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ABSTRACT

The mixture of galaxy types in clusters and the field iedent in the local
Universe. Going to higher redshifts, the galaxy populat®changing also
within clusters with look-back time. This may be caused bgjirthate assem-
bly epoch predicted by bottom-up scenarios of structurmé&tion or due to
cluster-specific interaction processes.

To disentangle variouglects, a project to explore evolutionary status of galax-
ies from the center of clusters out to their infall regiong # 0.25 clusters was
initiated.

This thesis describes a panoramic spectroscopic campaigM@SCA at the
Calar Alto observatory. In total, low-resolutioR & 500) spectra of more than
500 objects were obtained, resulting in 150 member galafiesix clusters
that difer in X-ray luminosities. The wavelength range allows torgifg the
star formation activity by using the [@ and the Hr emission lines. This activ-
ity is examined on the large-scale environment expressehlebglustercentric
distance of the galaxies as well as on local scales givendygthtial galaxy
densities.

The general decline of the star formation activity obserivedearby clusters
is also seen az) ~ 0.25 and is mainly driven by a significant change in the
fraction of active versus passive populations. The globppsession of star
formation starts already in the outskirts of clusters (atwdl®Ri ), where the
galaxy densities are low and the intra-cluster medium ig skallow. Galaxies
with ongoing star formation have similar equivalent widtisemission lines
independent of local density or clustercentric distansegigesting that the
processes shutting down star formation act on short tinkescalthough there
is no general trend with velocity dispersion or X-ray lunsitg (total mass),
each cluster displays a distinct galaxy population. A digant population of
red star forming galaxies whose colors are consistent wighréd sequence
of passive galaxies. They appear to be in an intermediatetemoary stage
between active and passive types.

Different scenarios were evaluated in order to explain thosdgrét turned out
that ram-pressure stripping can explain to a great extemgtévious trends,
if the efects of the significant change of the galaxy positions oveetiare
considered. But additional processes may be necessarg #setlsuppression
of the star-formation activity starts at large clustercendistances and low
projected densities. So, as suggested by other studiep greprocessing may
play an important role in transforming galaxies before tapter in the cluster
environment. This is here supported by the similaritiesveen the group and
the population of the outer cluster regions. Starvationthenother hand, is
practically ruled out by the observations under standasdraptions.

It must be noted that fferent processes may have dissimilar importance in
every cluster.
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CHAPTER 1

Introduction

Figure 1.1 shows the center of the galaxy clus-
ter Abell S0740 which is located at a distance of
~140Mpc. This picture is notable for showing dif- v =HoD (1.1
ferent types of galaxies at once. The largest, yel-
lowish object is the central elliptical galaxy preserfHubble & Humason 1931where
in almost every galaxy cluster, but at least two other
objects are worth of attention. They displayfdi-
ent sizes, but both of them feature intricate spiral V _ Aobserved— Aemited (1.2)
arms, with patchy blue regions and in the case of ¢ Aemitted
the galaxy in the lower left corner, also obscured . o . .
regions. Several other objects withfidrent col- Is the recessional velocitf is the distance in Mpc

ors, shapes and sizes are present also in that igd Ho iS the Hubble constant, whose current ac-

e 1 R
ture. The Universe in plenty of similar Iandscapegfapted value islo = 71+ 4 kms=Mpc™, cis the

and this has triggered a question that has intriguﬁﬁ?fed of light a”dd_ is rt]he V\/laV(Ialgngth of the spec-
the astronomers for years. Why the objects, |jER! features used in the calculation.
those seen in Figurk.1, are so dierent? This relation, called the Hubble’s law, led to the

E. Hubblé added a fundamental milestone bfonclusion of an expanding universe and triggered

confirming that those objects (then called “sp _he Big-Bang theory. Furthermore, it allowed to es-

ral nebulae”) were actually extragalactic objec
(the "island universes"Hubble 192% containing
their own population of stars. This allowed to as-
tronomers to determine distances at least to0 thg CLASSIFICATION OF GALAXIES
nearest galaxies. At the same time, the redshift
on the spectral features indicated that most of tI:FF] , . o . .
) : : e first starting point in any systematic study is
galaxies were moving further away, with those f%t

. . . create a classification scheme able to reveal un-
larger distances having larger velocities. In fact, |

was found that both quantities are related in a sirﬂgrr]ly;ngtg:]y(s)'fca;lz;?gser\f\'lzss' aTQi?] flrrsotv?ollzzsglcaé
ple mathematical expressién, Yy g gain p y E.

Hubble and is still widely used to refer to the main
galaxy properties. His scheme was presented as a
morphological sequence (see Figdr@) based in

1Edwin Powell Hubble*1889,71953 . . .
2Modern cosmology has determined that this simple relati(;[rl;]e visual appearance of gaIaXIeS on photographlc

is not valid at larger distances. This will be discussed otisa  Plates. _ The ga_Iaxies were Cl?-SSiﬁed in eI_Iipti—
§1.6. cals, spirals and irregulars galaxies (the later is not

ate distances to galaxies in a simple and straight-
orward manner.




Introduction

Fig. 1.1 Color picture of the galaxy cluster Abell S0740za0.0336 taken with the Hubble Space Telescope.

shown in Figurel.2). Over the time, those eye-
based classifications have been challenged by the
improving in the instrumentation which have pro-
vided accurate measurements of the morphology,
kinematics and spectral properties of galaxies. This
has lead to the conclusion that galaxies subtypes are
objects of very dferent nature.

Elliptical galaxies are arranged fronktQO to E7,

based in their axial ratio, beirg0 the round-
est andE7 the most flattened. They appear
elliptical in shape, with lines of equal bright-
ness made up of concentric and similar el-
lipses. Some discussion has existed if ellipti-
cals are oblate, prolate or triaxial objectsd.
Binney 1978, and whether their ellipticities
are caused by the galaxy position or by the in-
trinsic tridimensional shape of the galaxy.

Galaxies of this class have smoothly vary-

ing brightnesses, steadily decreasing outwards
from the center and are, in average, propor-
tional tor* (wherer the galactocentric dis-
tance,de Vaucouleurs 1959 These galaxies
have all similar colors, with a spectral energy
distribution (SED) characterized by a large
contribution of light from red giant-branch
stars (K and M types).

The motion of stars in elliptical galaxies is
random with velocity distributions that emu-
late molecules in a gas, therefore they have
been called dynamically hot galaxies. Veloc-
ities, colors and other spectral features dis-
tribute with radius and are subject of investi-
gation (for a review seMerritt 1999. Ellip-
tical galaxies have masses from’10 nearly
103 M., the largest mass range in all galaxies.

Spiral galaxies are generally composed of a

bulge, which share many properties with el-
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liptical galaxies, and an extended disk with  signs of rotation, although asymmetric and of-
prominent spiral arms. Therefore, their spatial  ten chaotic ¢.g.Sofue & Rubin 2001

luminosity distribution is described by a com-

bination of ther'/* profile, plus a disk compo- Some galaxies, however, do not fit in the previ-
nent which has an exponential profile propopus scheme, sharing structures with regular galax-
tional toe™"/" (whererq is the characteristic ies but severely distorted, often featuring plumes,
size of the disk). Spiral galaxies are subclasggils or multiple “regular” structures. Those galax-
fied according the relation between bulge ariéls are classified as peculiar galaxiésp 1969
disk sizes and the oneness of their spiral arn@&d are though to be in a process of interaction.

In this scheme Sa galaxies have prominent The early Hubble scheme has been, through-
bulges and very closed spiral arms, whei®es ot the years, updated and accommodated in
types show small bulges and very open spirglder to include intermediate types as well as

arms. to incorporate evidence from new observations

Many spiral galaxies have a bar that exter(@.9. de Vaucouleurs 195%an den Bergh 1960
between the bulge and the spiral arms ahdatthews etal. 1964 With the advent of digital
therefore, a “B” is added to their nomenclalmaging and computers, the original visual classifi-
ture (SBa..SBE cation has evolved in automatic processing, math-
matically modeling th laxy luminosity profil
Unlike ellipticals, the-SED of .Sp"f"" galagies(ee_gftggréc 8?dA$re§utin§ ?853 ¥I'P:J|s hz;)ssgl/l(fwc;de
shows, normally, a high contribution of Ilghtmorphological classification of hundreds of thou-

coming from young, hOt. s_tars an_d EMISsIog, g galaxies present in modern extragalactic sur-
lines caused by the ionizing radiation fron?/eys.
this population on their gaseous content. Be-
cause of that, the colors of spiral galaxies are Additionally, observations of galaxies atfir-
bluer than in ellipticals. Kinematically the€nt wavelengths (from X-ray to radio) have helped
bulge of the spirals is also supported by did0 constrain the properties of their stars and inter-
persion, however at large distances where ttllar medium (gas and dust) present on galaxies
disk dominates, the motion is characterize® Well as to identify components that play a role
by the ordered rotation of gas and stars (F#t the galaxy evolution, such as the super massive

Sofue & Rubin 2001 envelopes. Optical spectra, infrared and ultraviolet

data provide important information about the stellar
S0 galaxiesseem to be an intermediate type bewix presenton galaxies, such as their rate of forma-
tween ellipticals and spiralscombining fea- tion of stars, their ages and chemical abundances.
tures of both types. They display a large bulge
and_a small featureles_s disk. Their stellar POR"S  THE GALAXY ENVIRONMENT
ulations are also dominated by old, red stars:

Together with ellipticals, they are called early )
type galaxies. Since the Hubble scheme is presented as morpho-

logical sequence, and galaxies exhibit a smooth
Irregular galaxies As the name indicate, they dadransition between subtypes, the simplest hypoth-
not display any regular structure nor centr&sis was that this diagram represents some sort of
nucleus. They are characterized by patchy l@volutionary sequence for galaxies. Additional ev-
minous areas and generally show blue coloidence was provided again by E. Hubbléupble
from young stellar populations. These galax936, when he noticed that clusters of galaxies
ies are generally small in size, but some sho@e mainly inhabited by elliptical and SO galaxies,
3 _ Whereas. the surroundln_g field by spiral and irregu-
Much dfort has been done to disentangle whether S@g. 4a15yjes. Therefore, it was suspected that the en-
are truly transition objects or an end-product of galaxylevo

tion (seeLarson et al. 198@yrd & Valtonen 1990Quilis et al. Yironr_nent! Wh_ere galaxies re_Sidea plays some role
200Q Bekki et al. 2002etc.) in their formation angbr evolution.
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Sa Sb Sc
avn, )\ \
Iy ”t.l ; (‘d
7 it i
SBa SBb SBc

Fig. 1.2 Hubble fork diagram of galaxy classification. It is still alid scheme to dierentiate galaxies, although the
evolutionary path proposed has long proved incorrect. kl\@e some the split of ffierent subtypes is somewhat
arbitrary,i.e. by galaxy ellipticity or barred versus “normal” spirals. dge taken from the Wikepedia website,

released under Creative Commons license.

The galaxy environment is often subdivided in
cluster, group and field. The distinction among
these three is somewhat arbitrary and very thin. In
most of the cases, the field is composed of groups
which are themselves very diverse in nature. On the
other hand, the division between group and cluster
can be considered arbitrary but at least is linked to
dynamical properties.e. mass).

Cluster of galaxies are the largest bound struc-
tures in the Universe. They are the highest
density peaks in the cosmological matter dis-
tribution, holding together hundreds or thou-
sands of galaxies. Their velocity dispersions
(o ~ 1000kms) are far too large to be ex-
plained only by the gravitational force from
the visible matter alone which led to the con-
clusion of the existence of an invisible compo-
nent called dark matteZ{vicky 1959.

This was somewhat alleviated by the discov-
ery of a large baryonic component made of

The masses of clusters determined bffedt
ent techniquelsshow that they are in ranges of
10 to 10 M.

Cluster of galaxies are often classified by
their optical richness, which relates the num-
ber of galaxies in a luminosity range to their
spatial distribution Abell 1958 Zwicky et al.
1961). Although, optical richness correlates
with mass é.g. Hansen et al. 20Q5more di-
rect parameters, such as velocity dispersion
or X-ray luminosity, are commonly used in
the present to classify galaxy clusteBo¢gani
20089.

Groups of galaxies contain the majority of galax-

ies in the local UniverseTully 1987). They
usually contain few tens of galaxies and have
masses- 10*M,, . Their velocity dispersions
are substantially lower than clusters (~
150km's). However many larger system are
also classified as groups.

hot gas (10 — 108K) which was detected Field The definition of the field is fuzzy. It usu-

by its X-ray emission Gursky etal. 1971
Jones & Forman 19738 but when they are
both summed , they make up to the 15%

ally refers to the sparce environment between
galaxy groups formed by isolated galaxies or
small systems of few galaxies. Since groups

of the necessary mass, _the rest is composedie g virial theorem, gas hydrostatic equilibrium, gravita-
of dark-matter with a still unknown naturetional lensing and Sunyaev-Zeldovichezt.
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\8 2dF Galaxy Redshift Survey ©

Fig. 1.3 Spatial galaxy distribution as measured by the 2dFGRS8I¢ss et al. 2001 Beyondz ~ 0.15 the survey
becomes highly incomplete and the structures cannot glsaén anymore (image taken from the survey website).

are dificult to identify at large distances adierarchical mass assembly scenarios under the

they show little contrast with the field (exceptontext ofACDM cosmologies (segl.6for a sum-

large and compact groups), they usually endary) and have been accurately modeled by the

being included in the field. lateststate-of-the-arsimulations é.g. the Millen-
nium run,Springel et al. 2006

Large redshift surveys, such as CfALCRS, The LCRS found that, at scales larger than
2dFGRS and SDS$ have revealed the intricate100 Mpc&, the anisotropies found in the local Uni-
nature formed by galaxy aggregations, with filaserse are homogenized and isotropized and the cos-
ments joining clusters and groups. They are strugological principle could finally be seen (the “end
tured in super-clusters and large empty regiog$greatness”).
called voids where few galaxies are found. For in-
stance, the CfA redshift survey was the first in de-
tecting these structures.f.the very large filament 1.3 GALAXY PROPERTIES AND ENVI-
called “the great wall’Geller & Huchra 1989. In RONMENT
Figurel.3a similar map obtained by the 2dFGRS

team is shown, where those features can be apRg;, aspect revealed by systematic redshift sur-

ciated. veys is that many of the galaxy properties depend
Those structures appear as a natural productsimongly on the galaxy concentration. As rich and
thus massive galaxy clusters often have very dense

5 CfA redshift survey Kuchra et al. 1983

httpy/cfa-www.harvard.edihuchrazcat cores they also display greater contrast with the
6 Las Campanas Redshift Surveghiectman et al. 1996 field. Whether the mass of the system itself af-
httpg/qold astro.utoronto.galin/lcrs. html fects galaxy properties is still matter of debate (see
hitp V/ZdF Gr"’r‘]'i‘gyaﬁjisdhljﬂa;;’;‘gg"ess etal. 2001 Poggianti et al. 2004ind Popesso et al. 200fbr
8 Sloan Digital Sky SurveyXork et al. 2000, disparate results). Itis clear, however, that any cor-

httpy/www.sdss.org relation with system mass is weaker than with local
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[ T T T T T T T ] ducted byDressle(1980, where the change of the
L[ ®Elipticals ] morphological mix in nearby galaxy clusters was
[ ¢S0s ] analyzed (see Figutied). Their results showed that
0.8 - ASpirals ] the fraction of elliptical galaxies increases towards
[ ] higher number galaxy densities, whereas the frac-
,§ 06 e AL R 7 tion of spirals decreases. The fraction of SOs galax-
g I IS rae®ee : 1 ies also increases with higher galaxy densities but
=041 o £ a 0% ] is less pronounced than for elliptical galaxies.
0z b ¢ ...:’A 1 _ This result had a big_ ir_npgct on extragalac—
- 0 0 s . t!c astronomy, becagse it |nd|c§tted for the first
oL o L time that some physical mechanism related to the
g environment fect the galaxy structures. This
0 1 2 result has been confirmed by many subsequent
log surface density [Mpc-?] studies which have also shown that this relation

also extend to poor clusters and galaxy groups

Fig. 1.4 The Dressler's morphology-density relatior(e'g' Postman & Geller 1984Tran etal. 2001
(Dressler 198pfor an assemble of local clusters. Galax{P0to et al. 2008
types are subdivided as indicated in the figure (data taken
from Dressler et al. 1997
1.3.2 Galaxy colors and environment

mass density. Optical colors have historically been a useful tool
One must keep in mind that the true tridimerto diagnosis the properties o_f astron_omical objects.
sional mass density is currently observationally utars placed a color magnitude diagram (CMD)
available. However, from simulations, gravitationPopulate special regiohiand this distribution is by
ally bound systems are found to have an “univefrow well understood in terms of stellar evolution
sal” radial mass profile which is well representeteory. The case for galaxies is more complicated.
by the number density of objects that they contaldnless one is able to resolve individual stars, one
(Navarro et al. 1996 Mock galaxy catalogs showonly observes the integrated light from their stel-
that physical groups can be also identified by thd@r populations, which usually havefi#irent ages
two-dimensional distribution with high reliability and metallicities (the main parameters théeet
(Eke et al. 2001 the stellar sequences in the H-R diagram). There-

fore, galaxy colors must be understood in terms

Therefore, in man [ he environment | . L .
ex reessee% et; thea gIaS;Udnisrhée? 3ens(i?[ eOtth(()if star formation histories, but given the number
P y g y Y- {free parameters (ages, metallicities, dust, initial

studies, especially thoge focused in clusters,_repﬁ?éss function, etc), they have proveidult to in-
sent those trends relative to the clustercentric d{s- t
tance, because galaxy clusters have a mass proﬁlr(?re '
which decreases with radiug.§. Carlbergetal. However, it has been noted that galaxies also
19973. Other mean of studying the environmentglopulate certain regions in a CMD. For example,
evolution of galaxies is simply dividing them acspheroidal systems, from globular clusters to the gi-
cording to the class of system where they belonght ellipticals are located in a tight sequence on the
e.g. cluster, group, field, and analyze their gener@MD, usually few tens of magnitude wide. Smaller
properties. systems are normally bluer than larger ones. This
distribution has been called the red sequerecg. (
Baum 1959Zepf et al. 1991Terlevich et al. 200
1.3.1 The morphology-density relation as few galaxies are redder than those located there.

. ) o Spiral and irregulars galaxies normally populate a
One of the earliestfeorts in quantifying the change

of galaxy population with environment was con- °The famous Hertzsprung-Russell diagram, circa 1910.
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vast region in the CMD located at bluer colorgjon of cluster spiral galaxies dubbed “anemic spi-
hence called the “blue cloud”. rals”. They feature weak spiral arms, which indi-

The fraction of galaxies populating the regates that the gas content in those galaxies must
sequence strongly depend on clustering.g( be lower as the star-forming regions are the main

Zehavi et al. 200p. This should not be a Surprisetraces of spiral arms. This was the first indication
given the strong correlation between morpholo at ga_IaX|es may change their properties in dif-
and environment, and morphology and colors. S rent times scales. Those results have been con-

the question is which of the galaxy properties afimed by subsequent studies which have detected
correlated independently of the others. that many galaxies in clusters are , in fact, deficient

in neutral hydrogeng.g. Davies & Lewis 1973

Only recently, thanks to the very large Sloagigyanelli & Haynes 1985Levy et al. 2007, the
Digital Sky Survey, the true nature of the colorjiging material for a vigorous and continuous
density r_ela_tlon. ha§ been estapllshed. Flrgt, .tEFar-formation.
galaxy distribution is strongly bimodal and it is ,
well fitted by a double GaussiarBifateva et al. The_ first hqmqgeneous study of the star-
2001, Balogh et al. 2004p which means that anyformat|on activity in clusters was conduct_ed by
transition between subtypes should occurs in sh&ifessler etal. 1985They found that-31% of field
timescales.  SecondlyHogg et al. (2003 and galaxies are star-forming whereas in clusters this
Blanton et al(2005 pointed out that galaxy colors/Taction is as low as-7%. They also reported that
are more predictive of environment than morpho‘ihe morphologlcal—densny relation can not solely
ogy, breaking the previous degeneracy and indic&gcount for this dference.

ing that the processes thdtect the stellar popula- Active star-forming galaxies in clusters are

tions in galaxies are acting infeérent timescalesalso peculiar. For example,Chemin et al.
and likely faster than those thafect the morphol- (2006 reported that many spiral galaxies in the
ogy. Virgo Cluster have perturbed kinematics, exter-

Similarly, Haines et al. 200@sing the multi- nal filaments and truncated disks. Likewise,

color photometry in the SDSS found that the medfiendes de Oliveira et a(2003 found that galax-
stellar age is also a strong function of envirod€s in compact groups exhibit similar perturbations.

ment, indicating that galaxies in dense environ- With the advent of large redshift surveys, be-
ments formed at earlier times. came possible to study systematically and char-
acterize the dependence of star-formation activ-
) _ ity with environment é.g. Hashimoto et al. 1998
1.3.3 Starformation and environment Lewis et al. 2002 Gomez et al. 2003Rines et al.
) 2005 Haines etal. 2007 All of these studies
Although blue optical broad-band colors are gengtaye found strong suppression of the star-formation
ally considered an indication of young stellar PORsctivity towards high galaxy density regions and
ulations and thus of active star-formation, they an | clustercentric distances. The trends do not

also strongly degenerate as they afte@ed by goem g be related to the mass of the systems where

both age and metallicityorthey 1994 They are he gajaxies are linked to, no matter if they are poor

also dfected by otherféects, such as dust and MaYroups or rich clusters.

not reflect eventually the current star-formation ac- o

tivity. Christlein & Zabluddf (20095 have used exten-

i . . sive mathematical modeling in a large local galaxy
Since it has already been long noted that elliptimple in order to equalizeftrent quantities and

cal galaxies lack emission lines.g. Osterbrock pave found that even when the morphology, stellar

1960, it is expected given the morphologicaliass and ages are fixed, the relation between envi-

density relation that cluster galaxies have lower aysnment and star-formation persists. This indicates

erage star-formation activity than their field counypat this behavior is not another aspect of the well

terparts. established morphology-density or other similar re-
But van den Bergh(1960 identified a popula- lations.
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1.4 GALAXY EVOLUTION WITH LOOK-
BACK TIME —~ 705

—

“
O
[oN

=

1.0

Galaxies, at present times, have ages that are mea-

sured in gigayears. This means that most of theire 5
stars were formed long time ago. Looking at higher
redshift, therefore, permits to probe their evolution§

O Ha

olR i
with time. At what time galaxies formed the bulk 2 w0 DRadio
of their stars and how they have changed in mors |
phology and other properties. o . 5 5 . 5

Furthermore, as hierarchical scenarios of forma-
tion of structures predict that massive systems were
assembled only recently in cosmic times, the preig. 1.5 The evolution of the star formation density with
vious environmental trends are expected to changesmic time from the compilation aflopkins (2004
However, disentangling theffects of galaxy evo- (data adapted bell 2004. Points come from dierent
lution with those related purely to the evolution ofOUrces as indicated in the figure. The line is an empirical
the environment has proved tremendousHiclilt, fit
and the whole field is matter of active debate.

Nevertheless, the last decade has seen many fifjaracterized by the following function:
portant findings that put strong constrains to the
cosmological and galaxy evolution models. These 135
achievements have only been possible thank to they, = 0.006+ O'O;&
advent of the new instrumentation such as more 14 (E) '
powerful detectors and telescopesg Hubble 2
space telescope and VLT) in combination with
large scale simulations.

[MoyriMpc3] (1.3)

For redshift greater than= 1 some controversy
persist, specially in the dubbed “redshift desert”
(z ~ 1.5-2), where the prominent optical emission
1.4.1 Decline of star formation activity with lines are redshifted to the infrared, and the ultravio-

time let Lyman-+ line is not yet accessible (which occurs
atz ~ 2.5). Unfortunately, it is at those redshifts

The global star formation history of the Universghere the global star-formation activity is thought
is a key element in understanding the galaxy magshave peaked.

assembly and its study aim to answer the question

at what epoch the bulk of the stars were formed.

It has been measured by using all available indich:#4-2 The Butcher-Oemler éect

tors of star-formation activityg.g. X-ray, ultravi- , , )

olet, optical emission lines, far infrared emissioﬁ?ne of the first pieces of gwdenqe on a
sub-millimeter and radio). Each of them sample‘?bang(_a of Fhe galaxy populations with look-
different related process and all of them afected back times is the so-called Butcher-Oemler ef-
by contamination, obscuration, biases and assunfpct (BO @fect for shortButcher & Oemler 1978
tions on the models used to derive the underlyirg{cher & Oemler Jr. 1984which is the observed
star-formation. This has led to thefidirent mea- ncrease on the fraction of blue galaxies in clus-
surements of the star-formation density at a givéﬁ':'lrS towar_ds hlgher redshifts.  The earlier pure
epoch can dier up to a factor three, depending oRhotometric studies have begn subseq_uently con-
the method used. Nevertheless, all studies coincig&'ed by spectroscopy studies asserting the re-
that the cosmic star formation activity has steadif}!ty ©f this éfect €.g. Couch & Sharples 1987
declined since ~ 1 (see Figurel.5andHopkins Elingson etal. 2001Nakata et al. 2005

2004for the latest compilation). The declineiswell There has been much discussion about the in-
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terpretation of the fect. At first glance, it Andreon et al. 200@lso found positive correla-
could be linked to the overall increase of the station of the blue fraction with cluster velocity disper-
formation activity with redshift, but galaxy clus-sion, similarly toPopesso et a(2007 atz = 0 but
ters show depleted star-formation activity relativBe Propris et al(2004 did not find it in their sam-

to the field at all redshiftse(g. Baloghetal. ple of local clusters. This later study also asserts
1999 20023. Moreover, the increase on the acthat the measured fraction of blue galaxies strongly
tivity in clusters with redshift as measured witldepends on the luminosity cut and aperture radius
emission lines is not as clear as for the genetopted.

field and shows larger scatteBdlogh et al. 1999
Nakata et al. 20032oggianti et al. 2006 although
a comprehensive study beyond redshift 0.5 is
not yet available.

In conclusion, almost 30 years after the Butcher-
Oemler éfect was first reported, its interpretation is
still controversial.

Ellingson et al(2007) provided key evidence on
the nature of the BOfeect. First, when galaxies in

the very inner regions of the clusters are selectgth.3 The abundance of the SO galaxies
the dfect basically disappears. Second, when only

bright galaxies are selected the trend shows Iarg@rq important piece of evidence of the strong evolu-

scatter. tion of cluster galaxies since moderated look-back

The emerging picture is that recently arrivetimes was added byressler et al.(1997, who
members to the cluster have shut down their statudied a sample of rich, intermediate redshift clus-
formation activity recently and their blue colorsis gers (z) ~ 0.5), finding a strong decrease in the
vestige of their pass activity. This confirm the earlfraction of SO galaxies in comparison with ellipti-
findings ofDressler & Gunr{1982 who firstiden- cals. In local clusters the ratio is approximately 2.5
tified an important fraction of the BO galaxies at 1, whereas in distant systems is 0.5 to 1, a factor
post-starbursts. Those galaxies are though to pfae lower. The drop of cluster SOs is accompanied
an important role in galaxy evolution as their speavith the increase of the spiral galaxy fraction (see
troscopy signatures indicate that they have expesiso Couch et al. 1998Fasano et al. 2000vhich
enced a period of high star-formation activity whicfills the gap whereas the elliptical fraction remains
was suddenly shut dowiPpggianti et al. 1999 almost constant.

However, recent stellar population models pre- The increase of the spiral and blue fraction (as
dict that when one galaxy quenches its staseen in the BO fect) summed to the decrease of
formation it will move to the red-sequence quite significant population of red galaxies with red-
quickly (~400 Myr, Harker et al. 2006 Evidence shift led to a scheme where the elliptical galax-
of this is provided by the strong galaxy bimodalies were formed at very early times in the clus-
ity in observed in galaxy colore(g. Balogh et al. ter life, during the so-called “merger phase.d.
2004h, which can not be simply explained otherEllis et al. 1997. Active infalling spiral galaxies
wise. had first their star-formation activity disrupted and

Rakos & Schomber({1995 and Andreon et al. later the_ir disks Were_stripped, slowly b_eing trans-
(2009 have found caveats in the original BO coloformed into SO galaxies. The responsible process
criterion which makes the interpretationfiiult. 1S ther_efore, very active in relative Ia’Fer phases of
They argued that the BOffects can be explainedthe ynlverse life, in the last5 Gyr, during the ac-
simply by the fact that galaxies at larger redshif@etion phase.
are younger and thus exhibit bluer colors. How- However, it has proved flicult to witness the
ever,Blanton(2006 found that galaxies experienceelevant processes and several unknowns remains.
in average little color evolution between= 1 and In particular, which are their timescales and where
z = 0, and the red sequence is only about 0.1 mage more #ective. The whole subject has been
bluer in the distant Universe. matter of controversy over the last years, despite

considerable observational and theoreticEdre.
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1.5 PHYSICAL PROCESSES THAT AF- nificantly shorter duration than in less massive sys-
FECT GALAXY PROPERTIES tems ¢ ~ 10®yr); thus, the &ects of the perturba-
tion are less severé&jita 1998.

As the years progressed and new and strong evi-
dence was accumulated that galaxies are experieﬂ% 2 Tidalinteractions between the cluster po-
ing strong transformation during the assembly of ™ tential and galaxies

structures dferent processes have been proposed 9

in order to explain the change of population Wit?;iven the large mass of clusters, exceeding

enwronmgnt and time. They are 0“?” c;lassﬁed Tb14M®, tidal interactions between galaxies and the
two types: 1. Interaction of the gravitational fields

between galaxies or clusters. 2. Interaction betw w't]mle cluster potential well carffectively perturb
elween galaxies or clusters, . fnteraction be eé?lustergalaxies, inducing gas inflow, bar formation,
the galaxy gas content and the intergalactic me i . . .
d of shall but hot ol ISk heating and star-formatiomn.@. Merritt 1984
composed ot shaflower but hot plasma. Valluri 1993 Henriksen & Byrd 1995

Byrd & Valtonen (1990 showed that the gas in
1.5.1 Tidalinteractions among galaxies the the disk is driven towards the center of the
galaxy on timescales of 3x 10°yr, triggering nu-
Tidal interactions among galaxy pairs act on darkjear activity. AlsoBekki et al.(2001) showed that
stellar and gaseous components of galaxies, pfRe tidals induced by the cluster potential are very
ducing selective transformations. Thi@i@ency is efficient in removing the galaxy gas reservoir in the

determined by how bound is the material by gravithalo, halting its accretion and truncating the star-
So that, tidals are morefective in removing ma- formation.

terial from the outer parts of the galaxiddéfrritt

1984. Although tidal forces act proportionally to

M/R®, the average separation between galaxieslirb.3 Harassment

some environments is comparable to their sizes, so

this type of interaction is commonly observeelg. Although each close encounter among cluster
Hogg et al. 1998Wehner et al. 2006 Moreover, members does not stronglffect the properties of
observations and simulations show that interactigigparticular galaxy, due to the short time-scale of
pairs display enhanced star-formation, specially {he interaction, theféects of many encounters over
the central partse(g. Henriksen & Byrd 199§ long periods can produce noticeabléeets on the
However, the iciencies on morphological changétructure. The combinedfect of these multiple
and star-formation busting are dissimilar dependifggh-speed galaxy-galaxy and galaxy-cluster inter-
upon the relative masses of the interacting galaxi@stions has been named "harassmeigre et al.

If the mass dierence is large, the smaller com1998 1999, and may be anfeective mechanism in
panion may be completely destroyed by the tidé&nsforming galaxies in clusters.

and the larger galaxy remains mostly tieated®.  Recent simulations b@nedin(2003 show that
On the other hand, similar sized galaxies can prgre accumulatedfiects of those interactions in spi-
duce large scale tides that fuel central activity Vig|s galaxies lead to dark-matter halos truncation,
gas infall into the nucleus, but thefects on the thickening of the disk, lost of the outer stellar
morphology depend on the particular configuraticfhmponent (up to-50%) and halting of the star-
(e.g.Icke 1985 Valluri 1993). formation. Low surface brightness galaxies are

Given the high galaxy concentration in clusmore dfected and can be completely disrupted. If
ters, it results intuitive to expect that thifect is the galaxy to be considered is a spiral, the end-
stronger in those environments. However, due pgoduct share many properties with the SO popu-
the high relative velocities, tidal interactions amonigtion

cluster galaxies, although more frequent, have sig-The efect of those tidal interactions can start to

10The best known example is the Sagittarius dwarf gala@T€Ct galaxies at large diStanC_eS _from the cluster
which is an advanced stage of disruptidinata et al. 199% core as soon as they get gravitationally bound to
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the cluster. The presence of substructure increaiest mergers had to be much more frequent in
the dficiency of this type of interaction. the past, with a increasing rate proportional to

s 9 T
The time-scale found b@nedin(2003 is con- ~ (1 +2° However, it is still unclear how
siderably shorter than in the previous simulatiod@Portant this process is, in the context of galaxy

performed byMoore et al(1999, ~1.5 Gyr against MaSS build-up, as the observable evolution of the
~4.5 Gyr. ' merger rate depends on several assumptions and it

is only indirectly inferred ¢.g. Masjedi et al. 2006
Bell et al. 2006.

1.5.4 Galaxy mergers

Merger and accretion of substructures are natl5.5 Ram pressure stripping

ral results INACDM cosmologies, therefore they

are expected to play an important role in galaXy a disk galaxy moves inside a cluster at
evolution. Much work has been done in charae-1000kms? (a typical cluster velocity disper-
terizing the end-products of those interactions usion), the hot intracluster medium (ICM) may
der diferent configurations since the early workexert a pressure over the gas in the interstellar
of Toomre etal.(1977. They showed that anmedium (ISM) with a strength enough to remove
equal mass merger of two disk galaxies may elitd Gunn & Gott 1972.

in a spheroidal system.  Similar res_ults h_ave The dficiency of the process is mainly deter-
been found by several_ more modern _S'mUIat'o'?ﬁined by how bound the gas to each galaxy is (by
(e.9. Barnes & Hernquist 1991Hernquist 1992 4 5yin) and how strong is pressure over the ISM,

Bekki 2001 Gonzalez-Garcia & Balcells 2005, ich is determined by the galaxy velocity through
etc). Those studies have also shown that the merger uster and the density of the ICM .

of gas rich spirals can produce a starburst, consum- _

ing rapidly most of available the gas. Mergers with However, as many subsequent studies have
different mass ratios produce disk heating, grontfown, the #iciency of the gas removal is
of the bulge and enhanced star-formation for a shéfféred by each particular configuratiore.d.
period. Therefore, this process alone can accodMtadi etal. 1999Quilis et al. 2000 Vollmer et al.

for most the Hubble sequenc@dvaliere & Menci 2000 Kapferer etal. 2007etc) . For example,
1993. galaxies in radial orbits are mor&ected, because

o they have higher velocities and pass closer to the

The merger scenario is supported by the frenger and hotter cluster core. Thggiency of re-
quency of photometric and kinematic disturbances,a) aso depends on the inclination of the galaxy
found in elliptical galaxies such as shells, ripplegq with respect to the trajectory, with face-on
counter-rotating cores, etc.e.f. Balcells 1997 ;aractions being morefiecient than edge-on en-
Hau et al. 1999Davies et al. 2001 counters. Nevertheless, assuming the typical gas

However, the relative high velocities disperdensities and velocity dispersion of local clusters,
sion found in galaxy clusters and the tidesost of the galaxies will have the ISM stripped
exerted by its gravitational fields prevent the& times scales comparable to the average cluster
merger occurrenceMakino & Hut 1997, except crossing times~1 Gyr).

dur_in_g the earliest !ohases of cluster formation ga¢qre complete gas stripping, ram-pressure
(Krivitsky & Kontorovich 1997.  Much more qqhificantly compresses the ISM and may
friendly is the group environment, where it is exfrigger an episode of enhanced star-formation
pected_ that most of the merger occurs sinee0.5 (Fujita & Nagashima 199®Bekki & Couch 2003
(Cavaliere et al. 1992 Such structures have actually been observed by a
Depending on particular conditions, the@umbers of studies. For instanceéglimer et al.
time of relaxation, once the merger started {2000 interpreted the distorteddddistribution and
about 1-2 Gyrs Bekki 20031 Conselice 2006 kinematicsin a Virgo cluster galaxy (NGC4522) as
Bournaud et al. 2007 These models also showcaused by ram-pressure. Similar@prtese et al.
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(2007 found compelling evidence that two pethe galaxy will consume all the remaining gas in

culiar infalling galaxies in twoz ~ 0.2 clusters the disk and becomes passive within few gigayears

are being ffected by ram-pressure. Both galaxied.arson et al. 1980Bekki et al. 2002 Some au-

display trails composed of bright knots associatedors have argued that this can explain the decline

to long stellar streams and show enhanced aofithe star-formation activity in low density envi-

depleted star-formation respectively. ronments and the mild evolution in the morphologi-
cal mix found in some distant clusteBdlogh et al.

' . 1999 Treu et al. 2008
1.5.6 Viscous stripping and thermal evapora-

tion

) ) 1.5.8 Group preprocessing
Two other mechanisms may be present in the cores

of rich galaxy clusters as they require similar Cond}xccording to the hierarchical scenario for the
tions as ram-pressure stripping. One of these is Vigymation of large-scale structures, groups of
cous stripping Nlulsen 198 and the gas removalgg|axies are the building blocks of rich clus-
is mainly due to turbulent momentum transfer and,s |1 is supported by the frequency of sub-
thermal conduction from the hot ICM to the coldyctures seen in X-ray and kinematic studizg
ISM, rather than to the pressure alone. Dressler & Shectman 1988 Galaxy groups may
Thermal evaporation, on the other hand, is prtherefore represent natural sites for a preprocessing
duced in the interface between the cold ISM arslage in the evolution of cluster galaxies through
the hot ICM, which produces a rapid increase of thieergers and tidal interactions, which are otherwise
galaxy gas temperature and the galaxy gravity figlideffective in high velocity dispersion environments
is not able to retain itGowie & Songaila 197)7 (Fujita 2004. The same study shows that ram-
Jyessure and starvation might already Ilffeaive

The timescales of gas removal of both proces
are similar or slightly shorter than for ram-pressurtlan. these groups at~ 0.5 (see alsdlester 200p

As the necessary conditions and subsequetts ~ Since preprocessing occurs well outside the core
on the galaxy properties are similar they are ofteaf clusters, this mechanism has been invoked to ex-
included in the class of strong interactions in cluglain why the star formation activity is suppressed
ters. at large clustercentric distances ($4€3.3.

1.5.7 Starvation 1.6 COSMOLOGICAL CONTEXT 1

It has been long noted that the amount of g
present in the disks of spiral galaxies igfstient
to sustain the typical star formation rates only f
a relatively short period of time~1 Gyr, Larson

S .

