.32%% 46 good - - 0.380-92 1.07 - 0.435:52
1352526-1135242  f  0.2138 —18.49 - 49 bad - - - - - 10903
1352567-1137080  f  0.6292 —20.68 - 72 bad - - - - - 17937
1352588-1136193 f 07507 —22.00 2.0800% 73 good - - 0.375:01 1.47 - 0.50°0 53
1352599-1136503 f 08368 —21.77 211302 61 good - - 0.213-91 1.47 - 0.34552
1353007-1137288 f 02064 —18.47 169013 70 good - - 0.260:04 1.60 - 0.68°5:92
1353012-1137400 c 05811 -2098 21139 72 good - - 0.31%-91 1.67 - 0.39°552
1353014-1139521 f 04238 -20.82 20700 74 good - - 0.369:03 1.16 - 0.39501
1353019-1136413 f 07501 -21.97 239007 68 good - - 0.330-0 1.25 - 0.42552
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Object ID env. z Mg logViot  inc kin.dist. T-type mor. dist. 74 emission  Textent r(lf,igot rlﬁm
1353026-1139464  f  0.6439 —21.61 - 71 bad - - - - - 0.68:07
1353027-1138441  f  0.5619 —20.73 1.909%° 64 good - - 0.509-98 1.33 - 0.79554
1353032-1137207 ¢ 0.5920 —20.83 1.88997 69 good - - 0.145-93 0.82 - 0.34552
1353054-1139222  f  0.4504 —20.46 1.88915 42 good - - 0.350-92 1.58 - 1.709:58
1353060-1141006  f  0.8095 —21.15 2.01503 53 good - - 0.225:01 1.53 - 0.450°53
1353123-1138095 ¢ 0.5916 —20.22 1.7653; 58 good - - 0.145:07 0.43 - 0.280°55
1353591-1231311 ¢ 0.5989 —19.62 - 53 bad - - - - - 0.3¢ 05
1354003-1230138  f  0.6616 —20.91 - 72 bad 4 bad - - 0380, 0507003
1354009-1233233  f  0.6622 —21.30 2.41592 41 good 3 bad 0.26052 .01 02895 030709
1354016-1232406  f  0.5247 —22.25 21699 57 good 66 good 0.25):91 1.91 05405  1.44502
1354022-1234283 ¢ 0.7711 —20.29 - 44 bad -5 bad - - 0.0800; 0.037552
1354030-1229397  f  0.2996 —15.97 - 43 bad - - - - - 0.0 05
1354049-1234087  f  0.6617 —20.89 2.48503 47 good -5 bad 0.36°0 03 1.35 023051 2397030
1354052-1233490  f  0.5142 —19.51 2.09971% 32 good 4 good 0.18)-63 076 02430t 0.2475:%1
1354055-1234136  f  0.5142 —21.47 239597 54 good -5 bad 0.10°9:53 028 064007 1.48501
1354057-1235043  f  0.3892 —16.18 - 40 bad - - - - - 0.88%2
1354073-1233336 ¢ 0.7670 —19.95 217992 42 good -5 bad 0.22051 094 01739 0217557
1354074-1233206  f  0.8177 —20.35 2.22501 46 good -5 bad 0.12909 0.86 013097 0.00755
1354095-1229021  f  0.7085 —20.88 2.0850° 65 good 11 good 0.33:03 115 04105 0437003
1354095-1233132  f  0.6167 —22.14 2.02502 64 good 5 bad 0.600 53 246 032008 9227047
1354104-1230539 ¢ 0.7601 —20.78 - 55 bad 3 bad - - 0279 0.3
1354107-1231236 f  0.6183 —21.96 - 77 bad -2 bad - - 0.199:05  0.0775:%°
1354111-1230243  f  0.7085 —21.33 2.3490% 58 good good 0.345-53 236 05009 0557952
1354118-1232499 ¢ 0.5946 —21.26 2.33505 57 good bad 0.3753 113 039050 0477002
1354119-1234485  f 07302 —21.65 224992 33  good good 032003 2.8 030000 034700
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Object ID env. z Mg log Vzot inc  kin.dist. T-type mor. dist. T4 emission  Textent r(lf,igot rlﬁm
1354127-1233241 c 07627 —2221 223957 82 good 5 good 0.65) 5% 202 079939 0767553
1354129-1229280 f 01995 —17.22 216903 72 good 2 bad 0.445-63 142 040051 0477002
1354139-1229474 f  0.6865 —22.05 - 74 bad -5 bad - - 0.880-0%  0.0575:99
1354140-1233159 c 05971 -2081 22695 68 good 7 bad 0.520-20 241 061092 071795
1354142-1229132 f 03249 -1952 1.96007 60 good 1 good 0.3852 1.35 0337050 0437002

1354144-122853@  f  0.8245 - - 36 bad -5 - - - 047005 0.60"003
1354144-122853®  f  0.8243 - - 36 bad -5 - - - 047005 0.60"003
1354144-1231514 c 05946 —21.21 - 47 bad 1 good - - 04891 0677052
1354145-1229101 f 11038 —22.05 1.8000% 55 good 1 bad 0.17%:52 0.81 022091 0.18750¢
1354148-1228392  f  0.3647 - 098511 43 good 11 - 0.085-59 1.39 04203 0977908
1354148-122839B  f  0.3643 - -0.181% a3 good 11 - 0.085° 52 0.88 04200 0977053
1354164-1231599 c 05937 —22.18 254053 77 good bad 1.025:09 1.35 085005 1.257002
