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Abstract

Ln this Thesis we analyse samples of galaxies in pairs obtained from the largest galaxy
surveys at the present, the Two Degree Field Galaxy Redshift Sorvey (2dFGRS) and the
Sloan Digital Sky Survey (SD55). We have constrocted accordingly two galaxy pair cata-
logs com prising 6067 and 11461 paits for 2dEGRS and 5055 respectivel v. These are large
databases snitable forstatistical stodies of galaxy interactions inthe local Universe, z = 0.1
Halaxy pairs were selected by relative radial velocity (A1) and projected sspatation (r)
thresholds determined by quiring star formation activity within neighboors to be signifi-
cantly enhancsd.

We study field galaxy pairs, that is, nearly isolated fiom other bright galaxies, and also
we assess the effects of galaxy-galaxy interactions in dense environments by analysing pairs
in gronps and closters of galaxies with virlal masses in the range 105 — 10 M. We find
that star founation in galaxy pairs in the fizld is significantl v enhanced over that of galaxies
without companions for rp, < 25 kpe h= and AV < 100 km s, For those pairs in galaxy
groups, a smaller limitr, - 15 kpch=! provied the threshold of higher star formation activity
in comparison to other group mem ber galaxies.

Furthermore, we analyse star formation rates detived for galaxies in pairs in different
environments using a projected galaxy density parameter detived from the fifth brightest
neighbour of zach galaxy, with a convenient luminosity threshold. We find that the star
formation bitthrate patametet is astrong function of the global emvitonment as well as v, and
AT values. We observe that galaxy interactions are more effective at triggering im portant
star formation activity in low and modetate density environments with respect o the control
sample of galaxies withouot a close companion.

We have also analysed the star founation activity in a sample of 31 late-type satellite
galaxies, with four of them showing signs of intetactions, orbiting spim| galaxies. For these
objects, we present narrow-band observations of the Ha emission, which was detected inall

51

the spiral and irr=gular galaxies with fluxes in the range 1.15 — 19,30 « 10~ zrg am
The four objects with higher corrent star formation rates (SFR) show clear signs of interac-
tion with close com panions of comparable brightness at projected distances of 25, 20 and 2
kpc, respectivel v. The other satellite with the largest corrent SER (apart from the interacting
systems ) cotres ponds to the satellite galaxy, NGC 31544, which has the smallest projected
distance from its progenitor (19 kpc). These 'ﬁnding‘s suggest that the proximity between



galaxies (i.z. satellitz-satellite, sat=llite-primary) can produce an sfficient enhancement of
the star fotmation activity.

As a further study of the effects of interactions, we have performed an anal vsis of active
galactic nuclei (AN host characteristics and nuclearactivity for AGNs in pairs and without
companions. An eve-ball classification of images of 1607 close paits (rp < 25 kpe h™%,
AT < 350km s5™1) according to the evidence of interaction through distorted morphologies
and tidal f=ature=s provides us with a mors confident assessment of galaxy interactions from
this sampl=. We find AGN hosts to be redder and with a larger concentration morphological
index than non-A G galaxies. This effectdoes notdepend on whether AGM hosts are in paits
ot in isolation. The [O{] luminesity of AGNs with strong intetaction features is found to
b= signiﬁc.:tntl_".' latget than that of other AGNs, either in paits ot in isolation. Estimations
of the accretion rate, L[Df[ﬂjf‘.fm. show that AGNs in metging paits are actively feeding

their black holes, regardless of their stellar masses.



Resumen

Enesta Tesis se analizan muoestras de galaxias pares obtenidas a partirde los dos ma vores
relevamisntos de galaxias existentes al presente, Two Degres Field Galaxy Redshift Survey
(2dFORS) v Sloan Digital Sky Survey (3D55). Construimos dos catilogos de galaxias pares
que comprenden G067 v 11461 parss a partirde 2dE GRS v SDS5E, respectivamente, loscnales
representan la mayor base de datos pam realizar estodios de interacciones de galaxias en el
Universo local, = < (0.1, Las galaxias pares fueron seleccionadas con limites de velocidades
radiales relativas (A1) v separaciones provectadas (rp), determinados por una actividad de
formacion estelar notablemente mavor respecto a galaxias vecinas.

Estodiamos galaxias pares de campo, cetcanaments aisladas tespecto a galaxias bril-
lantss, v evaluamos el efecto de las interacciones galaxia-galaxia en ambientes de mavor
densidad, analizando pares en grupos v cimuolos de galaxias con masas viriales en un rango
de 10% — 10® ;. Encontrameos que la formacion estelar en galaxias pares de campo se
obsetva notablemente inctementada respecto a galaxias sin compafieras cetcanas para rp, <
25 kpe h=' v AV - 100 km s=!. En galaxias pares en gropos, un limite menor, v, < 15
kpc h—! proves una tendencia de alta actividad de formacicn estelar en com paracion con las
otras galaxias mismbros de grupos.