%osmology is the study of the large-scale structure
o?f the Universe as well as its origin and fate. Mod-
ern cosmology has its roots in the works of A. Ein-

1972 Kennicutt 1983. Therefore, it has been pro_stein in 1917. According to the fundaments of gen-

posed that galaxies have a reservoir of gas in t%al relativity, the evolution of the Universe is de-

halo which cool down and fall into the disk, keept_ermined by the forms of energy it contains and the

ing the star-formation active. Evidence of existenéc%m/ature of Space. Einstein’s equations can be re-
of this reservoir is found in the fiuse X-ray emis- uceq to_a_ simple form known as_the Friedmann
sion in spiral galaxiese(g. Benson etal. 2000 equation if isotropy and homogeneity are assumed
and the high velocity clouds detected moving to-

wards the halo of our Galaxy via radio emission "

(seeWakker & van Woerden 1997 H2 = (a) _ &G k (1.4)

a 3 a2

If this thin gaseous component is removed, the

galaxy will find itself without the repleniShmem 11The preparation of this section has mainly been based in the
necessary for a continuous star-formation. Slowlygok ofLongair(2007 and the review oPadmanabha(2005.
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whereH = H(t) is the Hubble parameter whichtwo team$?, using supernovae type la to measure
measures the rate of expansion of the UniversetasHubble constant up to cosmological distances,
a function of time G is the Newton’s gravitational found compelling evidence of an accelerating Uni-
constantp = p(t) is the energy densityk is the verse Riess et al. 1998 erimutter et al. 1999i.e.
curvature constant (negative, positive or zero) awdsmological expansion is faster at the present.

a= a(t) is the scale factor, whi_ch measures how the 11,ig may be better understood by rewriting the
Universe stretches as a function of time. equationl.4after multiplying bya2

The energy density can have several fierent
subcomponents, such as the mass density associ-
ated to baryonic and dark matter, the kinetic en- 22 = %azp B
ergy of particles and radiation, the energy associ- 3
ated with fields and the vacuum energy density.

k (1.5)

. In an expanding universe, the energy density as-
For any value of the Hubble expansion parame- . o o 3
: - . . Sociated to matter is diluted with timgy « a°).
ter, there is a critical density which solves the pré-"~ ™~ ™ ) !
adiation is also diluted by expansion as well as

vious equation for zero spatial curvaturggi; = . 4
3H?/87G. The energy density is conventionall);edSh'ﬁ’ SO thaprag o a*. Therefore, the energy

characterized by a density parameter normalizgrgenass'tg Zzsgzaber?i\:grtsheeseiCgrr:\ézmtlﬁgial; c;glrs: s de-
with respect to the critical densitf2 = p/pcrit. P '

decreasés (k is a constant). The supernova data
The first precise constraint for the above equgnply the energy density needed to make a flat Uni-
tion comes from the observations of extragalagerse, in concordance with the CMB data, must be
tic cepheids by the Hubble Key Project, determiarying with time in order to accelerate the Uni-
ing that the Hubble constant at = 0 is Ho = verse,i.e. the relative balance between this “dark
72+8kms* Mpc (Freedman et al. 20tdnd ref- energy” and matter changes as the Universe ex-
erences therein). pands. The contribution of the dark energy at early

Observations of relaxed clusters of galaxies, times of the Universe life is negligible as matter
large scale structures that have collapsed, haed radiation were dominant. At the present dark
led to the conclusion that matter only accour@nergy dominates. Its current accepted value is
the ~30% of the critical density(ty = 0.3:0%%, Qa, = 0.7*. Therefore, the energy density of the
Allen et al. 2002. Only ~14% of this, correspondsUniverse at the present epoch is expressed by,
to baryonic matter(®g ~ 0.042, using the accepted
value of Hy Fukugita etal. 19980’Meara et al.

2007). The rest is composed of dark matter. 1=Qu+Qxp (1.6)

The Wilkinson Microwave Anisotropy Probe
(WMAP) mission, aimed to measure the primordias the energy density due to radiati@g is impor-
fluctuations imprinted in the Cosmic Microwavdant only at very early times.
Background (CMB), has found that the temper- The constrains from éierent experiments to the
ature anisotropies are compatible with the prgzues ofHo, Qu andQ,, have led to the so-called
dictions by inflatipngry universe scenarios Withconcordance cosmology”. This can be appreciated
Qioral ~ 1 and confirming the measurements® i Figure 1.6, where the results of those studies
(Spergel et al. 2097 As this is in concordance Withoverlap in a small region in this parameter space.
a flat universe, the energy density associated t0 {88ther constrains come from the baryon acous-

curvature of the Universe iQ = 0. Therefore, c ogcillations observed in the galaxy distribution
there is a dark component that makes up to 70%

! : > — . .
of the energy density of the Universe and does no 3The High-Z and Supernova Cosmological Project.

. . Under the energy density from those sources the Universe
interact through gravity.

will continue to expand forever, but at a lower pace.
Evidence of it was found years earlier, when 14t is, nevertheless, puzzling that two seemly unrelated pro

cesses show similar strength at the current epoch. Thisdes b
dubbed as “the coincidence problem”.
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AR which can be substituted in equatiari to calcu-
No Big Bang ] late cosmological distances.
The redshiftzis defined by:
o i
Supernovae ] (1 i Z) _ Aobserved (1 9)
emitted .

Throughout this thesis, the current standard cos-
- mological model will be used: Hop, Qm,Q4) =
expunds 04 (70,0.3,0.7).

Clusters <, 1 1.6.1 AACDM Universe and the hierarchical
J’G i H
1 9, @ ] scenario
-1r ) 7
“, \ ] The existence of dark matter has been deduced
I AN A N B A by the observation of the velocity distribution of
0 1 2 3

galaxies in clusters, the rotation velocities of spiral
Qy galaxies and the velocity distribution of stars and

globular clusters in particular galaxies. These ef-

Fig. 1.6 Constrains ofQy andQ, from different ex- fects can not be explained in the context of Newto-

periments. The area of overlapping (marked with a dafkan dynamics by the masses deduced fr.om. their
green, small ellipse) has led to the “concordance co¥€llar component. The strength of gravitational
mology” term. Taken from the “Supernova Cosmolog}ensing, the large temperature of the X-ray emitting
project” (httpj/supernova.lbl.gqgy. The references to gas in galaxy clusters and the peaks in the angular
the original works areKnop et al.(2003, Spergel et al. spectrum observed in the cosmic background radi-
(2003 andAllen et al.(2002. ation are also evidence of it.

Among the diferent types of Dark Matter, a cold
in large redshift surveyse(g. Cole etal. 2005 type,i.e. formed by non-relativistic particles, is
Eisenstein et al. 2005a relic from the original os- preferred. This is because of the scales of its ef-
cillations observed in the CMB, and the abundancégets in the local Universe and the angular spectrum
of primordial elements which matches the prediebserved in the cosmic background radiation.

tion of inflationary models of Big-BandgJoc etal.  ynder this scenario, structures began to form un-

2004. der gravitational collapse before matter and radia-
The form of the Hubble parameter in the concotion decoupled in the last scattering surface. Once
dance cosmology is therefore written as: the gas fell into those structures, it cooled down

and formed stars. The rapid early formation of
the structures matches the observation of the old-

(1.7) eststars, which formed in less than a gigayear after
the Big-bang.

The scale factoa can be expressed in the current One important consequence of a CDM domi-
cosmology as (¥ 2) = ap/a;. By makingas = 1 nated universe is that large structures successively
(normalizing by the present scale), the above equge built up from smaller structures. Such frame-
tion can be written as: work of structure formation is called hierarchical

merging.

H(t) =Hp [QMa‘3 + QA]l/z

This model has been very successful in predict-

- 3 172
H(2) = Ho [Q’V'(l +27+ Q"] ing the overall shape of the large scale galaxy dis-

(1.8)
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tribution in scales of10 Mpc, but some problems
still remain. In particular models predict a too large
number of dwarf galaxies (cold dark matter gives
too much power in small scales) which are not ob-
served €.9.Whiting et al. 200J. Another problem

is the observed early formation of massive galax-
ies which should only occur in a late stage of the
Universe life.

This “anti-hierarchical” behavior may not be a
shortcoming of the theory itself, but a problem of its
modeling, since numerical simulations do not have
the suficient resolution to include individual stars
and they are added using standard recipes. More-
over, often severalfects related to galaxy evolu-
tion are largely ignored due to their still poor un-
derstanding.

If some of them are included, specially the ef-
fects of AGN and supernova feedback that prevent
dwarf galaxies from forming stars, some aspects
of this phenomenon disappear.d. Neistein et al.
2006






CHAPTER 2

The Project

In the previous chapter, a summary of th&al old stellar population but because dust is obscuring
ent physical processes that mafeat the galaxy the newly formed stars.

populations in clusters was given. Several stud- o qiher problem comes from the fact that pho-

ies, specially in the local Universe, have tried i@, a4y alone cannot often distinguish transition

identify which process is the most relevant. HOV‘fypes, such as the #A galaxies Quintero et al.

ever, the main questions remains unanswered. HQWO‘D, which may be important in the context of
much and how fast is the star formation suppresssgmxy evolution.

in infalling galaxies? What is exactly the environ- .
mental dependence of the star formation activity? SPectroscopy canfectively solve many of the
Is it suppressed mainly due to local or global pr(g_lﬂicultles mentioned above and provides a much

cesses? What is the main mechanism? richer wealth of information about the objects stud-

_ o ied. On the other hand, it is often expensive, ob-
In order to provide new insights to some of thes§ervationally speaking, requiring large amounts of

questions, a project aimed to study the transitiq@eseone time to obtain a statistically significant
between field and cluster environment was initsy 16 - pata reduction and interpretation are also
ated. more complicated.

To tackle down adequately those problems, aryg project described in this work is an exten-

photometric only based study is notfcient, be- e nanoramic spectroscopy campaign focused in
cause of the large contamination due to fore- a'&ﬂjsters at intermediate redshiftay ~ 0.25%). At
background objects. This is expected to be mughiq on0ch a higher galaxy infall is expect@bgver
worse in the low density, infall regions around th¢gg ) an thus the chances of observing the respon-
clusters where the transformation is suspected e interactions increase. As described in the in-
take place. troduction, strong evolution in the cluster galaxy

Moreover, studying the star-formation propertigsopulation is observed with lookback time, there-
of galaxies, using only the inexpensive broadbaffare, the targeted epoch is crucial to understand to
colors may be misleading because of the assungoirent galaxy mix present in local clusters.

tions made in the stellar population models. For in- Furthermore, it is feasible to obtain a large num-

stance, the relation “blue” colors and star-formatio(!per of spectra in a relatively short period of time
activity is not straightforward in the optical rangeith the available instrumentation.

because galaxies can have shut down their activity ] ) _
recently and still show blue colors from their new In this chapter, all observational related issues
formed stars€.g.Kauffmann 1996Ellingson et al.

2001). They can also show red colors not due to an This is about 3 Gyr of look-back time in the assumed cos-
mology (.e. Hy = 70km s'Mpc1, Qny = 0.3 andQ, = 0.7).
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RIXOS field? Cluster RA DEC fx z reference
J2000 J2000 [1G* erg stcm™?]

R220 VMF194 17:29:02 74:40:46 17.3 0.213Mullis et al. (2003
XDCS22(% 17:23:33  74:44:10 <0.3 0.260 Gilbank et al(2004)

R265 VMF131 13:09:56 32:22:31 9.0 0.290Vikhlinin et al. (1998
VMF132 13:11:13 32:28:58 46.7 0.245 Vikhlinin et al. (1998

R285 VMF73 09:43:32 16:40:02 23.1 0.180Vikhlinin et al. (1998
VMF74 09:43:45 16:44:20 21.2 0.256 Vikhlinin et al. (1998

Table 2.1 Basic parameters of the cluster sample. The coordinateseéerred to the X-ray centroid with respect
to the J2000 equinox. X-ray fluxes and redshifts were detexthby the respective authors in the last column.
VMF refers to theVikhlinin et al. (1998 survey. However, for VMF194, the redshift was determingd/ullis et al.
(2003. XDCS220 was detected in the subsequent analysGilipank et al.(2004).

aMason et al(2000
PThroughout this work this name will be used, howe@lbank et al.(2004 named it as cmJ17233344410.

will be described, including objects selection, olseveral groups and clusters which passed unde-

servations and data reduction and how the basécted in the X-ray studies. They kindly provided

measurements were performed. the photometry on what the object selection and ad-
ditional analysis was based.

From this survey, three fields were selected, each
of them containing two clusters in projection, in or-
der to maximize theféiciency of the spectroscopic
2.1.1 Cluster selection observations.

2.1 SAMPLE SELECTION

The sample was heterogeneously built on pur-
The clusters were selected from the X-ray Dark P 9 y b

Cluster Survey (XDCSGilbank et al. 200% which pose, spanning a large range of X-ray luminosities

; . and probably dterent evolutionary stages. The
was focused in the comparison between X-ray anaI probably . . y stag y
S e . afe at similar redshifts, making them good candi-
optical identification algorithms of clusters.

dates to probe evolution uniquely due to environ-
For this purpose, they obtained deep opticaiental éfects at a cosmological epoch with look-

imaging of RIXOS fields Masonetal. 2000 back times of~3.0Gyr. A basic summary of the

These data were obtained with the ROSAT X-ragluster sample can be found in Tal2le

telescope using the Position Sensitive Proportional

Counter (PSPC). Some of the X-ray date were also

analyzed byVikhlinin et al. (1999, and later by 2.1.2 Object selection

Mullis et al. (2003 andBurenin et al.(2007%, pro-

viding X-ray fluxes and further analysis. Thosdhe selection of individual objects for spec-

studies were mainly focused in the detection, chdroscopy, was based in theband apparent magni-

acterization and confirmation of X-ray clusters. tude only, in order to avoid any bias against color.

Ruring the MOS masks design, the objects were

The optical observations were performed wit .
selected in such manner that some masks observed
the 2.5m Isaac Newton telescope (INT) located in . : ) b N
eferentially bright objects and thus “short” expo-

Canaria$, using the Wide Field Camera (WFC)Ior . .
which cover the entire PSPC field (about-@D Sures were needed. Other masks mainly contained

arcmin). The images obtained are ¥ and I- faint objects and were observed with substantial

bands.Gilbank et al.(2004 performed analysis onIonger periods of time. Howevgr thg mask geom-
) i etry and the position of the objects in the sky put
the cluster optical properties and compared them

with the X-ray properties. In particular, they found 3multi-Object spectroscopy. In contrast with single sliesp
troscopy, a mask containing several slits is used, tamgeim
20bservatorio Roque de los Muchachos, La Palma, Spainmany objects. Hence the name “Multi Object”
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Field masks exposuretime[s] Nslits high redshifts studies, lowering the risk of missing

R220 4 3600 83 dusty star-forming galaxies or including misclas-
10800 87 sified AGN$®. This advantage is not frequently
R265 3 3600 64 found in similar studies at similar redshifts.
4 10800 82 . .
The observations were performed in February
R285 3 3600 8 and March, 2002. The conditions were in gen-
4 10800 93 U J

eral good, although many of the nights were non-

i 7
Table 2.2 Summary of the observations with the numbé?hOtometr'C'

of MOS masks in each fields. The exposure time for each A typical observation requires, besides the sci-
type of mask is indicated as well as the total number ghce exposures, a number of calibrations, in order
slits placed. A detailed log of the observations can g correct unwantedfiects introduced by the in-
found in the tableA.1. struments. The types of exposures used here are:

S ) Science frames:Are those exposures which di-
constrains in this selection. rectly target the objects. In this project, they
Each MOS mask contains 20 to 25 individual ~ were variating in duration since during the
slits, with length enough to perform the sky sub- mask design, sets of objects withfidrent
traction process accurately. Some of the slits con- magnitudes were included. A summary of the
tained intended bright stars in order to check the observations can be found in tal#e2 and a
astrometric accuracy of the telescope pointing. more detailed log im.1.

Bias frames: Are zero second exposures whose
2.2 OBSERVATIONS purpose is to account the step level induced by
the electronics. This level is usuallyfiirent
each time that the CCD is set on. Ten bias
frames were taken at the beginning of each
night.

The observations were performed with the 3.5 me-
ter telescope at Calar Alto Observatbryith the
MOSCA optical imager and spectrograph, which

cover 1111 arcmin of f_ield of view (FOV). Thus, Flat-fields: Have the objective of correcting the
7-8 MOS masks per field are necessary to cover CCD pixel-to-pixel variation in sensitivity.

adequately the entire WFC FOV. They were taken at the beginning or the end
The low resolution grisSmereen_500 was se- of the night by illuminating the spectrograph
lected. This setup gives a resolution ofFO- with a uniform source of light. In this case, a
15A (8-12 A at the mean redshift) for a slit width ~ screen mounted in the dome of the telescope
of 1arcsec. This grism was selected because of was used. For each MOS mask, three frames
its high dficiency and large wavelength coverage of 30s were taken.
(A ~ 4300- 9000A), allowing to trace both the o
[O1] to the Hr emission lines at the targeted redA'C lamps: Are spectra produced by illuminating
shifts. These lines are the most important star- the spectrograph with a source of light with
formation indicators available in the optical range ~ known emission lines. They allow to find a

(See§6)- SAGN, active galaxy nucleus, luminous compact regions at

. . . . the center of many galaxies whose radiation is understotiteas
The Hy emission line is mamly used & ~ result of infalling matter into massive black holes

0, whereas [@] is intensively used in studies esydies show that in the great majority of cases AGNs
at larger redshifts. Having the two indicators iare associated to some level of star formation activiyg.(
the spectra allow better comparisons with low arfgfckman et al. 199%Cid Fernandes et al. 20however they
can notably contribute to the emission line fluxes, thuscaue
4The German-Spanish Astronomical Center at Calar Alto i®n is needed to be taken.

located in the Sierra de Los Filabres, Andalucia, Spaiis.dp- A night is considered photometric (or worth for photome-
erated by the Max-Planck-Institut fiir Astronomie in Héigg, try) when the night is cloudless and the atmospheric extinct
Germany. varies lineally with the airmass through the object is obser
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Fig. 2.1 Example of an unreduced multi-object spectra image, danthseveral objects. The bright horizontal
strips are holes centered in stars used to positioning tis&.n$®me defects in the CCD can be seen, such as the dark
line in the fourth spectra (bottom-up). Also, some contation from reflections is seen at the upper-left. Note that
some spectra, specially in the upper and lower parts areedgvhstorted.

solution that relates the physical position of  part of the spectra clearly visible without sat-
the spectra in the CCD frame with the wave-  urating the chip with the bright red Ar lines.
length. This process is called wavelength cal-

ibration (WLC). These exposures were taken

before starting each MOS mask observation,3 paTA REDUCTION

at similar telescope inclinations than the sci-

ence frames to take in account any possible f the d q q
distortion induced by flexures in the instryMost of the data re uction was carried out in a

ment. standard manner. Each MOS frame was bias sub-
tracted, using the average of ten bias frames, scaled

Two different arc lamp were used. A 15s {0 the overscan level. The overscan region is a set
posure HgAr following with a short Ne burst, of rows and columns in the CCD, not exposed to
therefore called HgAfNe. This was aug- ‘the light and thus contains counts only due to the
mented by a 120's exposure of a pure Ar aRi€Ctronics.

in combination with BV filter. Thiswas nec- The optical design of MOSCA (a focal reducer)
essary to make the weak Ar lines at the bluaduces distortions in the spectra which have to
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be corrected before applying other processes (gesixth order polynomial function was fitted to the
figure 2.1). Individual spectra were strippedfo position of the lines and used to calibrate the wave-
from the science frames and a third order polyntength of the final 1D spectra.

mial function was fitted to the trace of the spectra. Apther intermediate process is worth mention-
Masking bright regions coming from the neighborg,, - o sky spectra was obtained from the original

ing _slits was necessary. _The frame was expandedh_suptracted frames. This sky spectra was ex-
20 times in the vertical axis. tracted in an area equal to those used in the 1D

Using the information from the fit, each columrspectra fitting (usually a fraction of the windows
was moved up- or downwards to take in accounsed to fit the sky level). This sky-spectrais used to
subpixel shifts. The spectra was then rebinned ¢oeate an “error vector”, which is important in the
the original size. The same correction was appliedror calculation of equivalent widths (s&&.3).

to the flat-field and WLC frames to be used them p the processes mentioned above were made in
in the next reduction steps. This method was fountse mi_automatic, interactive manner, using custom

better than interpolation between pixels in terms f 4 4o routines in the MIDASenvironment. In all

flux conservation. steps the results were visually inspected in order to
Each flatfield frame was normalized by the cocheck whether they were performed satisfactorily.

responding response curve, which was fitted with aNo flux calibration was attempted since the

pplynom|al function to the intensities. Then the ingeather conditions were variable among the nights
dividual spectra frames were divided to correct t;igee tableA.1) with many non-photometric or bad

sensitivity variations. In some few cases, the flalyeing nights. Also, the slits size covers relatively
fielding correction was omitted since the flatfielghigerent fraction of the galaxies, and correcting for

frames showed strong contamination due t0 SCjs aperture @iect is often complicated and inaccu-
tered light. However, it was found that this was, o

not a big problem,and the spectra appeared as good )
as the flat-fielded ones. As no flux calibration was ' figure2.2some typical 1D spectra are shown.

attempted, thisféect is not considered to be an imJ ey were de-redshifted to rest-frame to allow an
portant problem. easier comparison among them.

At this point, the subtraction of the sky likes was A total of 537 spectra were observed. Some of
performed. Two windows, free of contaminatiorfn€M turned out to be stars, others were too faint to
at both sides of the spectrum were defined, andPgform an adequate analysis. In total 318 spectra
function was fitted to each column using this inesulted suitable for analysis. §8.1 the criteria
formation. To each spectra frame, functions witfp" their consideration are described.
different orders were tested and the one which pro-
duced the best result was chosen. In some cases, a
constant value was flicient, in others a third order2-4 ADDITIONAL DATA
polynomial was necessary.

In the sky-free spectra frames, normally, thé-4.1 Additional spectra
galaxy spectra was clearly visible. It was fitted
along the spatial direction with a Gaussian profildne central parts of the cluster VMF131 (also
This information was used to weight each row arffnown as CL130932) was previously studied by
then they were summed up, obtaining as result tR&logh etal.(20023 in a project aimed to study

1D spectra. Individual exposures were then avé@W X-ray luminosity clusters Their project can

aged, leaving the final 1D spectra. be considered as a previous step to the present

At th " f th | 1D study because it was aimed to study the star-

t the position of the galaxy spectra a %% rmation activity in the central regions of clus-
lamp spectra was extracted. Some prominent lines

were identified, providing a rough calibration and 8mipAs, the Munich Image Data Analysis System is de-

leaving to a program the task of identifying the resteloped and maintained by the European Southern Obseyvator
(ESO)
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r2211.09 z=0.2119

reR51_04 2z=0.2625

by

r2612_02 z=0.2486

r2621_13 2z=0.2418

Flux [arbitrary units]

r2822_13 z=0.1795

re831_20 z=0.0.1799

4500 5000 5500 6000
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Fig. 2.2 Typical 1-D galaxy spectra. They have been de-redshifieedt-frame and shifted in the vertical axis for
clarity. The identification codes and redshifts are writi¢nhe left of each spectra. Note thefdient quality and
differences among the spectra. Some display clear emissien dithers strong absorption lines.

ters at intermediate redshifts, focused in low lwdding their data is straightforward. However, their
minosity X-ray clusters. High luminosity X-rayroutines to reduce the data as well as their objec-
clusters were previously investigated at similar retives were slightly dierent and it was decided to
shifts by Balogh et al.(1999 using data from the look carefully into their data before adding them
Canadian Network for Observational Cosmologyp the sample used here. From the 45 spectra ob-
(CNOC, Yee et al. 1995 tained by them only 17 met the quality standards

They made the observations with the same ifsees3.1) used n this work. Few others were re-
strumental setup used in this work and therefor%eated observations and therefore excluded since
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the observations on which this work was based had,
in most of the cases, better quality.

The field R220 was also observed by
Gilbank et al. (2004 in order to confirm the
suspected clusters, using the same instrumental
setup albeit of shorter exposure times. Full access
to the original data was granted and the spectra
were reduced in the same manner. Given the
shorter exposures, few spectra turned out to be
useful, and many others were re-observed by this
project with better success. Only four of them were
finally used in this work.

2.4.2 SDSS data

In the search for additional data to complement the
observations was found that the fields R265 and
R285 were imaged by the Sloan Digital Sky Sur-
vey’. The SDSS consists of an imaging surveyrof
steradian (1Hsquare degrees), mostly of the north-
ern sky in five pass-bands,(g, r, i, 2 and medium
resolution spectroscopyR(~ 1800). The survey

is carried out using a 2.5m telescope, an imaging
mosaic camera with 30 CCDs, two fiber-fed spec-
trographs and a 0.5 m telescope for the photometric
calibration. The imaging survey is taken in drift-
scan mode. The imaging data are processed with a
photometric pipeline specially written for the SDSS
data. The reader is referredYork et al.(2000 for

a technical summary of the project and to the web-
page for additional information.

None of the fields were spectroscopically ob-
served and unfortunately the R220 field was nei-
ther imaged. The available photometry was ob-
tained from the web query form provided by the
SDSS site. Thg magnitude is the Petrosian mag-
nitude Petrosian 1976nd the colors are measured
in the Petrosian radius, ensuring that the same area
is used in all pass-bands. The catalog provided by
Gilbank et al.(2004 and SDSS were matched and
a visual inspection was made in order to test the
reliability of the matching. Two galaxies in the
spectroscopic sample were not found in the SDSS
database.

9SDSS, http/www.sdss.org






CHAPTER 3

Basic measurements

This chapter describes how the main quantitiesed not trustworthy, and were not included in the
that will be used in the subsequent analyses wdieal sample.

obtained. There are other methods in determining redshifts

via, for example, cross-correlation with templates
(e.g. the taskrxcor in IRAF). At low signal-to-
3.1 INDIVIDUAL GALAXY REDSHIFTS noise, the resultant redshifts are only probabilistic,
so they may have contaminated the sample. Fur-
ermore, if the lines can not be measured with a
gertain degree of confidence, they can not be used
in the subsequent analysis that this work intends.
herefore, those methods were avoided.

Individual galaxy redshifts were determined fittin
a Gaussian profile to a set of prominent emi
sion and absorption lines (see taBld) which are
spread over the full wavelength range. The proc-g
dure started with an initial guess and was iteratively Finally, it resulted in 297 spectra worth for anal-
and interactively refined. ysis, plus 21 spectra coming from the sources men-

For each galaxy the mean of the individual "ngoned in§2.4.1totalizing 318 spectra.

redshifts was taken. The error in redshift for each

individual galaxy is the standard deviation of mean,

when at least four lines were clearly visible. NotaB.2 QUALITY CONTROL
lines were always visible due to theffdirent spec-

tral energy distribution and signal-to-noise of the,o method mentioned i83.1 to assigh a num-
objects. The error for individual galaxy redshiftg,, according to the quality of the spectra can be
usually ranked between 100 to 200/sma reason- yiqp1v subjective, because it is based in the eye

able value given the resolution of the inStrume'ﬁ%rception: How clear the fierent spectral lines

used in the observations. are resolved, relative to the surrounding continuum.
To each spectra, a number representative of fthe main risk is an over-representation of emission
quality was assigned. It was based on the contréise galaxies, since those lines are easily visible
of the lines compared with the surrounding contirand identifiable, biasing the sample towards them,
uum, how many lines were available in the redshifihough they can be fainter than passive galaxies.
determination and how strong was the contamina-|, o ger to test this, a better measure of the noise

tion of sky-lines residuals. is needed. This was done by fitting a polynomial

Spectra with the best quality were ranked with fainction to the spectra continuum in the range of
0 (zero) and the poorest with a 7 (seven). In generaterest, from [Qi] to Ha at the galaxy redshift.
spectra with quality beyond 3 (three) were considkach spectrum was normalized by that fit, and the
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Table 3.1 Set the lines used in the redshift determina- V (mag)

tion.
Fig. 3.1 V-band apparent magnitude versus continuum

standard deviation of the continuum noise was cA19"a/-to-noise ratio as measuredi®2. Open red dia-
culated using a 3 o clipping algorithm in five it- monds are galaxies without emission lines, whereas filled

. . . ; blue diamonds are galaxies with at least one emission
erations. The algorithm used to fit the continuug,e

ignores emission lines and other small scale promi-
nent features, such as sky lines residuals and tel-

luric lines. Note when the line is in emissiong. flux higher

The results are shown in figur8.1, plotted than the continuum)V is negative.
againstv-band apparent magnitude as measure of yging equivalent widths as measure of line
j[he total flux. Although the selgctlon of the Ob'strength has several advantages. First, the mea-
Jects fpr observing was made usm@and,_\/-band surement is independent of the line profile, since
magnltu_des trace better the conu_nu_um in the SP&fie line flux is only summed up. Second, it does
troscopic wavelength range, providing a good esfiyy require flux calibration, often complicated and

mation OLthg_tOt,il flux. ’\][O S|g?|f|c§2tﬁerence 'S inaccurate for high redshift galaxies, because it
seen in the distribution of star-formiNYersus pas- jg measyred comparing to the surrounding contin-

sive galaxies, with the exception of two faint Starl]um. Because of that it is also insensitive to dust

forming galaxies. extinction, since it fiects the line and the surround-
ing continuum in a similar way.

3.3 EQUIVALENT WIDTHS The estimation of the continuum flux is made by
defining two windows free of contamination at each

Line strengths are measured using equivalefifie Of theline. In some cases, these windows must
widths, which is defined as the width of a rectarvoid other neighboring prominent features, as in
gle centered on a spectral line, that on a plot of i€ case of the [N] nebular emission. Neverthe-

tensity against wavelength, has the same area as/@#s, the value oV can change depending upon the
line. This is calculated in the following way: size of the windows, where the continuum and the

line is measured. Several definitions can be found
in the literature and the adoption the one in partic-
Fc-F, ular basically depends in the characteristics of the
W= | —=da (3.1) ;
Fc data and the comparisons that one pretends to ap-
ply. But, in general, it is only a small fraction of

whereF¢ is the continuum flux ané, is the flux the total value £10%).
elsewhere in the line. The process of calculating was performed au-

1see next section for the definition of star forming galaxjomatically by a CUStom_ made program which cor-
used in this study rect the éects of cosmic expansion on the spec-
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Index Blue continuum [A] Line [A] Red continuum [A] Referemc
[On)A3727  3653- 3713 3713- 3741 3741- 3801 Balogh et al. 1999
D, (4000) 3850- 3950 N/A 4000- 4100 Balogh et al. 1999
Ho 4030- 4082 4088- 4116 4122- 4170 Balogh et al. 1999
HpB 4815- 4845 4851- 4871 4880- 4930 Gonzalez 1993
[Om]24959 4885 4935 4948- 4978 5030- 5070 Gonzalez 1993
[Om]A5007 4978 4998 4998- 5015 5015-5030 Gonzalez 1993
Ha 6490- 6537 6555- 6575 6594 6640 Balogh et al. 1999
[Nn]16584  6490- 6530 6576- 6595 6615- 6640 Gonzalez 1993

Table 3.2 Line definitions used in this work for the redshift and e@lént width measurements, along the original
references. Th®,(4000) is not a line but a continuum index. For the completsse TabldB.1

tra. Several definitions were used foffdrent lines. the subsequent analysis.

In the case of 4 and [On] which are used as

tracers of ongoing star formation, tBalogh et al.

(1999 definitions are used, as well as fos ldnd 3.4 STAR FORMING GALAXIES
D, (4000).

In table3.2the definitions used trough this Worko‘(_:corqmg to Balogh et al.(200_2:), who W(_)rked
can be found, along with the original referenceg\{'th similar (_jatfa, m_spectra with a resolutlﬁt_w
The blue and red continuum are the window t 5A, an emission line can be measured with un-

i i / 2
each side of the line where the continuum flux &rtainty< SAif S/,N > 18JT (W/S,)  Wherew
measured and fitted. The “line” is the window® the equivalent width of the line. Since the uncer-
where the line flux is summed up tainty for weak lines is dominated by the continuum

) _ _ noise, lines as weak as5 A can be reliably mea-
The errorsin the equivalent widths are calculategreqd ifS/N > 4.3. From Figure3.1can be seen

using a error vector which gives an estimate of thgat over the 90% of the objects satisfy that con-
signal-to-noise at each line, by comparing the lingtion. The few objects with lower/8 show very
intensity with the sky lines. strong emission lines and cannot be misclassified.

The convention used trough this work will be Therefore, galaxies which show equivalent
that typical emission lines ([@, [Om], HB, Ha,  widths larger than 5A either in [@ or Ha (or
[Nn]) have positive values iremission Typical poth) are considered star forming galaxies. This
absorption linesg.g. Ho) are also positive irb-  |imit also facilitates the comparison with other sim-
sorption This may be cause of confusion, howiiz; works. Naturally, in some hig/N galaxies,
ever most of the literature adopt this convention arghission lines with equivalent widths lower than
therefore it facilitates any comparison. It must b§ A are observed, but since similar lines can not be
noted that negative values insHtlo not necessar-measured in fainter galaxies, it is preferable to set
ily mean emission, but a continuum lower than thgie previous limit, otherwise any comparison would
line, which is mainly due to some weak lines réepe impossible. However it was found in subsequent
lated to heavy elements. analysis that this limit is robust in separating galaxy

The Hx definition used, fectively isolates the types.
targeted line from the neighboring iyl emission.

Each spectrum was inspected visually to find o4t gl ECTION FUNCTION
whether any lines fall into the prominent telluric

bands (A & B), are ﬁeqted by sky SUbtraCtlonIr}all fields, only part of the galaxies over the spec-
residuals or by artifacts in the spectra. In some ?

. rgscopic limit ( ~ 195mag) was observed. In
the cases, lines were flagged out to not be used’in : . .
order to correct thisféect, a selection function was
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i i <  absolute magnitude in the ba(arbitrary, it can
L < also beS), DM is the distance modulus ariths
3 30 is the k-correction term that relate the bafgland

s2.
To calculate the termKgs a good estimation

Fig. 3.2 The combined selection function for the wholeOf the abject speciral energy dl_Strlbutl_on (SFTD) IS
sample. The histograms show théand magnitude dis- needed. It can pe good constrained via multi-color
tribution for the photometric (dashed red line) and spePNotometry which sample a large range of wave-
troscopic (blue solid line) sample inside of the area colengths, allowing to reconstruct the spectra. If it is
ered by the masks. The points show the fraction of galastsed in combination with stellar population mod-
ies with redshifts. The error bars are Poisson distributeds, it is possible to obtain better sampled spectra
errors Gehrels 198p and distinguish types, increasing the accuracy.

I magnitude

Here the IDL-based softwanecorrect v4.1 4

calculated. It is defined as the fraction of galaxita@k“m(t)_n & R(_)I_Vr\:?'s ZSOYWS S u?jed t(:hczatllc:J Iatte tk-ll
in the photometric catalog for which redshifts wergOITections . [Inis code 1S based on the fatest Steflar

obtained. The galaxies in the spectroscopic sam %psjlatio(r; s%/nth.esi_s mpdels thzﬁ &I Charlolt
are then weighted by the inverse of the fraction 9 and photoionization models &ewley et al.

simulate a magnitude limited sample. All statistic 003.
in this work are weighted by this function, unless The software algorithm is based on the fact that
otherwise stated. the seemly heterogenous galaxy SEDs can be de-

As the fields were not homogeneously observﬁ&”bed as a lineal combination of relatively few

(i.e. some parts were observed by two MOS mas asic spectral templates. So, with an enough well

other only by one) and the galaxy distribution nef2MPIed SED it is possible to find the appropriate
ther is uniform, two selection functions were nec:

combination that best predict the data. Once, the
essary for each field. In the figuge2the combined most probable template combination is found, the
selection function is shown spectrum is de-redshifted o= 0 and then con-

volved with the filter transmission curves, obtain-
ing the absolute magnitudes.

3.6 ABSOLUTE MAGNITUDES Since the fields R265 and R285 have the advan-
tage of having SDSS multi-band photometry, they
. . were also used. Unfortunately, the remaining field
Absolute magnitudes allow to compare the brigh R220) was not observed at this time and only\the
ness of the objects despite their distances. Wh 04 1-band magnitudes provided Igilbank et al.
measured at efierent pass-bands they give impor-zom9 are available
tant information about the spectral energy distribls- '
tion (SED) of the objects. However, due to the cos- It Was found in trial tests thatcorrecr is in-
mological redshifts, distant galaxies are sampled Bged very good in predicting magnitudes in other
local instruments at dlierent resframe frequenciesPassbands when they are unavailable. So, for the
making impossible any comparison. Thus, the ab- 2 5~ g does not mean thatos = 0, because ban@ is at
solute magnitudes can not be calculated only usimg object-frame.
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fields where magnitudes in both system are present
the absolute magnitudes obtained from SDSS were
compared against those obtained using soleiynd
I-band magnitudes.

The magnitudes obtained in either way have scat-
ters of ~0.2mag and fisets of~0.15mag. The
offsets depend on redshift and can be corrected by
a linear fitting. The scatter is in agreement with
the values found blanton & Roweis(2007) for
the transformations amongftérent filter systems.
These diferences are small and hardly change any
conclusions in this stud.

For this work B, V and R rest-frame abso-
lute magnitudes were obtained in the Vega system
(Johnson & Morgan 1953using Johnson-Cousins
filter definitions Bessell 1990

The absolute magnitudes calculated by using the
SDSS photometry in the R265 and R285 fields were
kept, and the redshift correction was applied for
magnitudes obtained frod and|-band photom-
etry solely in the R220 field. All apparent magni-
tudes were previously corrected for Galactic extinc-
tion using the maps oBchlegel et al(1998. No
correction for internal absorption was attempted,
since it needs information of galaxy inclination
which is in most of the cases is not available, given
the low resolution of the ground-based photometry.
Similarly, the Balmer decrement can not be used in
all cases since Blis rarely present in the emission
lines galaxies and uncertainties will remain for pas-
sive galaxies. No importantfiierences were found
between the absolute magnitudes distributions for
the field and cluster sample (see Figdr&0).

As the software uses spectral templates gener-
ated by stellar population models, their results can
be interpreted in terms of star formation histories,
thus, along with the absolute magnitudes, stellar
masses were also obtained.

SItturned out, in fact, that one or many bands can me omitted
in the input ofkcorrecT without dfecting the results.






CHAPTER 4

The fields and clusters

As described in the previous chapter, six clusters
at intermediate redshifts were observed with the

2\2
main objective of investigating the relation between Z (x = M) (1 —u )
star-formation and environment from the cluster ¢, = M + lul<t (4.1)
centers to the outskirts. In this chapter general Z (1_ Ui2)2
properties of the clusters will be given including <1

cluster membership, full descriptions of the fields
and some physical properties of the clusters asvhereM is the median of the individual redshifts
whole. X, anduy; are given by

4.1 CLUSTER MEMBERSHIP (- M)
'~ cMAD

(4.2)

To determine which galaxies belong to the clus- . .
e o ' wherec is known as the tuning constant. Accord-
ters, the redshift distribution in each field was an- ; :
. : . ing to Beers et al(1990, c = 6 gives toCg high
alyzed (see figurd.]) first to detect the prominent_ 2 _ S
. efficiency for a broad range of distributionSIAD
structures. The clusters studied had already known

redshifts, with the exception of those in the R22\ thg mediah absplute deviation from the sample
field whose redshifts were unclear (sg&2.1for median and is defined by
details), and therefore were confirmed.