1354169-1230098 f 08199 —21.32 233091 50 good 4 good 0.175:02 227 022092 055504
1354173-1233490 f 09061 —2253 226002 82 good bad 0.48)53 143 0790:  0.687008
1354176-1232261 f 04779 —2050 254001 36 good -5 bad 0.40°051 1.25 01305  0.3379:02
1354180-1232048 f 11792 —24.86 - 65 bad 66 bad - - 038505  3.297913
1354180-1232242 f 07888 —20.34 20009 46 good 11 bad 0.22)-03 0.67 02439 0307953
1354183-1231396 f 03753 —19.09 15309 67 good 3 bad 0.24)52 055 048002 0557053
1354184-1233370 f 06851 —2041 231007 65  good 5 bad 048005  1.64 040007 0477902
1354185-1234431 f 09092 - - 85 bad -5 bad - - 101945 0125007
1354189-1233335 f 05252 —20.28 - 63 bad 66 bad - - 0A%25 0567552
1354190-1234440 f 07298 - 22015 43 good 4 bad 0.0854 1.03 0458052 1717018
1354194-1233588 f 03608 —21.21 229902 69 good good 0.48)51 236 04600 1257910
1410579-1147529 f 09296 - 18905 74 good - - 0.1995-05 1.39 - 1.145:06
1410587-1147390 f  0.3208 —20.61 - 75 bad - - - - - 0.640%
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Object ID env. z Mpg log Viot  inc  kin.dist.  T-type  mor. dist. 7q emission  Textent r(lfigot r(‘{ﬁot
1411021-1147061 c 05239 -20.44 - 79 bad - - - - - 0.38:03
1411025-1148084 f 08051 —22.16 176002 54  good - - 0.385-99 1.75 - 0.43553
1411028-1147006 c 05202 -21.58 1.735%° 32  good - - 0.559-92 1.65 - 0.46°5-01
1411043-1151253 c 05209 - - 67 bad - - - fsien
1411055-1150350 f 07642 -21.68 231005 62  good - - 0.209:01 1.02 - 0.235°55
1411058-1148128 f 04474 -20.30 208003 74  good - - 0.335:01 1.23 - 0.4670 57
1411062-1149068 f 03500 —-20.56 2.38002 53  good - - 0.645:04 1.58 - 0.69°053
1411063-1152001 f 03183 -18.13 - 51 bad - - - - - 0.13:%8
1411064-1150009 ¢ 05209 —21.55 - 74 bad - - - - - 0.78:%8
1411066-1150498 f 04907 —20.66 1.9409 54  good - - 014308 097 - 2.81531
1411084-1151070 f 04886 —21.56 224007 72  good - - 02890 063 - 0.85052
1411091-1150276 f  0.2487 —18.65 - 81 bad - - - - - 0.58:02
1411097-1147469 f 03918 —22.07 242005 84  good - - 051008 157 - 1.3750%
1411121-1146450 f 08383 —2257 158%°° 49  good - - 0.060-0r 085 - 1.50513
1411123-1149223 f 05714 —2028 2.333% 51 good - - 057312 055 - 0.29°5:52

0.63 0.01 0.04
1411143-1149091 f 04287 -19.81 0.22% 48 good - - 0.08551 0.55 - 0.29°9:04
1411143-1149241 f 04201 —21.09 - 52 bad - - - - - 0.950>
1411149-1151143 f 04878 —-19.56 2.2000% 33  good - - 0.225:0% 1.00 - 0.340°5)
1420094-1235510 f  0.6081 —22.69 - 38 bad - - - - - 34811
1420098-1235111 f 06078 —21.20 1.880%; 44  good - - 0.1805:0% 1.25 - 0.39053
1420110-1235169 f 03745 —21.24 226005 59  good - - 0.399-93 1.16 - 0.815-91
1420112-1234124 f 09189 -23.17 - 60 bad - - - - - 15919
1420115-1234208.  f  0.6089 - 241595 47 good - - 0.860:99 1.90 - 1.089:92
1420115-1234208  f  0.6079 - 237005 47 good - - 081005  2.40 - 1.085:02
1420118-1234482 f 04366 —20.67 1.28023 75  good - - 0.0750% o061 - 0.55092
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Object ID env. z Mg logViot  inc kin.dist. T-type mor. dist. 74 emission  Textent r&iﬁot T"X,If)}:ot
1420120-1234427  f  0.9210 —22.67 2.0891% 83 good - - 0.099-92 0.99 - 5.335%
1420124-1233148  f  0.2881 —19.87 2.0899%% 71 good - - 0.415-92 2.42 - 0.60°5-52
1420133-1234428  f  0.5416 —21.44 240593 73 good - - 0.380-9% 1.39 - 0.4675-52
1420163-1237563  f  0.6886 —22.23 1.09%57 39 good - - 0.075-98 0.25 - 0.035:52
1420173-1233083  f  0.6315 —21.58 2.0351, 52 good - - 0.475:9% 1.52 - 0.715°53
1420175-1233271 g 0.4982 —22.14 - 56 bad - - - - - 0.88:03
1420185-1238207  f  0.8576 —23.09 - 76 bad - - - - - 0.89:07
1420240-1235589  f  0.7207 —22.47 - 58 bad - - - - - 0.96:0¢
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