Ademas, analizamos la tazon de formacion estelar para galaxias pares en diferentes am-
bizntes, nsando un parimentro de densidad provectado derivade a partir del quinto vecino
mas bril lante de cada galaxia,con un umbral conveniente de lumincsidad. Encontramos que
la formacion estelar es una fuerte funcion del ambients global, asi como de los valores de
rp ¥ A1, Observames que las interacciones de galaxias son mas eficientss en dispamr una
actividad de formacion estelarintensa en ambientes de densidad bajos v moderados, mspecto
a una musstra control de galaxias sin compafieras cercanas.

Lvestigamos la actividad de formacion estelar en una muestra de 31 galaxias satelites de
tipo tardias, donde cuatro de ellas muoestran signos de interaccion, orbitando galaxias espi-
tales. Para estos objetos, presentamos observacionss de emision en banda angosta Ha, que
se detectaron en todas las galaxias espitales = itregulares, con Hujos comprendides dentro de
an tange 1.15 — 4980 = 10~ eig em 7 571, Los cuatro objetos con maver actividad de for-
macian estelar (5FR) muestran clarcs signos de interaccion con com pafistas cercanas de bril -
los comparables a distancias provectadas de 25, 10 v 2 kpe, respectivamente. El otro satelite

con mayvot SFR (aparte de los sistemas en interaccion) cotresponde a la galaxia satelite NGC



3154, la cuoal tiene la menor distancia provectada respecto a su galaxia progenitora (19
kpc). Estos resultados sugiersn que la prowimidad entre galaxias (por ). satelite-satelite,
satelite-galaxia primaria) pueden producit un sficients anmento de la actividad de formacion
estelar.

Ademas del estudio de los efectos de las intetacciones, realizames un analisis de las car-
acteristicasde las galaxias huespedes de nocleos actives (AGN) v de laactividad noclear para
AQMs en galaxias paress v sin compafieras cercanas. Una clasificacion visval de imdgenes
de 1607 pares cetcanas (rp < 25 kpch™!, Al < 350 kin 571 de acuewdo ala evidencia de
distotsiohes motfologicas v catactetisticas de fuetzas de mareas, nos brinda nha mavet con-
flanza para =] sstudio de las intstaccionss de galaxias. La lominesidad del [201 1] d= AGNs
con fuettes caracteristicas de intetaccion se encoentra notablemente incrementada especto
aotras AGMs, va sean en pates o aisladas. Estimas de la tazon de acrecion, L[Dfﬂ’]jlfﬂ_}[.
muesttan que A GNs =n pares =n fusion presentan agnjetos negros con actividad nuclear =fi-

ciente, tespecto a4 oftos sistemas de similares masas estelares.



CHAPTER |

INTRODUCTION

1.l Galaxy Mergers and Interactions

Falaxies may be viewed as the basic building blocks of the large-scale strocture of the visible
Universe. Hubble (1926) intreduced a scheme that classifiss most galaxies into ellipticals,
notmal and barred spitals. The galaxies that do not fit into these categories are classified sep-
arately as irregular galaxies. This Hubble classification system refers principally to nommal
galaxies and labels all peculiar galaxies as Type 1L Iivegolas. Several of these peculiar sys-
tems appear to be in a highl y disturbed state, often imvolving jets, tails, ot ringlike stroctores.
However these objects exhibit a wide variety of motphologies, having in common the lack
of a well defined morphological pattern. Several examples can be found in Arp’s dtlas of
Peculiar Galaxies (1966), in Vorontsov-Velvaminov (1968) and in Arp & Madore (1987
It was firstly belisved that thess itrsgular svstzms could be expleding galaxies, althoungh in
the 19705 it was set the idea that most of these objects were actually colliding svstems.

We presentlv know that interactions play a fundamental role in galaxy evelution as an =f-
ficientmechanism that medifies the mass distribution and tri gger statr formation (SF) activity.
Duuring the last thitty vears the stody of mergers and interacting galaxies has been acquiring
an increasing importance mainly due to the wide range of phenomena observed in this tvpe
of objects. The works of Toomre & Toomre (1972, in theotry, and thoseof Larson & Tinsley
(1978], in observations, were the pionsets in this topic. Since this epoch, moonting evidence
indicated that interactions between galaxies can affect almost any aspect of the evolution of
thess objects.
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1.1.1 Galaxy Formation: the role of mergers and interactions

Dver the last twenty five vears, a standard paradigm has emerged for the formation and eve-
lution of structore in the Universe assuming that structure forms by hierarchical aggregation
(Peebles 1974, White & Rees 1978). Ln such scenario, mergers and interacting galaxies
are frequent and play a crocial role in determining galaxy properties. Galaxies and galaxy
systems grew via gravitational instability from small-amplitnde Gaossian density foctoa-
tions, generated by physical processes in the sarly Universe. Hierarchical models, such as
the cold dark matter (COM) model assume that the amplitude of the fluctuations decreases
with increasing scale, resulting in the founation of low-mass objects, forming first, and then,

metgers boilding up more massive structures (clusters, superclusters, ilaments, =tc.).