MAD = median(x — M|) 4.3)
4.1.1 The biweight estimators
and gives high resistance to outliers.
The mean cluster redshiff)(and velocity disper- On the other hand, the biweight estimator of
sion () were calculated by using the biweight eStiécaIe ¢) is defined as
mators ofBeers et al(1990 and iteratively exclud-
ing galaxies beyond 3-of the mean redshift, until
the solution converges. These estimators are more
robust than the classical mean and the standard de- {
viation, being less sensible to outliers and asymme- Su = plf2
Bl =

1/2
> 06— M2 (1- u?ﬂ

luil<1

(4.4)

tries in the velocity distribution.
The biweight estimator of location (the “mean” Z (1 - U.Z) (1 - 5Ui2)
2) is defined as luil<1
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Field Cluster z Lxpol [erggs] o [km/s] Ry [Mpc] N
R220 VMF194 0.210 5.0110% 282+52 0.629 8
XDCS220 0.261  1.4010%  621+271 1.347 14
R265 VMF131 0.294 6.0310% 476+110 1.014 29
VMF132 0.247 2.4510" 774£150 1.692 19
R285 VMF73 0.254  1.2310"*  661+65 1.439 44
VMF74 0.180  4.7910*  481+79 1.090 34

Table 4.1 Main parameter for the cluster sampleky is bolometric X-ray luminosityR; is the virial radii andr-
the velocity dispersion with the estimated erriris the number of members identified in each cluster. See e te
for details of the calculation of each parameter.

where theu; are defined as above, but in this caselmotstrappes, andSg, values coincide with the
tuning constant of = 9 is recommended. values calculated using the equatighd and 4.4
To determineCg andSg, of an individual clus- &S described in the previous section. The standard

ter distribution, the range of redshift was limitegl€Viation of the bootstrappes, values gives the

in order to not include the other projected clust&'TOr in the velocity dispersion calculation. The re-
presentin each field, but this range is far larger th&H!tS for €ach cluster can be found in tadla
the possible spread due to their velocity dispersionsThe jackknife method was also tried. It is some-
(typically A(2) ~ 0.2). Then, galaxies beyond@- what similar to the previous method and consists
of the mean redshift were iteratively excluded untih completely taking out, from the parent sample,
the solution converges, which often occurred in feanly one element at each iteration and calculate the
steps. statistics. It was found that it yields errors much
lower than the bootstrap technique and, in order to
be conservative, it was decided to keep the values
4.1.2 The bootstrap method calculated with the former method.

In the paper oBeers et al(1990 one can also find ) o )
recipes for how to calculate confidence levels andAII Qa'ax'es W'Fh'n the 3¢ distance of the mean
check the stability of the results using bootstraﬁ@dSh'ﬁ are considered cluster members. In the next

ping or jackknife resampling techniques, which a,%ection, a detailed discussion about the characteris-
specially suitable for small datasets. ' tic and particularities of each field is given.

A bootstrapping resampling methbtlies in the
creation of a large number of samples drawn from?2 DESCRIPTION OF THE FIELDS
the original population. This is made taking ran-

domly elements from the original sample (with "€ this section, a detailed description of each field

placement) to create new samples. All Statistics (0 iven, included general properties of the clusters,
this case théCg and Sg) are calculated in each ., qjqare groups and substructure. Each cluster is
of t.he 10000 newly. created §amp|es. Their d'Strt"epresented separately in Figue8, 4.4 and 4.5
butions were exammed an_d ttwas fqund that theyivn different symbols for star-forming and passive
were very St?b'e' with a_smgl_e gravity center anéialaxies. The large concentric circles represent one
compatible with a Gaussian distribution. and two virial radii respectively calculated accord-
The mean and standard deviation were calcing equatiors.5.
latedover the distribution of the bootstrapped val-

The contours show the distribution of all galax-
ues. In the case of theand o, the mean of the g

ies with similar colors to the respective red se-

IThis method will often be used in this work to check thélUENCES down td = 23 mag. The)’_give some
quality of the respective calculations. information about the spatial distribution of galax-
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R220

= 10 VMF194

XDCS220

VMF132

0.1 0.2 0.3 0.4

T T T T T T T T T T T T T
VMF74 VMF73 R285

Fig. 4.1 Redshift distribution in the three fields. Big arrows mdr& position of the main clusters (see figdr2) and
the small ones the position of candidate groups in the fielele §ectiod.2). Note the diferent redshift distribution
for each the field.

ies without spectroscopy. This technique has beér2.1 R220
successfully used by other studies to detect sub-

structures around clusters.§. Kodama et al. 2001 o ) )
Tanaka et al. 2005 The R220 field is a very complex field. There is a

) . ) ) larger number of objects than in the other fields.
In this case, it is not possible to firmly state they,;q is maybe due to its lower galactic latitude.

significance of those structures because only thfe photometric catalog was cleaned of star-like
V - I colors provided byGilbank et al.(2009 are  oyiects however, the separation is not perfect and
used and the red sequences have similar colors o of the slits contained not intended stars, los-
each of the projected cluster (see Figdred. Us- i the advantage of having an extra MOS mask for
ing the SDSS multi-color photometry does not helis fig|q (8 instead of 7). The redshift distribution
because their uncertainties are larger at faint Iun?;{rso looks more complex (see figudel), with a

nosities and the red sequences become complefgly,her of associations besides the two clusters.
blended. So, the contours plotted in each figure

must only be taken as informative. Nonetheless, The cluster VMF194 was dicult to confirm op-
it is worth to note that many of the spectroscopfic@lly by Vikhlinin et al. (199§ and collaborators.
identified members are actually associated to strftccording toGilbank et al (2004, it is “a very ex-

tures that show up using this simple color cuts. tended X-ray emission and the galaxy over-density
is similarly extended”. Here, VMF194 gt =
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. ‘ ] cluster, maybe due to that it is in process of assem-
£ vriss E - xocszz0 E bling or has an extended structure along the line of
3 I E sight. This cluster shows a clear red-sequence and
\ ] 5 out of 14 galaxies show on-going star-forming ac-
tivity.

£ B /
L L L
0.24 0.26 028
2

[ I
0.18 0.2 0.22
z

The contours shown in Figure3are clearly dif-
ferent for each cluster. VMF194 shows little sub-
structure and the over-density appedfsets of the
X-ray centroid. On the other hand XDCS220 shows
an extended and irregular over-density in the cen-
tral parts and several possible substructures in the
outer regions. This reinforce the suspicion that it is
a cluster in process of formation.

71
[ VMF131

E At an angular distance of4.4arcmin from

: VMF194, a clump of galaxies g% = 0.243 was
detected. This clump also shows up in the spatial
distribution: 8 out of 11 galaxies are clustered in an
Fig. 4.2 Redshift histograms for each of the investigate@r€a smaller than 0.3x0.7 Mpc, so both structures
clusters, binned atz = 0.003. The red solid curves aredlmost overlap in the sky. The velocity dispersion
Gaussian profiles centered on the median redshift withof this group isc- = 401+ 74 knys, which indicates
equal to the velocity dispersion. that it is quite massive. No red-sequence was de-
tected and 4 out of the 8 galaxies, show star form-
ing activity. This group likely has been the cause of

0.210 (see tablet.1) was unequivocally detected,confUSion in all previous studies in this field.

but the data obtained showed that the cluster hasTwo other group candidates have been found

a surprisingly low velocity dispersion for its X-ray(see table4.2), one at(z) = 0.04293+ 0.00136

luminosity (see figurd.6). It may be entirely due (390knys) with 6 members in 1 Mgc(or 5 in

to selection &ects, since only 8 galaxies fall in thed.3x0.7 Mpc), all of them being star forming galax-

redshift range for this cluster. A red-sequence figs. The other is atz) = 0.05274+ 0.000445

elliptical galaxies was detected. Three additionél26 knys), with four members in.G x 0.4 Mpc.

galaxies have redshifts compatible with the clus-

ter (within the previous 3r limits), but lie at very

large radii & 7Ri;). When they are included, the4.2.2 R265

velocity dispersion does not change substantially,

and thus they were excluded as members, but st reported in §2, the cluster VMF131 was

included in the field sample (s€4.2.9. observed in the central parts previously by
The cluster cmJ17233F44410 atz) = 0.261 Balogh et al(20023 as a part of their low luminos-

detected byGilbank et al. (2004 was confirmed. ity X-ray cluster_ project (and_there was known as
Here, it is called XDCS220 for short. This clusCL1309¢32), using the same instrument and setup,

ter has a very low X-ray luminosity and passeﬁo_that their.data has begn added into this study.
undetected in the X-ray analysis gikhlinin et al. | NS cluster is the most distart & 0.294) in the

(1998 andMullis et al. (2003. Surprisingly, it has sample. The color contours shows little substrup-
a large velocity dispersion (see taid), however, _ture arounq _the plus_ter but the central over-density
it is likely overestimated due to the existence Jf clearly visible in Figuret.4.

a tail in redshift space. Excluding the members On the other hand, the cluster VMF132 does not
which lie at large clustercentric distances does ngtiow a strong galaxy concentration, despite being
change the biweight estimate of the velocity dispethe richest cluster in the sample (measured by its
sion. So, it is possible that it is a real feature of thé-ray luminosity) and has the largest velocity dis-




4.2 Description of the fields

35

74° 48’

< — == O [od
| o = \\ 0 o . & i
o/ \ © ° @ |
o ¢
L j)z\ & o9 B i
\\ // o 0
74" 36’ <o T
o
o i oi} <<>:37 ° o |
(=]

. & oo o < i
. KxT,0 o o Q

74° 24’ o o 9 ° ]
- 0

- O : O -

L ﬂ . ® < i

I vMF194 0O _°°° ]

I 1 1 1 I 1 1 1 I 1 1 1 I

17h 31m 21 .58 17h 28m 20.7s 17h 26m 20s

RA

74° 48’

Q ©

\

5
74° 36’

* %

2 %
a

#

-3 f o O

74° 24’

i XDCS220 &
20590

170 31m 21.58

Fig. 4.3 Representation of the R220 field containing the clustersF¢84 (top) and XDCS220 (bottom). The
filled blue symbols are star forming galaxies, whereas reahgymbols are passive galaxies. The two large green
concentric circles represent one and two virial radii reipely, and the vertical crosses the X-ray centroids. The
contours show the distribution of all galaxies with coldrsiar to the respective red-sequence (see text).

17k 28m 20.7¢ 17h 25™ 208
RA



36 The fields and clusters

persion (and thus the largest virial radii, occupyintipe clusters studied with a mean redshiftzoE

a large portion of the field) . Only sparce and i0.18. The spectroscopically identified members are

regular structures are detected by the color cutsafso distributed in an elongated structure in an al-

Figure4.4. most North-South direction, although less signifi-
An extended group was also detectedzt = cant than in VMF73. It also shows up using color

0.1862 0.001185 (349 kifs) with 8 members in an cuts and the center of the cluster lies close to the

area of 1x 2 Mpc, or 07 x 1.5 Mpc if one excludes €Xtreme of the structure.

one galaxy. According to theXMM-Newton X-ray analysis

of Rasmussen & PonmgR004), both VMF clus-

ters do not exhibit peculiarities and are fairly typi-

4.2.3 R285 cal for their masses.

The two clusters present in this field almost over-

lap in their positions on the sky (angular separa:2.4 Field sample

tion ~5 arcmin, see figurd.5). In addition, more

masks were placed in the central parts of the cluphe field sample consists of all galaxies between
ters, which led into a higher success rate compareds < z < 0.35, with at least 6 of distance from
with the other fields. the mean cluster redshifts. The galaxies belong-

The cluster VMF73 at = 0.254 has the largesting to the suspected groups are also includes (
number of members identifiedN( = 44). As a the two low redshift groups are excluded). That
consequence of the mask setup, most of the idefields 90 galaxies. Since the sample is built using
tified members of this cluster are located inside i€ same observations any comparison is straight-
Rir. They are located in an elongated structure rufrward.
ning in the East-West direction, which was also de-

h I fi ite th
tected by the color cuts (see figute), despite the 3 DYNAMICAL PROPERTIES OF THE

strong contamination due to the foreground clustdr
(VMF74). CLUSTERS

There is strong evidence of a second Slgnlt'I:hefundamental parameter that describes the prop-

cant structure aR ~ 1R,,. The position of this . ST
. . erties of cluster of galaxies is the mass. The cluster
structure coincide with an extended X-ray source

et bResussen & Ponmatt00d whose 175 ICL AN s vl e constae
X-ray centroid is located ata=09" 43" 58.5, g

5=+16° 51 17"). At this position a compact grOupcosmology that govern our Universe (for a review

: eeBorgani 2006. For these reasons, over the last
(~1OQ><100 kp.(?), F:omposed of three bright redim years (starting wittrwicky 1937, much ef-
passive galaxies, is found. The general galaxy ¢

S . %Brt has been spent measuring the mass of clusters
centration is also higher around them. . . ) s
using a number of techniques. These include: (i)

The X-ray flux of this structure id, ; ,xey = dynamical methods applied on the galaxy distribu-
3x 10 erg cm? st (Rasmussen, private comdions derived from redshift surveys, (ii) based on
munication), which yields an X-ray luminosity ofthe distribution and temperature of thetfdse hot
Lxpol = 1.38x 10* erg s, assuming that the X- gas in the intra-cluster medium, observed at X-ray
ray structure is actually associated to the VMF#ABavelength, (iii) gravitational lensing, and (iv) ob-
cluster. This structure may be the center of a larggervations of the Sunyaev-Zeldovicffiext.
newly infalling group of galaxies, although no pe- 11,4 comparisons among thosefeiient meth-

culiarities were detected in the redshift distributiorbdS have been a source of debate specially during

The cluster VMF74 has a surprisingly large nunthe last decade, with agreements arftedences up
ber of star forming members: 19 out of 34, antb 1 order of magnitudee(g. Wu & Fang 1996
many of them have colors similar to the red s&Smail et al. 1997 Girardi et al. 1998 etc) due to
quence (see figurd.12. It is also the closest of the diterent assumptions that each method makes.
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Group candidate ID (2 o[kms?' N
r220.1J 172604742830 0.053 126 4
r220.2J 172518742844 0.043 390 6
r2203J 172958744204 0.243 401 8
r2651J 1310368322840 0.186 349 8

Table 4.2 Main parameters for the groups candidates in the studiédkfieTheir identification codes show the
average positions of the members. Mean redshiftaifid average deviations are shown as velocitigs. ( The
biweight estimators were used only in groups with at lease&ivers. The IDs have been constructed according the
suggestions of the International Astronomy Union (IAU).

However, some latest studies, likdicksetal. @ The X-ray Iluminosities were taken from
(2006, seem to have solved thefidirences and Mullis et al. (2003 who used ROSAT data (with
have found that the correlation amongfeient the exception of XDCS220 which comes from
methods have little scattd¥]qyn/Mx = 0.97+ 0.05 the re-analysis ofGilbank et al. 200% and were
andMiens/Mx = 0.99 + 0.07 whereMgyn, Mx and corrected by the cosmology used Here The
Miens are the masses determined via the velocitiyxes, reported for VMF73 and VMF74 by
distribution of galaxies, X-ray analysis and lendRasmussen & Ponmaii2009 using the newer
ing respectively. This has been possible thanks XaviM-Newton mission, also agree within a factor
the latest state-of-the-art instrumentation like largeg two with the previous measurements, although
redshift surveysd.g. CNOC, SDSS, 2dFGRS),direct comparison is flicult because the fier-
more powerful X-ray telescopes.g. Chandra and ent models, cosmology and passbands used to
XMM-Newton) and high resolution space basezhlculate them in the later study.

imaging (HST) coupled to deep multi-band pho-

tometry.

4.3.2 Virial radius

4.3.1 X-ray luminosities

From the results shown in the previous section, it
This work does not have all of these advantagés,possible to assume that the clusters sampled in
however, one can be confident, in the light of thegkis study are in general in dynamical equilibriim
latest results, that assuming that clusters of gals@d therefore the virial theorem is applicable. The
ies are in dynamical equilibrium is not, in fact, sadius where the virial mass is contained is called
bad assumption, despite that they often show evi¥ial radius. According to the observationally cal-
dence of substructures.f). Ferrari et al.(2005). ibrated derivations o€arlberg et al(19973 based
In Figure4.6 the relation between X-ray luminos-on a subset of well sampled CNOC clustéRg; is
ity and velocity dispersion is shown and comparetefined as the distance where the mean inner cluster
with the relation oMarkevitch(1998, David et al. density is 200 times the critical densjiz) of the
(1993 andXue & Wu (2000 measured foz ~ 0 Universe at a given epoch and thus is often called
clusters. This relation is a test of dynamical equilitizoo. The 20@(2) is the “critical” density for spher-
rium. Only the clusters in the R220 field are outlierical collapse at redshiiz and virialization is pre-
in the relation with VMF194 having a velocity dis-dicted by models during a Hubble timEKe et al.
persion too low for its X-ray luminosity. As statedl996. The virial radiug oo can be calculated using
before, it may be due the low sampling of this clughe velocity dispersioar using
ter or due to a notable background structure that
may have contaminated the X-ray measurements;

. . 2They usedHp=50 km s Mpc1, Q;=0, andQm=1
On the other hand, XDCS220 has a Iumlnosr[y too 31t is probably not true for XDCS220, however for the sake

low fpr its Ve!QCit_y diSpe'tSion- Itis likely notin QY' of comparisons it will be assumed that it is. VMF194 is also
namical equilibrium but in process of assemblingpeculiar, but the dierences may arise from other sources.
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FrrTTT T T T dius. In such way it is possible to combine the
r < oo I whole sample into an assembled cluster, increas-
% 8%@( 5 ing the statistic significance and erasing cluster-to-
_ 1000 - X xx 5 ) E cluster variations.
n L X 4
) L % Fx xn » i
E [ |amuah o ] | |
5 i % 4.3.3 Projected density
b & §ﬁ
F o * ey
* Another usual indicator of environment is the local
100 * x i number projected (2-D) density of galaxies. Its cal-
Lol L b L L culation does not assume any physical properties of
42 43 44 45 46

the clusters, but other precautions must be taken.
First, the galaxy number density is a function of lu-
minosity. The spectroscopic limit df~ 19.5 mag

Fig. 4.6 Bolometric X-ray luminosity plotted againstcorresponds tdVl; ~ —-21.4 for the furthermost
velocity dispersion. Open circledMérkevitch 1998, c|uster ¢ ~ 0.3) andM, =~ —20.2 for the closest
crosses David etal. 1998 and stars Xue & Wu 2000 one ¢ ~ 0.2), taking in consideration the typical
represent théx — o relation for local clusters. The six k-corrections ¢.g. Fukugita etal. 1995 So, for
cluster studied here are plotted as diamonds with ek oh cluster. the photometric catalog was cut using
bars in the velocity dispersion. Note that, four cluster '

match quite well the relation, whereas other two (both @A apparent magnitude that corresponds in average,

the R220 field) do not, being under- and over-luminogQ the Iuminosity limit of the farthest cluster, which

for their velocity dispersion. However XDCS220 is thdranslates in an apparent magnitude cuit of18.3

most striking given its large velocity dispersion (see te@tZ = 0.18 (see Figurd.12).

for a detailed discussion). The projected density is defined by the area that
encircles the fifth nearest neighbor to this galaxy
(hence is calledZs). However, significant fore-
ground and background contamination is expected

o (4.5) and must be corrected before making any statis-

log(Ly g [ergss™])

H(2) tics. In the literature, several methods offeient
complexity are described to deal with this problem.
whereH(2) = Ho vQm(1 + 23 + Q; with a Hubble Most of them subtract a value (local or global) from
constant ofHy=70kms*Mpc™ and ©,,Qn) = the calculated density, makingfiirent assump-
(0.7,0.3). The density(2) can be derived from cos-tions. However, those methods often yield unphys-
mology models, but direct calculation ofy has ical values {.e. negative numbers) for the density
proved more dficult and all methods are based irstimates. This case is even more complicated, be-
different assumptions. In particular, the dynamicehuse besides the field contamination, there is con-
derivation here used is based in the assumptiontafmination from the other projected cluster. There-
an universal density profile (see al&irardi et al. fore, another approach was chosen using in combi-
1998 for a slightly diferent result). Neverthe-nation the photometric and spectroscopic data-set.

less, rao correlates very well with other parame- ¢yhe trye number density of galaxies in a certain

ters like richness measured via similar_dynamic'aégiOn of the cluster i&\ (unknown) and the ob-
methods Becker et al. 200/for weak-lensing anal- gereq one is, determined from the photometric
ysis Johnston et al. 2007 catalog and including the contamination, one has
Sincerygp characterizes the size of clusters in the relative fraction off = N/M. From the spec-
assumption of a universal mass profile, it is usé&roscopic dataset is known that there argalax-
ful to define an environmental parameter given thes belonging to the cluster amalis the number of
clustercentric distances of cluster galaxies. Theietal observed galaxies in the same area with se-
fore, the distances of galaxies to the center of ticered redshifts. Since the selection was performed
cluster are normalized by their respective virial raandomly (based only ohrband magnitudes), it is

Ryir = 200 =

5&
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Fig. 4.7: Relation between normalized clustercentric distancespaojected density before and after correction for
field contamination. Once the correction is made, a tigtetation appears between the two quantities (the right
plot), albeit the large dispersion. The open red circlespagsive galaxies, whereas filled blue circles are star-
forming galaxies. The grey solid lines are King-like prddiend the dashed green line is Hernquist profile (see text
for details).

possible to assume that the same fraction nowrsatches with King-like profiles{ing 1962 which
expressed by = n/m, thus, the observed valld are described by:
can be corrected, multiplying it biy/m, obtaining

as a resullN.
z
The areas used to make these corrections are 3(R) = —02(, (4.6)
larger than the areas considered by the individ- [1+ (R/Rc) ]

ual density calculations. They always encircle

10 galaxies with secured redshifts, and there thdhere, is the central density and here the aver-
number of cluster members versus the non-clusage density foR < 0.1R;; is used.Rc according
galaxies is counted. Having a high filling facGirardi et al.(1998 is 0.005R,;. The exponentr

tor helps to the statistical reliability of this sim-takes the values 0.3, 0.5 and 0.7, with lower values
ple method, because the areas sampled will haielding shallower profiles.

smaller physical sizes, thus smaller deviations from However Carlberg et al(1997a derivedr oo Us-

the local density. The results of the correction CaAg instead a profile with the following form:
be seen in figurd.7. After this process a corre-

lation between virial radius and projected density

becomes evident. @erent theoretical density pro- o

files are plotted as comparison. *n(R) = va(r);dr 4.7)

It is necessary to st that the densiti Icu- r2-r
y to stress that the densities calcu R

lated here and elsewhere are not directly compara-

ble, because the magnitude cuts and approache®td

subtract the background are varying amonfjedi

ent authors.
A

Finally, galaxies fainter than the individual clus- v(r)
ter magnitude cut were not included in the compos-
ite cluster, reducing the sample+d20 galaxies. ihe volume density model. The parameferis

The results shown in Figurd.7 display good made again to match the average central density
and a varies between 0.56 and 1.82 forffdrent
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galaxy populations with a mean af = 0.66 for A B e o
the whole CNOC sampleCarlberg et al. 199%¢ [ 1
which is the value here taken. 5

The diferent values ofa are used to de- o *
scribe the Hernquist profilea( = 3, used by

\.?*“.
Carlberg et al. 1997ar the NFW profile ¢ = 2, &&"% 0ge° ¢ oo
Navarro, Frenk, & White 1996 Herea = 3 is P %0 e 3 = 1
taken, although this particular choice is not crit- /./_—LF_’
ical. This profile describes fairly well the com- -5 7]

bined cluster used bZarlberg et al(19973, but I x x x x
their coverage at large radii is poor and here clearly 0 1 2 3 4

deviates aR > 1Rj;. R/R

Av /o

It is interesting to note that although the density
calculation does not assume any theoretical profi

it matches those predicted byfiirent authors. l‘—elg. 4.8 Normalized peculiar velocities versus normal-

ized clustercentric distances for the assembled cluster.
The contours are the @&¢r) and 6e¢(r) Carlberg et al.

4.3.4 Velocity dispersion profile (19973 cluster mass models (see text).

Both, Girardi et al. 199&ndCarlberg etal. 1997b .
made extensive theoretical and observational an I':[h B andb adjustable parameterSariberg et al.
ysis of the mass distribution of clusters. Among 9‘9973 usedB = 1/4 andb = a.
their findings is the almost-universal radial veloc- The galaxy distribution in this plane is in gen-
ity dispersion profile found in clusters (the trumeral quite regular with only few galaxies close to or
pet profile Diaferio 1999, where the cluster galax-outside of the (R) limits. Those galaxies are ex-
ies are well isolated in the velocity space from thgected to be new members of the clusters and prob-
surrounding velocity field. In Figuré.8the pecu- ably in process of infall. However, the results based
liar velocity (Av) of each galaxy, with respect to theon this diagnosis can not be used to determine the
cluster mean, is normalized to the cluster velocigbundance of this population due to its high degen-
dispersion and plotted against normalized clustearacy and because it assumes spherical symmetry.
centric distances. The contours are the results from
the cluster mass models Garlberg et al(19973:

4.3.5 Probing substructure with dynamics

00

) ) R2 r In §4.2was described that some substructures were
op(RIZN(R) = f"(r)”r (1+’8r_2) mdr detected via color cuts, which show the distribu-
R tion of galaxies with colors similar to the red se-

(4.9) quence ellipticals of the cluster. The main advan-

] ) o .. tage of this method relies in the large number of
whereop(R) is the projected velocity dispersion inypiects to select, gaining signal. However, it has

function of radius (an observable quantity whicly, 5y gisadvantages, as strong contamination due
here is modeled for comparisop)is the anisotropy 1, n-associated fore- and background galaxies in
parameter, witl = O for an isotropic velocity dis- 5 \ige redshift range can not be easily removed.
tribution. Zn(R) is the projected number densityygq since it is designed to detect elliptical galax-
profile as equatiod.7 ando(R) is the radial ve- jeg - stryctures mainly composed of star-forming
locity dispersion which is modeled as following  45|axies are missed, which is particularly important
since at least the60% of the galaxies at interme-

B diate redshifts are active.g.Hammer et al. 1997
o= — (4.10) . . .
"ob+r The “anomalies” detected in the previous test on
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Fig. 4.9 Dressler-Shectman plots for the clusters VMF73, VMF74 ¥MFF131. The red squares represent passive
galaxies and the blue circles are galaxies with detecteda@taing activity. The size of the symbols indicates the
deviation from the local mean velocity.

the radial distribution of peculiar velocities, likelywhere line-of-sight velocityiecar and dispersion
indicate the presence of dynamically distinct strueqqca are measured with respect to each galaxy’s
tures. In order to verify this in particular clusten nearest neighbors, amdando- are the global
ters a Dressler-Shectman test was performed (De8yster values. This statistic measures each galaxy’s
Dressler & Shectman 1988This test is based onlocal deviation from a smooth, virialized velocity
the following statistics: and spatial distribution.
Only three clusters are expected to have enough
11 identified members to perform this statistic with
5% = i [(\_/|oca| - \7)2 + (Tlocal — 0-)2] (4.11) significance, since it is required to use ten neigh-
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bors to gain enough signal. However, for the most

I A
isolated galaxies the local mean velocity can notbe  °*} [[ricld T E
measured_rellably, and therefore the statistics have% 04 [7]crusters I 3
little meaning. @ i ]
¢ 03 + =
In Figure 4.9, the position for all galaxies are % A I
plotted. The size of the symbols is related to the & °° W T
value ofé. A single large symbol does not indi- o T +
i /‘//}% i

cate anything statistically significant, but groups of .
large symbols may indicate the presence of sub- -18 -2 -2
clustering in velocity or dispersion. Mg, [mag]

It is interesting to note that VMF73, despite of ] S
having evidence of substructure (in X-ray and phg_lg. 4.1Q Absolute magnitude distribution in rest-frame
tometry, §4.2.3, does not clearly show it in dy- B andR for field and cluster galaxies as indicated.

namics, with few galaxies with large symbols in the
central well-sampled regions. Perhaps, the notalle, . _oqg andMg ~ —215. Since aL** galaxy
substructure at the east of the cluster center is hegfthe mean redshift has an absolute magnitude
ing in a direction perpendicular to the line of sights ~ —-210 and M* ~ _2235
and thus, will not be detected by this test. (Gabasch et al. 2004nd llbert et al. 2005, the

On the other hand, VMF74 shows evidence sfample is not strongly biased towards high mass
many galaxies witld greater than the central onesgalaxies and sample a wide range of galaxy types.

All of tr_\em are clustered in the southern region (_)f In Figure4.11 the B-band absolute magnitude
the main structure defined by the color cuts at a digarsys redshift is plotted. The lower luminosity
tance ofR ~ 1R,ir. Most of them are also star-f is increasing towards higher luminosities as
forming galaxies. expected from an apparent magnitude limited sam-
Little can be said about VMF131. The centrgble. However, the sample is basically “complete”
regions are well covered, but no systematics ai@ magnitudesMg < —20. The lower magnitude
detected. The outer galaxies are too sparce distd increases about 1 mag for galaxies of clusters
tributed and theis indicate mostly separation fromat different redshifts, and1.5 mag for field galax-
the main cluster body and not necessarily substrues (given their larger redshift span). However, as
ture. was pointed out in Figuré.1Q the dfects are com-
pensated and both distributions match quite well.

4.4 SPECTROPHOTOMETRIC PROPER- #4.2 Color-magnitude diagram

TIES OF THE CLUSTERS .
In the Figure4.12 the | versusV — | color-

magnitude diagrams for cluster galaxies are plot-
4.4.1 Luminosity distribution ted. The passive cluster galaxies are distributed in

a tight sequence called the red-sequence (or color-
The luminosity distribution for cluster and fieldmagnitude relation, CMR) which was first noted
galaxies in rest-fram®& andR bands is shown in by Baum (1959 and it has been observed in ev-
Figure4.1Q These two bands are important beery galaxy cluster so far observed, even at redshifts
cause they will be used to derive star-formation> 1 (e.g.Mei et al. 2006 Demarco et al. 2097
rates in combination with emission line strengths—; L* defines the "knee" or turnaround of the galaxy lumi-
(§6). As can be seen, both the cluster and thgsity function, beyond which the number density of galax-
field sample have similar distribution on magniies fall sharply. Since the luminosity function and its ewol

tude, making both of themfiectively comparable. tion probes the galaxy mass assembly, theluminosity sets
a limit between bright and faint galaxies. For a review, péea

The absolute magnitude distribution peaks ateBinggeli et al.(1989.
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Fig. 4.12 Color-magnitude diagrams for the cluster galaxies. &ilidue diamonds are star-forming galaxies,
whereas open red diamonds are passive galaxies. Simptestpares fits were attempted to the red sequences,
and the 3¢ deviation are shown as a grey shaded region. The weighted disgersion of the red-sequence is
o ~ 0.05 magnitudes. The vertical dashed lines mislik~ —21.4 mag used in the density calculation ($de3.3.

Note the red star-forming galaxies belonging to the redssage and even redder in some of the clusters.

The CMR is also present in the field but thever a wide range of galaxy luminositted here is
number density of early types is not as high as little variation of CMR in colors, slope, scatter for
galaxy clusters and only rises up in large survegiferent clusters and look-back times.

(e.g. Strateva et al. 2001 Thus, the red-sequence Now, it is widely recognized that the slope of

is a useful tool for detecting cluster of galaxy,, red-sequence can be reproduced as a metal-

ies via over-densities ?n a color-positions SPaGRity sequence with bright galaxies being more
(Gladders & Yee 2000Gilbank et al. 2004 metal rich than fainter onesAtimoto & Yoshii

The uniformity of the properties of the red-1987 Kodama & Arimoto 199Y, and their uni-
sequence has been motivated controversy duriiogmity can be explained by anfficient episode
several years. In this relation, bright galaxies are

_ _ : — .
redder than fainter ones and this relation extends For instance the red sequence extends 8 magnitudes (a
actor 1¢ in luminosity) in the Virgo and Coma clustee..

Sandage 197Zhompson & Gregory 1993
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and cluster galaxies as indicated. The grey dots indicates

galaxies outside of the limits of the sample.
Fig. 4.13 Fraction of star-forming galaxies in each clus-

ter versus bolometric X-ray luminosity as measured with
of star-formation that occurred at high redshift" aperture of Bvi,.. Note the. high fraction in the cluster
(z > 2) and since then they have evolved passivelyI 74 approaching to the field value (shaded area). The
(Bower etal. 1992 However, recent studies af"ror bars are Poisson distributed errors according to the
moderated redshiftz & 1) show evidence of a later**'Pe® ofGehrels(1989.
build-up of “dwarf” red-sequence galaxies, which

have arrived there only recentlg.g.Cucciati et al. jhation of course does occur), making possible to
2006 Tran et al. 200). create the density maps depicted in Figu¥s:4.4
The slope and the scatter of the red-sequeraed4.5.

may also give cl_ues about the star-formation his- It is noteworthy the presence of a population of
tory of red galaxies and thus of the assembly higgar forming galaxies belonging to the otherwise
tory of the clusters that host therGladders et al. p5ssjve red-sequence of ellipticals. Most striking
1998, where larger scatter and stepper slopes indli-the high number of those galaxies belonging to
cate younger and older ages respectively (and Vigg, cluster VMF74. Some of the characteristics of
versa). this sub-population will be described §6.3

The red sequence of the clusters studied here are
well described by a simple least-square lineal fits
to thepassivegalaxies Wo([Ou],He) < 5 A) with  4.4.3  Fraction of star-forming galaxies
their 3o limits shown as shaded areas in figure
4.12 This allows to classify the galaxies into twcaClusters of galaxies have been historically clas-
types, beinged galaxies, those with colors as redified by their optical richness, with those with
as the red-sequence (within ther3imits) or red- higher richness being more centrally concentrated
der andblue galaxies, those with colors bluer thamnd dominated by passive galaxies, and clusters
the previous criterion. The scatters of the red sef low richness have a non-depreciable fraction of
quences are comparable to the error in the photogpiral galaxies Nlorgan 1961 Abell et al. 1989.
etry (o ~ 0.05mag). Itis interesting to note that evSince galaxy morphology correlates with spectral
ery cluster displays tlierent slope and scatter, angiroperties such as star formation activity, and clus-
the mean colors are not fully compatible with théer richness correlates with mass, it would be ex-
cosmological reddening, suggesting &eatient as- pected that clusters of lower richness display a
sembly history. higher star-formation activity.

The small scatter of the red-sequences allows toThe star-formation activity inside of clusters is
select galaxies in a narrow redshift range (contarstrongly depleted in comparison to the surround-
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ing field at all redshifts€.g. Balogh et al. 1999 Thisis shown in Figurd.13against X-ray luminos-
Poggianti et al. 2006 however its relation with ity. The fraction of star-forming galaxies has been
global cluster properties have often led to conflictneasured with a fixed aperture oRg of radius,

ing conclusions. In particular, no dependence hisger than the previous studies. Despite the larger
been found on the blue galaxy fraction in clusteaperture sampled in this the values reported here are
on cluster velocity dispersions and masséstp similar to those found balogh et al(20023.

2005, nor of the_ blue fraction with cluster r|ch-_ With the exception of XDCS220, all clusters are

ness, con.centranon, and degree of sub-clusterg}gongly depleted in comparison to the field. One

(De Propris et al. 2004 could be tempted to trace a line that would join
Goto (2005 has also claimed no dependence anuch of the points, since the brightest X-ray clus-

the cluster velocity dispersion and masses of eithter displays the lowest star-forming fraction and the

the total cluster star-formation rate (SFR) or of thgeculiar XDCS220 display the largest. Clusters in

total cluster SFR normalized by the cluster madsetween have mid values. However, this can also

in disagreement witlirinn et al.(2009, who have be due to the afore mentioned scatter rather than a

shown that the integrated SFR per cluster mass diete correlation.

creases with increasing cluster madalake et al.

(2009 have also failed to find any dependence of

the fraction of blue cluster galaxies with the clus-

ter X-ray luminosity,Lx. Similarly, Balogh et al.

(20023 have compared the galaxy SFRs in high-

Lx and lowdlx clusters and have found nofidir-

ences. Poggianti et al(2006, on the other hand,

have found that the fraction of emission-line galax-

ies decreases with increasing cluster velocity dis-

persion and it also evolves with redshift.

On the other handNakata et al.(2005 have
shown that the fraction of star-forming galaxies per
cluster has little evolution with redshift, but the
cluster-to-cluster scatter is very large and may bias
the conclusions. In order to avoid the limitations of
similar studiePopesso et a(2007) used a regres-
sion analysis to identify the principal correlations.
They found that the cluster properties do nfieeat
the SFR per unit of stellar mass, but the fraction of
blue galaxies does show a correlation with velocity
dispersion.

All the studies mentioned above noted the large
scatter cluster-to-cluster in all of the important pa-
rameters, making many of the correlations very
weak. This, however, indicates that, despite the
finding of some authors, the global cluster proper-
ties unlikely dfect strongly the properties of galax-
ies that they host and the scatter is maybe due to
more subtle properties like assembly history and
large scale environment.

Although, this study has not been designed to in-
vestigate this issue, it is illustrative to see which
is the fraction of star-forming galaxies per cluster.






CHAPTER D

Environment and star-formation activity

As mentioned in the previous chapter, marthe low density field in deep redshift surveys
studies to the date have failed in detecting any cqe.g. Hashimoto etal. 1998Gray etal. 2004
relation between star-formation activity and glob&ooper et al. 2006-ranzetti et al. 2007

cluster properties. The few studies that have de-1,4 study presented in this thesis aims, for the

tected such correlation, show that it is very wealtq; time, to study the transition region between the
and has a large scatter. Whether the global clusigisier and the field environment at a cosmic sig-
properties fiect or not the properties of the galaxsificant epoch £3 Gyr of look-back time). At this
ies that inhabit them, is still matter of controversy; .« ihe galaxy infall rate is though to be about 30—
however, any influence is likely yveak and perhaggyo, larger Bower 1991 Bower et al. 1998and
linked to more fundamental relations. therefore cluster-specific interactions were proba-
The proposed processes associated to the dechhemore frequent. This increases, in principle, the
of the star-formation activity are strongly environehances of observing the responsible processes.

ment dependent,e. they are fective over a cer- |, ihis chapter, the relation between star-

tain threshold of mass density, traced for exampig,mation activity and environment will be studied.
by the galaxy concentration. The outcome of thesge enyironment will be characterized by cluster-
processes varies with thefirent scenarios (Se€qenyric distances normalized to the respective clus-
§1.9. Itis necessary to note that probably many, yirial radius R,r, sees4.3.2 and the projected

of those processes may be active in the cluster FdE'nsity to the fifth nearest neighbak( sees4.3.3.

vironment. This has made the identification of thgs shown in Figuret.7, both quantities are corre-

the most.donlwinantr:)ne fiicult, despite the 'arr?elated, albeit a large scatter. It can be due to the
observational and theoreticafert spent during the 5, med spherical symmetry in the calculation of

last ten years. Riir, the existence of over-densities at large cluster-
The environmental relations of star-formatiomentric distances and errors associated to the back-

activity, colors and galaxy morphologies are aground correction in the projected density calcula-

ready well established (se§l.3 for a summary tion.

of th_e most important f_indings). They have been y galaxies are combined has they were in a sin-

s_tud|ed in the local universe by large extragala[jTe cluster in order to increase the statistical signif-

tic surveys like SDSS or 2dFGRS from the dengs, e of the trends. Afterwards this sample will

est regions to the galaxy voids (seines etal. po gpitted according to fierent criteria to study
2007 for one of the latest and most Compreparticular dfects.

hensive studies), at higher redshift in clusters
(e.g.Balogh et al. 199920024 Ferrari et al. 2005
Poggianti et al. 2006Sato & Martin 2006b or in
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Fig. 5.1 Fraction of blue galaxies versus normalized clusteréedistance and projected density.

5.1 GALAXY COLORS AND ENVIRON- shiftand itis often interpreted as an increase of the
MENT star-formation activity in cluster with redshift (see
§1.4.2for a detailed discussion of thisfect).

The integrated galaxy color is an indicator of the The environmental dependence of mean colors
galaxy stellar populations and thus has been widdias been also explored in the distant universe. For
used to investigate the evolutionary stage of galagxample,Kodama et al.(200]) have investigated
ies. However, the exact parameters arf@ialilt to the blue fraction and mean galaxy color with en-
obtain from the observationally cheap broad-banironmentin az = 0.41 cluster, at large distances
optical colors due to the strong degeneracy in agegm the cluster core. SimilarlyTanaka et al.
metallicity and dust that produce overlapping ef2009 have focused in the environmental build-up
fects (Worthey 199%. This problem has been parof the red-sequence, comparing two clusters at dif-
tially solved by observing in multiple photometferent redshiftsg= 0.83 andz = 0.55).

ric bands and including the ultraviolet, infrared The main caveat of these studies is that they
and narrow bands in combination with the latyre hased solely in broad-band photometry and the
eststate-of-the-arsstellar population model®(g. membership to the cluster is estimated via probabil-
Bruzual & Charlot 2008 ity. This is not a serious issue in the dense central

Although broad-band optical colors can not beggions of clusters, but is an important problem for
used to extract exact parameters of galaxies, itthe sparsely populated cluster outskirts, where the
now clear that galaxies follow an evolutionary sesffects of the contamination are stronger.

quence evolving from the “blue cloud” to the “red Here, the fraction of blue galaxies is investigated
sequence” ¢.g. Bell etal. 2004 see also Figurein function of environment foconfirmedcluster
4.12. Galaxy colors correlate strongly with enviya|axies at large cluster-distances and low projected
ronment according to the large SDSS-based styflnsities. As stated i¥.4.2a galaxy is considered
ies of Blanton et al(2003 andHogg et al.(2003  «pjye” if it is bluer than the cluster red-sequence
and show strong bimodalitye(g. Balogh etal. (yjthin the 3¢ limits) and “red” otherwise (see

2004h. They were also used for the first time t@jgyure4.12. The results are shown in Figuel
explore the evolutionary stage of distant galaxies

by Butcher & Oemler(1978, leading to the dis- The fraction of blue galaxies increases in both
covering of the controversial Butcher-Oemler eff3S€S towards large radius and low density regions.
fect. which is the observed increase of the fraénoticeable peak in the fraction of blue galaxies is
tion of blue galaxies in clusters with increasing red)_bserved aR ~ 0.6R,ir. Also, the fraction of blue
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galaxies is strongly depleted B ~ 100 galaxies ture which can be erased by binning or lead to a
Mpc?, in agreement witiKodama et al(2001), al- misinterpretation of the trends. The bootstrapping
though it was not possible to test the trend muchethod helps to characterize the confidence region,
further of this limit. even in the case of unlikely distributions.

Both trends are very similar in shape to the frac- This procedure is applied for all similar statis-
tion of star-forming galaxies calculated using emigics derived in this thesise(g. the mean), unless
sion lines as indicators of star-formation activitptherwise stated. This method is a variation of the
(Figure5.2), which should not be surprising sincaéechnique used bBalogh et al.(20043 to create
bluer colors often reflect the presence of young stelentour plots in a project aimed to study the star-
lar populations. However, there is an importaribrming properties of galaxies in the local universe.
fraction of star-forming galaxies with red colors
which, in principle, could break down the previ-
ous relation. This will be investigated further in th®.2 STAR-FORMATION VIA EMISSION
forthcoming sections (se6.3). LINES

It is important to note that the blue fraction is S o
in average galaxies less tha80% of the cluster Among the star-formation indicators, emission
population aR < 1Ry This result is &ected by lines are considered very reliable, because they
upper limit, however, this is in agreement of whdfom newly formed hot starddennicutt et al. 1994

is expected due to the BGfect at those redshiftsKennicutt 1998 Kewley et al. 2004 see§6). So,
(Ellingson et al. 200 here the dependence of the star-formation activity

on environment is studied using the fiPand the
Ha emission lines.

5.1.1 The sliding bins method In Figure 5.2 the fraction of the star-forming
galaxied and the mean equivalent widths of {0
The fraction of blue galaxies was calculated oveind Hy are plotted against normalized cluster-
theN nearest galaxies at each pointin the plame, centric distances and projected density, respec-
inside a moving box centered at each point withtively, using the method outlined i§5.1.1 Since
fixed number of elements. Making too small in- the detection of emission lines has no dependence
crease the noise, making it too large shorten the dyn redshift, it is possible to compare the statistics
namical range covered, because this method trufirectly with the field sampfe applying the same
cates the extremes of the lists. It was found that usragnitude criteria using for the clusteis, a mag-
ing the nearest 15-25 points is a good compromisiude cut ofM; ~= —21.4. However, changing the
between spatial coverage and stability. magnitude cut had little impact in the field statis-

In order to check the statistical significance, #¢S: typically<5%.
bootstrap technique was applied to each box withThe shape of the curves are very similar to those
2000 iterations, taking the mean and the standasserved in Figuré.1, both steadily increasing to-
deviation of the bootstrapped values (checking pr&ards large clustercentric distances and low pro-
viously if the distributions are compatible withiected densities. The peak at0.6R is also ob-
Gaussian) as the final values and their errors respegerved.

tively. In both cases, the fraction of star-forming galax-

This procedure is computationally intensive, bués is strongly suppressed in the densest regions
it makes the results more robust, because noise @dth less than 20% of the galaxies showing active
increase or decrease as one includes more or feweir-formation. AR ~ 3R, the star-forming frac-
points in the calculations, but the overall shapes ofl_ 6O Fa) = 5 A, sees3A

H l.e. 1, Ra) > , Seegs.4.
the curves do not change as in the case of Choos-2The position of the red-sequence cannot be determined with

ing arbitrary bi_ns_. This method allows to deteGhjianiity for the diterent redshifts that span the field sample,
small scale variations, for example due to substruaus this comparison is not possible to maké 5l




52 Environment and star-formation activity

1 — — 1 T —
08 [ ] 08 [ ]
£ 06 | - £ 06 | -
3] r g 3] r g
© L i © L ]
£ 04 — £ 04 4
02 [ ] 02 [ ]

O 71 111 1 ) I - 1 ) I - 1 11 1 1 1 17 O B 111 111 1 1 1 11 1111 1 ]

0 1 2 3 4 10 100
R/Ryiria £5 [Mpc-2]

15 F . 15 F .
= B 1 = B ]
— 10f 4 = 1w} .
é L ] é L ]
= or 1 £ °5rC -

0 . 0 .

71 111 1 ) I - 1 ) I - 1 11 1 1 1 17 L 111 111 1 1 1 11 1111 1 ]
0 1 2 3 4 10 100
R/Ryiria £5 [Mpc-2]

15 F . 15 F .
= 10 L ] = 10 L _
= E 1 = E ]
= r 1 = r i
= 5 1 = 5¢ .

0 . 0 .

71 111 1 ) I - 1 ) I - 1 11 1 1 1 17 L 111 111 1 1 1 11 1111 1 ]
0 1 2 3 4 10 100
R/Ryiria £5 [Mpc-2]

Fig. 5.2 Fraction of star-forming galaxies (top panels) and mearivatgnt width of [On] (middle panels) and
(bottom panels) against normalized clustercentric distarfleft panels) and projected densities to thengighbor

(Xs, right panels), plotted as the thick, solid, black lines.e®haded areas around the curve in light blue are the
standard deviations of the bootstrapped values. The hdkareas show the field values for galaxies between
0.15<z<0.35.
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tion approaches the field fractior§6%, shown as field value approximately at a clustercentric dis-
a shaded horizontal region), only within the uncetance ~2R,;; and projected densities aroundl
tainties, indicating that the processes that stops t@axy Mpc?2. They also state that the correla-
star-formation activity was already at work at théon with environment is universal and does not de-
environments sampled here, but it is acceleratedpgind on the mass of the system where the galaxies
smaller cluster centric distances. belong. However, the studies based on these two
darge redshift surveys, typically reach very low pro-

The fraction of star-forming galaxies increas o -
igcted densities (up to 0.1 galaxies Mpx but do

linearly towards lower densities reaching the fie , A "
value atZs ~ 15Mpc2, with a subsequent inghtnOt sample well regions with higher densities due

decrease which is also observed for the mean quﬁJ,_technical dficulties. Those studies are compat-
alent widths. ible with the results found here, though those low

] ~__ densities are not reached in this study.
The value found for the field fraction is in

agreement with previous studies for those red-NeverthelessRines etal.(2003 in a sample
shifts (seeHammer et al. 1997 alogh et al. 1999 of well known local clustefsaimed to overcome
Nakata et al. 2005 Although each author used 4his caveat, found that the fraction of star-forming
different cut to define the star-forming populatioig@laxies reaches the field value3g% atz = 0)

~ 2 _ 2R N 2
the derived values agree within the statistical uncéS© &R ~ 2 - 3R and atXs~1 galaxy Mpc®,
tainties. confirming the previous results. The fraction of

] galaxies with active star-formation Rt< 0.5Rj is
The curves for weighted mean of f[0and Hr 1004, not much lower than the fraction found here.
equivalent widths mimic to those for the fractiontys s in agreement with studies that have found
All of them reach the field value. In the case Qfiie or no evolution of the star-formation activity

the density relation, the decline at lower densitigg the inner regions of clustere.g. Nakata et al.
is also observed. In the case of the radial relati%os_

the peak aR ~ 0.6Ry;; is also noted. As discussed

in §5.3.2those ects may be due to theftrent As the fraction of fieold star-forming ga_laxies is
populations present in each cluster. larger atz ~ 0.25 (~55%) the star-formation gra-

) ) dient presented in this study is much stepper as
The averaged [@] and Hx equivalent widths be- the point where the cluster fraction reaches the
have very similar, except that the mean values fgk|q valued does not appear to be evolving be-
Wo([On]) are quite high if compared with the locakyyeen those two epochs. Therefore, the processes

relation where\o([On]) ~ 0.4Wo(Ha) (Kennicutt ¢ stop the star-formation activity in clusters were
1992. This will be discussed further i§6. likely more active in the past.

This is also supported by the behavior of the

5.2.1 Comparison with previous work star-formation density relation where the reaching

point appear to be at one order of magnitude higher
It is difficult to compare quantitatively those trendthan in the local universe. However, thefdiulties
with previously published works, because thi@ comparing the density values weaken this state-
methods to subtract the background, the luminaxnent.
ity limit, '_che selection procedures and cosmologies p¢ larger redshifts few similar works have been
are varying among the authors. One can, howevgiished to the date. Most of them have only sam-
make qualitative examinations based on the overefbd the very inner regions of clustei® &€ 1Ry,
trends. e.g. Baloghetal. 19992002a Ellingson et al.

In the local universez~ 0), several studies have2001, Poggianti et al. 2006 The increase of the
investigated the relation of the star-formation astar-formation activity towards large clustercentric
tivity with environment. For instancé,ewis et al. distances, present in the local universe is also ob-
(2002 and Gbmez et al(2003 in samples drawn 3The Cluster and Infall Region Nearby Survey, CAIRNS

from the 2dFGRS and SDSS, respectively, hay@nes et al. 2008which include clusters like Coma, Abell 496,
found that the star-formation activity reaches thec.
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Fig. 5.3 Mean equivalent widths of [@] and Hx of the star-forming population in function of normalizedister-
centric distances and projected density. Horizontal arga®sent the mean for field star-forming galaxies.

served at earlier epochs. In the regions covered Binn et al. (2009 have all studied the star forma-
their observations, the statistics are similar to thotien activity in clusters between® < z < 0.8 by
presented here within the uncertainties, despite thging narrow-band filters centered in the Emis-
different methods used. sion line. SimilarlyMartin et al.(2000 used a nar-

Pimbblet et al.(200§ studied a sample of 11"ow band filter centered in the @ emission line
clusters between.07 < z < 0.16, with a quite in a cluster az ~ 0.4. Those studies are varying in
good coverage outside oRg. Their results point depth and spatial coverage, but have the advantage

out towards similar conclusions that the studies RI be_in_g _complete over_the _flux limit. Howeve_r,
the local universe, but the break on the star form&!iS limit is generally quite high and those studies
tion activity appears to be slightly shifted toward@n!Y detected the strongest emittersAlso, they

higher densities. However, the presentation of théfe heavily &ected by field interlopers and back-

results as well as the focus of that work do not fground sources whose emission lines are redshifted

cilitate the comparisons. to the targets frame.

Balogh & Morris (2000, Couch et al. (2001, 4with the exception oKodama et al(2004), who used the
Kodama et al. (2004, Umeda et al. (2004 and gm Subaru telescope.
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Nevertheless, all those studies detectefiledi p— S— —
ences on the distribution of the emission line emit- T A
ters and have found that the star-formation is at [ \\  ZZ el e ]

those redshift already related to the environment. _o.s

More recently, Sato & Martin (2006ab) made
spectroscopic observation of the sample of‘g’o_6 B \ 1 \ ]
Martin et al.(2000 and were able to confirmmany 5 \ + \ :
of previous detected emitters as cluster memberg | \\ T \\ i
But since they focused in studying the previouslyzo.4 \\ + \ .
detected [Qi] emitters and their properties, the £ | 1 \

\ 1 \ |
comparison is not straightforward. 1 i
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Czoske et al(200]) initiated a study on the col-
liding cluster Cl00241654 atz ~ 0.4, which I 1
has been the base of many subsequent, very com- o LL...! L N -
prehensive studies on environmental evolution of ° “3N<[0HD (4] e ww (Ha) [A] 60
galaxies €.g. Treu et al. 2003Moran et al. 2005 ’ '

2007D, though, they only reached CIUStercenmEig. 5.4 Cumulative histograms of equivalent widths for

distancess2R,ir. However, the current research ofiejq and clusters star-forming galaxies as measured by
this group has been mainly focused on the propefe [On] and Hx emission lines.

ties of passive galaxies or morphological selected
early types rather than on the change of the star-
formation activity with environment.

N

forming galaxies is plotted. Both distributions are
very similar.

5.3 ORIGIN OF THE TRENDS This leads to the conclusion that the trends seen
in figure5.2 are only driven by the change on the

In order to explore the origin of the trends describéglative numbers of star-forming and passive galax-
in the previous section, the sample will be splittel§s in diferent environments.

according diterent criteria. This, however, reduced This result is similar to the findings of
the number of galaxies sampled in each test aBdlogh et al.(20043 atz ~ 0 where the distribu-
thus is not possible to cover the same dynamia@n of the Hx equivalent widths in the SDSS and
range. The noise is also increased. 2dFGRS was analyzed. They found that this distri-
bution is similar in the “low” and the “high” density
environments. The densities sampled by that study
are relatively low (0L < 5 < 10 galaxies Mpc?)
First, the environmental distribution of the staPUtRines etal(2003 extended this analysis to lo-
forming population is analyzed.e. all galaxies ¢l clusters and have not foundfigrences in the
with equivalent widths, either in [@] or Ha, <5 A star-forming population in dlierent environments.

were excluded. Here, those findings are confirmed at an earlier

The results are plotted in figuBe3 Note that the €POCh and the environmental variation was ana-
mean equivalent widths remain quite stable overyzed instead only the distribution of the equivalent

large range of galaxy projected densities and Cmgidths, finding no change on the properties of the

tercentric distances. Those values are statisticaﬂ(}t've population.

similar to those found for field star-forming galax- This is an important finding and puts strong con-
ies, pointing out that both populations do not difstraints on the mechanisms thafeat the star-
fer substantially. This is clearly appreciated in Figormation. In particular, it argues against soft pro-
ure 5.4 where the cumulative fraction for each birtesses. Instead of a slowdown of the star-formation
of Wo([O n1]) andWp(He) for field and cluster star- over long periods of time, the actual process has to

5.3.1 The star forming population
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Fig. 5.5 Fraction of star-forming galaxies and mean equivalenttivei against normalized cluster distance and
projected density for the clusters VMF73 and VMF131 as degiin the respective panels. In the bottom panels the
dashed blue line represent the meam[@quivalent widths and the solid red line therldnes. The respective &-
dispersions are marked as hashed areas in the bottom padétsradotted lines in top panels.

shut down the activity in short times scales. Fuis result of the combination of both substructures.

thermore, the processes have to lfkecive in a This can be taken as additional evidence that the

wide range of environments. X-ray structure detected Hdgasmussen & Ponman
(2009 actually belongs to the cluster. It may form
part of a large infalling group and clearly has a no-

5.3.2 Subsamples according to membership ticeable &ect on the ga_laxy population, reducing
the star-formation activity near the center of this

Given the relative small sample and some ufiructure. This may be because of its denser in-
usual features in the composite cluster, the infiffrgalactic medium and higher galaxy density than
ence of individual clusters on the averaged trenfi¥Pected at these clustercentric distances.

is investigated. Since two clusters (VMF73 and Additional dfects may arise from the geomet-
VMF131) account for an important fraction of theical configuration of the cluster & < 1Ry,
data, they are investigated individually. Here, givegiven its elongated galaxy concentration. Those
the smaller number of galaxies, fewer galaxies afeatures passed unnoticed in the previous analysis
included in each “bin” at expense of increasing thef Gerken et al(2004), as the fixed bins used there
noise. eventually erased them.

The results can be seen in figse. Note the  VMF131 shows, on the other hand, a modest but
striking differences between the two clusters, espgteady increase in its star-forming activity towards
cially in the radial distribution. VMF73 shows thdarger clustercentric distances. This cluster is quite
peakinside R, which leads to the conclusion thatvell covered at large radii. Thus, the general trends
the peak detected in the global trends is exclusivady the composite cluster at those distances are very
due to this cluster. dependent on it.

This peak, or perhaps better said the depletionAs it was noted in§4.2.2 this cluster appears
at~ 1R, , is likely an efect of a secondary struc-to be centrally concentrated and few substructures
ture in this cluster (se$4.2.3 as the radial gradient
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were detected by using the color cuts. Furthermot®y the cluster environment and thus producing the
the Dressler-Shectman teg4(3.95 did not show previous trends, the sample was splitted only be-
dynamically peculiar structures. Itis likely that thisween cluster and field galaxies. In this case, galax-
cluster is relatively isolated and quite evolved for ites belonging to groups candidates were excluded
mass. (see explanation below).

The projected galaxy density probes environ- The cluster sample is also splitted in galaxies
ment regardless of the cluster geometry, therefomhich lie at clustercentric distancBs> 1Ry (“the
cluster substructure does naffexct, in principle, infalling population”) and those & < 1R (“the
the correlations. Nevertheless, is observed that theer population”). This division is somewhat arbi-
trends for these two clusters are also quiféedent. trary as it only reflects the galaxy current position,
VMF73 shows a sharp increase in the fraction diut given the current data and models is not possi-
star forming galaxies towards lower projected deide to separate both populations. Thus, the previous
sities but a modest increase in their overall activitglassification only reflect relative likelihoods.

as measured by their equivalent widths. VMF131 1o fraction of star-forming galaxies was then

displays an increase in its fraction of star forming, | ,iated in function of the galaxy stellar mass
members and the average star-formation strenqgée%_a)_ The results are shown in Figute6

similarly increases. The trends are directly compared with recent results

The scatter of the galaxy population inside ajf Balogh et al(2007) who examined groupsand
clusters has been already noted, however it ddiedd galaxies betweenD?2 < z < 0.55. The results
not depend strongly on their X-ray luminositypresented here for field galaxies are consistent with
nor velocity dispersion according opesso et al. their sample. (within the &= uncertainties).

(2007, althoughPoggianti et al(2006 find both |} 4 galaxy population in the “infalling” region

a weak correlation between_galaxy propertles_ aﬁLdvery similar to the population found in groups at
cluster mass and also evolution of it with redshift.q; 4 redshifts, pointing out that some sort of pre-
On the other handRines etal. (2005 also processing is already underway before galaxies go
showed that the environmental trends of stamuch deeper into the cluster potential well. Once
formation are dterent for each of the clusters samthose galaxies reach the cluster inner regions other
pled by this study. It is unclear whether thidtdi- processes act further and only few remain active.
ence is related to cluster global properties as mékhis fraction may be even lower as the expected
sured by classical mass indicators, but at least sutsimber of infall “interlopers”,i.e. galaxies pro-
structure plays an important role. Therefore, thjected over the inner regions, can be as high as the
variation may be related to more subtle properti€sQ% (Rines et al. 2006
such as mass assembly hist_ory_and large scale strucrna fraction of star-forming galaxies at the low
ture around the clusters, which is not measurable y 4 1o high mass ends are similar in all envi-

standard techniques. ronments, changing only the characteristic break.

However in the case of the “inner” cluster, the frac-
54 DIFEERENTIAL EVOLUTION WITH tion remains Iow oyerthe full range of masses sam-
MASS pled. This fraction is comparable to the typical val-

ues found for high mass systems, which is similar

) . in all environments.
From the trends presented in the previous sec-

tion results clear that, from the perspective of star- Thif can be considered a clear case of “down-
formation activity, clusters mainly fier from the SiZing”, i.e. galaxy evolution is shifted towards

field in the mix of the galaxy subtypes. This is aflower mass systems as cosmic time progresses. The

fected by the cluster substructure but occurs reff0St massive galaxies experienced stronger evolu-

tively fast, and the relevant processes do not sid{gn at earlier times and then become passive de-
but rather quench the star-formation activity.

) ) SIncluding the group candidates, detected in the present
In order to see what galaxies are beirfipated study, may have biased the previous trend.
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Fig. 5.6 Fraction of star-forming galaxies versus stellar masdiébd and cluster galaxies as indicated in the figure.
The areas represent therldispersions. The black solid and dashed lines are field amapgyalaxies respectively
from Balogh et al(2007) (error bars omitted for clarity).

spite their environment, whereas dwarf galaxies anents. Second, in their overlapping spheres of in-
still evolving. For example, most of the healthjluence and in the fact that sometdrent processes
star-forming galaxies at = 0 have low massescan not easily be disentangled as they produce sim-
(Haines et al. 2007 As the group and cluster envi-lar end-products.

ronment accelerate galaxy evolution via more fre- 114 issue of the regions of influence can be seen

quent interactions, similaffiects are expected. ..o clearly in5.7. This scheme was proposed by
Treu et al(2003 as a very simplified cluster model
and defines regions where thetdrent interaction

5.5 SCENARIOS processes are likely to béheient.

Since galaxies are expected to move consider-
bly during the time that the relevant processes are
Fwork their position in that diagram is only indica-

e. For example a starburst usually lastsGyr
which is about the time that a galaxy takes in cross-
ing the cluster £ 2 Gyr for the clusters sampled
here).

One of the main problems in interpreting the prevg
ous results (as well as similar results reportedin t
literature) is the lack of a consistent scheme a
to take into account all the fierent mechanisms
present in the cluster environment that cdfeet
the star-formation activity.

This difficulty arises from dterent sources.
First, in the still poor understanding of th&ects
of these processes on thefdrent galaxy compo-

The dficiency of the relevant processes is also
affected by the galaxy properties (specially mass)
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and the cluster substructure. Nevertheless, the preAlthough, VMF131 does not have deep modern
vious scheme still makes possible to evaluate wh&tray imaging but it seems clear from the photo-
processes ardiacting the star-formation activity inmetric and dynamical analysis that display much
certain regions. less substructure than VMF73, only marginal ev-

Ram-pressure stripping is veryflieient in idence of a dynamically decoupled structure just

quenching the star-formation activity but it onI;PutS'de”’ZR‘_’ir 1S fgund_, but it can be due also to
acts in central regions of cluster® (< 0.5Ri, those galaxies being simply unrelated to each other.
e.g.Kapferer et al. 2007 However, star-formation Its star-formation activity shows a much shallower

depletion here is detected at distances as fariggrease towards large radius. It is possible, in this
~ 3Rjr. Some of those galaxies may have lo§2

se, that many of the galaxies have passed through
their cold gas due to the scatter in the ram-pressﬁ?@ center. The much rounder concentration indi-

strength that they experience during the infall g&tes that, perhaps, is an older cluster, already W_ell
shown byTonnesen et a[2007). assembled. VMF73 on the other hand may be in

] ] ~ the way of assembling. But the lack of dynamical
It is also possible that many of the galaxies iBeculiarities is puzzling.

the outskirts have already passed through the denser . .
intra-cluster media. In fact, models I&ill et al. However, galaxies infalling into clusters can

(2009 predict that as many as half of the gala2€ &!s0 &ected by ram-pressure. Under certain
ies between 1-2R, may be “re-bouncing” af- Circumstances, this process may be important in

ter a first passage by the cluster core (the sgroups aﬂd filamentsF(jita 2004 Hester ,200’3

called “backsplash” population) and thus have eRut massive an_d evolved groups are requwed to af-
perienced strong interactions forfBoient time to fectthe pr_opertles of relative large g_aIaX|es as thqse
become passive. In those models the backspl&@inPled in this study. However, since the spatial

galaxies have distinct kinematics compared to tif@MPling in the outskirts is low, it is fiicult to
more Vvirialized central ellipticals or the im‘allingev""lu""te whether such groups are present or not, but

populations. So in principle they could be identiihe characteristics of the infall population indicates
fied that the same process thdlext the star formation

. ~ingroups is active in that region.
The model cluster treated I¥ill et al. (2009 is , ,
Other processes may still be present, since star-

quite realistic but the combinedfects of substruc- i == )
ture and 2-D projection of the galaxy velocity disformation depletion is observed at distances larger

tribution make dificult to identify this population in than those predicted by ti@ill et al. (2003 simu-
real clustersé.g. Rines et al. 20055ato & Martin lations and they only account for a fraction of the
20060. galaxy population.

Starvation or the strangulation is a softer ver-

The two individually sampled clustersffer a L :
possibility to test this hypothesis. VMF73 is a lumi®'O" of the ram-pressure stripping and thus is able

nous X-ray cluster (ranked second after VMF132t)(,) work at shallower densities. It _strips the outer
taking in account only the central emission. OB3S€OUS halo leaving the galaxy without the source

the other hand, VMF131 is about half as luminou8' 92s t0 form new stars, so the galaxy slowly con-
These clusters displayfirent star-formation pro_s_umes t_he remaining gas in the disk over a long pe-
files. In the case of VMF73, the activity raise§iod until exhaustedgekki et al. 2002

sharply and peaks at very small radiis~ 0.6Rir) Since the necessary intergalactic gas densities
and decreases againRt- 1R, where a bright X- are much lower, this process is likely to be active
ray group is found. It seems clear that both X-ray many groups Kawata & Mulchaey 2008 So,
structures arefBecting the star-formation activityits region of influence in the diagram of Figuser

of the galaxies embedded therein, but it is not thgonly indicative. If this process is active in groups
case for galaxies in between. Those galaxies us-beyond the objectives of the present study.

likely have passed through the center of any of both Balogh et al. (2009 developed a simple pre-
structures. scription for star-forming galaxies, when no more
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merging
harassment
starvation
ram-—pressure stripping
tidal triggering star formation

tidal halo stripping

1 2 3 4 5

Fig. 5.7. A simple cluster scheme with regions of influence of thedent interaction mechanisms (Adapted from
Treu et al. 2008

gas is available for further star formation as in thex 10'*M,, have star formation rates 57Mgyr .
case of starvation. In this case, the star-formatidinder the above prescriptions, they would need
rated declines as following: about~3.3 Gyr to become passive at= 0.25 un-
der the &ects of starvation only, a time scale al-
ready longer than the cluster infalling time. On the
t\3° other hand galaxies sampled in this study with stel-
SFRt) = SFRO) (1 + 0-33,[—) [Moyr] lar masses oM, = 1x 10 andM, = 1x 10°M,
¢ (5.1) would need~7 and >10Gyr respectively to be-
come passive under this process. ThEea of
increased stellar mass as product of star forma-
wherete = 2.2(S FRO)/Moyr 1) °%® is the char- tion are neglected as thefects of gas recycling
acteristic time and includes théfects of gas recy- (kennicutt et al. 199hinder a further grow once
cling due to stellar winds and supernovae. the bulk of the stars have been already formed at

Elbaz et al(2007) have determined thatatv 1, z=1.

i.e. ~4 Gyr before the epoch sampled by this study, Therefore, only the most massive galaxies sam-
the star formation rate is a function of stellar massied in this study may have fered the &ects of
as: SFR~ 7.2 x (M,/10'°M,)°°. This corre- garvation for a period of time long enough to be-

sponds to logtS FR ~ ~0.1log(M.)-8.14, where come passive, if no other processes are acting alto-
sS FRis the specific star-formation rateg. SFR gether.

divided by the stellar mass. In the next chapter, it is L .
demonstrated that the limit 8%([O ], Ha) = 5 A Another _key_ point is that starv_at|0n slows the
to select star-forming galaxies sets&FR~ 2 x star-formation in the fiected galaxies over lang

10-*yr-1, This limit is independent of stellar mas:feri.Od of time. Unless this process is equally ef-
and below it, a galaxy is considered passive. fective in the field an.d c_IusFers, it would be very
improbable that the distribution of the star-forming

Assuming that galaxies at= 1 had their outer population appears to be similar in both environ-
halo stripped and are only left with their disk resefnents.  Moreover, for galaxies infalling into a

equatiorb.l Galaxies az = 1, with massed, =
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tive before the strangulation is completdelfita kinematics are fairly regular, but more modeling is
2009. necessary to understand thigeets of this process

Pure gravitational interactions with the clustdf e general population.

potential lead to tides in the mass content of galax-However, additional mechanisms are necessary,
ies. They can enhance the star formation activibecause the star-formation activity is already low
via compression of the galactic gasufita 1998 at larger distances and, specially important, at low
Bekki & Couch 2003. But, it can also strip the projected densities. It is still possible that ram-
outer regions such as the dark matter h&@oédin pressure is féecting galaxies in infalling groups
2003 and its gaseous conterBdkki et al. 200}, as proposed by some authors. If this is the case,
mimicking starvation, but producing, in addition, @roup preprocessing is preferred as denomination,
change on morphology. as many other processes (tidal interaction, merg-

However, tidal interactions are also present f&FS: €C) are though to befieient there and thus
from the cluster cores, in close galaxy pairs. ThéJ@Y Play an important role. Evidence of this is

particularly dfect a galaxies with masses mucf‘Pund_in the fact that the galaxy pc_quIations in the
lower than the parent haloffectively quenching outskirts resemble to those found in groups, where

the star-formationCattaneo et al. 2006 they are already evolved with respect to the sur-
rounding field (Figures.6). In fact, there is evi-

Fast speed encounters of galaxies.(harass- gence of a sequence where group-like preprocess-
ment) lead to a change of their morphology, as eagfy in the infalling regions may play an important
encounter strip a fraction of the outer part of thgy|e pefore the strong interactions in the inner clus-

galaxies and redistribute it in the dark matter halg,, regions fectively shut down the star-formation
Its effect on the gaseous content is likely be similgy galaxies.

to the halo stripping. Harassment has been indi- , . .
cated as the responsible mechanisms in producing>t@"vation, on other hand, is found to contribute
SOs galaxies in clusters over long times scales. 881y marginally to the population mix in clusters

the predicted #ects in the gaseous content are mil'd_nOler standard assump_no_ns. In the case that it con-
and this process is particularlyfective in clusters, T1Putes to the galaxy mix in groups, the above de-

likely strong interactions would shut down the stafiomination is preferred.
formation before harassment produces noticeabldt is found in this study that massive galaxies are
effectsQuilis et al.(2000. quite evolved in all environments and the change

Mergers, on the other hand, aréeztive on both of the populations between field, groups and clus-

star-formation triggering and morphology changé‘.arS is mainly driven by the chapge of intermediate
The time scales of this process may be as shd1gss systems. At least in t_he field, groups and the
as~1-2 Gyr Bekki 2001 Conselice 2006 They infalling region dwarf galaxies appear to be u_naf-
are specially lective in massive galaxies and iected. However, not enough data is present in the
groups or cluster outskirts where the relative velo€UTent study to support any conclusion of what oc-
ities are low. Given the previous requirement théi“r with them in the central regions. Recent studies

are likely to constitute part of the group preproces&hoW that they are resilient to mergers and other in-
ing. teractions in groups but are strongljexted by the

effects of ram-pressure or harassmetfdifes et al.

In conclusion, ram-pressure is able to explain ?0007).

a great extend the suppression of the star-formationt is important to note that every cluster is a par-
activity in clusters, even in galaxies located at largiular entity of its own, and it is likely that dif-
clustercentric distances. Direct evidence of thisrent processes have dissimilar importance. They
process is at work on single galaxies has beean depend on the cluster history and configuration,
shown by some authore.g. Bosellietal. 2006 as well as on the surrounding environment. These
Cortese et al. 2007 The galaxies fiected by this effects may influence the galaxy population that in-
mechanism display cometary gaseous tidal streah@bit the clusters as recently shownNgran et al.
and truncated star-formation disks but their stell§20073, where the early type populations of two
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clusters arz ~ 0.5 have dfferent star-formation his-
tories. This is supported here by thétdient star-
formation gradients detected, due mainly to sub-
structure and the galaxy populations, with some
clusters harboring an important fraction of red-star
forming galaxies. They may be important in the
scheme of galaxy evolution as shown in the next
chapter.



CHAPTER O

The properties of the emission line galaxies

In the previous chapter, the environmental digmportant diterences are found between field and
tribution of star forming galaxies has been showoluster galaxies, except for the larger abundance of
It has been described by the equivalent widths nbn-emitters in the clusters.

prominent emission lines ([@ & Ha). However,  rnq 1, gistribution is compared with theoreti-
how are they connected with physical parametetsy yacks calculated bigennicutt et al (1994 us-
of galaxies? Moreover, it is known that other phqhg Salpeter(1955 and Scalo (198§ initial mass

nomena can also produce emission lines, SpeCie\"LIN]ctions (IMF). The data show better agreement
important in this context are active galaxy nuclgj;ih the former IMF.

(AGNSs), where the material falling into massive ) ) ] )
black-holes is ionized and produces strong emis-The scatter in the previous relation arises from

sion. Also, it has been found an important popul&2@ny sources. One is purely observational, as the
tion of star forming galaxies with colors typical of<-corrections have a mean error of the same order
red passive galaxies. Are they “normal” star fornf2f the scatter displayed in the Figusel (see§3.6).

ing galaxies? In this chapter those questions will be However, they are also flierences in the pro-
explored. cesses traced by both indicators. Optical colors
provide information about the star-formation in
timescales of~1 Gyr, because they are more sen-
6.1 EQUIVALENT WIDTH DISTRIBUTION sitive to the young-to-old stellar population ratios,
because the galaxy spectra at optical wavelengths is
In Figures5.1 and 5.2, the environmental distri- mostly dominated by intermediate main sequence

bution of star-forming galaxies is characterized t:;;ars (A to G) and red giants (K and M). On the

both, the blue and the emission line galaxy fra _ther_han(il, emgs:aontlmes ar; tiensmve t‘: yfoung
tion. Both distributions are very similar, indicatin assive stars (O-B stars) an € amount of gas.
that those two indicators are related. herefore, they are nearly instantaneous indicators

. of star formation (see next section).
They are, in fact, correlated, although the rela-

tion has a large scatter as can be appreciated in Fig'—tr;] FlgturefS -2 wthere tht_e f—.t\n\_/lror;men;z:\jl Va”agon
ure6.1 There, the rest-fram@®¢R) color is plotted Oh € star ormallon aq(;vrl]y IS a sog ressed V'ad
against the equivalent widths of j@and Hx. Both the mean equivalent widths, it can be appreciate

cases display a similar distribution. The lines shog)a:] t_h%_mean [G)I]—| and I—erKare _qwtelzgnzlflar fgr
the mean and the &-deviation, which is<0.2 mag. oth indicators. Howevertennicutt oun

This deviation is comparable to the mean coIorvaHjat both indicators are fierently related iz = 0

ation between the passive galaxies and the Strongség{-formmg galaxies via the following relation:
emitters which amount&(B - R) » 0.4mag. No
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Fig. 6.1 [On] and Hr equivalent widths plotted against restfraBie R color for cluster (stars) and field (diamonds)
galaxies. Solid and dashed lines are the mean theléviations respectively. The thick lines in the right plats the
theoretical tracks dkennicutt et al(1994) usingSalpete (1955 (solid purple line) an&gcalo(1986 (dashed green
line) initial mass functions.

6.2 STAR FORMATION RATES

W(On]) ~ 0.4W(Ha) (6.1) Inthe previous chapter the star formation activity of
galaxies has been related to spectral features such

. _ _ . _ asemission lines.
This deviation can be better appreciated in Fig-

ure 6.2, where all galaxies which show both indi- Emission_lines in the s'gellar medium arise Whgn-
cators are plotted. The lines show the best lea§i€r @n excited atom (or ion) returns to lower-lying

squares fits and the d-deviations obtained after/€Vels by emitting discrete photons. There are three
10 iterations. The local relation is also plotted fgh&in mechanisms which produce atoms (ions) in
comparison. The relation for cluster galaxies %xuted levels: recombination, colhsmqal _exuta-

W(On]) ~ 0.9W(Ha), whereas for field ones istion by thermal electrons and photo-excitatiorx H

W([On]) ~ 0.7W(Ha), but in both cases the scattefNd the Balmer lines belong to the first class,
is large. whereas the forbidden lines [, [O m] and [Nn]

o . ) are part of the second class.
No convincing explanation for thisflect has

been found, because the instrument setup, line defflydrogen recombination linesffectively re-
initions and algorithms are the same than those §it the integrated stellar luminosity of galaxies
Balogh et al(20023, where the correlation was in-Shortward of the Lyman limit so, they provide a
deed found, therefore likely it is an intrinsic chardirect, sensitive probe of the young massive stellar
acteristic of the sample used herdammer et al, Population. Only stars with masse&0M. which
(1997 reported the sameffect in the Canada- have lifetimes<20 Myr, contribute significantly to
France Redshift Survey galaxies at similar redP® integrated ionizing flux{ennicutt 1992

shifts. They issued some hypothesis that may applyin order to estimate the true star formation rate
to this work, such as lower extinction, lower metal-

licities and contamination by AGNs. These POSSI- iThis is the lower limit of wavelengths of spectral lines in
bilities will be investigated throughout this chaptethe Lyman series<912 A).
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Fig. 6.2 [On] and Hr equivalent widths for emission lines galaxies in the clissand in the field. Simple least-
square fits are plotted (dashed lines) with the scatter atedy(dotted lines). The thick solid line shows the local
relation ofKennicutt(1992.

(SFR), a large extrapolation is made to lower stehere is little evidence of variation among normal
lar masses. This is made assuming a universal istar-forming galaxies up to moderate redshiés(
tial mass function (IMF)j.e. the mass distribution Kroupa 2001 2002. However, the SFR depends
of newly formed starsd.g. Salpeter 1956 Ac- on the form of adopted IMF. Fortunatelypt¢quiv-
cording to the calibration oKennicutt(1992 and alent widths and broadband colors are sensitive to
Madau et al(1998 the IMF used Kennicutt et al. 1991 In Figure6.1,
the relation between restfranBe- RandWp(Ha) is
plotted. Despite the relative large scatter, the mean
SFRMoyr '] = 7.9x 10 *?L(Ha)[ ergs™] values are in better agreement with the theoretical
= 1.08x 107°Q(HY[s™}] tracks of Kennicutt et al.(1994 using aSalpeter
(6.2) (1959 IMF rather than &calo(1986 function.

The dtfects of dust are dicult to quantify with-
whereL(Ha) is the luminosity in H ad Q(H®) is out infrared or radio dataKennicutt(1992, for
the ionizing luminosity. his sample of bright galaxies used an average of

The main limitations of this method depend off(H®) = 1 mag (values ranged betwee8© 1.1).
the uncertainties of the universality of the IMF, thd Nérefore, the equatiohi2is written as
extinction and the assumption that all the ionizing

radiation is traced by the gas. "

L . SFRHa) = 7.9 x 10 **L(Ha)E(Ha) (6.3)
The amount of the ionizing radiation that escape
from |nd|V|duaI_ star?formlng gaIaX|_es is sub_Ject of However, the spectra used in the present study
debate, especially its evolution with redshift. Al- ; . .