A halo of any given mass may have a variety of merging histories, and the properties
of galaxies that form within this halo presumably depend to some extent on the details of
this history. Assuming an initial random Ganssian field of Hoctoations, Press & Schechter
(1974) detived an analvtic approximation for the mass distribution of nonlinear objects at
a given time. Starting from the Press-Schechter formalism (or any of its extensions =.g.
Bond =t al. 1991, Bower 1991, Lacey & Col= 1993), ones may derive hale dark matter
metger histories. All this information is contained in the so called merger tree, such as
that schematically shown in Fig. 1.1. The computation of these mean quoantities within
the Press-Schechter model is straightforward. Also, the semi-analvtic approach to modeling
galaxy formation (e.g. Kauffmann, White & Guiderdoni 1993, Cole et al. 1994 attempts
to describe the formation history, supernova feedback, galaxy-galaxy merging, and stellar
population svnthesis. These models rely on the construction of 2 merger tree, with estimates

of the masses of progenitors and the redshifts at which they metge to form larger halos.

1.1.2 Physical Processes in Merging Galaxies

Since galaxy mergets and interactions drive the svol ution of galaxies and galaxy populations,
the phvsics imvolved in close encounters must be propetly addressed.

When two galaxies intetact, cettain processes mav turn on such as shock waves and
com pression of the gas. The densest patts of these gas clonds may cool =ficiently and col-
lapse rapidly, founing a new generation of stars. The pre-ewisting stars, however, will not
be greatly affected. Distances between stars are large with respect to the size of the stas

themselves, hence, in a high speed collision of two galaxies, the stellar systems of each
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Fig. 1.1: A schematic representation of a mer ger tree depicting the growth of the halo as
the w=sult of a seties of metgers. Time incizases fiom top to bottom in this figure and the
widths of the branches of the tree represent the masses of the individoal parent halos. A size
through the tree hotizontally gives the distribution of masses in the parent halos at a given
time. The present time #; and the formation time £ ¢ are matked by horizontal lines, where
the formation time is defined as the time at which a parent halo containing in excess of half

of the mass of the final halo was first created (Lacey & Cole 1993,

galaxy will pass through each other, cansing no significant global effects (Barnes & Hern-
quist 1992). Mumerical simulations show that, as the systems are assembled, metgers and
interactions can tigger star formation with an efficiency that seems todepend mainly on the
internal structore of the systems. By nsing pre-prepared metgets, Barnes & Herngquist (1996)
showed how the gas com ponent experiences torques originated in the com panion, increases
its gas density and triggers a starburst during the orbital decay phase of the neighbour galaxy.
Thess statborsts are f=d by gas inlows tidallv-induced if the axisymmetrical character of the
potential well is lost during the intetaction. The stability of the svstems can be assored by
a dominating central mass concentration and a second starburst could be generated at the
actoal fusion of the barvonic cores. Cosmological hvdrodvnamical simulations showed that
these processes take place in the formation of galactic svstems in a hisrarchical aggregation

scenarioin asimilar way to that shown by pre-prepared mergers (=.g. Barnes 1988, Barnes



Galaxy Metgets and Intetactions +

& Hernguist 1992, 199&).

Besides triggeting star formation, gas inflows counld also feed a central black hole and
help initiate or increase the nuclear activity (Sandets et al. 1988). The evolution of galaxies
and the knowledge of the black hole properties is now better undetstood than a few vears
ago, however, many issues remain still unclear (Heckmann et al. 2004). The collisional dis-
ruption and gas dissipation in galaxy interactions could feed the nuclear activity of galaxies
| Toomre & Toomre 1972) and several authors (e.g. Schwartz 1981; Shlosman, Begelman
& Frank 1990) suggested that intetnal instabilities such as bats could be effective in trans-
potting the gas into the centre of galaxies. Moteover, there are findi ngs of mote than one

supstmassive black hole in the nocleus of merger remnants (Begelman, Blantord & Rees
1980, Milosav]jevic & Merritt 2001, Yo 2002).