. re not flux calibratetdandL(Ha) is not available.
though the values are disparate, they appear tog)uet it is still possible to estimate theaHfluxes
between 1-6% of the total Lyman photons at low—" P
redshifts Heckman et al. 20Q1noue et al. ZOOﬁ. 2This is due to the uncertainties in the aperture corrections

) ) because the slits sampledffdrent fractions of each galaxy.
With respect to the IMF, it has been found thatiso, during some nights poor weathefexted the observations.
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Fig. 6.3 Specific star formation rates based oni@&nd Hr versus the respective equivalent widths as calculated
using the relations indicated in the text. Blue filled trilasgare galaxies witiVo([O ], He) > 5 A, classified here as
star forming. The grey lines is the least-squares fit to thedfation: log6S FR ~ 1.07 logWo(He)) — 11.4, which

is also plotted in the [@] panel for comparison.

using theR-band absolute magnitudes and the H As Ha becomes out of the optical window be-

equivalent widths, since

Wo(Ha) ~

L) g
C

wherel ¢ is the continuum luminosity in erglsA_1
(seelLewis etal. 200 and Lc ~ Lg, the lumi-
nosity in theR-band. For aL* galaxy L¢ =

1.1 x 10*%ergs s?, as determined bBlanton et al.

(2001, with M5 = —21.8 mag, which leaves

L(Ha) = 1.1 x 10°°Wy(He)10 %4Mr-M2) (6 5)
Therefore,
S FRHa) = 0.079W,(Ha)107%4Mr+218) (g 6)

Calibrations for other Balmer linese(g. Hp)

yondz ~ 0.5, the [On] 43727 emission line is often
used as indicator of star formation, mainly due to its
strength. However, the modeling of the fiDlumi-
nosity is more complicated, because its emission is
not directly coupled to the ionizing radiation and its
excitation is related to the oxygen abundance and
the ionization state of the gas. It is also more af-
fected by dust extinction.

Kennicutt (1992, adopting the Hk-derived
SFRs, calibrated this indicator as following:

SFHOu] = 20x 107 ([Ou])E(He) (6.7)

Following a similar procedure, the [@ lumi-

nosity can be estimated using tBeband absolute
magnitudes.

L([On]) ~ 1.4 x 10295@%([0 n))  (6.8)

are also available, however those lines are muealherelg andLg, are theB-band luminosity of the
weaker than ki and are only detectable for thegalaxy and the Sun respectively, ahgd/Lge) =

strongest emitters. Moreover, they are often afg®4Ms-Mso)  Adopting aMg, = 5.48mag and
fected by underlying absorption from the stellaé(Ha) = 1 as above, equatio®.7 is then trans-

populations.

formed into
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as galaxies exhibit a large scatter in the relatigs, C .ﬁiﬁjﬁﬁ *® ]

[Ou]/Ha, due to the afore mentionedfects. In o - ' oz *ﬁﬁﬁ? ]

fact, as shown in Figuré.2, galaxies in this sample i . 7 & *‘ S X T

do not follow theKennicutt(19929 relation, from 10 b * *& * : .

where the calibration is taken. - L 54 ]

However, for the K-derived SFRs, uncertainties i | | ]

are also expected due to the crude estimation of the — 0 . - ""1 - "'1'0
continuum flux. R/R,.,

Using the previous relation star formation rates

Whe.re obtalr.led for a_" .gaI.aXIes _W'th pOSI'[M?:ig. 6.4 Environmental distribution of the fierent
equivalent widths.  Distinction will always begq|axy subtypes. Red open and blue filled stars represent
made for what is considered star-forming galaxiggssive and “normal” star-forming galaxies respectively.
(Wo([Ou],He) > 5A). No attempt was made toGreen pentagons are red emission line galaxies, whereas
obtain SFRs for galaxies with negative equivalerie black circles are AGN candidates.

widths, as they yield unphysical valuestfdiult to
interprete if included. This is more a problem for ) s )
[O 1] than for Hz, as the measurement of the formdf Mass during a Hubble timef the rate is not
line often yield negative values in absence of emiéltered:

sion, values larger than expected from the noise dis-

tribution. 6.3 THE CASE OF THE RED STAR FORM-
In the case that both lines are present, the average |ING GALAXIES
of the SFRs derived from either way is taken, oth-

erwise the value from a single line is used, whicly |\ - |1 in$4.4.2 the existence of a sub-

occurred justin few cases. population of cluster galaxies with emission lines

Using the stellar masses obtained witlorrect  but red colors. 25 out of 56 star-forming galaxies
(see3.6) specific star formation rates (SSFR) wereelong to this population. Their average equiva-
obtained. This is simply made dividing the SFR blent widths are(Wy([On])) = 148 + 2.48 A and
the stellar mass. (Wo(Ha)) = 19.9 + 4.90A, similar (within 1¢) to

In Figure 6.3 the sSFRs obtained in either wajh® mean star-forming population (see Figtr8).
are plotted against the equivalent widths. They di&§h€y do not seem to populate any special environ-
play strong correlation and a relative small sca2€nt in the cluster, being more or less evenly dis-
ter (larger for [Ou]), despite the rough estimationdriPuted over radius and density (see Figeré).
made here. The sSFRs obtained from either wa}?€Y @IS0 span the full range of luminosities cov-
are similar, but slightly overestimated for [(pat €red by this study.
large equivalent widths as evidenced when com-Galaxies with a red SED and star-formation ac-
pared with the K fit. tivity have been routinely reported at intermedi-

Note that the 5A cut between star forming an@t€ redshifts either in the fieleég. Hammer et al.
passive galaxies has a physical significance ast97 Or in clusters €.g. Demarco et al. 2005 In

cc_)rresponds toaS FR~ 2x10*Hyrt A Qalaxy 3Th = (HgY) x 10'2yr~ 1.4 x 101y, for the cosmological
with such low sSFR will grow only &30% in stel- values here used.




68 The properties of the emission line galaxies

the case of the local Universe, a recent paper that, diagnosis based on the ratios between emis-
Popesso et al2007) reports that red star-formingsion lines ([Ou], HB, [Om]A5007, Hr and [Nu])
galaxies make up on average 25% of the wholeere performed. However, rarely, all lines are
cluster population. They suggest that those opresent altogether. Therefore, separate tests were
jects are in the process of evolution from late tperformed to check all possibilities.

early types.Wolf et al. (2009 identified hundreds ¢ firet classical test put the galaxies into the
in the field of t_he superclusterAgﬂ_)DZ (z_~ 0.17_) BPT plane (e. log([Om]/HB) vs log([N1]/Ha),
based on the information content in their mediung, qwin et al. 198} Each par of lines are close
band photometryof the COMBO-17 survey. They anough to use the equivalent widths instead of the
interprete those galaxies as a combination of olgy, s |n figure6.5, all galaxies for which those

stellar population and dust extinction._ S_imilf'slrlyi,ndexes can be measured, are plotted. The lines
recently Tanaka et al(2007) presented indication 5o e empirical separation between star-forming

of red galaxies with younger stellar populations iaalaxies and AGNs dfauffmann et al(20033 de-
groups around & = 0.55 cluster. They argue thatrined by

those red galaxies have truncated their star forma-
tion activity recently, on a short time scale, but they

host a large fraction of old stars complemented with [Om] 0.61
a reasonable amount of dust. ( 7 )= N ] +13 (6.10)
On the other handMartini et al. (2009 based Iog( Ha )_ 0.05

on ROSAT X-ray data, report an unexpectedly high

fraction of active galaxy nuclei (AGNSs) in red cluszng the theoretical one #fewley et al.(2001)
ter galaxies belonging to a massiwe- 0.15 clus-

ter, which do not show optical signatures. Although

their sample is small, the fraction of obscured [Om] 0.61
AGNSs is comparable to the fraction of blue galax- 09( Hp ) = N 1] +119 (6.11)
ies in the studied cluster. Furthermoian et al. |09(H—a) -0.47

(2006 found that more than half of the red galax-
ies in the SDSS show emission lines, most of them
compatible with low ionization nuclear emission:
line regions (LINERs). However, LINERs ma)l

The separation among types is made using
Om]/HB > 3 and [Nu]/Ha > 0.6, with the latter
test also used independently for all galaxies where

nzo(t)é)e only ilude t(?[ A(;Nil;‘\?é;ﬁimp@grz[ et é.ll' these two lines are present. This occurred more of-
(2009 reportedextende -lIK€ EMISSION I 0 than in the combination of the four lines.

several early type galaxies in their spatially re-

solved spectroscopy. Therefore the question is notT he latest test was proposed ¥an et al.(2006
clearly settled. and only uses the ratio betweeniCand Hx equiv-

alent widths and is aimed mainly to detect LINERS.

6.3.1 The AGN connection

Wo([O1]) > 5- Wo(Ha) — 7 (6.12)
In order to see whether those galaxies are AGNs or
not, and to what degree star-forming galaxies ob-| 1ota] 10 cluster galaxies show some signs of
served here may be contaminated by nuclear actis activity with 6 of them classified as “red star-
ity, some tests based on emission lines were pegrming”. Note that all AGN candidates lie close
formed (although the obscured AGNs can still bg, the houndaries of the respective tests, meaning
missed). None of the galaxies in the present stufly; their nuclear activity is rather low. The exclu-

show signs of line broadening, typ_ical of Seyferts Lin of those AGNs candidates does nfieet the
but Seyferts 2 and LINERs may still be present. FOL 1ts shown in Figures.2 and5.3, which is ex-

4Their redshifts contain larger uncertainties (cluster mem pec_ted since A_GN frequency is n0t_corre|ated with
ship is probabilistic) and the star-forming statusisdetbased. environmentiiller et al. 2003and Figure5.4).
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Fig. 6.5 Line ratio diagnostic diagrams for cluster and field ga¢axio identify AGNs as indicated at the top of
figures. At the left of each panel is BPT plane showing theticiabetween four important emission lines. The
dashed curve is the empirical separation between AGNs andosming galaxies, whereas the dotted line is the
theoretical one (see text). The vertical and horizontadiare the approximate separation between types. At lower
right of each panel is the [@]-Ha diagram aimed to identify LINERs. The dotted line is the Id€¢annicutt relation

for star-forming galaxies (see also Fige), whereas the dashed line is the propo¥aed et al.(2006) test. At
upper right of each panel is the relation betweenildnd Hr equivalent widths. Blue open circles are “normal”
star-forming galaxies and red filled ones are the red stanifg@ galaxies. The size of the symbols is related to the
confidence with which each index can be measured, the ldrgéduetter.

6.3.2 The dfects of dust ies of Tully & Fouque(1985, the amount of extinc-
tion can be estimated for those disk galaxies. At

Dust extinction is an important contributor to th& ~ 0.25, theV and| filters correspond approxi-
galaxy SEDs and itsfBects are measurable in thénately to resfram@® andR-bands. The extinction
broad-band colors. However, it does not strongl) B-band is defined by

affect the measurement of the equivalent widths

because it obscures similarly the line and the sur-

rounding continuum. So, it is possible that those AL = —25log
galaxies have red colors as a consequence of dust
extinction.

f (1 + e"sed) +

1-— —7sed
67) (6.13)

7 Sed

+(1—2f)(

Extinction is, however, dependent on the galaxy
geometry (as well as in the amount of dust con-
tent), therefore morphological analysis is necess
to quantify its contribution. Thground-basedNT

herei is the inclination angle of the galaxy, =
0:25 is the disk thickness, assuming that stars and

images used in this study do not allow to ﬁrmbgiust are mixed homogeneously. An optical depth of

state the morphological properties of the sample att 0.55 was derived bfully & Fouque(1983 for

a typical seeing of-1arcsec. Nevertheless, galax@ sample of local galaxies using optical and infrared
ies in this sample usually have an apparent size @

5-10arcsec and so basic properties can be obtainedit a given inclination angle, the extinction in the
After examination, it was found that out of the 2R-band is~ 0.56A(B), therefore only disk galaxies
“red star-forming” galaxies, 11 are clearly spiralsyith inclinations larger than 60will have a correc-
11 appear bulge dominated, 2 irregular and otien factorA(B — R) > 0.2mag €.g. Bohm et al.
shows signs of interaction (which is also an AGI2004), a value sticiently large to pull them out of
candidate). the red-sequence.

By following the extinction laws for disk galax- Out of the 11 spirals, 8 are probably edge on
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6.4 CHEMICAL ABUNDANCES

Emission lines are useful tools to determine sev-

eral physical parameters of the star-forming re-

gions, such as temperature, density, ionization state
and chemical abundances. However, to determine
all those parameters with accuracy, is required to
observe a full set of sensitive lines, a require-

ment rarely found in extragalactic surveys given the

weakness of many key lines.

However, if the galaxy emission is dominated
by giant Hu regions M > 60M,), the strong line
method can be applied. This method is based on the
fact that giant Hr regions form a narrow sequence,
Fig. 6.6 HST/WFPC2 image of the elliptical galaxyin which the hardness of the ionizing radiation field
ba.37 near to the center of the VMF131 cluster, whicis closely linked to the metallicitye(g. Dopita et al.
shows emission lines despite its red colors, likely due 2000. This is because a higher metal content en-
non-thermal emission. hances the metal line blocking of the emergent stel-
lar flux in the extreme ultraviolet and softens the

) o ionizing spectrum@opita et al. 2006
galaxies and the remaining three, face on. As dust ) _
properties a ~ 0.25 are not much dierent than The main advantage of these methods is that

in the local Universed.g. Clements et al. 2005 emission lines can be measured at higher signal-

extinction can only account for a fraction of the dd©-n0ise than the typical absorption lines used to

tected red emission lines objects, as highly tiIté?JeriVe chemical abundan_cee.g_g. Lick indices,
galaxies are easily distinguished. Trager et al. 1998 Absorption lines methods also

have the drawback that in age and metallicity pro-
duce similar €ects, being necessary extra assump-
tions in order to break the degeneracy.

The elliptical galaxy ba 37 ) ST ) )
The disadvantage of emission line techniques is

The cluster VMF131 was observed in the centrHPat the analysis is limited to emission line galax-
parts by Balogh et al.(20028 using the Hubble ies, however they reflect the present day metallicity

Space Telescope. Those observations only covaher than the mean abundances of their integrated

the inner 2.52.5 arcmin of the cluster and thus caft€!lar Populations.

not be used in the present panoramic study. How-Another key point is that strong line methods
ever, at least, those high-resolution images allowacke statistical and thus have to be calibrated. The
to identify one of the red “star-forming” galaxies. reliability of these methods does not only depend
on the choice of an adequate indicator, but also on
the quality of the calibration. This calibration can

the same setup (s&®.4.D. It has aV — | color be done by using grids of photoionization mod-

of 1.7mag, well within the red-sequence for th&t!S €-9. McGaugh 199}, photoionization com-

cluster. In Figure6.6, it can be appreciated thatiN®d with stellar population models.€. IMF,
its morphology is clearly early type. Despite of9: Kewley & Dopita 2002 or from abundances

this, ba37 shows emission lines. However, it igerived fr_om direct meth(_)dse(g. Pettini & Pagel
possible that they are due to non-thermal emissigh?4 Which can be obtained only for the nearby
(i.e. AGN) as the log([Ni]/Ha) ~ —0.07 (see Fig- OPIeCts.

ure6.5). Nevertheless, its activity is rather low as The strong line method makes use offelient
Wo(He) = 11.8A. combination of strong lines such as 3727,

This object is identified as ba7, because it was
previously observed bBalogh et al (20023 using
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[Om]A3869, H3, [Om]14959, [Om]A5007, Hy,
[N u]16584, [Su]116716,6731, [Arm]17135 and
[Sum] 29069 €.g. Alloinetal. 1979 Pagel et al.
1979 Storchi-Bergmann et al. 199Dopita et al.
200Q Stasinska 2006:tc).

Each combination has caveats and advantages,: 8}
and abundances derived fronffdrent methods or  ~
calibrations may give dierences up to 0.5dex for

og(0/H)

the same objectsCharlot & Longhetti(2007) and I , ]
Kewley & Dopita (2002 have proposed to use as e ST I
many lines as possible in order to disentangle dif- ’ log(Ryy)

ferent dgfects. Tremonti et al.(20049 have done so

in the largest galaxy compilation based on bright
objects in the SDSS a ~ 0, confirming the tight .
correlation between galaxy mass and metallicity. =

In this section, the abundances for a subset ofé_ﬂ I
emission line galaxies will be explored. For this, 7 sf
the AGN candidates were removed from the sam- = |
ple, because their emission may be caused by a
completely diferent mechanism. The sample is
much smaller since only few galaxies show all re- e E— L - L
quired lines. Indeed, few of them even show the log(0g,)

[O mi] or the H3 emission lines. So, the conclusions. )
may be #ected by incompleteness. Fig. 6.7 O/H abundances versus thi®sz and O3, in
McGaugh (1991) models for several ionization states

The abundances will be expressed in terms @f). Note the degeneracy orn/i® for single values of
12+log(O/H), where QH is the oxygen abundanceRys.
relative to hydrogen. Oxygen is an important sub-
product of stellar evolution and displays a relevant .
peak in the element abundances. Its ions prodJE%m stellar population models.
very bright lines in the spectra of star-forming re- This result is expected as the metallicity from
gions. stellar light is the average from the whole stellar

Metallicity is a popular term in the literature topopulation, including the first genera_tion of metal
refer to the chemical enrichment. It is more of?°°" stars. However, a large fraction of "oxy-

ten found in studies that use stellar population syﬂEan rich galaxies shows a large variation on “iran

thesis models, as it mainly refers to the iron abumetall'c'ty’ which may be due to the saturation of
dance. gas phase abundances models (some are not very

_ sensitive to high metallicities) or to physical pro-
The relation between oxygen abundances, ofssses like gas inflow and outflows, putting con-

tained via gas-phase models, and iron metallicitiegraints on closed-box models of galaxy evolution.
from stellar population models, has proven prob-

lematic. This is in part due to that gas-phase abun-
dances are more firmly determined for strong sti-4-1  TheRgs method

forming galaxies, whereas absorption lines meth-

ods work better in passive galaxies. For examiS method was first proposed Hyagel etal.
ple, Gallazzi et al (2005 examined the sample of(1979 and subsequently has been developed by
Tremonti et al.(2004 obtaining metallicities from Many authors. It makes use of the intensity ratio
absorption lines. They found that gas-phase ab{-[0 1143727, B, [Om]14959 and [Qu]15007.

dances are-0.5dex higher than those obtained hose lines are generally strong and are accessible
by optical spectrographs up to large redshifts which

7

0

U= 0.0001, 0.001,
L

oF
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has made it very popular.
The abundances derived from those lines are obx2 4 jog(O/H) = 12 - 2.939— 0.2x — 0.237%° —
tained with a combination of the abundance sensi-
tive parameter — 0.305¢ — 0.0283¢* — y(0.0047
—0.0221x - 0.102¢* - 0.0817%°

—0.0071%%
(6.16)

B l[O 1] + [0 m].1ae58 + ![O m] 15007

Ro3 I
Hp

wherex = log(R3) andy = 10g(Osy).

(6.14)  The originalRz3 method requires line intensities
of which this work lacks, as the spectra are not flux
calibrated. This is a caveat found in many other
similar works in the distant Universe. With this is-

and the ionization sensitive parameter sue in mindKobulnicky & Phillips (2003 extended
the Ry3 method to be used only with equivalent
widths.

The [Om] and the KB lines are sfficiently close
1[0 1] 14950 * '[O m] 15007 (6.15) to neglect the #ect of extinction and variation on
'[On] : the continuum shape, which is not the case for
[On]. So, the above equations can be written as

O3z =

wherel is the intensity (flux) of the respective line.

R, - [@22Wo([Ou]) + Wo([On]) +Wo([O H]))
23 —

The main caveat of this method is the degener- Wo(HB)
acy of the QH ratio for reasonable values &3
(see Figuré.7). Via alternative models, it has been ) o
found that galaxies witMg < —18 in the local Uni- Whereaz; is the extinction between [@ and H3.
verse generally lie in the upper branch of the rela- Similarly the ionization sensitive parameter
tion (see§6.4.2.

The Figure6.7 shows the @H dependence ver-
susRy3 andOg, for various values of the ionization Osy = (WO([O m]) + Wo([O IH])) (6.18)
parameteilJ, according the models d¥icGaugh @23Wo([O 1])

(1991). There,U relates the ionizing photon den-
sity to the gas density. The grids provided b :
McGaugh(199]) include values oU=0.1, 0.01, [Om]lines.

0.001, and 0.0001, which cover the full range of As H3 and [Om] are at similar wavelengths
values found in galactic H regions (intermediate a3 ~ @, it is simply calleda.

values are typical). Note that for low metallicities
O/H is almost insensitive t@3;

(6.17)

hereasys is the extinction between the [ and

' The advantage of using equivalent widths is that
they are almost insensitive to extinction, which
Based on those modelspbulnicky et al.(1999 allows to apply the method, even when redden-
parameterized those tracks dividing them intmag corrections are not available. The reason why
the “upper” metal-rich and “lower” metal-poorequivalent widths work well for integrated spec-
branches. Since, all galaxies in the sample usedtia of galaxies is that there is a very close empir-
this work haveMg < —18, only the “upper” branch ical correlation between line intensities ratios and
parameterization will be used. A further test is deequivalent widths ratios, meaning that, statistically,
scribed in the next section. The parameterizationdgalaxy stellar and nebular properties as well as the
given by, reddening are closely interrelated. In the presence
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Fig. 6.8 O/H abundances versus stellar mass ddfor field and cluster galaxies based on fRg indicator (see
text). Diamonds and circles are cluster and field galaxiggeaetively. Galaxies with higher$ are represented with
larger symbols. The three filled red diamonds are “red staning” galaxies. The grey contours in the left plot as
well as the thick line in the right plot are the SDSS local nuieesients offremonti et al(2004. The hatched area
in the right plot are measurementsKibulnicky et al.(2003 for distant galaxies. The dashed horizontal line is the
solar abundance 12log(O/H) = 8.66 (Asplund et al. 2001

of gray dust, the extinction is a simple functiomlations of distant galaxies as it can be measured at
of wavelength Charlot & Fall 2000 and therefore higher signal to noise than typical Lick indices used
the diferential extinction between the8H[Omi] re- by other works, however, its sensibility tofldir-
gion and the [@(] line is just a scaling, which is ent efects is not straightforward(g. Moran et al.
measured, in this case, lay For a sample of lo- 2007a Tanaka et al. 2097

cal galgxies spanning a Ia_lrge range of Iuminosities-l-he correction forr using theDn(4000) index is

a = 1is a good assumption and introduces erro&,en by:

not larger than those inherent to tRe; method

(Kobulnicky & Phillips 2003.

Larger uncertainties are, however, introduced by , — 10.88_ 1831x + 11.18x% — 2.34x3 (6.19)
variations in the continuum, due to theffdrent
stellar populations found among galaxies. In order
to correct this fect, Liang et al.(2007 analyzed wherex = Dn(4000).

a large subsample of SDSS galaxies finding that Another source of uncertainty not included in
correlates very well with th®,(4000) continuum theKobulnicky & Phillips(2003 analysis is the ab-
index. The break at 4000A is a strong discontingorption in K from the underlying stellar popula-
ity mainly produced by the accumulation of severdions. Young stellar populations as those found in
lines in a small part of the spectrum. In old galaxstar-forming galaxies contribute to thiffect and
ies the light of this region is dominated by typéherefore, I is sometimes used as an indicator of
A and G stars, which display this break, whereage in stellar systemsTl(ager et al. 1998 but in
young galaxies are dominated by hotter stars gralaxies, it is stronglyffected by emission filling.
which the elements are multiple ionized and thuhe relative contribution of absorption and emis-
the D,(4000) strength decreases. Because of thaisiion is usually calculated via double Gaussian fit-
has been widely used to characterize the stellar pding to the absorption and emission. However, the
spectra used in this work do not have the resolution,
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and in many cases, neither the signal to perform this
analysis adequately. T

MR s e e s
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Fortunately, the contribution in #ican be cal- 15y
culated by using the #line. This line is rarely
present in emission (except in the strongest star-~ F
bursts) and for all galaxies in this work it is in ab- 5
sorption. It also sfiiers of emission filling but to a F
much lesser degree thamgH 0
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For a range of ages and metallicities anfieti
ent star-formation histories is found that both Ilne,_gg_ 6.9 Distribution of galaxies in th&{2 test aimed to

scale in emission as distinguish the “upper” and the “lower” branches. Note

that all but one galaxy are in the “upper” branch of the
distribution. TheR,3; galaxies are those which have are
Wo(Hb)emi = 0.18Wo(HB)emi (6.20) actually used in that test.

and in absorption as The mass-metallicity relation is present in the sam-
ple. No diterence is detected between field and

cluster galaxies, adding another piece of evidence

Wo(Hb)abs ~ 1.3Wo(HB)emi (6.21) that both populations are composed of similar ob-

jects.

in the models of3onzalez Delgado et g11999. This provides an adequate explanation for the

As the measured equivalent widths for thosgonormal relation between @ and Hr equiva-
lines are the sum from both contributions the equient widths, as the ratio of those lines depends on
tions can be easily solved and the actugléis- metallicity. Lower [Ou]/Ha ratios imply larger
sion obtained. oxygen abundances, because therf[@minosity

Following the above formulae, /8 abundances is sensitive to electron temperature. Lower tem-
were obtained for all galaxies where all the lingReratures are associated with higher abundances
are available. The results can be seen in Figéewley etal. 2003 Thisis the reason why ths
ure 6.8 plotted against stellar masM() and Mg. method is sensitive to metallicities as it is basically
They are directly compared with the relation foun@n indicator of the total cooling due to oxygen, one
in the local Universe byTremonti et al.(2004, Of the principal nebular coolants.
and in the case oMg against the distant relation

of Kobulnicky et al. (2003 for galaxies betweeng 4 2 TheN2 and the O3N2 indices
0.26<z<0.82.

Tremonti et al.(2004 obtained the metallicities Those tests were first proposed Byloin et al.
from a more refined method using several emi§Ll979 and later calibrated bipettini & Pagel 2004
sion lines, but subsequent analysis lhigng et al. Using a set of galactic and extragalactig Fegions.
(2006 using theR»3 method found slightly lower The N2 index is simply defined by
abundances, well within the uncertainties in Figure
6.8 Kobulnicky et al.(2003 only used the equiva-

lent width R,3 method, so their results are directly N2 = Iog(w) (6.22)
comparable. Ha

The star-forming galaxies in the present studynd theO3N2 by
display lower oxygen abundances at fixed mass
or luminosity than their local counterparts. The
luminosity-metallicity relation found is statistically 03N2 = lo (W) ) (6.23)
similar to the one observed in the distant surveys. [N 1] 16584/ Ha
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As each par of lines have similar wavelengthgalaxies with negative equivalent widths( “neg-
flux calibration and reddening correction are not retive” star-formation) were omitted.
quired and the indicators can easily be worked us'Star-forming galaxies populate,
ing equivalent widths. Also, those indicators arg relatively narrow region, a “blue sequence”

not double valued in metallicity as tf&3; method, (Blanton 2005 which has a width of about one or-
allowing to test the full range of galaxy massegg; of magnitude in SSFR.

without needing extra assumptions.

in this case,

On the other hand, passive galaxies are located in
However, they are not free of problems. TN2 5 «o cloud”. This may cause confusion as similar

index is particularly sens_itiv_e _to shoc_k c_excitgtion Arms (blue cloud and red-sequence) are commonly
the presence of a hard lonizing radla_tlon field, 1Qfseq in color-magnitude diagrams. However, it is
example from AGNs. So, it only provides a Crudgeessary to keep in mind that this red cloud span
estimation of metallicity Kewley & Dopita 2002.  ge\era| order of magnitude on sSFR, due to the low
Furthermore, those indicators are not very goaxt zero level of activity in cluster ellipticals. Thisis
at high metallicities as the [N line saturates at not clearly appreciated here, because this low activ-
super-solar abundances. This is particularly protby is difficult to detect and the faint emission lines
lematic for theN2 index as the inclusion of [@] are erased by the noise. Therefore, the sSFRs for
in the O3N2 index allow it to gain still some sensi-many of the passive objects are only an upper limit.

bility at high_abundanceS((awley& D_opita 2002 Here, the “star forming sequence” is compared
Kewley & Ellison 2009. The relation between, i, the |ocal relation found in the large, UV-

O/H and indices values is given by simple linealg|acted sample &alim et al (2007 atz ~ 0,
formulae Pettini & Pagel 2004 Because of that,

those indices have found great utility in discerning
the branches for emission line galaxies, where the logsS FR= —0.36 logM, — 6.4 (6.24)
better characterizelb; method can be applied.

In Figure6.9the distribution of theN2 index is ~ The “normal” star-forming galaxies are well de-
plotted for all galaxies where it can be measuresgribed by this relation.

which is a larger sample than those which are usedy, the other hand. the “red” star forming galax-

in the Ry3 test. The division between branches ii%s appear to be transition objects populating the

from Kewley & Ellison 52008'” Note that all but «green valley” Schiminovich et al. 2007between
one galaxy are in the “upper” branch, so, one cgflg “p|ye sequence” and the “red cloud”.
be confident on the results shown in the previous

section. The mean sSFR for normal star-forming galax-

ies is~ (1.08 + 0.65) x 10 %yr~, whereas the
red star-forming galaxies have on averageF R~
6.5 STAR-FORMATIONVERSUS STELLAR (2.4+0.6)x10*'yr~1, about an order of magnitude
MASS lower. The average upper limit for passive galax-
ies issSFR~ (4.8 + 3.3) x 107 *2yr~! as galaxies

In Figure5.6, the fraction of star-forming galax-With unphysical star-formation rates were not con-

ies was plotted against galaxy stellar mass. jidered.

was found that few massive systems are form-Note, that those red star-forming galaxies may
ing stars, despite the environment, whereas maedso be present in the field, but they arefidi
of the lower mass galaxies display a healthy stagult to identify, given the uncertainties in the k-
formation activity, except in the inner cluster eneorrections £0.2 mag, larger than the typical red-
vironment, where the fraction remains low for theequence scatter).

whole mass range sampled by this study. The Figure6.10 is very illustrative to under-

In Figure 6.1Q the specific star formation ratestand the current galaxy evolution picture. Galax-
(sSFR) is plotted against stellar mass for individes along the blue sequence slowly gain mass via
ual objects. In this case, however, many of passigecretion and merger processes. They may experi-
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Fig. 6.10 Specific star formation rates for field (top) and clustertt@m) galaxies versus stellar mass. Normal
star-forming galaxies are plotted with blue filled stars #melred star-forming galaxies with green pentagons. The
red open stars are passive galaxies Wif{{O 1], Ha) < 5 and are shown for comparison. The black circles are the
AGN candidates. The thick line is the local relation fr&alim et al. 2007

ence starbursts as results of interactions, or a parpabcesses that shut down the star-formation may be
slowdown in their activity. This may produce of thestill effective there.

scatter in the relation. B_ut, in the g!obal terms, their 5 the other hand, gas exhaustion or gas removal
sSFR is reduced as their masses increase. via interactions or feed-back processes lead to a

This is likely due to the influence of twdfects, quenching of the star-formation, moving the galaxy
i) Feedback mechanisms, specially AGN activitinto the red cloud. There, it can experience small
(Croton et al. 2006 which prevents further cool-episodes of star-formation if cold gas is still avail-
ing of the hot galaxy halo and becomes more inable or accrete more gas and move again into the
portant as the mass of the system increas#s. blue sequence. However, it will stay, permanently,
Environmental processes as larger systems tdndhe red cloud if the environment s hostile, as oc-
to be located in regions of higher galaxy densityurs in galaxy clusters.

(Hogg etal. 2008 Note that galaxy overdensities |, this picture, those red “star-forming” galaxies
can be also present in the rare-field and some of the
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appear to be in an intermediate stage between the
two main types with lower but a still appreciable
amount of star-formation.

Those galaxies, however, do not appear to be a
homogeneous class of objects. They are composed
by dusty spirals, bulge dominated objects and low
luminosity AGNs. A larger and more careful study
would be necessary to determine their abundance
with cosmic times. As the assembly of the red-
sequence and the star-formation decline are subject
of continuous investigatiore(g. Bell et al. 2005,
this population may provide a link between this two
effects. However, much caution must be taken in
the treatment of dust extinction and AGN activity.






CHAPTER [

Summary and conclusions

The mixture of galaxy types in clusters and the The long wavelength range covered by the spec-

field is different in the local Universe.

Goingtra permitted an unbiased fférentiation among

to higher redshifts, the galaxy population is alsgalaxy types.
changing within clusters with look-back time. This 14 main findings can be summarized as follow-

may be caused by their late assembly epoch Pifg:

dicted by bottom-up scenarios of structure forma-
tion or due to cluster-specific interaction processes

In this thesis, the main findings of a panoramic

1.

During the analysis of the redshift and spatial
distribution of the galaxies in the studied fields

spectroscopic campaign are presented. It has been four group candidates were serendipitiously

focused in 6 clusters @~ 0.25 (~3 Gyr of look-
back time). The spectra cover a large wavelength
range, allowing to explore the galaxy properties us-
ing different indicators. The observations targeted
galaxies from the cluster cores to the outskirts, al-
lowing to study the galaxy evolution in the interface

between cluster and field. 2.

Almost 600 spectra obtained with MOSCA at
the 3.5m telescope at Calar Alto Observatory were
examined, including those from previous projects.
Approximately 300 were useful for further analy-
sis. They are splitted ir150 cluster galaxies and
about the same number for field galaxies. In or-
der to equalize the sample on¥0 field and~120
cluster galaxies were used for direct comparison.

Multicolor photometry has also been used to
complement the spectroscopy as well as X-ray
analysis from previously published studies.

This work has made use of the automatic and in-
teractive algorithms which have permitted to char-
acterize better the properties of the sample. State-
of-the-art codes have been used to calculate abso-
lute magnitudes and stellar masses.

found. One and the largest of them overlaps in
its position with the cluster VMF194, resolv-
ing thereby the doubts about its redshift. This
large group may have contaminated the X-ray
measurements of previous authors.

According to standard techniques most of the
clusters appear to be in a virialized state with
the notable exception of XDCS220. Neverthe-
less, there are fierences among them. Some
exhibit a great deal of substructure, either evi-
denced by dynamical or photometric analysis.

For example, a X-ray structure, detected by
previous studies in the field of one of the clus-
ters (VMF73), is likely part of it, as its posi-
tion coincides with spectroscopic and photo-
metrics structures and has a noticealifect

on the galaxy population of this cluster.

This difference is not only restricted to the dy-
namic but also to their galaxy content. The
fraction of star-forming galaxies is fierent
among the clusters, but is not possible to es-
tablish with the current data whether there is a
correlation with global cluster properties.
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Summary and conclusions

An important fraction £45%) of the cluster
star-forming galaxies has red colors compat-
ible with those typically found in ellipticals.
The abundance of those galaxies is also vary-
ing among the clusters.

. Those red “star-forming” galaxies are not

composed of a homogeneous class of objects.
Some are ellipticals with low levels of AGN
activity. Others appear to be obscured highly
inclined objectes but otherwise normal spi-
rals. These two classes are not able to fullyg
explain the abundance of these rare objects,
as some are face-one spirals whereas others
appear to be bulge dominated objects. They
are not preferentially located in any environ-
ment. They appear to be in an intermediate
stage between “normal” star-forming galaxies
and passive ones, as their levels of star forma-
tion activity is about one order of magnitude
lower than the typical star-forming population,
but still much higher than the bulk of passive
galaxies.

Some authors have also found those objects at
different redshifts. They are often interpreted
as galaxies with a large component of old stel-
lar populations and dust extinction. How-
ever, itis intriguing that otherwise normal star-
forming objects have the precise amount of
dust and old stellar populations to make them
fall into the passive sequence. It is an issue
that surely warrant further investigation.

Those galaxies may also exist in the field, but
they can not be identified precisely, as the er-
rors associated to the measurements are larger
than the scatter of the red-sequence which was
used to identify them in clusters.

. It has been found that emission line galaxies

in the field and in the clusters have abnormal
[O u]-to-He ratios. Possibilities suggested by g
previous authors were explored. High levels
of AGN activity has been discarded as an im-
portant cause. It has been found, in fact, that
the lower chemical abundances displayed by
those galaxies compared to local counterparts
are possibly the main source of this peculiar-
ity.

The chemical abundances are function of mass

and luminosity and are compatible with the
values found by other authors. Noff@ir-
ence is detected between field and cluster star-
forming galaxies.

The dfect of lower metallicity does not appear
to have an impact in the derived star-formation
rates, although there is marginal evidence that
the [On]-derived SFRs are slightly overesti-
mated at large values when they are compared
with Ho SRFs.

. Analyzing the distribution of star-forming

galaxies, it was found that it depends strongly
on environment. The star-formation activ-
ity is strongly depleted at small clustercentric
distances and high projected densities. At
R ~ 3Ry andZs ~ 10Mpc?, the activity
aproaches to typical field values. This can
be seen either in the fraction or in the mean
equivalent widths (which were found to cor-
relate extremely well with specific star forma-
tion rates).

Although, it is dificult to make direct compar-
isons with published works a ~ 0, the star-
forming-density appear to be evolving. The
trend appears to be stepper as the star-forming
activity in the field is higher at ~ 0.25 (35%

atz = 0 versus~55% atz ~ 0.25).

However, once the star-forming population is
analyzed, it was found that it is similar &l
environments (including the field) and there-
fore, the change in the average equivalent
widths is only driven by the relative abun-
dance of the passive versus active population
(the fraction) found in dferent environments.
This puts strong constraints to the possible
processes responsible of the suppression of
the star-formation activity, arguing against soft
mechanisms of galaxy transformation.

Nevertheless, the field, the infall and the clus-
ter galaxy populations areftérent. The frac-
tion of star forming galaxies depends on the
stellar mass, but this fraction shows dtfeli-

ent behavior for each environment. Galax-
ies with higher masses are strongly suppressed
in all environments, but intermediated mass
ones display the largest change with few of
them forming stars in the inner cluster. Dwarf
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galaxies appear ufiacted between the fieldfact that the star-formation activity for low mass
and the infall region. galaxies remains unchanged between the field and
Comparing this with published results at simthe infall ecvironment. Those galaxies are t_hough
ilar redshifts, it was found, that the galaxy® be sensitive to ram-pressure but are reS|I|_ent to
population in the infall regions is indeed verynerger. It was not possible to study their fate in the
“group-like” indicating that group preprocessLnner cluster core.

ing may play an important role in the galaxy Galaxies with larger masses display the oppo-
evolution in clusters. Once that some galaxsite behavior and it was detected that intermediate
ies are transformed by this environment, thayiass galaxies do experience a change in their star-
enter deeper in the cluster core, which furthésrmation activity between the field and the infall
guench the star-formation. region. They are further processed in the inner core.
. Much caution must be taken with the univerc-;a'axieS at the high mass end _display low level of
. . star-formation despite their environment.

sality of the environmental trends. At least two

clusters display a very flerent environmen-  Therefore, there is still room left for mergers as
tal distribution. In the light of the evidence animportantmechanismin “pre-processing” galax-
appears that cluster of galaxies are unique oles before they enter in the inner cluster core.

jects whose characteristic ,and those of their |t jg important to stress again that galaxies in
galaxy populations, may depend of more suldnch cluster may evolvefiiérently as the processes

tle properties rather than purely processes figry have dissimilar importance.
lated to the mass, such as their X-ray luminos-

ity. It is possible that the cluster assembly his-
tory as well as the surrounding environmentin
large scales play an important role. This may
explain the large scatter on galaxy populations
cluster-to-cluster reported by several authors.

Several possible scenarios were analyzed in or-
der to explain the environmental trends. It was
found that starvation is unable to stop the star-
formation in the necessary time-scales and unlikely
would be able to reproduce the trends. It is possible
that this mechanism is at work in groups as a form
of preprocessing, but this is beyond of the scope of
this work.

The current understanding of ram-pressure strip-
ping, as well as the other strong interactions be-
tween galaxies and the intracluster media, may be
able to explain to a great extent the environmental
trends, as their times scales match better. The main
constraint for this scheme is the low density envi-
ronment where the decrease of the star-formation is
detected. It is still possible that ram-pressure is act-
ing in filaments and groups as suggested by some
authors, although this hypothesis ishdiult to test
here.

In that case, additional processes may be acting.
In particular, mergers are though to bieetive in
groups. Possible evidence of this, is found in the






CHAPTER 8

Outlook & future work

This thesis has been mainly focused on the prajfrose relations, the velocity dispersion of galaxies
erties of cluster galaxies with current star-formingorrelates with luminosity (among other parame-
activity at a single cosmologic epoch. They havers). Those relations have been already measured
been characterized in terms of environmental distfor galaxies at similar redshifts and little evolution
bution, star formation activity, types and chemicatith respect to the local relation has been found
content. Based on that, constraints about the p@Britz et al. 200%. The parameters obtained from
sible processes that stop the star-formation activégveral lines can be also averaged to increase the
in clusters have been set. signal.

However, emission lines tell little about the past Furthermore, in the very last years, new algo-
star-formation history (SFH) and, therefore, thethms that fit SFHs to the whole spectia( con-
processes that have shaped the passive galaxy goptum fitting) have become available.§. the
ulations. This information is contained in the stekrarLicar code, Cid Fernandes etal. 2005 In
lar populations and can be accessed studying, those codes a combination of spectral templates are
example, the absorption lines. fitted to the galaxy spectra and therefore ages, stel-

The spectra obtained for this project have sonfd masses, metal and dust content can be extracted
advantages and disadvantages for this type of stuﬁ?.m data with refatively low signal-to-noise.
The main advantage is the large wavelength spanAll these analyses require exhaustive modeling
which allows to study the stellar populations by usa order to probe the whole parameter space and
ing several absorption lines. obtain reliable results. Even in that case, the results

The disadvantages are the low spectral resolutiBiy be no_t useful as several. processes contr.ibute to
and signal-to-noise of the data. For example, one formation of the absorption lines. In _pgru_cular
the most popular methods for studying the stelifpe degeneracy between age and metallicity is very
content on galaxies, the LidDS system Worthey Well known.

1994 Trager et al. 1998 requiresS/N > 20 and  Furthermore, if the lines are particularly weak
resolutionrR > 8 in order to accurately measure théas much in the sample), the [Fe] ratio may be
lines and correct the line broadening induced by timet reliable obtained. This parameter is particularly
stellar motions inside of galaxies. Those requir@gnportant asr-elementsé€.g.Mg) are though to be
ments are not present in this sample. produced by core collapse supernovae,massive

Nonetheless, there are some ways to overcorig's: Wherea§ Fe is malnly produced by SNe la,
those caveats. The line broadening can be empYMhose progenitor are relatively low mass stars. As
cally corrected by using the already measured scifié explosions of SNe la are delayed with respect
ing relations for early type galaxies. In some dp the starburst for at least 2 Gyr, they do not con-



84 Outlook & future work

taminate the interstellar media immediately. Thersurrounding continuum.

fore, ana-enhancement in passive galaxies, a8  the p,(4000) index presents further complex-
high [a/F€] ratio, indicates that most of the Stargies It depends on age and metallicitg.d.

where formed in a short period of time, likely in aPoggianti & Barbaro 1997 and it is also sensi-
strong starburst rather in continuous formatieny( e 1o the present to mean past star-formation rate
Thomas etal. 1999 (Kauffmann et al. 2003b Despite of these prob-

Due to all those diiculties this investigation waslems, it is widely used because it is a strong feature
avoided in order to kept the focus on galaxies witin the galaxy spectra. It can be measured at higher
current star-formation activity, but it is still considsignal-to-noise than other key features due to the
ered a fundamental step and will be investigated ionger wavelength span of the index, which is, how-
the future. ever, not large enough to make important tifees

Nevertheless, some aspects of the stellar po;ﬂg—ﬂux“ calibration. .It can pe considered.a narrow
lations were explored by using diagnosis diagranf@nd “color”, but since it is measured directly on
based on three important spectral features. They Ihg spectra, no k-correction is needed.
shortly described in the next section. Galaxies in which those indexes were measure

are plotted in a plane whose axis are two of these
spectral features. The plane is subdivided accord-
8.1 DIAGNOSIS DIAGRAMS ing to the criteria oBalogh et al(1999.

The diagrams presented in Figu8el.1reveal the

galaxy distribution in the planes defined by th8.1.1 The Hx—H¢ plane

combination of thé,(4000) spectral index, thedH

absorption line and the demission line. Those This is one of the most used schemes to distinguish
features are widely used to probe the evolutiona@laxy spectral types. This plane is subdivided in
state of galaxies as they can be usually observedtf) following subtypes.

to larger redshift (except for thedHine) with good

signal-to-noise. e Passive -This is a galaxy that does not show

In general, those diagrams are made using the significant Ievel_s of star—f_ormation_. Note, thgt
[On] emission line as indicator of star-formation ~ Some star-forming galaxies are still present in
activity instead of i, as the later line in rarely ob-  this region. They were detected by theiriD
served in distant redshift surveys. But, as indicated €Mmission.
by Goto (2007 using only the [Qi] line may miss
several obscured star-forming galaxies and thus the®
Ha line should be used when present. In the fig-
ures, the oppositefiect is also observed. Some
star-forming galaxies have detectableiCemis-
sion but no k.

SF - Star-forming galaxies. They are “nor-
mal” star-forming galaxies in the models of
Poggianti & Barbaro(1997, i.e. the star-
formation has lasted several hundred of mil-
lions of years.

The H5 absorption line is considered mainly an ¢ SSB —Short starburst. In the models of

indicator of mean stellar ag&\prthey & Ottaviani Poggianti & Barbaro (1997 those galaxies
1997, but this dependence is complex present emission indand [On] (and there-
(Poggianti & Barbaro 1997 because its val- fore in Ha) as a consequence of a strong
ues are alsoftected by metallicity Gallazzi et al. burst of star-formation. Few field galaxies are

2005. This makes to this line to take negative present in this region, but as stated before,
valueg even if no emission is present, as weak none of the galaxies showdHin emission,

lines due to heavy elements are present in the therefore the interpretation of them is unclear.
INote that H is defined as positive in absorption and nega-

tive in emission, however no galaxy in the sample exhibitsem ~ ® K+A - They are galaxies that _dO not Sh_OW
sion in H. emission but strong & absorption. Their
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Fig. 8.1 Diagnostic diagrams for the evolutionary status of clufieft) and field (right) galaxies, probed by their

distribution in planes made of the combination@f(4000), K and Hr spectral indices. The open red and blue
filled stars are passive and star-forming galaxies respdgtiThe green pentagons are the so-called red star-fgrmin
galaxies whereas the black circles are the AGN candidates stibdivisions of the planes are described in the text.
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spectra contain strong Balmer lines from Awas quenched rather recently.

type stars (hence the “A’). Therefore, they aré | ¢4 pe seen in the diagrams, that the classifi-
often considered that they experienced a Staiiion, of the star-formation status of galaxies based
burst in the last gigayear, which was whicl e\ inD,(4000) and Hi is far from perfect. Sev-
was suddenly truncated. This mterpretatlo&m low level star-forming galaxies (such as the red

has led to numerous studles_to determine thelfyission line objects) are located in the same re-
abundances and thus the importance of the -« ihe passive galaxies.

processes that have taken them to this state.

The conclusions have been often conflictive.

For exampleBalogh et al. (1999 were not 8.1.3 TheD,(4000)}-Ha plane

able to confirm the results dbressler et al.

(1999 who found a quite large fraction ofThis is the latest diagram which can be considered
K+A galaxies in distant clusters. In this studysoughly an spectral “color-magnitude” diagram, as
the fraction of K-A galaxies appear to bethe D,(4000) index correlates with stellar mass
small and similar in clusters and the fieldgkauffmann et al. 2003band the Hr emission line
which is in agreement with the large SDS$s a good indicator of star-formation activity.

study of Hogg et al.(2006 who found little
correlation between the post-starburst gala{%
frequency and environment.

Passive galaxies usually show strobg(4000)
eak as a consequence of their old stellar popu-
lations, whereas activity star-forming galaxies dis-
e A+tem — The evolutionary status of thesdlay Ha emission and weakD,(4000) indices.
galaxies is unclear. They present bota HThere are few galaxies with weaR,(4000) and
emission and strong CHabsorption_ The ac-Nno star-forming activity. Moran et aI(2007a in-
tive star-formation indicate the presence of ¢grpreted them as galaxies with truncated star-
and B-type stars, which have weaker Balmdermation (T) angor truncated star-burst (TSB),
lines. Furthermore, the Hline sufers of due to, for example, to theffects of ram-pressure
emission filling. Poggianti et al(1999 sug- Stripping.
gested that they are dusty star-burst or alterna-Few galaxies are found in the large upper
tively AGNs. In the diagrams, it can be seefight quadrant. Most of them are peculiar, some

that most of them are “normal” star-formingAGN candidates and red star-forming galaxies are
galaxies in terms of their emission line ratigresent there.

(only one cluster galaxy may be an AGN) and
colors (one red star-forming galaxy), therefore

those hypotheses appear, in principle, to be in- Given the complex distribution of galaxy types in
correct. the previous described diagrams, results clear that

extensive modeling is necessary to understand the
galaxy evolutionary status. Including extra infor-
8.1.2 TheDn(4000)-Hs plane mation from other key spectral features appears to

o . _ be imperative.
This diagram has been also used to diagnostic the

evolutionary state of galaxies. Besides some of the

classes described in the previous section, two m@e INFALL REGIONS IN A MASSIVE
classes are added. They are théDS (blue HS CLUSTER AT z= 045

strong) andHDS (red Hs strong).

Balogh et al.(1999 interpreted bHDS galaxiesThe project described in this thesis have proved for
as post-starburst galaxies. However, in the diagrdirst time the infall regions of clusters at moderate
of Figure8.1.1they all show star-formation. On theredshifts. It has successfully been able to constrain
other hand, galaxies classified as rHDS are consgbme of the processes that stop the star formation in
ered as post star-formation galaxiég, galaxies those environments. But, it is not exempt of weak-
that had rather normal star-formation activity butesses. The main one is the relative poor numbers
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statistics and sampling in the outskirts. For examhich we can detect filaments, groups and pairs of
ple, it was not possible to investigate the substrugalaxies. This also eliminate any uncertainty due to
ture , such groups and filaments, in the infall reselection function as the completeness is expected
gions. Those places may play an important role to be between 60 and 100% uplte: 22.5 mag.
preprocessing the galaxies before they enter in thea . -hival

spectroscopic observations already
clusters.

present for the central regions will be invaluable for
In order to overcome this caveat a new projecomparing the evolution between field, cluster and
was initiated. This exploratory study is focused imfall environments. The larger wavelength range
the outskirts of RXJ1347.5-1145, the most massieé our observation will permit to un-mistakenly
cluster currently known Schindler etal. 1997 identify the diferent galaxy types in a similar fash-
This cluster has been the focus of numerous obsim that has been done in this thesis, as well as to
vational campaigns with the objective of studyinghake use of the full set of spectral features to con-
the characteristics of this extreme environment, v&rain the galaxy stellar populations.
X-_rgy analyssé.g.XMM-Newton observations by The spectroscopic analysis will allow to our part-
Gittl & Sch|r1dler 2003, strong and weak IenSIr?gners to calibrate the photometric redshifts and the
(e.g. BradaC etal. 20052007 and Spectroscopic gy namics of the structures detected in the weak
dynamical analysise(g. Cohen & Kneib 2002 lensing analysis. The environment can be also

Those and other similar studies have been fprobed by the distribution of dark matter obtained
cused mainly in the inner regions of the cluster, pom the lensing analyses.

to 15arcmin in X-ray from the center, abowRg. At the time of writing this thesis the required pre-

With the objective of studying the large scalénaging of the fields to be observed has been sub-
structure around this cluster a collaboration wasitted to ESO.
started. Our partners are mainly interested on the
weak lensing analysis in one square degree around
the cluster center. For that, they have obtained wide
field (1ded) g, r, i andz imaging with the Mega-

Cam wide field camera at the 3.6 m Canada-France-
Hawaii telescope. Those images are deeper and
have better quality than those used in the present
study (seeing- 0.8 arcsec). Full access to the im-
ages and catalogs has been granted.

By using similar techniques as those outlined in
§4.2several structures have been already identified.
But, in this case, the multicolor photometry and
the photometric redshifts allow to have grater con-
fidence that those structures are real.

In order to study the galaxy evolution in those
regions a proposal to the European Southern Ob-
servatory (ESO) was submitteénd it has been
granted with 10hours at the wide field VIMOS
spectrograph mounted in one of the 8 m very large
telescopes (VLT). Three fields were chosen for ob-
servation, each with two MOS masks. The multi-
plexd advantage of the instrument will allow us to
have a high filling factor in those structures, with

2ESO program ID 381.A-0823(A), PI: M. Verdugo.
3The capability of placing more than one slit per row.
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APPENDIX A

Observations

Mask ID Date RA DEC (J2000) Exposure time Comments

R2851m2 10 Feb 2002  09:43:53.1 16:41:15.7 x2Z00 mostly clear, not photometric
R2651m2 10 Feb 2002  13:12:05.4 32:32:15.3 x2Z00 mostly clear, not photometric
R2651m1 10 Feb 2002  13:12:04.6 32:32:17.6 x1200 mostly clear, not photometric
R2852m2 11 Feb 2002  09:43:39.5 16:39:44.8 x2Z00 photometric

R2652m1 11 Feb 2002  13:11:16.0 32:29:46.6 x2Z00 photometric

R2854m1 12 Feb 2002  09:44:37.0 16:29:45.6 x3D00+ 3x2700 partially photometric

R2851m1 12 Feb 2002  09:43:54.3 16:41:30.6 x1200 partially photometric

R2653m2 12 Feb 2002  13:10:33.9 32:28:35.2 x2Z00 partially photometric

R2855m1 13 Feb 2002 09:43:55.6 16:30:34.0 x2Z00 mostly clear, not photometric, seeiig5”
R2653m1 13 Feb 2002  13:10:33.532:28:19.4 x2¥700+ 2x1200 mostly clear, not photometric, seeirigs”
R2655m1 13 Feb 2002  13:10:55.7 32:18:36.7 x2Z00 mostly clear, not photometric, seeiig5”
R2852m1 14 Feb 2002  09:43:38.8 16:39:23.9 %1500 mostly clear, not photometric, seei2y0”
R2853m1 14 Feb 2002  09:43:03.4 16:42:19.1 x1300 mostly clear, not photometric, seei2g0”
R2854m1 14 Feb 2002  13:10:07.7 32:21:34.6 %1500 mostly clear, not photometric, seei2y0”
R2201m1 20 Mar 2002  17:29:44.1 74:41:47.0 x1200 photometric

R2201m2 20 Mar 2002  17:29:47.3 74:41:42.4 %2700 photometric

R2202m2 21 Mar 2002  17:26:42.5 74:30:45.9 x2700 mostly clear, not photometric, seeirig8”
R2202m1 21 Mar 2002  17:26:42.7 74:30:06.1 x1200 mostly clear, not photometric, seeiig8”
R2202m1 22 Mar 2002  17:26:42.7 74:30:06.1 x1200 photometric

R2203m1 22 Mar 2002  17:24:37.3 74:29:19.8 x2Z700 photometric

R2204m1 22 Mar 2002  17:23:46.8 74:42:32.6 x1200 photometric

R2203m1 22 Mar 2002  17:24:37.3 74:29:19.8 x2I700 photometric

R2205m1 24 Mar 2002 17:24:23.2 74:18:49.1 x1200 photometric

R2204m2 24 Mar 2002  17:23:49.9 74:42:57.3 x2Z700 photometric

Table A.1: Observation log summary. With the mask identificator, slatEobservation, coordinates at the mask
center, exposure times and conditions indicated.






APPENDIX B

Line definitions

Index Blue continuum [A]  Line [A] Red continuum [A] Notes

[On]A3727 3653- 3713 3713-3741 37413801 Balogh et al. 1999
CaK 3892- 3914 3914- 3952 3986- 4004 Worthey et al. 1994
CaH 3892- 3914 39613982 3986- 4004 Worthey et al. 1994
Dn(4000) 3850- 3950 N/A 4000- 4100 Balogh et al. 1999
Ho 4030- 4082 4088- 4116 4122- 4170 Balogh et al. 1999
G4300 4266- 4282 4281- 4316 4318- 4335 Worthey et al. 1994
HB 4815- 4845 4851- 4871 4880- 4930 Worthey et al. 1994
[Om]24959 4885- 4935 4948- 4978 5030- 5070 Gonzalez 1993
[Om]A5007 4978- 4998 4998- 5015 5015-5030 Gonzalez 1993
Mgb 5142- 5161 5160- 5192 5191 5206 Worthey et al. 1994
Fe5270 52335248 5245- 5285 5285-5318 Worthey et al. 1994
Fe5335 5304 5315 5312- 5352 5353- 5363 Worthey et al. 1994
Na 5860- 5875 5876- 5909 5922- 5948 Worthey et al. 1994
Ha 6490- 6537 6555- 6575 6594 6640 Balogh et al. 1999
[Nu]A6584  6490- 6530 6576- 6595 6615- 6640 Gonzalez 1993

Table B.1 Line definitions for the strongest features in the galaxgcs@m along the original references.
Worthey et al(1994) andGonzalez 1998nes are linked to the LigkDS system.

All






APPENDIX C

Data for individual objects

The tables in this appendix contain information about ifthlial galaxies gathered fromftkrent sources.
TableC.1 contains general information about the objects, such aslowdes, redshifts, magnitudes and
spatial information. Tabl€.2 contains the measurments on the spectra of the objects.

ID — is the identification code for each galaxy. The galaxié$chv come directly from this project are
denoted with &r” . Galaxies from th®alogh et al(20023 project use théba” prefix and galaxies
from theGilbank et al. (2009 have the’ XDC” prefix. The numbers following the flierent prefixes
depend on the sources. For galaxies with "r” prefix, the fisst humbers denote the field (22 for
R220, 26 for R265 and 28 for R285). The second couple of nusrdrerthe mask indentificator and
the numbers following the underscorgdre the slit indentificator. For galaxies with the "ba” pxefi
the numbers are kept from this project. In the case of, thentwobers following the "XDC” prefix
are the night of the observation and the slit indentificator.

membership — Denote to which cluster each galaxy belonghgedacording to the criteria @4.1 or
whether they are part of the field sample.

RA , DEC — are the ecuatorial coordinates of the objects vegipect to the year 2000 equinox.
redshift — is the spectroscopic redshift calculated adogrth the method outlined ofd.1

I,V —1 —is thel-band magnitude and thé— | color provided byGilbank et al.(2004.

u,g,r,i,z— are the SDSS magnitudes (in the AB system) obtained froraitheey website.

D —is the cluster-centric distance in megaparcecs measunadhe center of the clusters (see tabje

log(Zs) — is the logarithm of the projected densiy.



Table C.1 Data for individual objects.

ID membership RA DEC redshift 1 V-1 u g r i z D log(Zs)
[mag] [mag] [mag] [mag] [mag] [mag] [mag] [Mpc] [MpE]
r221107 vmfl194 17:29:15.26 +74:41:23.8 0.2099 1859 138 ... . 220 2.5725
r221108 vmfl194 17:29:19.77 +74:41:11.2 0.2116 16.75 142 ... o e e 250 2.3110
r221109 vmf194 17:29:22.67 +74:40:39.6 0.2118 18.17 146 ... cee e e e 280 2.5144
r221110 vmfl194 17:29:30.06 +74:40:43.0 0.2110 1854 142 ... . e .380 2.2858
r2212.06 vmfl194 17:29:13.37 +74:42:13.8 0.2087 18.71 0.99 ... . 330 2.0145
r2212.08 vmf194 17:29:22.55 +74:40:52.3 0.2108 17.92 140 ... e e e 280 2.7246
1221223 vmfl194 17:30:44.85 +74:39:11.8 0.2098 18.34 138 ... o e 441 1.4731
r2221.14 vmfl194 17:26:24.27 +74:27:35.2 0.2087 1766 1.32 ... o e 483  1.4593
r222103 xdcs220 17:26:50.67 +74:34:04.6 0.2659 18.30 1.00 ...  eier e e .014 1.3976
r222103b  xdcs220 17:26:50.87 +74:34:08.8 0.2665 1952 0.88 ... . 004 ...
1222112 xdcs220 17:26:11.11 +74:28:26.6  0.2622 18.24 142 ... . e 594 1.5703
r222203 xdcs220 17:26:17.74 +74:34:09.3 0.2571 1885 158 ... .. ch 593  1.5681
1222207 xdcs220 17:26:33.92 +74:31:55.8 0.2608 19.20 141 ... e 164 2.0657
r2231.05 xdcs220 17:24:11.04 +74:31:12.1 0.2614 1858 144 ... . 203 1.3937
r2241.05 xdcs220 17:23:24.91 +74:44:42.8 0.2616 1839 159 ... ... oo e .180 1.8682
r2241.07 xdcs220 17:23:28.45 +74:43:41.7 0.2597 17.00 157 ... o 130  2.4871
r2241.09 xdcs220 17:23:26.66 +74:43:16.6 0.2599 16.93 159 ... ... i e 230 2.1478
r2241.10 xdcs220 17:23:24.29 +74:42:56.2 0.2595 17.99 151 ... ... ah e 320 2.2141
r2241.15 xdcs220 17:23:32.26 +74:40:35.7 0.2548 18.46 1.24 ... i e e .860  1.5883
r224118 xdcs220 17:23:05.48 +74:39:30.5 0.2545 18.38 256 ... i er e 211 1.8511
r2242.06 xdcs220 17:23:26.46 +74:43:57.3 0.2616 1949 146 ...  .ei e e 110  2.3553
r225104 xdcs220 17:24:12.22 +74:22:23.8 0.2624 1892 0.87 ... i e 315 0.9277
XDC29.04 xdcs220 17:23:29.37 +74:43:38.7 0.2616 17.96 159 ... ... o e 130 2.2695
r262114 vmf131 13:11:22.18 +32:28:53.8 0.2990 19.24 1.61 2458 21.75 20.39 19.76 19.3208 5 0.9264
r2621.15 vmfl31l 13:11:23.60 +32:28:56.3 0.2934 18.95 1.07 2152 20.75 19.98 1950 19.5716 5 1.2192
r2621.16 vmf131 13:11:24.66 +32:28:36.9 0.3001 18.99 1.34 21.77 20.81 19.88 19.55 19.2519 5 1.3758
r2631.20 vmfl31l 13:10:41.55 +32:28:23.1 0.2969 17.24 1.77 21.17 1995 1841 17.79 17.437 2 1.6730
r2632.02 vmfl31l 13:10:16.57 +32:30:36.6 0.2950 18.70 1.71 2299 21.47 20.03 19.20 18.8742 2 0.7717
r263202b  vmf131 13:10:16.86 +32:30:38.0 0.2934 19.92 1.08 2222 2111 20.69 20.77 20.3%43 2 ...
r263203 vmf131 13:10:18.96 +32:30:18.7 0.2938 18.47 1.69 2291 21.09 19.52 19.03 18.6042 2 1.1241
r2632.11 vmfl31l 13:10:30.42 +32:27:16.6  0.2947 17.73 1.50 19.70 1951 18.62 18.26 18.029 2 0.8536
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Table C.1: Continued.

ID membership RA DEC redshift | V-1 u g r i z D 100,4(Zs)

[mag] [mag] [mag] [mag] [mag] [mag] [mag] [Mpc] [MpE]
r2632.12 vmfl31 13:10:34.20 +32:27:30.8 0.2946 19.21  1.02 22.31 20.71 20.13 19.84 19.27/0 2 0.9926
r2632.17 vmfl31l 13:10:47.14 +32:27:56.8 0.2927 19.37 1.58 21.86 21.25 20.19 19.53 19.488 3 0.8578
r264104 vmf131 13:10:17.22 +32:19:51.8 0.2957 18.90 1.90 20.87 21.41 20.08 19.41 189437 1 1.3197
r2641.05 vmfl31l 13:10:14.02 +32:23:33.6 0.2961 18.71  1.77 2142 2094 19.74 19.09 18904 1 1.6137
r2641.06 vmfl31 13:10:12.94 +32:24:09.1 0.2957 18.59 0.86 20.36 1992 1954 1956 19.0003 1 1.6424
r264107 vmf131 13:10:10.66 +32:21:44.2 0.2932 18.77 2.33 20.51 21.33 20.31 19.08 18.7384 0 1.2614
r264112 vmfl31l 13:10:01.42 +32:23:48.2 0.2961 17.98 1.50 21.38 20.39 19.03 18.44 18.2&%45 0 1.5362
r265108 vmfl31 13:10:47.60 +32:20:11.4 0.2943 18.48 1.63 21.82 20.67 19.34 18.77 18.4&4 2 0.7191
r2651.17 vmfl31l 13:11:13.98 +32:19:10.5 0.2943 1754 1.74 25.21 20.46 18.76 18.06 17.8043 4 1.5212
r265119 vmfl31 13:11:17.96 +32:19:47.9 0.2940 18.15 1.51 20.79 20.00 19.09 18.62 18.6/62 4 1.1177
ba 07 vmfl31l 13:10:05.72 +32:21:12.2 0.2965 18.32 1.10 2051 20.35 19.32 1899 185%4 0 1.7933
ba 09 vmf131 13:10:04.22 +32:21:36.3 0.2900 19.00 1.61 2196 21.69 19.85 19.40 20.4%1 0 1.6728
bal2 vmfl31l 13:09:55.05 +32:21:49.0 0.2938 18.47 1.68 21.77 21.09 19.64 19.00 18.489 0 1.8700
ba 14 vmfl31l 13:09:53.20 +32:21:59.8 0.2912 18.87 1.68 21.29 2231 20.92 20.30 20.7&20 0 1.8615
ba 18 vmf131 13:10:11.38 +32:22:02.3 0.2938 18.15 1.66 22.40 20.69 19.21 18.67 18.2B6 0 1.3216
ba 25 vmfl31l 13:09:51.54 +32:22:17.8 0.2924 18.40 1.68 2247 21.23 19.60 18.87 18.5®@5 0 1.7832
ba 28 vmfl31l 13:09:56.11 +32:22:16.8 0.2920 16.72 1.71 20.01 19.32 17.81 17.16 16.96€06 0 2.2639
ba 30 vmf131 13:09:58.50 +32:22:31.3 0.2946 18.02 1.67 21.44 20.74 19.14 1859 18.1913 0 1.8441
ba 36 vmfl31l 13:10:00.18 +32:22:59.4 0.2943 18.23 1.36 21.61 20.19 19.21 18.83 18526 0 1.5910
ba 37 vmfl31l 13:09:56.33 +32:23:10.8 0.2894 18.21 1.70 2193 20.78 19.35 18.71 18.4617 0 1.6358
ba 39 vmf131 13:09:57.68 +32:23:13.0 0.2923 17.95 1.70 21.67 20.47 19.12 18.49 18.2®0 0 1.5911
r261104 vmfl32 13:12:07.22 +32:34:35.8 0.2455 18.99 1.42 2293 21.12 1990 1940 19.195 2 1.3958
r261113 vmf132 13:11:51.74 +32:33:29.2 0.2496 17.79 1.46 21.30 19.86 18.65 18.14 18.0216 2 1.4590
r2611.14 vmf132 13:11:49.17 +32:33:23.4 0.2465 18.11 1.48 27.05 20.47 19.15 1850 18.3304 2 1.4768
r2612.02 vmfl32 13:12:27.01 +32:32:06.6 0.2485 1853 1.49 22.34 20.60 19.63 19.08 18.7%9 3 0.8189
r261204 vmf132 13:12:16.07 +32:32:11.0 0.2477 19.32 1.13 21.67 21.07 20.21 19.84 19.7317 3 1.2237
r2612.06 vmf132 13:12:10.39 +32:30:03.0 0.2495 17.28 1.47 2159 19.63 1829 17.76 17.4082 2 1.2786
r2612.17 vmfl32 13:11:45.80 +32:31:21.7 0.2462 1793 1.57 22.11 20.53 18,95 18.48 17.979 1 1.2527
r262103 vmf132 13:11:01.05 +32:30:41.6 0.2412 18.35 1.47 2196 20.57 19.40 18.79 1857/0 0 1.1164
r2621.04 vmf132 13:11:02.92 +32:29:36.0 0.2406 19.36 1.53 2421 2247 2050 19.85 19.5%1 0 1.2746
r262111 vmfl32 13:11:13.29 +32:28:50.9 0.2397 18.63 1.57 2196 20.88 19.72 19.03 18.7003 0 1.8681
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Table C.1 Continued.

ID membership RA DEC redshift 1 V-1 u g r i z D 100,4(Z5)
[mag] [mag] [mag] [mag] [mag] [mag] [mag] [Mpc] [Mp€]
r262113 vmf132 13:11:17.64 +32:28:11.0 0.2418 17.92 151 22.10 20.29 1890 1835 17.889 0 1.1633
r2621.22 vmf132 13:11:33.84 +32:29:11.9 0.2503 18.17 1.53 21.45 2051 19.32 18.76 18.332 1 1.4310
r263121 vmf132 13:10:43.33 +32:27:04.1 0.2459 17.35 1.44 20.29 1955 18.37 17.93 17551 1 0.9565
r263108 vmf132 13:10:25.08 +32:28:44.7 0.2500 19.30 1.36 2233 2054 1941 18.88 18.81B4 2 1.0181
r263207 vmf132 13:10:25.93 +32:30:15.4 0.2446 18.82 1.50 22.04 20.86 19.88 19.30 19.1B2 2 1.0385
r2632.13 vmf132 13:10:37.82 +32:27:15.2 0.2456  18.34 1.48 2225 20.69 19.38 18.92 18.7876 1 1.0425
r2641.10 vmf132 13:10:04.73 +32:20:51.1 0.2481 17.47 1.46 20.37 19.46 18.37 17.99 17.7184 3 1.2603
ba 02 vmf132 13:10:04.81 +32:20:52.0 0.2492 17.47 1.46 20.37 19.46 18.37 1799 17.7183 3 1.2603
ba 29 vmf132 13:09:49.99 +32:22:41.0 0.2495 19.77 0.78 20.84 20.79 20.43 20.11 20.0832 4 ...
r2811.06 vmf73 09:43:52.61 +16:44:40.1 0.2538 17.82 154 22.02 20.25 1891 1835 18.1%0 1 1.1251
r281116 vmf73 09:43:58.38 +16:41:09.6 0.2526 16.96 1.43 20.77 19.17 1811 17.47 17.152 1 2.2958
r281118 vmf73 09:43:53.52 +16:40:23.1 0.2516 18.32 1.55 2531 20.90 19.50 18.88 18.622 1 2.1096
r281119 vmf73 09:43:58.81 +16:40:02.3 0.2538 18.60 1.38 25.26 21.02 19.67 19.17 18.9%2 1 2.3390
r281120 vmf73 09:44:03.21 +16:39:48.5 0.2573 18.81 1.33 23.01 21.30 19.87 19.49 18.97/7 1 2.6022
r281124 vmf73 09:44:01.37 +16:38:01.1 0.2535 17.73 1.45 21.04 19.97 18.79 1814 18.0Z/3 1 1.7239
r281125 vmf73 09:43:59.68 +16:37:30.1 0.2542 18.10 1.53 2151 20.60 19.21 18.63 184668 1 1.6531
r2812.05 vmf73 09:44:05.00 +16:38:34.3 0.2561 18.31 1.46 21.54 2057 19.34 1871 18.6190 1 1.9605
r2812.09 vmf73 09:44:00.32 +16:40:11.5 0.2486 18.70 1.31 26.54 20.89 19.78 19.30 18.681 1 2.1931
r2812.12 vmf73 09:43:59.37 +16:41:09.9 0.2570 17.26 1.51 2262 19.75 1845 17.97 17.5667 1 2.3464
r2812.14 vmf73 09:43:53.57 +16:41:43.2 0.2529 17.19 1.43 2449 19.65 18.20 17.69 17569 1 2.0205
r282102 vmf73 09:43:58.08 +16:41:17.0 0.2520 16.67 1.46 21.08 19.28 17.68 17.15 17.151 1 2.1606
r2821.08 vmf73 09:43:48.71 +16:40:39.1 0.2545 17.87 0.82 20.05 19.24 18.69 1841 18.3296 0 1.9953
r282112 vmf73 09:43:43.00 +16:40:34.5 0.2573 17.64 1.48 21.89 20.12 1861 1825 18.163 0 2.0777
r282117 vmf73 09:43:36.34 +16:36:57.3 0.2569 17.58 1.50 20.97 20.00 18.72 18.02 17.8177 0 1.9530
r282114 vmf73 09:43:40.07 +16:39:23.6 0.2578 18.45 1.46 28.19 20.85 19.45 18.88 18.5748 0 1.5643
r282120 vmf73 09:43:33.63 +16:39:06.8 0.2529 17.80 1.46 21.11 20.68 18.99 18.47 18.223 0 1.9009
r282121 vmf73 09:43:32.42 +16:40:01.0 0.2538 18.55 1.47 22.07 21.23 19.69 19.06 18.7902 0 2.3243
r282127 vmf73 09:43:23.53 +16:39:46.4 0.2576 17.98 1.29 21.10 20.11 18,99 1850 18.1H48 0 1.9342
r282129 vmf73 09:43:19.34 +16:38:08.6 0.2573 17.87 1.43 21.20 20.58 19.15 18.49 18.2184 0 1.9158
r282201 vmf73 09:43:58.93 +16:39:22.0 0.2560 18.91 1.39 25.02 2152 19.98 1943 19.1%3 1 2.0053
r2822.03 vmf73 09:43:56.35 +16:36:51.1 0.2552 17.57 1.36 20.95 1998 18.73 1820 17.9%7 1 1.8981

80T

$199lqo [enpiAipul 1o} e1eq



Table C.1: Continued.

ID membership RA DEC redshift | V-1 u g r i z D 100,4(Zs)

[mag] [mag] [mag] [mag] [mag] [mag] [mag] [Mpc] [MpE]
r2822.04 vmf73 09:43:55.89 +16:40:36.0 0.2550 18.68 1.39 21.63 21.24 19.81 19.16 19.0L6 1 2.0049
r2822.05 vmf73 09:43:53.38 +16:39:59.1 0.2510 17.73 1.38 2252 20.04 1864 18.25 17.9121 1 2.1004
r2822.06 vmf73 09:43:51.72 +16:41:45.0 0.2528 18.03 1.18 20.76 19.86 19.00 18.60 18.3819 1 1.8825
r2822.09 vmf73 09:43:45.55 +16:41:30.9 0.2513 18.83 0.97 21.31 2043 19.78 19.36 19.58B4 0 1.9077
1282214 vmf73 09:43:38.75 +16:38:55.5 0.2533 1859 141 26.97 21.27 19.81 19.15 18.9M46 0 1.4544
r282215 vmf73 09:43:37.97 +16:39:32.6 0.2574 17.00 1.49 27.02 19.47 18.00 17.35 17.135 0 1.9396
r2822.16 vmf73 09:43:36.80 +16:41:02.7 0.2552 18.19 1.42 29.77 2142 1940 18,51 18.936 0 1.6899
r2822.17 vmf73 09:43:34.09 +16:40:36.1 0.2500 19.08 1.32 2243 21.35 20.25 20.03 19.5618 0 1.8974
r282219 vmf73 09:43:30.57 +16:38:56.0 0.2529 19.30 1.41 2515 21.96 20.52 20.14 1957 0 1.9262
r2822.20 vmf73 09:43:29.64 +16:40:56.8 0.2577 19.36 1.10 22.09 21.08 20.13 1991 20.2®@5 0 1.9012
1282222 vmf73 09:43:25.34 +16:39:07.2 0.2549 17.81 1.49 2157 20.42 18,97 18.29 18.0143 0 1.7411
r282223 vmf73 09:43:24.51 +16:39:52.1 0.2613 18.46 1.28 22.02 2054 19.34 18.94 18.7142 0 2.0960
1282225 vmf73 09:43:22.06 +16:39:07.9 0.2503 1854 1.40 2391 20.81 1956 19.13 18.8660 0 1.8024
r283103 vmf73 09:43:22.88 +16:41:14.8 0.2482 18.39 1.20 20.64 20.50 19.26 1891 18569 0 1.9199
r283110 vmf73 09:43:08.02 +16:42:45.4 0.2569 18.24 1.10 20.69 19.82 19.11 18.70 185%0 1 1.5114
r283113 vmf73 09:43:01.49 +16:42:27.7 0.2560 1715 1.41 20.23 19.79 1823 1750 17.4%:2 1 1.6307
r284107 vmf73 09:44:41.05 +16:29:19.5 0.2500 18.64 1.17 20.82 20.87 19.72 19.17 19.4068 4 1.6593
r284110 vmf73 09:44:36.52 +16:27:31.5 0.2538 18.10 1.30 21.01 20.21 19.18 18.60 18.2272 4 1.4068
r284117 vmf73 09:44:23.76 +16:31:47.1 0.2503 18.12 1.38 21.28 20.58 19.17 18,51 18.5153 3 0.8670
r285104 vmf73 09:43:50.60 +16:28:20.5 0.2506 18.57 0.99 21.09 20.20 19.44 1890 19.1®7 2 1.3320
r285114 vmf73 09:44:04.69 +16:32:49.3 0.2534 19.02 1.44 2152 20.76 20.09 19.36 19.1462 2 1.2764
r285117 vmf73 09:43:52.24 +16:34:00.8 0.2519 17.70 1.40 20.88 1997 18.73 18.08 17.8®8B3 1 1.7885
r281101 vmf74 09:43:44.47 +16:46:05.3 0.1783 17.66 1.32 21.54 19.82 18.62 18.13 17.78832 0 2.3178
r281103 vmf74 09:43:43.51 +16:45:20.1 0.1802 18.27 1.27 22.16 20.43 19.17 18.65 18.5919 0 2.3948
r281105 vmf74 09:43:44.49 +16:44:54.2 0.1800 1850 1.18 2155 20.09 1942 18.92 19.120 0 2.3784
r281107 vmf74 09:43:46.72 +16:44:25.2 0.1791 18.19 1.19 2191 20.31 19.13 18.80 18.5207 0 2.3188
r281108 vmf74 09:43:45.15 +16:44:05.6 0.1788 18.53 1.26 27.69 20.49 19.80 19.09 18.904 0 2.7457
r281110 vmf74 09:43:55.55 +16:43:34.6 0.1787 18.04 1.28 20.73 20.26 19.01 18.47 18.148 0 1.7345
r281111 vmf74 09:43:49.12 +16:43:21.2 0.1808 16.81 1.35 20.72 19.09 17.81 17.29 17.0725 0 2.1159
r281113 vmf74 09:43:53.02 +16:42:48.2 0.1783 18.68 1.21 21.25 20.75 19.62 19.18 18.9244 0 2.3363
r281114 vmf74 09:43:58.75 +16:42:02.5 0.1825 17.82 1.30 2150 20.05 18.84 18.34 17.9773 0 1.8032
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Table C.1 Continued.

ID membership RA DEC redshift 1 V-1 u g r i z D 100,4(Z5)
[mag] [mag] [mag] [mag] [mag] [mag] [mag] [Mpc] [Mp€]
r281122 vmf74 09:43:43.31 +16:39:18.5 0.1770 18.46 1.02 21.86 20.17 19.36 19.04 19.1R1 0 2.1819
r281123 vmf74 09:43:59.52 +16:38:29.8 0.1783 17.98 1.12 20.78 19.84 18,93 1840 18.2323 1 1.4393
r2812.02 vmf74 09:43:43.06 +16:37:36.0 0.1824 17.68 1.34 22.13 20.02 18.74 1820 17982 1 1.9222
r2812.16 vmf74 09:44:01.02 +16:42:04.1 0.1775 1795 1.20 21.68 20.02 18.87 1858 18.581 0 1.6007
r2812.17 vmf74 09:43:45.13 +16:42:46.3 0.1813 17.26 1.30 20.40 19.48 18.32 17.79 17528 0 2.2159
r281222 vmf74 09:43:43.45 +16:44:31.8 0.1809 17.77 1.28 2190 20.04 18.84 18.25 18.107 0 2.4422
r281221 vmf74 09:43:44.86 +16:44:02.2 0.1793 17.70 1.34 20.99 19.82 18.80 1820 17.805 0 2.5243
r282103 vmf74 09:43:56.38 +16:39:57.5 0.1799 18.21 1.23 2226 20.22 19.16 18.73 18.6M3 0 1.3994
r2821.06 vmf74 09:43:51.14 +16:37:26.3 0.1748 18.72 0.89 20.21 20.20 19.51 19.21 18.738 1 2.1008
r282107 vmf74 09:43:50.04 +16:39:54.7 0.1792 18.60 1.31 2498 20.92 19.62 19.08 18.6483 0 2.3479
r2821.09 vmf74 09:43:47.69 +16:39:10.2 0.1797 18.67 1.25 23.64 20.85 19.74 19.22 18.70®4 0 1.8263
r282110 vmf74 09:43:46.04 +16:39:54.5 0.1776 18.76 1.28 21.88 21.13 19.95 19.33 19.4280 0 2.1009
r282111 vmf74 09:43:44.53 +16:39:19.8 0.1765 17.73 1.25 21.81 1991 18.72 1821 18.1M1 0 2.2311
r2822.07 vmf74 09:43:49.72 +16:40:51.4 0.1804 17.63 1.30 21.73 19.92 18.60 18.13 17.976 0 1.7635
r2822.10 vmf74 09:43:44.15 +16:40:47.1 0.1794 1843 1.30 24.17 2058 19.47 1895 18.7%64 0 2.1391
r2822.13 vmf74 09:43:39.73 +16:37:22.5 0.1794 19.23 1.16 21.73 21.19 20.30 19.60 19.58 1 1.9150
r283109 vmf74 09:43:08.92 +16:41:44.8 0.1813 18.21 1.41 21.86 20.27 19.16 18.63 18.6%4 1 1.2000
r283120 vmf74 09:42:44.14 +16:45:34.9 0.1798 18.08 1.17 21.71 20.04 19.05 1857 18.4%6 2 1.5388
r284103 vmf74 09:44:54.15 +16:28:00.6 0.1833 19.13 1.09 21.75 20.96 20.22 19.87 19.6323 4 1.3767
r284108 vmf74 09:44:40.09 +16:30:59.7 0.1847 19.32 1.08 2294 2159 20.73 20.05 20.1%42 3 1.5429
r284120 vmf74 09:44:16.29 +16:28:47.4 0.1815 19.46 0.91 21.39 20.85 20.50 20.21 20.3714 3 0.8185
r285109 vmf74 09:43:50.52 +16:30:28.0 0.1812 19.09 1.18 20.78 20.92 20.05 19.46 19.4(0k3 2 1.8841
r285110 vmf74 09:43:48.57 +16:30:39.7 0.1796 18.58 0.79 20.62 19.77 19.37 18.93 19.5749 2 1.6543
r285111 vmf74 09:43:52.55 +16:31:20.4 0.1817 19.32 1.12 21.42 21.07 20.34 19.71 19.7239 2 1.9829
r285119 vmf74 09:43:59.00 +16:35:02.8 0.1810 19.39 0.90 2156 20.99 20.11 19.72 19.8179 1 1.1409
r221101 field 17:28:35.55 +74:43:18.4 0.3207 18.43 1.31 ... i e e e
r221102 field 17:28:46.44 +74:42:38.1 0.1944 1845 0.98 ... i e e
r221104 field 17:29:01.00 +74:40:07.9 0.2725 18.76 159 ... . e e e e
r221111 field 17:29:41.54 +74:42:31.7 0.2425 1830 1.28 ... i e e e
r221112 field 17:29:45.21 +74:40:22.0 0.1585 16.18 1.33 ... ei e e e
r221113 field 17:29:48.60 +74:42:15.0 0.2440 17.93 150 ... oo e e e
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Table C.1: Continued.

membership

RA

DEC

redshift |

[mag]

V-l
[mag]

u
[mag]

g
[mag]

r

[mag]

[mag]

z

[mag]

D
[Mpc]

l0g,(2s)
Mp¢]

r221115
r221116
r2211.17
r221118
r221119
r2211.20
r221121
r221122
1221124
r221211
r221212
r221214
r2212.16
r2212.19
1222104
r222113
1222202
1222204
1222205
1222208
1222213
r2222.15
r2231.06
r223111
r223116
r2231.23
r224111
r224114
r224121
1224122
1224207

field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field
field

17:29:53.77
17:29:59.01
17:30:02.07
17:30:05.41
17:30:09.69
17:30:13.48
17:30:16.74
17:30:22.64
17:30:45.34
17:29:40.88
17:29:43.86
17:29:50.08
17:30:00.75
17:30:18.14
17:27:06.87
17:26:25.30
17:27:26.70
17:26:24.13
17:27:22.22
17:26:54.96
17:26:33.10
17:26:10.37
17:24:14.39
17:24:37.73
17:25:12.29
17:25:54.24
17:23:55.07
17:24:12.80
17:23:54.90
17:23:47.22
17:23:37.38

+74:39:44.1
+74:41:08.1
+74:41:43.3
+74:40:00.7
+74:42:44.1
+74:41:02.5
+74:42:26.8
+74:39:20.9
+74:41:21.3
+74:41:23.3
+74:41:45.9
+74:42:24.7
+74:42:09.0
+74:41:44.4
+74:32:15.8
+74:27:56.1
+74:34:42.8
+74:33:53.7
+74:32:27.3
+74:31:35.9
+74:29:40.5
+74:29:09.5
+74:29:43.0
+74:30:13.6
+74:29:40.6
+74:26:49.6
+74:42:40.0
+74:40:47.1
+74:38:24.1
+74:38:01.9
+74:43:40.0

0.1574
0.3318
0.2440
0.1570
0.2451
0.2447
0.2423
0.3402
0.3154
0.2419
0.1598
0.2458
0.2730
0.3381
0.2807
0.2281
0.1805
0.2890
0.2417
0.2705
0.2901
0.1804
0.2183
0.1848
0.2953
0.3436
0.3389
0.1805
0.2684
0.2401
0.2956

17.39
18.09
17.85
18.60
18.45
17.89
18.69
18.94
18.73
18.12
18.38
17.73
19.24
18.31
18.32
18.78
19.03
19.12
19.18
18.07
18.91
18.17
19.06
19.49
19.17
18.36
18.45
17.48
17.01
17.91
18.02

1.22
1.17
1.33
1.32
1.43
1.47
151
1.82
1.58
1.46
0.97
1.42
151
1.81
0.98
1.34
1.05
1.22
0.88
1.02
1.66
1.04
0.92
1.16
1.21
154
1.80
1.38
0.75
121
1.61
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Table C.1 Continued.

ID membership RA DEC redshift 1 V-1 u g r i z D 100,4(Z5)
[mag] [mag] [mag] [mag] [mag] [mag] [mag] [Mpc] [Mp€]
r2242.10 field 17:23:51.86 +74:42:56.3 0.2096 19.04 1.69 ... . e e e
r2242.11 field 17:24:02.24 +74:42:37.0 0.3390 18.85 1.70 ... i e e e
r2242.12 field 17:23:13.33 +74:42:15.4 0.2968 18.90 1.69 ... oo e e
r2242.13 field 17:23:17.51 +74:40:37.5 0.1806 18.01 1.09 ... .. e e e
r2242.18 field 17:24:31.58 +74:37:39.2 0.2419  18.17 1.70 ... i e e e
r225102 field 17:23:53.84 +74:23:11.3 0.1950 18.20 1.28 ... ei e e e
r225108 field 17:24:12.25 +74:19:17.4 0.2282 1858 0.90 ... i e e e
r225116 field 17:24:54.82 +74:15:13.7 0.2914  16.71 1.16 ... oo e e e
r261102 field 13:12:15.56 +32:33:06.4 0.2640 18.93 1.34 22.10 20.96 19.90 19.41 19.04. . ...
r261111 field 13:11:54.78 +32:30:38.6 0.1571 18.72 0.93 21.09 20.10 1954 19.17 1896. . ...
r261201 field 13:12:28.82 +32:30:27.7 0.2627 19.01 1.60 23.18 2152 20.03 1949 19.17. . ...
r262101 field 13:10:52.83 +32:30:58.0 0.1868 19.30 1.35 20.92 21.10 2042 19.84 19.69. . ...
r2621.05 field 13:11:04.39 +32:32:09.8 0.1580 18.69 0.96 21.09 19.97 1948 19.05 19.22. . ...
r2621.06 field 13:11:05.84 +32:29:57.6 0.3067 18.87 1.87 23.88 2190 20.02 1945 19.06. . ...
r262109 field 13:11:10.48 +32:29:39.1 0.2346 1941 1.38 2275 2136 20.26 19.88 19.59. . ...
r2621.10 field 13:11:12.39 +32:32:06.0 0.3017 1837 1.35 2153 20.20 19.27 18.76 18.66. . ...
r262112 field 13:11:14.83 +32:30:59.0 0.3072 18.38 1.63 21.02 2049 19.28 18.80 18.33. . ...
r263101 field 13:10:09.80 +32:29:44.2 0.1859 18.05 1.41 21.40 20.08 1899 1855 18.26. . ...
r263102 field 13:10:15.66 +32:27:22.0 0.1849 16.26 1.48 19.78 18.34 17.27 16.76 16.50. . ...
r263105 field 13:10:19.66 +32:29:34.4 0.2598 18.90 1.51 2284 2092 20.02 19.68 19.55. . ...
r263110 field 13:10:28.21 +32:26:18.3 0.1573 18.66 0.98 20.58 20.08 19.55 19.14 19.17. . ...
r263111 field 13:10:30.08 +32:29:10.8 0.1872 16.42 1.47 20.23 18.64 17.43 16.93 16.62. . ...
r263116 field 13:10:37.26 +32:26:37.6 0.1859 17.17 1.01 19.73 18.69 18.02 17.64 17.53. . ...
r265101 field 13:10:32.47 +32:19:15.3 0.2850 1942 1.51 21.73 2165 20.52 20.12 19.49. . ...
r2632.06 field 13:10:24.87 +32:27:36.1 0.1850 17.35 1.44 20.93 1954 1837 17.88 17.58. . ...
r265107 field 13:10:46.66 +32:21:16.7 0.3077 18.66 1.31 22.09 20.87 19.70 19.13 19.12. . ...
r2632.10 field 13:10:29.29 +32:29:11.4 0.1849 19.07 1.34 2267 21.24 2029 1940 19.28. . ...
r264111 field 13:10:03.30 +32:21:30.2 0.2841 18.66 1.50 2150 21.00 1955 19.11 19.04. . ...
r2632.14 field 13:10:38.86 +32:28:04.1 0.3078 19.37 1.57 20.38 21.20 20.53 20.11 20.98. . ...
r2632.15 field 13:10:39.83 +32:28:42.5 0.1863 17.39 1.53 20.74 1951 1846 17.88 17.69. . ...
r281112a field 09:43:58.66 +16:43:04.5 0.1661 1856 0.94 21.09 19.73 19.32 19.08 18.62. . ...

AN

$199lqo [enpiAipul 1o} e1eq



Table C.1: Continued.

ID membership RA DEC redshift | V-1 u g r i z D 100,4(Zs)
[mag] [mag] [mag] [mag] [mag] [mag] [mag] [Mpc] [MpE]
r2812.19 field 09:43:51.27 +16:43:11.2 0.1543 18.95 0.65 20.41 20.28 19.85 19.61 19.30. . ..
1281223 field 09:43:55.30 +16:44:48.9 0.1648 18.46 1.39 23.81 20.56 19.45 19.02 18.75. . ...
r281225 field 09:43:55.77 +16:45:33.8 0.1578 19.10 1.15 21.81 20.82 1990 1959 19.35. . ...
r2812.26 field 09:43:51.93 +16:45:45.2 0.2156 19.33 1.74 27.44 22.09 20.26 19.76 19.37. . ..
r2821.06 field 09:43:51.14 +16:37:26.3 0.1748 18.72 0.89 20.21 20.20 1951 19.21 18.73. . ...
r282113 field 09:43:41.44 +16:40:02.4 0.3068 18.61 1.53 21.03 21.12 19.72 19.17 19.03. . ...
r282118 field 09:43:35.69 +16:39:41.5 0.2243 18.89 0.94 21.22 20.73 20.14 19.66 19.67. . ...
r282123 field 09:43:28.76 +16:37:53.2 0.1899 18.08 1.18 2043 19.81 1898 18.61 18.11. . ...
r282128 field 09:43:22.54 +16:38:53.6 0.2733 17.90 1.45 2452 20.24 1897 1835 18.29. . ...
1282224 field 09:43:23.20 +16:40:38.3 0.1671 18.83 1.23 2196 20.72 19.81 19.32 19.18. . ...
r283105 field 09:43:19.89 +16:42:29.8 0.1672 1758 1.14 20.74 19.27v 1853 18.02 18.00. . ...
r283108 field 09:43:12.49 +16:44:30.0 0.1704 17.87 1.24 20.85 19.87 18.77 1831 18.00. . ...
r283116 field 09:42:56.10 +16:41:13.4 0.2311 18.63 1.25 21.76 20.38 19.53 19.07v 19.27. . ..
r283117 field 09:42:52.23 +16:42:47.2 0.1627 17.88 1.04 2052 1935 18.69 18.29 18.19. . ...
r283118 field 09:42:51.23 +16:41:08.8 0.2335 17.07 1.11 1994 1890 18.03 1756 17.35. . ...
r284101 field 09:44:58.57 +16:30:07.6 0.2233 19.41 1.42 2248 2192 2055 20.12 19.42. . ...
r284101 field 09:44:58.57 +16:30:07.6 0.2233 19.41 1.42 2248 2192 2055 20.12 19.42. . ...
r284109 field 09:44:38.51 +16:27:52.5 0.2331 17.25 1.33 20.05 1946 1835 17.84 17.61. . ...
r284112 field 09:44:33.83 +16:30:53.1 0.2738 19.33 0.75 21.24 21.13 20.35 20.09 19.97. . ...
r284113 field 09:44:32.35 +16:28:34.4 0.1598 1891 1.03 21.66 2055 19.87 1935 19.43. . ...
r284118 field 09:44:21.95 +16:30:48.2 0.2326 19.19 1.45 2390 21.58 20.28 19.78 19.85. . ...
r284119a field 09:44:20.04 +16:30:28.5 0.2333 1751 1.29 21.02 19.66 1853 1794 17.85. . ...
r284120 field 09:44:16.29 +16:28:47.4 0.1798 19.46 0.91 21.39 20.85 2050 20.21 20.37. . ...
r285101b field 09:43:57.19 +16:25:17.4 0.2228 19.09 1.09 21.81 21.04 20.00 19.60 19.15. . ...
r285102 field 09:43:56.93 +16:27:05.9 0.3328 19.24 1.53 2251 2162 2049 19.78 19.24. . ...
r285103 field 09:44:00.04 +16:27:29.0 0.3328 1824 1.71 21.36 20.80 19.33 18.63 1855. . ...
r285105 field 09:44:02.36 +16:28:40.6 0.3232 19.34 1.04 22.31 2154 2063 19.96 19.83. . ...
r2851.06 field 09:44:07.29 +16:29:22.8 0.2324 17.24 1.35 21.03 1946 1826 17.71 1754. . ...
r285112 field 09:44:04.32 +16:32:00.8 0.3159 18.23 1.50 2197 20.69 19.25 1857 18.28. . ...
r285113 field 09:43:58.24 +16:32:18.3 0.2229 18.11 1.31 21.71 20.27 19.09 18.38 18.23. . ...
r285118b  field 09:43:48.98 +16:34:44.2 0.2949 18.87 1.49 23.39 2147 20.08 1948 19.38. . ...
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The next table contains the equivalent widths of each ofitfeslused in this work.

Column (1) — Object ID.
Column (2) — cluster, group or field membership.

Columns (9)—(19) — Equivalent widths and their erroE§ for each object in the following lines:
[On]A3727, K, HB, [Om]A5007, Hr and [Nu]26583. The superscript in the errors indicate the
subjective quality for each linec: the line is clear.f: the line is faint but visible.p: the line is
visible but polluted bye.g.sky lines residuals in the continuum windowrs the line is not detected,
it may be blended in the noise or simply inexisteot.The line is out of the range covered by the
spectrau: The line is completely unusable, it usually falls in the ABotelluric bands or is strongly
affected by sky line residuals and other artifacts.



Table C.2 Equivalent widths for individual objects.

(1) () 9) (10) (11) (12 (13) (14) (15) (16) (17) (18) (19) 0j2
ID membership [G] E(Ou]) Hs  E(H9) H3 EMHB) [Om] E([Omum]) Ha E(He) [Nu]  E(Nu])
[A] [A] [A] [A] [A] [A] [A] [A] [A] [A] [A] [A]
1221107 vmf194 9.66 0.75 256 0.41 277 0.2t 0.96 0.18 0.75 0.23 0.13 0.26
1221108 vmf194 8.95 0.95 -0.44 0.43 3.99 0.24 0.57 0.18 1.10 0.23 -0.15 0.24
1221109 vmf194 0.43 0.48 1.60 0.33 2.42 0.17 0.46 0.15 -1.71 0.19 0.80 0.20
r2211.10 vmf194 0.18 0.55 1.00 0.38 293 0.2¢ 1.49 0.18 1.13 022 -281 0.25
1221206 vmf194 -32.93 0.63 224 043 -8.12 0.30 -4.77 0.27 -41.10 0.85 -10.37 0.62
1221208 vmf194 3.93 0.60 -3.35 0.37 4.75 0.25 0.82 0.18 1.12 0.28 0.02 0.33
1221223 vmf194 8.32 2.22 1.98 0.83 3.77 042 0.16 028 -0.87 0.38 -6.03 0.40
r222114 vmf194 -0.02 0.69 3.25 0.46 0.76 027 -0.21 0.23 -10.33 0.36 -9.05 0.35%
1222103 xdcs220 -39.80 0.67 0.15 0.46 -4.56 0.28 -7.80 0.28 -52.51 0.87 -6.96 0.63
r222103b  xdcs220 -61.16 1.y2 11.08 099 -1567 0.69 -14.09 0.6 -4571 1.66 -20.15 1.58
1222112 xdcs220 -4.34 0.85 -4.18 0.65 255 0.33 1.91 0.32 146  0.6% 0.97 0.53
1222203 xdcs220 0.21 0.39 0.10 0.26 2.24 0.13 1.57 0.14 -0.91 0.17 -2.39 0.20
1222207 xdcs220 3.07 0.41 -0.01 0.27 412 0.15 0.92 0.15 0.76 024  -1.49 0.27
r223105 xdcs220 4.80 0.35 0.97 0.2° 227 012 1.64 0.13 3.06 023 -3.33 0.21
1224105 xdcs220 -0.02 1.23 3.97 0.68 2.08 0.28 1.60 0.31 3.42 0.52 -1.67 0.45
1224107 xdcs220 5.64 0.45 -156 0.27 151 0.12 1.80 0.13 165 0417 -1.27 0.19
r2241.09 xdcs220 -14.98 051 051 0.37 1.37 0.18 0.41 017 -3.00 0206 -3.80 0.24
1224110 xdcs220 8.83 0.64 -1.05 0.33 2.08 0.14 2.34 0.16 2.30 0.20 1.04 0.24
1224115 xdcs220 -1.46 043 484 038 -210 0.18 0.63 0.20 -12.41 0.284 -5.79 0.27
1224118 xdcs220 -20.46 029 386 0.23 -3.74 018 -5.03 0.14 -3591 028 -951 0.22
1224206 xdcs220 -3.18 1.04 3.72 0.69 1.70 0.29 -0.02 0.30 7.17 0.62 -1.89 0.43
1225104 xdcs220 -37.27 1.09 304 062 -893 029 -825 031 -47.44 077 -18.64 0.67
XDC29.04 xdcs220 0.72 038 -1.75 0.41 2.48 0.22 0.86 023 -1.36 0.3t 0.72 0.32
1262115 vmfl31 0.98 0.30 1.68 0.2% 1.59 0.16 -1.46 0.14 0.35 0.20 0.40 0.21
1262116 vmf131 -20.84 0.%4 561 022 -3.02 015 -4.63 0.14 -31.54 0.38 -10.92 0.29
r2631.20 vmfl31 2.72 0.48 -0.42 0.38 2.69 0.32 1.02 0.21 -1.85 0.34 -2.35 0.32
1263202 vmfl31 2.09 0.283 -0.45 0.19 2.33 0.12 0.81 0.10 -1.66 0.16 -1.15 0.13
r263202b  vmf131 -22.93 046 098 043 -379 038 -7.65 030 -31.87 0.78 -10.91 0.61
r263203 vmfl31 -0.38 0.18 0.64 0.15 1.91 0.09 -0.19 0.08 0.15 0.13 -0.40 0.12
r263211 vmfl31 -10.37 0.1% 3.34 0.15 -1.40 0.10 -2.00 0.09 -19.49 0.16 -5.25 0.15
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Table C.2 Continued.

1) 2 %) (10) (11) (12) (13) (14) (15) (16) a7) (18) (19) 0f2
ID membership [G] E(Ou]) Hé E(H) HB3 EMHB) [Om] E(Om]) Ha E(He) [Nu]  E(Nu])
[Al [Al [A] [A] [Al [A] [A] [A] [Al [Al [A] [Al
r2632.12 vmf131 -19.41 0.2L 500 019 -1.87 0.16 -591 0.13 -27.83 038 -7.41 0.28
r2632.17 vmf131 -4.03 030 177 0.2% 1.44 0.16 0.26 013 -3.99 020 -051 0.22
264104 vmf131 -2.01 115 390 0.82 022 10! -0.34 051 -12.32 090 -5.89 0.77
r2641.05 vmf131 -0.16 1.28 475 087 -7.05 084 -0.59 053 -11.21 091 -7.09 0.82
r2641.06 vmf131 2.78 052 292 0.37 217 0.26 1.64 0.19 122 0.30 1.15 0.29
r264107 vmf131 -5.09 038 379 032 -030 0.28 1.09 0.2¢ -1573 0.3%5 -557 0.3
r2641.12 vmf131 .o -1.04 0.45 251 0.38 0.52 022 -036 039 -1.11 0.36
r265108 vmf131 -2.87 025 -064 0.2 1.72 0.13 1.40 0.17 255 0.18  -0.05 0.16
r265117 vmf131 -4.27 017 -057 0.1% 1.77 0.09 -0.63 0.08 -0.60 0.1! -2.84 0.11
r265119 vmf131 -5.96 022 207 0.19 1.13 0.13 0.95 0.1 -838 015 -3.10 0.16
ba.07 vmf131 5.07 0.80 0.10 0.69 6.16 047 -1.73 0.42 024 060 -2.00 0.62
ba.09 vmf131 3.28 081 594 0.78 022 046 -0.30 0.46 295 070 -1.90 0.69
ba 12 vmf131 3.51 0.55 -4.73 0.47 041 0.25 1.60 0.25 318 0.38 3.49 0.37
ba.14 vmf131 4.67 0.68 -3.43 0.58 203 0338 241 032 -211 043 -2.19 0.47
ba 18 vmf131 6.15 049 -1.83 0.42 3.37 0.23 1.37 0.23 020 033 -041 0.35
ba.25 vmf131 5.13 050 -3.14 0.6 3.17 0.25 1.27 0.25 0.13 0.38 0.27 0.36
ba.28 vmf131 5.12 035 -2.68 0.29 1.06 0.18 0.56 0.16 084 022 -2.72 0.23
ba.30 vmf131 2.29 0.48 -3.66 0.43 151 0.22 2.04 0.23 1.07 032 -1.14 0.35
ba.36 vmf131 -6.82 038 505 0.38 0.04 0.24 1.24 022 -1169 0.35 -4.66 0.39
ba 37 vmf131 -6.66 077 017 0.72 056 0.38 -0.42 040 -11.75 059 -9.82 0.66
ba.39 vmf131 -2.66 046 -2.47 0.42 277 0.3 0.35 023 -046 03! -052 0.32
r2611.04 vmf132 6.99 054 132 042 1.20 0.22 3.91 0.22 291 032 -1.09 0.32
r261113 vmf132 6.78 035 -365 0.29 1.36 0.18 0.56 0.16 140 0.2 -0.49 0.21
r261114 vmf132 0.91 040 005 0.33 266 0.17 0.77 0.17 131 0.23 0.23 0.23
r2612.02 vmf132 -15.32 0.23 247 0.20 022 011 -1.37 0.16 -10.12 0.18 -4.63 0.13
261204 vmf132 -39.36 0% 6.07 024 -919 0.15 -15.81 0.1Y -58.97 0.39 -15.59 0.27
r2612.06 vmf132 1.87 0.1% -099 0.12 2.48 0.08 1.17 0.06 0.97 0.09 0.56 0.09
r2612.17 vmf132 0.97 022 -068 0.18 2.26  0.09 0.01 0.09 133 012 -1.27 0.12
r262103 vmf132 1.20 021 035 0.17 2.72  0.09 1.44 0.09 1.89 012 -0.12 0.12
262104 vmf132 0.66 040 -1.84 0.29 1.96 0.18 0.51 0.13 -0.07 0.20 0.05 0.20
r262111 vmf132 4.32 027 -1.16 0.20 234  0.16 0.72 0.10 115 0.13 0.21 0.13
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Table C.2 Continued.

) @ 9) (10) 1y 12 (13 (14 (15) (16) 17) (18) (19) 0§2
ID membership [G] E(On]) Hs  E(Hs) H3 EMHB) [Om] E(Om]) Ha E(Ha) [No]  E(Nu])
(Al [A] (Al [A] [A] (Al (Al (Al (Al [A] [A] [A]
1262113 vmfl32 3.18 0.18 0.30 0.18 1.90 0.08 1.28 0.08 0.22 0.10 0.09 0.10
1262122 vmfl32 -2.56 0.23 2.09 0.19 1.50 0.11 1.71 0.11 -4.01 0.13 -2.45 0.16
r263121 vmf132 -3.50 0.38 340 03r -101 019 -257 020 -7.80 0.2% -3.68 0.27
r263108 vmfl32 L2 449 0.33 2.14 0.20 1.36 0.21 -1.35 0.28 -3.37 0.32
1263207 vmfl32 -0.94 0.83 1.02 041 0.86 0.22 -1.09 0.25% -3.46 0.24 -1.17 0.29
r2632.13 vmf132 -0.17 0.19 -0.80 0.7 193 0.09 0.34 0.09 1.18 0.12 -1.26 0.12
1264110 vmfl32 9.17 156 -0.44 0.68 0.11 0.37 2.16 0.48 -5.42 0.54 -2.61 0.60
ba 29 vmfl32 -53.59 1.20 290 0.82 -1146 0.63 -46.52 1.05 -61.71 216 -12.77 1.54
r281106 vmf{73 -6.83 147  -1.18 0.82 141 0.36 0.26 038 -335 0.36 -2.35 0.41
r281116 vmf73 -0.16 0.65 2.16 0.4% 1.70 0.2 1.04 0.22 -2.47 0.24 -0.89 0.28
r281118 vmf73 0.80 1.17 0.65 0.69 1.98 0.29 0.58 0.32 0.43 0.33 -0.83 0.39
r281119 vmf{73 -1.26 262 -260 1.28 169 0.53 0.94 0.55 0.70 0.67 -0.65 0.73
1281120 vmf73 5.85 3.06 -0.96 1.80 1.51 0.73 2.13 1.22 -1.53 0.88 15.29 5.72
1281124 vmf73 4.65 1.30 2.32  0.67 3.24 031 1.84 0.32 0.76 0.33 -0.96 0.37
r281125 vmf{73 -5.85 1.51 0.48 1.01 0.86 0.4% 1.55 0.4t -206 046 -3.21 0.52
1281205 vmf73 8.83 3.26 6.23 2.27 0.58 0.47 2.12 0.78 -0.05 0.43 0.21 0.53
r2812.09 vmf73 5.74 3.73 7.22 1.86 4.04 0.76 0.15 0.78 -1.70 0.82 -1.99 0.81
r2812.12 vmf{73 1.88 1.4% 0.40 0.80 1.45 0.30 1.09 050 -253 0.26 -4.10 0.33
1281214 vmf73 1.48 1.28 -343 0.78 191 0.26 1.65 0.27 1.53 0.28 0.21 0.30
1282102 vmf73 -0.11 1.40 -1.09 0.80 1.84 0.31 1.19 0.37 1.92 0.37 -1.51 0.42
r282108 vmf{73 -33.96 0.8 0.60 058 -12.19 0.38 -10.59 0.48 -69.22 150 -24.97 1.07
1282112 vmf73 -3.06 1424  -248 0.92 1.69 0.40 -0.53 0.78 -0.93 0.43 2.98 0.66
1282117 vmf73 3.38 229 -633 1.12 2.23 0.48 0.43 0.86 -2.92 0.58 -2.85 0.78
r282114 vmf{73 4.93 3.98 049 1.70 246 0.7% 1.16 137 -389 083 -142 1.72
1282120 vmf73 -13.73 2.82 0.65 1.50 1.19 0.60 1.59 0.70 3.80 0.80 4.35 0.83
1282121 vmf73 0.92 223  -2.95 1.61 2.25 0.63 2.53 0.66 1.63 0.74 -1.24 0.82
1282127 vmf{73 -0.29 1.31  -1.42 0.90 1.10 0.48 -2.68 0.78 -3.83 054 -0.25 0.95
1282129 vmf73 -5.97 1.61 -0.41 1.08 1.19 0.48 2.87 1.12 0.11 0.69 3.17 1.03
1282201 vmf73 -0.27 0.96 0.19 0.58 2.11 0.27 1.77 0.40 1.26 0.34 -0.72 0.40
r282203 vmf{73 2.69 0.64 -1.32 042 1.60 0.2¢ 1.59 0.27 152 038 -0.12 0.39
1282204 vmf73 0.97 1.08 -042 0.56 2.92 0.2% 1.57 0.30 2.27 0.32 -1.39 0.32
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Table C.2 Continued.

1) 2 %) (10) (11) (12) (13) (14) (15) (16) a7) (18) (19) 0f2
ID membership [G] E(Ou]) Hé E(H) HB3 EMHB) [Om] E(Om]) Ha E(He) [Nu]  E(Nu])
[Al [Al [A] [Al [Al [A] [A] [A] [Al [Al [A] [Al
282205 vmf73 -0.15 045 1.70 0.3t 169 0.14 1.00 0.16 -238 017 -1.20 0.21
282206 vmf73 -2.82 050 3.04 037 -077 02! -0.28 0.23 -1658 0.30 -8.04 0.38
r2822.09 vmf73 -19.19 067 284 049 -077 030 -1.39 0.36 -22.61 055 -574 0.60
282214 vmf73 3.89 090 -2.38 0.49 215 0.22 0.54 0.23 231  0.29 0.57 0.31
282215 vmf73 4.35 056 -3.40 0.31 1.83 0.13 1.39 0.2¢ 1.01 0.16 0.21 0.23
r2822.16 vmf73 0.76 0.82 -1.73 0.45 2.68 0.20 1.68 0.22 047 028 -1.24 0.25
r2822.17 vmf73 -1.62 0.88 3.20 0.58 1.12 0.28 0.66 032 -0.11 0.383 -2.76 0.42
r2822.19 vmf73 2.32 127 -1.78 0.77 1.65 0.32 2.76 0.36 3.04 048  -0.07 0.53
282220 vmf73 1.58 0.65 4.38 057 165 0.27 3.89 0.60 0.46  0.40 1.36 0.66
282222 vmf73 2.17 052 -1.30 0.31 1.29 0.3 1.10 0.16 026 017 -1.23 0.18
282223 vmf73 13.14 1.26 094 0.49 3.48 0.25 1.42 0.32 1.88  0.50 0.47 0.50
282225 vmf73 -1.78 0.67 1.99 0.43 260 0.23 0.13 028 -466 026 -1.75 0.33
r283103 vmf73 -24.22 522 103 252 -015 13! -8.07 214 -16.09 177 -13.34 2.52
r283110 vmf73 -10.66 1.02 167 087 -212 0506 -3.17 0.86 -18.04 0.78 -3.89 0.94
r283113 vmf73 4.92 129 1.88 0.67 225 0.31 0.42 048 -1.09 0.36 -0.84 0.43
r2841.07 vmf73 -45.76 252 259 11! 252 0506 -14.72 0.75 -2150 078 -831 0.85
r2841.10 vmf73 -14.14 075 282 051 0.18 023 -3.42 023 -11.00 0.28 -7.53 0.33
r2841.17 vmf73 1.61 098 -2.10 0.46 2.48 0.18 0.56 0.20 143 022 -0.77 0.22
r2851.04 vmf73 -12.13 056 343 047 -235 030 -1.49 0.37 -28.68 0.72 -7.86 0.74
r2851.14 vmf73 3.75 219 1155 157 0.79 0.66 1.04 070 -463 066 -0.86 0.78
r285117 vmf73 1.31 055 -0.20 0.3 1.73 0.14 0.34 0.17 078 018 -0.20 0.20
r281101 vmf74 4.45 0.72 -2.38 0.45 1.94 0.19 0.94 0.23 137 024 -0.38 0.26
r281103 vmf74 2.27 097 -2.28 0.8 1.97 0.2  -0.00 0.27 0.85 0.33 0.83 0.32
r281105 vmf74 -21.52 118 047 088 -1390 047 -2.73 047 -77.27 112 -28.71 0.84
r281107 vmf74 -2.13 122 327 074 344 034 -1.30 039 -240 040 -1.67 0.45
r281108 vmf74 -8.10 1.85 353 1.21 049 0.49 1.69 068 -858 053 -4.77 0.65
r281110 vmf74 0.93 133 -328 0.78 150 0.29 1.97 0.37 097 034 -2.00 0.37
r281111 vmf74 0.70 064 -251 0.38 1.69 0.1% 1.06 016 -1.23 0.18 -155 0.18
r281113 vmf74 2.84 204 -3.17 1.09 2.19 0.48 0.89 0.61 152 059 -1.86 0.62
r281114 vmf74 5.52 1.71 100 0.78 234  0.29 1.68 0.31 156 0.36 0.59 0.35
r2811.22 vmf74 -21.35 232 130 109 -2.12 0.48 1.19 069 -2548 0.99 -6.10 1.01
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Table C.2 Continued.

) @ 9) (10) 1y 12 (13 (14 (15) (16) 17) (18) (19) 0§2
ID membership [G] E(On]) Hs  E(Hs) H3 EMHB) [Om] E(Om]) Ha E(Ha) [No]  E(Nu])
(Al [A] (Al [A] [A] (Al (Al (Al (Al [A] [A] [A]
1281123 vmf74 -2.49 0.96 1.10 0.52 1.54 0.28 1.12 0.32 -6.81 0.28 -2.92 0.32
1281202 vmf74 -0.22 1.36 1.38 0.68 1.81 0.206 -0.97 0.22 -0.52 0.21 -1.93 0.21
r2812.16 vmf74 -16.80 423 -151 1.97 312 0.72 3.29 1.09 -1069 060 -7.19 0.77
1281217 vmf74 6.09 1.68 297 071 2.28 0.2% 0.94 0.28 -4.01 0.24 -2.21 0.25%
1281222 vmf74 8.73 3.08 -1.63 1.08 261 0.33 0.46 0.36 0.07 0.36 0.48 0.33
r281221 vmf74 -6.10 1.10 0.75 0.69 229 0.28 -1.05 0.33 -9.78 025 -6.92 0.29
1282103 vmf74 10.57 3.86 0.73 1.56 439 058 0.28 0.62 -0.03 0.71 -0.46 0.63
1282106 vmf74 -23.75 2.87 10.37 2.14 -4.23  0.99 -4.40 1.28 -31.60 2.08 -7.92 1.72
r282107 vmf74 -3.49 405 -447 199 3.13 0.72 0.00 0.85 284 091 -0.15 0.8t
r2821.09 vmf74 -5.83 6.46 3.23 2.33 8.57 1.09 4,91 1.11 0.17 1.12 -0.68 1.10
1282110 vmf74 -16.78 7.64 -10.11 2.82 2.70 1.18 3.15 1.63 1.04 1.10 -0.57 1.38
r282111 vmf74 -6.26 214 512 1.01 168 0.32 0.26 042 -059 049 -111 0.50
1282207 vmf74 4.17 058 -1.33 0.29 2.35 0.12 1.00 0.13 1.07 0.15 0.05 0.12
r2822.10 vmf74 -0.03 0.80 1.48 0.43 1.91 0.17 0.29 0.19 -0.40 0.20 -1.45 0.21
r2822.13 vmf74 1.35 1.87 0.84 0.77 059 033 -0.04 043 -1450 045 -5.44 0.51
r283109 vmf74 -14.13 2.55 5.98 1.83 0.06 0.70 0.32 0.77 -19.38 0.88 -4.47 0.87
1283120 vmf74 -5.48 1.19 424 0.81 257 0.38 -0.72 0.41 -2.32 0.60 -1.71 0.57
r284103 vmf74 -27.04 8.7% 1.85 229 -1.03 059 -3.99 058 -17.81 0.82 -0.45 0.90
1284108 vmf74 -21.39 1.97 6.14 1.23 -3.96 0.53 -2.77 0.56 -28.51 0.92 -7.44 0.86
1284120 vmf74 -28.28 2.91 1.99 1.19 -0.32 0.61 -3.10 0.64 -13.70 1.07 -5.40 1.27
r285109 vmf74 0.54 2.1% 2.64 1.15 401 0.53 2.12 052 -059 0.77 1.38 0.71
r285110 vmf74 -29.97 0.65 359 0.43 -4.47 0.24 -4.77 0.29 -41.39 0.65 -12.15 0.56
r285111 vmf74 -39.42 1.39 235 0.74 -6.63 0.36 -7.37 0.39 -65.98 1.24 -16.46 0.860
r285119 vmf74 -5.48 1.62 6.41 1.04 -0.27 0.47 -1.62 050 -17.97 0.64 -553 0.64
r221101 field -10.68 0.38 1.89 0.36 0.01 0.21 -2.59 0.2¢ -15.00 0.40 -6.45 0.42
1221102 field -10.03 0.38 4,91 0.29 1.87 0.17 -1.29 0.17 -13.96 0.25 -4.75 0.28
r221104 field 6.43 0.75 -0.71 047 186 0.20 0.95 0.2 -6.25 0.30 1.14 0.29
221111 Group3 -14.98 0.38 3.38 0.31 -1.68 0.18 -1.01 0.18 -20.88 0.24 -4.92 0.24
1221112 field .0 -1.23 0.26 1.91 0.10 0.88 0.10 12.34 0.19 8.03 0.13
r221113 Group3 3.07 1.35 -0.74 0.68 259 0.33 0.71 0.35 255 0.38 3.46 0.43
r221115 field .0 3.73 0.43 -1.28 0.23 -0.96 0.22 -6.20 0.28 0.63 0.26
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Table C.2 Continued.

1) 2 %) (10) (11) (12) (13) (14) (15) (16) a7) (18) (19) 0f2
ID membership [G] E(Ou]) Hé E(H) HB3 EMHB) [Om] E(Om]) Ha E(He) [Nu]  E(Nu])
[Al [Al [A] [A] [Al [A] [A] [A] [Al [Al [A] [Al
1221116 field -29.21 052 405 06f -6.75 030 -7.36 029 -30.22 114 -7.94 1.31
r2211.17 Group3 -5.01 070 3.04 052 0.89 0.27 0.98 029 -960 030 -7.33 0.35
r221118 field .0 3.07 0.97 024 0.49 0.15 0.42 -3.98 04°? 5.35 0.57
r221119 Group3 -6.01 045 373 0.3% 219 018 -0.72 0.19 -450 0.2% -1.85 0.22
r2211.20 Group3 7.76 1.19 -1.70 0.59 239  0.2% 0.06 026 -052 0.28 0.76 0.31
r221121 Group3 5.14 0.64 -164 0.41 2.87 0.20 1.67 0.20 3.05 0.24 0.03 0.25
r2211.22 field 2.62 059 258 0.50 273 0.24 1.41 023 -0.04 0483 -5386 0.56
r2211.24 field 0.20 045  3.48 0.38 336 0.21 1.85 0.2¢ 205 04! -151 0.36
r2212.11 Group3 451 1.89 -225 1.0f 0.89 0.53 0.85 0.52 1.80 062 -2.70 0.59
r2212.12 field -30.89 095 506 049 -271 028 -7.97 0.29 0.48 0.42 4.10 0.49
r221214 Group3 -6.09 050 -0.14 0.38 071 0.27 0.21 023 -565 025 -1.85 0.26
r2212.16 field -2.40 102 -156 0.66 -067 038 -1.63 0.37 3.05 0.81 4.59 0.70
r2212.19 field 2.78 0.72 -0.03 0.62 2.01 0.27 1.92 023 -3.66 0.68 -0.64 0.66
222104 field 460 05t -877 039 -6.05 0.3% -46.66 1.04 -25.93 1.06
r222113 field -8.97 1.04 039 072 -3.04 0.39 0.36 0.38 -1525 0.47 -10.10 0.50
222202 field -70.67 1.2%5 401 0268 -097 0.13 0.17 0.12 -1385 0.18 -7.21 0.19
222204 field -7.08 030 193 027 -151 0.1F -0.52 0.17 -22.98 0.37 -9.66 0.35
r222205 field -18.68 031 445 02% -254 0.14 -5.64 0.15 -19.77 022 -7.46 0.24
222208 field -0.55 022 -334 026 -181 018 -0.32 0.16 1024 062 -3.10 0.32
r222213 field -5.43 0.36 -3.00 0.26 2.46 0.13 1.13 0.13 256 024 -2.03 0.20
r222215 field -25.86 034 521 02& -245 0.1f -1.71 0.1f -29.13 0.18 -10.97 0.17
r223106 field -25.41 051 434 034 -275 027 -6.90 021 -26.11 048 -5.96 0.40
r223111 field -48.04 0.78 654 041 -433 020 -7.93 021 -32.86 0.40 -11.23 0.37
r223116 field -19.73 031 366 026 -464 019 -4.02 0.16 -48.69 0.45 -19.35 0.34
r223123 field -1.55 029 776 0.24 420 015 -0.14 0.13 -8.67 0.00 2.57 0.00
r224111 field -9.00 0.91 1.78 0.56 216 028 -191 0.24 097 0.44 2.02 0.47
r2241.14 field -5.11 22% 042 0.88 232 027 1.68 0.28 0.67 027 -1.50 0.25
r2241.21 field -17.10 032 503 026 -543 0.16 -3.73 0.15 -36.41 0.29 -13.86 0.28
1224122 field 2.47 0.58 575 0.31 468 0.17 -0.06 0.18 1.78 018 -0.82 0.19
r224207 field 1.50 0.67 1.70  0.39 214 0.22 1.54 0.17 067 028 -0.46 0.22
r2242.10 field 3.91 231 957 0.90 351 0.32 1.00 023 -0.35 0.28 -0.82 0.32
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Table C.2 Continued.

) @ 9) (10) 1y 12 (13 (14 (15) (16) 17) (18) (19) 0§2
ID membership [G] E(On]) Hs  E(Hs) H3 EMHB) [Om] E(Om]) Ha E(Ha) [No]  E(Nu])
(Al [A] (Al [A] [A] (Al (Al (Al (Al [A] [A] [A]
1224211 field -0.95 0.99 -1.06 0.68 0.59 0.27 0.72 0.23 -3.18 0.40 0.60 0.49
1224212 field -0.22 0.90 4.88 0.60 0.19 0.32 1.20 0.26 1.00 0.36 -1.87 0.33
1224213 field -5.53 0.39 353 031 -161 0.15% -1.03 0.13 -21.72 0.2% -6.37 0.20
1224218 Group3 -13.17 1.0 -7.21 0.68 3.90 0.26 -0.74 0.24 -2.97 0.21 -0.09 0.23
1225102 field 4.56 2.45% -2.19  0.77 2.30 0.23 0.71 0.22 0.26 0.24 -0.61 0.23
r225108 field -20.21 0.80 440 049 -368 0.27 -1.75 0.26 -27.68 0.36 -11.78 0.38
1225116 field -12.12 0.75 -0.63 0.48 1.90 0.21 1.03 0.20 -1.42 0.23 -0.71 0.26
1261102 field -8.30 0.46 3.49 0.37 -1.76  0.23 -1.20 0.23 -23.45 0.37 -12.07 0.39
r261111 field -13.09 0.37 352 030 -269 017 -1.90 0.17 -1049 0.283 -3.30 0.2%
1261201 field 0.00 0.27 0.00 0.22 2.82 0.13 1.04 0.13 -0.05 0.18 -2.76 0.18
1262101 Group4 -8.00 0.40 451 0.29 -0.28 0.16 0.02 0.16 -19.11 0.22 -6.36 0.24
r262105 field 28 724 017 -270 010 -7.08 0.09 -1.37 0.183 4.18 0.14
1262106 field -3.45 0.27 0.38 0.23 1.24 0.12 0.37 0.12 -1.38 0.17 -0.83 0.19
1262109 field -2.30 0.30 -0.13 0.28 -1.28 0.14 -0.22 0.13 -7.58 0.19 -1.79 0.20
r2621.10 field -9.52 0.17 230 0.16 -1.37 0.16  -1.46 011 -1255 0.16 -5.12 0.17
1262112 field -3.89 0.16 1.09 0.16 0.50 0.10 -5.77 0.09 -3.95 0.13 -3.66 0.14
1263101 Group4 2.90 0.38 0.40 0.30 3.03 0.16 0.84 0.16 0.17 0.18 -0.05 0.19
r263102 Group4 -4.72 071 -1.84 0.18 1.80 0.08 1.27 0.08 -055 0.09 -186 0.10
1263105 field -57.95 1.65 3.92 0.46 -091 0.29 -0.69 0.39 -8.50 0.40 -0.73 0.53
1263110 field -31.05 0.58 3.98 0.37 0.51 0.28 -3.28 0.24 0.25 0.33 6.92 0.48
r263111 Group4 0.63 0.28 -1.27 0.22 237 0.1tf 0.86 0.1t 1.87 0.14 -0.60 0.12
1263116 Group4 -20.02 0.25 4.98 0.23 -2.96 0.15 -2.38 0.16 -27.48 0.30 -11.13 0.29
1263206 Group4 -1.76 0.27 0.72 0.17 1.91 0.08 0.50 0.08 -2.10 0.11 -2.02 0.13
r2632.14 field -23.37 1.36 6.87 124 -087 080 -533 058 -16.20 1.28 -4.48 1.48
1263215 Group4 -0.51 0.19 0.43 0.14 1.69 0.07 0.33 0.07 -2.62 0.08 -2.38 0.08
1264111 field -13.38 1.20 4.05 0.96 -455  0.69 -2.22 0.59 -39.16 2.26 -10.43 1.99
r265101 field 1.53 0.33 0.83 0.27 0.92 0.16 0.31 0.15 222 030 -0.59 0.29
1265107 field 0.53 0.18 0.67 0.17 -0.13 0.12 -0.77 0.11 0.38 0.17 0.62 0.21
r281112a field -152.36 8.85 -0.59 1.73 -9.48 0.77 -11.15 0.87 -45.42 1.74 -15.83 1.48
r2812.19 field -26.92 121 3.22  0.56 0.97 0.42 -7.33 0.38 -34.63 0.78 5.58 0.69
1281223 field 12.44 7.53 3.74 1.70 1.73 061 -26.01 2.20 4.62 0.50 1.12 0.50

act
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Table C.2 Continued.

1) 2 %) (10) (11) (12) (13) (14) (15) (16) a7) (18) (19) 0f2
ID membership [G] E(Ou]) Hé E(H) HB3 EMHB) [Om] E(Om]) Ha E(He) [Nu]  E(Nu])
[Al [Al [A] [A] [Al [A] [A] [A] [Al [Al [A] [Al
281225 field -1.11 784 10.70 398 -0.10 1.0T7 1.09 1.16 718 1.17F 8.85 1.27
281226 field 116.00  46.33 3377 212 240 1.63 2.65 112 -058 108 -2.40 1.00
r282106 field -23.75 287 1037 214 423 099 -4.40 1.28 -31.60 2.08 -7.92 1.74
r282113 field -7.15 261 467 168 3.38  1.00 1.07 0668 -559 094 -1.36 1.41
r282118 field -33.01 583 -1463 31! -6.63 163 -4.43 141 -47.31 3.4% -6.02 1.96
r282123 field 0.77 250 -3.35 2.00 044 112 -0.12 1.03 392 162 -554 1.38
r2821.28 field -5.03 1.2% 121 087 -1.08 043 -1.40 0.5 -19.08 0.8 -10.37 0.92
282224 field -21.56 1.00 456 060 -395 026 -4.88 0.30 -28.55 0.4% -12.08 0.37
r283105 field -11.15 229 1088 174 -246 059 -0.83 0.63 -2093 0.78 -8.63 0.76
r283108 field 199.73 22,11 -1.87 1.53 254 0.59 0.34 059 -8.77 062 -3.92 0.82
r283116 field -9.85 1.60 535 1.20 025 072 -0.89 0.64 -2022 095 -8.38 0.90
r283117 field -21.33 118 325 071 417 034 -2.64 038 -7.25 048 -572 0.54
r283118 field -5.96 039 390 032 -193 020 -2.10 019 -22.38 0.3% -13.15 0.33
r284101 field 0.31 379 -027 217 -322 082 -1.14 0.68 167 083 -1.76 0.73
r284101 field 0.31 3.79 -027 217 -322 082 -1.14 0.68 167 083 -1.76 0.73
r2841.09 field 1.08 0.92 1.20 0.50 225 024  -0.10 022 -337 023 -284 0.24
r2841.12 field -39.60 162 425 112 -568 077 -14.65 0.80 -51.65 3.45 1.19 2.21
r284113 field -8.75 1.0 352 062 -038 027 -1.71 0.28 7.15  0.40 5.78 0.39
r2841.18 field 2.60 196 480 1.16 111 048 -1.67 042 -244 043 -194 0.42
r284119a field -2.40 047 375 031 1.62 0.12 1.07 0.13 -3.95 0.15 -4.88 0.15
r2841.20 field -28.28 2901 199 119 -032 06 -3.10 0.62 -13.70 1.0Y -5.41 1.27
r285101b field -26.49 094 242 070 -470 050 -4.70 0.40 -33.61 094 -11.47 0.80
r2851.02 field -8.53 1.3% 6.44 1.34 1.34 0.6 -0.02 052 -4.82 128  -1.09 1.97
r285103 field -3.75 0.73 -052 0.58 1.95 0.22 1.12 020 -1.04 042 -0.65 0.63
r285105 field -20.40 163 379 084 -548 047 -2.37 047 -16.82 0.97 -0.80 0.90
r2851.06 field 1.15 069 -320 0.41 1.82 0.16 1.01 0.16 -1.32 0.17 -1.89 0.18
r285112 field -1.80 062 021 0.43 133 019 -0.15 0.18 035 0.38 2.12 0.43
r285113 field 0.25 1.08 081 0.60 247 0.22 0.92 0.19 0.83 0.29 0.01 0.26
r285118b field -4.23 1.04 323 0380 4.05 0.77 0.22 033 -6.89 063 -3.95 0.59

XA
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APPENDIX D

Spectrophotometric parameters of the sample

This table contains the spectrophotometric parameteiaddridual derived during the analysis.

ID — Same as in append®.

membership — Same as in appen@ix

Mg, My, Mg — Absolute magnitued iB, V andR bands respetively obtained with theorrect code.
log(Masg — Logarithm of the stellar mass obtained with #werrect code.

Wo([O11]), Wo(Ha) — Restframe equivalent widths of ) and Hx emission lines. Note that lines in
emission have in this case negative values in order to lgighthem

SFR[On]), S FR[O]) — Star formation rates obtained from the emission imJ@nd Hx respectively
according to the method outlined 6.2 Specific star formation rates can be obtained dividing the
SFR by the stellar mass.

Table D.1 Spectrophotometric data for individual objects.

ID membership Mg My Mg log(Masg Wp([Ou]) Wp(He) SFR[Ou]) SFRHa)
[mag] [mag] [mag] Mol (Al Al [ Moyr']l  [Moyr]
1221107 vmfl94 -19.63 -20.31 -20.94 10.029 9.66 075 ... ..
r221108 vmf194 -21.42  -22.16  -22.79 10.783 8.95 .10 ...
1221109 vmfl94 -19.96 -20.72 -21.37 10.222 0.43 -1.71 L 0.100
r221110 vmfl94 -19.64 -20.37 -21.01 10.068 0.18 1.13 ...
1221206 vmf194 -19.96 -20.32 -20.84 9.854 -32.93 -41.10 1.692 8d.4
1221208 vmfl94 -20.27 -21.00 -21.62 10.306 3.93 112 ... L
1221223 vmf194 -19.87 -20.56 -21.18 10.125 8.32 -0.87 ... 0.043
1222114 vmfl94 -20.62 -21.25 -21.85 10.372 -0.02 -10.33  0.002 40.9
r222103 xdcs220 -20.92 -21.33 -21.86 10.269 -39.80 -52.51  4.947 .8304

r222103b  xdcs220 -19.83 -20.16 -20.66 9.751 -61.16 -45.71  2.777 .3951
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Table D.1: Continued.
ID membership Mg My Mgr log(Mas9 Wo([Ou]) Wo(Ha) SFR[Ou]) SFRHe)
[mag] [mag] [mag] Mo] (Al Al [ Moyr'l  [Moyr]
222112 xdcs220 2052 -21.26 -21.89 10.412 -4.34 146 0.372
r222203  xdcs220 -19.68 -20.52 -21.19 10.174 0.21 091 .. 9.04
r222207  xdcs220 -19.56  -20.27  -20.90 10.021 3.07 076 ... ...
r223105  xdcs220 -20.16 -20.89 -21.52 10.273 4.80 306 ... ..
r224105  xdcs220 2020 -21.05 -21.71 10.380 -0.02 3.42 0.001
r224107  xdcs220 2159 -22.44 -23.09 10.924 5.64 165 ... ..
r224109  xdcs220 -21.64 -2250 -23.16 10.963 -14.98 -3.00 3.593 9190.
r224110  xdcs220 -20.64 -21.45 -22.10 10.522 8.83 230 ... .
r224115  xdcs220 2043 -21.02 -21.61 10.261 -1.46  -12.41 0.115 9090.
r224118  xdcs220 -19.55 -20.83 -21.63 10.432 -20.46  -35.91 0.717 6712
r224206  xdcs220 -19.23  -19.99  -20.63 9.919 -3.18 7.17 0083 ..
r225104  xdcs220 -20.37  -20.74 -21.24 9.984 -37.27  -47.44 2.794 4672.
XDC29.04  xdcs220 -20.63 -21.48 -22.15 10.558 0.72 -1.36 .. 0.16
262114  vmfl3l -19.74 -2059 -21.25 10.195 0.98 035 ... ..
r262115  vmf13l -20.44  -20.94 -21.49 10.162 2351  -21.69 1.876 414.
r262116  vmfl3l -20.24  -20.90 -21.50 10.236 -20.84  -31.54 1.382 09%.
r263120  vmf13l -21.58 -22.54 -23.23 11.013 2.72 -1.85 ... 0.604
r263202  vmfl3l -20.14 -21.06 -21.75 10.412 2.09 -1.66 ... 0.138
r263202b  vmfl31l -19.46  -19.97 -20.52 9.776 2293  -31.87 0.744 853.
r263203  vmfl3l -20.38  -21.29 -21.97 10.492 -0.38 015 0029 ..
r263211  vmf13l 21.29 -22.07 -22.71 10.755 -10.37  -19.49 1.814 91B.
r263212  vmfl3l -20.25 -20.69  -21.22 10.029 -19.41  -27.83 1.297 422,
r263217  vmfl3l -19.57  -20.40 -21.06 10.111 -4.03 -3.99 0.143 ®.17
1264104  vmfl3l -19.78 -20.83 -21.56 10.367 -2.01  -12.32 0.087 59.8
264105  vmfl3l -20.10 -21.06 -21.75 10.427 -0.16  -11.21  0.009 39.9
1264106  vmfl3l -21.02 -21.35 -21.84 10.219 2.78 122 ... .
r264107  vmfl3l -19.59 -20.87 -21.67 10.450 -5.09  -15.73 0.185 19.2
264112  vmf13l -21.07 -21.84 -22.47 10.654 .. 036 ... 8.05
r265108  vmfl3l -20.43  -21.29 -21.96 10.481 -2.87 255 0226 ..
r265117  vmfl3l -21.27  -22.22  -22.90 10.874 -4.27 -0.60 0.734 0.14
r265119  vmf131l -20.86 -21.64 -22.28 10.588 -5.96 -8.38  0.701 2.14
ba 07 vmf131 -21.08 -21.58 -22.13 10.424 5.07 024 ... ..
ba.09 vmf131 -19.89  -20.73  -21.39 10.254 3.28 295 ... ..
ba12 vmf131 -20.39  -21.29 -21.97 10.493 3.78 318 ... ..
ba14 vmf131 -19.97 -20.86 -21.53 10.317 4.67 211 ... 0.143
ba 18 vmf131 -20.74 -21.63 -22.29 10.617 6.15 020 ... ..
ba.25 vmf131 -20.44  -21.35  -22.02 10.512 5.13 013 ... ..
ba 28 vmf131 -22.10 -23.03 -23.70 11.185 5.1 084 ... ..
ba.30 vmf131 -20.86 -21.75  -22.42 10.670 2.2 1.07 .
ba 36 vmf131 -20.93 -21.60 -22.21 10.524 6.8  -11.69 0.847 7.48
ba 37 vmf131 -20.60 -21.51 -22.19 10.585 -6.6  -11.75 0.610 a.47
ba.39 vmf131 -20.88 -21.80 -22.47 10.697 2.6 -0.46 0.310 0.075
r261104  vmfl32 -19.61  -20.32  -20.95 10.045 6.99 291 ... .
261113  vmf132 -20.81 -21.56 -22.20 10.545 6.78 140 ... .
261114  vmf132 -20.42 -21.20 -21.85 10.414 0.91 131 ...
261202  vmfl32 -20.01  -20.79 -21.44 10.254 -1532  -10.12 0.824 63D.
1261204  vmf132 -19.60 -20.11 -20.67 9.855 -39.36  -58.97 1.442 18.8
r261206  vmfl32 -21.30 -22.06 -22.70 10.749 1.87 097 ... ..
1261217  vmf132 -20.50 -21.35 -22.02 10.503 0.97 133 ... .
r262103  vmfl32 -20.12  -20.90 -21.54 10.291 1.20 189 ... ..
1262104  vmf132 -19.04 -19.86 -20.52 9.899 0.66 -0.07 ... 0.002
262111  vmfl32 -19.73  -20.57 -21.24 10.191 4.32 115 .. .
262113  vmfl32 -20.52 -21.33 -21.98 10.474 3.18 022 ... ..
262122  vmfl32 -20.36 -21.17 -21.83 10.415 -2.56 -4.01  0.189 ®.35
263121  vmfl32 -21.22  -21.97 -22.60 10.704 -3.50 -7.80 0.573 3.42
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Table D.1: Continued.

ID membership Mg My Mgr log(Mas9 Wp([Ou]) Wp(Ha) SFR[Ou]) SFRHa)
[mag] [mag] [mag] Mol (Al Al [ Moyrl  [Moyr]
1263108 vmf132 -19.41  -20.08 -20.70 9924 ... -1.35 ... 0.043
1263207 vmf132 -19.68 -20.45 -21.10 10.122 -0.94 -3.46  0.0378 59.1
1263213 vmf132 -20.19 -20.95 -21.60 10.315 -0.17 1.18 0.0105
r264110 vmf132 -21.10 -21.86 -22.50 10.669 9.17 -5.42 ... 0.902
ba 02 vmf132 -21.12 -21.87 -22.51 10.671 -3.97 -2.55 0.590 .42
ba 29 vmf132 -19.55 -19.79 -20.25 9.522 -53.6 -61.71  1.879 g4.29
r281106 vmf73 -20.73  -21.53 -22.20 10.568 -6.84 -3.38  0.713 0.425
r281116 vmf73 -21.70 -22.40 -23.04 10.874 -0.25 -2.47  0.0637 .67
r281118 vmf73 -20.21  -21.02 -21.68 10.365 2.12 1.06 ... ..
r281119 vmf73 -20.12 -20.79 -21.42 10.224 -1.26 0.69 o0.0747 ...
r281120 vmf73 -19.98 -20.63 -21.24 10.142 4.70 -1.78 ... 0.093
1281124 vmf73 -20.91 -21.64 -22.28 10.578 4.59 076 .. ...
r281125 vmf73 -20.47  -21.27 -21.93 10.463 -6.35 -2.06  0.520 0.203
r281205 vmf73 -20.35 -21.10 -21.74 10.371 10.61 -0.13 ... 0.011
r2812.09 vmf73 -20.03 -20.66 -21.27 10.149 5.77 -1.84 ... 0.099
r281212 vmf73 -21.35 -22.13 -22.78 10.783 1.89 -255 ... 0.548
1281214 vmf73 -21.47 -22.17 -22.80 10.775 1.51 147 ... L.
r282102 vmf73 -21.95 -22.69 -23.33 11.000 1.96 145 ... L
1282108 vmf73 -21.45 -21.74 -22.22 10.339 -34.42 -70.21  6.942 938.9
r282112 vmf73 -21.00 -21.77 -22.42 10.635 -2.41 -0.83 0.322 0.127
1282117 vmf73 -21.04 -21.82 -22.46 10.656 -1.14 -1.71  0.158 0.274
1282114 vmf73 -20.22 -20.98 -21.62 10.319 6.10 -3.88 ... 0.287
r282120 vmf73 -20.83  -21.55 -22.19 10.546 -13.30 355 1512 ...
1282121 vmf73 -20.08 -20.82 -21.47 10.267 0.96 184 ... L.
r282127 vmf73 -20.85 -21.49 -22.09 10.459 0.37 -4.44 .. 0.504
1282129 vmf73 -20.83 -21.55 -22.19 10.537 -6.10 0.09 069 ...
r282201 vmf73 -19.81  -20.51 -21.14 10.115 -0.11 1.33 0.004 ...
1282203 vmf73 -21.19 -21.88 -22.49 10.643 2.58 183 ... .
1282204 vmf73 -20.05 -20.75 -21.38 10.217 0.96 218 ... ..
r2822.05 vmf73 -20.98 -21.67 -22.29 10.565 -0.16 -2.27 0.021 0.311
1282206 vmf73 -20.89 -21.39 -21.96 10.377 -2.88 -16.06  0.347 8.62
r2822.09 vmf73 -20.32 -20.69 -21.21 10.012 -18.89 -21.93  1.343 13.1
1282214 vmf73 -20.09 -20.78 -21.41 10.225 4.20 R
r2822.15 vmf73 -21.64 -2241 -23.06 10.893 4.34 092 ... ..
1282216 vmf73 -20.50 -21.23 -21.87 10.418 1.17 028 .. ...
1282217 vmf73 -19.67 -20.30 -20.92 10.013 -1.62 -0.21  0.0641 ®.00
r2822.19 vmf73 -19.38  -20.06 -20.69 9.937 2.36 290 ... .
1282220 vmf73 -19.66 -20.14 -20.71 9.868 1.77 043 ... ...
1282222 vmf73 -20.81 -21.60 -22.24 10.576 2.59 024 ... ..
1282223 vmf73 -20.44 -21.05 -21.65 10.288 13.14 188 ... .
1282225 vmf73 -20.14  -20.83 -21.46 10.246 -1.82 -4.41  0.109 0.282
r283103 vmf73 -20.47 -21.01 -21.60 10.250 -29.14 -12.83  2.382 29.9
r283110 vmf73 -20.78 -21.25 -21.80 10.287 -10.23 -28.00 1.119 52.4
r283113 vmf73 -21.56 -22.28 -22.90 10.814 5.11 -1.06 ... 0.255
1284107 vmf73 -20.27 -20.79 -21.37 10.143 -46.50 -22.50 3.170 14.3
r284110 vmf73 -20.70 -21.32 -21.92 10.395 -13.86 -11.00 1.408 72.0
1284117 vmf73 -20.57 -21.27 -21.88 10.399 1.61 128 ... L.
r285104 vmf73 -20.54 -20.95 -21.47 10.113 -12.08 -29.96  1.059 24.9
r285114 vmf73 -19.63 -20.34 -20.98 10.059 ... -7.21 ... 0.295
r285117 vmf73 -20.99 -21.68 -22.30 10.570 1.32 079 ... ..
r281101 vmf74 -20.18 -20.81 -21.42 10.204 4.41 138 ... L.
r281103 vmf74 -19.68 -20.27 -20.87 9.973 2.25 1.09 ... .
r281105 vmf74 -19.57 -20.08 -20.65 9.851 -21.50 -74.73  0.769 &.26
1281107 vmf74 -19.84 -20.34 -20.92 9.961 -2.26 -1.85 0.103 0.071
r281108 vmf74 -19.40 -19.96 -20.56 9.842 -8.00 -6.81 0.243 0.190
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Table D.1 Continued.

ID membership Mg My Mgr log(Mas9 Wo([Ou]) Wo(Ha) SFR[Ou]) SFRHe)
[mag] [mag] [mag] Mo] (Al Al [ Moyr'l  [Moyr]
r281110 vmf74 -19.86 -20.45 -21.05 10.042 0.93 170 ... .
r281111 vmf74 -21.03  -21.72 -22.33 10.575 0.67 -0.712 ... 0.101
r281113 vmf74 -19.30 -19.84 -20.42 9.774 2.77 214 ... L
r281114 vmf74 -20.11  -20.74 -21.34 10.163 5.52 176 ... .
1281122 vmf74 -19.73 -20.15 -20.69 9.820 -21.35 -24.54  0.880 0.76
r281123 vmf74 -20.12 -20.59 -21.14 10.020 -2.52 -5.95 0.149 0.282
r281202 vmf74 -20.20 -20.86 -21.47 10.228 026 .. .
1281216 vmf74 -20.03 -20.58 -21.16 10.070 -17.48 -7.91 0.955 3.38
r281217 vmf74 -20.66 -21.30 -21.90 10.390 6.52 -3.98 ... 0.381
1281222 vmf74 -20.18 -20.80 -21.39 10.183 8.78 047 ... L.
r281221 vmf74 -20.14 -20.78 -21.39 10.196 -5.83 -8.66  0.352 0.518
1282103 vmf74 -19.77  -20.33  -20.92 9.975 11.65 021 ... .
r282106 vmf74 -19.70  -19.90 -20.37 9.559 -25.02 -25.40  1.009 D.59
r282107 vmf74 -19.27 -19.88 -20.49 9.831 -4.13 297 0111 ...
r282109 vmf74 -19.29 -19.85 -20.45 9.799 -6.65 047 0184 ...
r282110 vmf74 -19.11  -19.73  -20.33 9.763 -16.78 248 0394 ...
r282111 vmf74 -20.17  -20.77 -21.36 10.157 -6.31 095 0393 ...
1282207 vmf74 -20.28 -2091 -21.51 10.232 4.27 139 ... .
r2822.10 vmf74 -19.46  -20.06 -20.67 9.900 -0.03 0.08 o0.001 ...
r2822.13 vmf74 -18.85 -19.33  -19.89 9.541 1.22 -13.60 ... 0.205
r283109 vmf74 -19.57 -20.29 -20.93 10.038 -25.47 -29.34 0.914 49.1
r283120 vmf74 -19.99 -20.50 -21.06 10.009 -5.63 -1.42  0.297 0.063
r284103 vmf74 -19.07 -19.52 -20.07 9.583 -26.92 -17.58 0.606 .31
1284108 vmf74 -18.93 -19.39 -19.93 9.527 -21.24 -27.75 0.420 $.43
r284120 vmf74 -18.97 -19.29 -19.78 9.391 -22.79 -18.44 0.468 D.25
1284120 vmf74 -18.94 -19.24 -19.72 9.359 -22.79 -18.44  0.455 &.23
r285109 vmf74 -19.00 -19.53 -20.10 9.631 0.03 -0.61 ... 0.011
r285110 vmf74 -19.95 -20.16 -20.62 9.645 -30.02 -39.15 1.524 8.14
r285111 vmf74 -18.84 -19.31 -19.87 9.522 -39.92 -65.82  0.727 D.97
r285119 vmf74 -19.05 -19.37 -19.86 9.424 -5.45 -18.10 0.121 0.265
1282106 vmf74 -19.70  -19.90 -20.37 9.559 -25.02 -25.40 1.009 D.59
r282106 vmf74 -19.70  -19.90 -20.37 9.559 -25.02 -25.40 1.009 D.59
1284120 vmf74 -18.97 -19.29 -19.78 9.391 -22.79 -18.44 0.468 ®.25
r221101 field -21.01 -21.64 -22.24 10.529 -10.68 -15.00 1.437 4.96
1221102 field -20.01 -20.41 -20.93 9.902 -10.03 -13.96 0.536 0.549
r221104 field -19.96 -20.81 -21.47 10.285 6.43 -6.25 ... 0.403
r221111 field -20.41  -21.02 -21.62 10.274 -14.98 -20.88 1.164 3.54
1221112 field -21.36  -22.03 -22.63 10.680 ... 1234 ... ...
r221113 field -20.56 -21.33 -21.99 10.475 3.07 255 ... L.
1221115 field -20.31 -20.84 -21.42 10.157 ... -6.20 ... 0.380
r221116 field -21.57 -22.10 -22.66 10.650 -29.21 -30.22  6.594 5.84
1221117 field -20.83 -21.47 -22.08 10.468 -5.01 -9.60 0.574 1.084
r221118 field -18.97 -19.56 -20.17 9.696 0.00 -3.98 ... 0.077
r221119 field -20.14 -20.86 -21.49 10.258 -6.01 -4.50 0.365 0.295
1221120 field -20.65 -21.39 -22.04 10.488 7.76 -0.52 ... 0.057
r221121 field -19.76  -20.55 -21.21 10.170 5.14 305 ... ..
1221122 field -20.31  -21.26 -21.95 10.498 2.62 -0.04 ... 0.004
1221124 field -20.44  -21.26 -21.91 10.451 0.20 205 ... ..
1221211 field -20.38 -21.14 -21.78 10.386 4.51 180 ...
1221212 field -19.63 -20.00 -20.51 9.716 -30.89 048 1165 ...
1221214 field -20.86 -21.59 -22.22 10.553 -6.09 -5.65 0.718 0.727
1221216 field -19.56 -20.35 -21.00 10.083 -2.40 305 0.08 ...
r2212.19 field -20.91 -21.86 -22.54 10.734 2.78 -3.66 ... 0.632
1222104 field -21.03 -21.49 -22.01 10.338 ... -46.66 ... 4.944

r222113 field -19.70  -20.35 -20.96 10.030 -8.97 -15.25 0.360 0.616
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Table D.1: Continued.

ID membership Mg My Mgr log(Mas9 Wp([Ou]) Wp(Ha) SFR[Ou]) SFRHa)
[mag] [mag] [mag] Mol (Al Al [ Moyrl  [Moyr]
1222202 field -19.21  -19.63 -20.16 9.608 -70.67 -13.85 1.808 0.267
1222204 field -20.12  -20.71 -21.29 10.123 -7.08 -22.98 0.422 1.252
1222205 field -19.94 -20.26 -20.76 9.786 -18.68 -19.77  0.935 0.660
1222208 field -21.16 -21.59 -22.14 10.415 -0.55 10.24 0.085 ...
1222213 field -19.93 -20.81 -21.49 10.300 -5.43 25 0271 ...
1222215 field -20.08 -20.49 -21.02 9.942 -25.86 -29.13  1.474 1.241
r223106 field -19.78 -20.11 -20.61 9.732 -25.41 -26.11  1.101 0.759
r223111 field -18.65 -19.18 -19.75 9.491 -48.04 -32.86  0.739 0.433
r223116 field -20.12  -20.68 -21.26 10.112 -19.73 -48.69 1.174 2.59
1223123 field -21.11  -21.89 -22.52 10.677 -1.55 -8.67 0.230 1.467
r224111 field -20.79  -21.72 -22.40 10.668 -9.00 097 0994 ...
1224114 field -20.33  -21.03 -21.65 10.311 -5.11 0.67 0368 ...
1224121 field -22.46  -22.72 -23.19 10.705 -17.10 -36.41  8.749 a1.3
1224122 field -20.84 -21.40 -21.98 10.391 2.47 178 ... L.
1224207 field -20.93  -21.77 -22.43 10.668 1.50 067 .. ...
1224210 field -18.79  -19.75 -20.45 9.907 3.91 -0.35 ... 0.009
1224211 field -20.46 -21.33 -22.00 10.497 -0.95 -3.18 0.077 0.333
1224212 field -19.99 -20.89 -21.57 10.336 -0.22 1.00 0.012 ...
1224213 field -20.18 -20.63 -21.18 10.029 -5.53 -21.72  0.346 1.067
1224218 field -20.06 -21.02 -21.72 10.412 -13.17 -2.97 0.740 0.240
1225102 field -19.89 -20.55 -21.15 10.093 4.56 026 .. ...
1225108 field -20.39 -20.72 -21.21 9.960 -20.21 -27.68  1.543 1.406
r225116 field -22.60 -23.12 -23.67 11.037 -12.12 -1.42  7.095 0.696
1261102 field -19.92  -20.60 -21.21 10.127 -8.30 -23.45 0.410 1.190
r261111 field -19.39 -19.66 -20.15 9.515 -13.09 -10.49 0.396 0.200
1261201 field -19.58 -2045 -21.11 10.145 ... -0.05 ... 0.002
r262101 field -18.67 -19.28 -19.90 9.600 -8.00 -19.11  0.125 0.289
1262105 field -19.37  -19.69 -20.19 9.561 ... -1.37 ... 0.027
1262106 field -19.97 -20.99 -21.70 10.419 -3.45 -1.38 0.178 0.110
r262109 field -19.10 -19.78 -20.41 9.817 -2.30 -7.58 0.053 0.183
1262110 field -20.86 -21.54 -22.14 10.496 -9.52 -12.55 1.119 1.499
r2621.12 field -20.68 -21.54 -22.19 10.572 -3.89 -3.95 0.386 0.496
r263101 field -19.80 -20.51 -21.15 10.120 2.90 017 ... ...
r263102 field -21.46  -22.27 -22.92 10.843 -4.72 -0.55 0.960 0.134
r263105 field -19.74 -20.55 -21.20 10.164 -57.95 -8.50 2.430 0.426
r2631.10 field -19.37  -19.69 -20.20 9.569 -31.05 025 0925 ...
r263111 field -21.37  -22.13 -22.78 10.783 0.63 187 ... .
r263116 field -21.19 -21.58 -22.09 10.347 -20.02 -27.48 3.188 8.14
r265101 field -19.51  -20.30 -20.94 10.058 1.53 222 ... .
1263206 field -20.43 -21.21 -21.84 10.404 -1.76 -2.10  0.139 0.190
r265107 field -20.67 -21.31 -21.90 10.385 0.53 038 ... ..
r2632.10 field -18.85 -19.52 -20.14 9.697 -0.50 1.74 0.009 ...
r2641.11 field -20.26  -21.04 -21.68 10.348 -13.38 -39.16  0.907 3.06
1263214 field -19.74 -20.55 -21.20 10.166 -23.37 -16.20 0.980 ®.81
1263215 field -20.30 -21.12 -21.79 10.405 -0.51 -2.62 0.036 0.226
r281112a field -19.60 -19.92 -20.43 9.667 -152.35 -45.63 ... 23.1
r2812.19 field -19.31  -19.50 -19.93 9.330 -27.69 -42.97  0.779 0.673
r281223 field -19.12  -19.79 -20.42 9.826 12.51 421 ...
1281225 field -18.71  -19.17 -19.73 9.468 -1.82 797 0030 ...
r2812.26 field -18.53 -19.52 -20.24 9831 ... -0.49 ... 0.010
1282106 field -19.70  -19.90 -20.37 9.559 -25.03 -25.40 1.010 0.592
r282113 field -20.53 -21.32 -21.97 10.472 -7.21 -5.60 0.623 0.570
r282118 field -19.98 -20.35 -20.86 9.865 -32.99 -47.31 1.728 1.743
1282123 field -20.09 -20.62 -21.20 10.081 1.25 393 ... ..
r282128 field -20.96 -21.71 -22.34 10.598 -4.01 -18.43  0.517 2.645
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Table D.1 Continued.

ID membership Mg My Mg log(Mas9 Wo([Ou]) Wo(Ha) SFR[Ou]) SFRHe)
[mag] [mag] [mag] Mo] [Al Al [ Moyr]  [Moyr?]
1282224 field -18.96 -19.52 -20.11 9.661 -21.45 -29.00 0.435 0.534
r2831.05 field -20.31 -20.82 -21.38 10.129 -11.25 -19.13 0.793 5.13
r2831.08 field -19.98 -20.54 -21.12 10.055 197.74 -8.75 ... 0.410
r2831.16 field -20.00 -20.55 -21.14 10.076 -9.94 -20.07 0.526 0.955
r283117 field -20.14 -20.53 -21.05 9.941 -21.25 -7.27 1.289 0.318
r2831.18 field -21.72 -22.23 -22.78 10.680 -5.92 -22.07 1.537 4.740
r284101 field -18.92 -19.64 -20.28 9.775 -0.17 1.87 0.003 ...
r2841.09 field -21.30 -21.97 -22.57 10.668 1.05 -3.41 ... 0.607
r2841.12 field -20.19 -20.46 -20.93 9.806 -39.14 -50.65 2.472 1.978
r284113 field -19.01 -19.43 -19.96 9.524 -8.45 760 0181 ...
r2841.18 field -19.22 -19.98 -20.62 9.923 2.68 -2.49 ... 0.073
r2841.19a field -21.09 -21.73 -22.32 10.551 -2.20 -4.02 0.318 0.566
r2841.20 field -18.97 -19.29 -19.78 9.391 -22.79 -18.44  0.469 0.251
r285101b  field -19.61 -20.06 -20.61 9.802 -26.69 -34.39 0.992 4.00
r2851.02 field -20.15 -20.93 -21.56 10.290 -8.23 -4.83 0.503 0.337
r2851.03 field -21.01 -21.90 -22.56 10.723 -3.65 -1.02 0.494 0.180
r2851.05 field -20.37 -20.82 -21.35 10.080 -20.60 -16.33  1.543 D.94
r2851.06 field -21.27 -21.96 -22.57 10.667 1.08 -1.31 ... 0.232
r285112 field -21.03 -21.78 -22.40 10.620 -1.78 0.48 0.244 ...
r2851.13 field -20.35 -20.98 -21.58 10.255 0.30 08 ... ...

r285118b  field -20.17 -20.93 -21.57 10.299 -4.23 -6.96  0.262 0.489
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