M-bodv simulations show that the slowest encoonters are often the most distoptive.
When two galaxies are in close proximity, tidal forces become important, often creating
tidal tails and bridges. Duoting enconntets, the orbital enetgy of the two galaxies is gradoally
convetted into internal motions within the galaxies themsslves; 2 mechanism refetred to as
dvnamical friction (Chandrasekhar 1943, Binnev & Tremaine 1987). Depending on =la-
tive velocities, orientation, and masses involved, this process mav lead to 2 meiger. When
a metget occuts between two galaxies of comparable mass (2 major metger), the end prod-
oct will nsonally look like an elliptical galaxy (e.g. Barnes 1988). MNomerical simuolations
of minot meigets (between galaxies with dissimilar masses| show that tidal torques from
minot companions indoce non-axisvmmetrical structore in the main disk galaxy (Hernguist
& Mihos 1995). However, in many close snconntets a metger may not occot, althongh the

encounnter may still have a noticeable effect on the galaxies involved.

1.1.3 Mergers and Interactions: Environment and Epoch

Most galaxies in ouor local neighbonthood do not appeat to be ondergoing major mergers.
Taking this into account, one muost look in those emvitonments most favorable to encoun-
tets. A fitst tequitement would appear to be a high density of galaxies which would snhance
the tate of potential intetactions (cotes of rich closters, compact groops, ot close paits of
galaxies). However, low relative velocities are requited for intetactions to be effective. Rich
clustets with velocity dispersions of the orderof 1000 km 51 l=.g. Catlberg =t al. 1996 are
not suitable, while compact groups (=.g. Hickson et al. 1992) and close pairs (2.g. Chatlton
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& Salpeter 1991) with typical velocity dispersions of < 400 kim s~ ar= one of the better
locations for studving the effects of galaxy interactions.

Within the hisrarchical paradigm for galaxy formation it is expected that the merger rate
was significantly higher in the past. This is so, since the universe is expanding, so that the
space density of galaxies was higher before. Theoretical models (2.g. Toomre 1977, Catlbeg
1990 predict that mergets would have been muoch mote frequent, even at modest redshifts.
Tissera et al. (2002] showed that the effects of intetactions are different at dissimilar stages
of evolotion of the systems, being more sfficient at higher = when the systems are in zatly
stages of evolution. Also, the effects of metgets and intetactions on star formation tates
ISFR ) are expected o be greater, since galaxies were genetall v mote gas rich than they are at
the present epoch. Observationally, these expectations appear to be validated by high reso-
lution imaging of distant fi=ld galaxies. In addition, several studies of close paits of galaxies
at moderate redshift (eg. Zepft & Koo 1989; Catlberg, Pritchet, & Infante 1994; Yee &
Ellingson 1995 have estimated the change in the merger tate with redshift; the resolts of
thes= studi=s are consistent with an increas= with redshift. This can also be inferred from
studi=s of R4S galaxies (Lonsdale et al. 1990), radio galaxies (e.g. Windhotst et al. 1995),
and quasars (e.g. Bahcall etal. 1997). Similar results have also shown that the meiger rates
le.g., Woods, Fahlman & Richer 1995; Le Fevre et al. 2000; Patton et al. 2002) and the star
totmation activity of galaxies increase with redshift, suggesting a change in the impact of

interactions on the star formation process as galaxies evolve.

1.1.4 Siar Formation and Galaxy Interactions
‘The rate of star formation in galaxies

Thete is a wide range of voung stellar content and star formation activity along the Hubble
sequence, a basic feature of the Hubble classification itszIf.

Sevetal authors (e.g. Tinsley 1968, 1972, Szarle ot al. 1973) derived the first estimates
of star formation rates from evolotionaty svnthesis models of galaxy colours. These early
studies confitmed the trends in SFRs and SF histories along the Hubble sequence, and l=d
to the first predictions of the evolution of the SFR with cosmic lookback time. Subssquent
modeling of blue galaxies by Bagnuolo (1974), Huchra (1977) and Larson & Tinsley (1978)
revealed the im portance of star formation butsts in the evolution of low-mass galaxies and
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interacting svstems.

The SFRs in galaxies, sxpressed in terms of the total mass of stars formed per vear,
show a large spread: approximately zero in gas-poor ellipticals, 50s, and dwatf galaxies;
to 20 M@&V/vr in gas-tich spirals. Much latger global SFRs jup to 100 M@ vt~ or more)
can be found in optically-selected starburst galaxies and oltra-lominowus infrared galaxies
(ULIRGs). These objects are likely associated with the merger of the two noclei (Sanders &
Mirabel 1996). The highest SER are associated almost uniquely with strong tidal interactions

and mergers.

Dependence of star formation on environme nt

Fundamental studies by Dressler (1980), Postmann & Geller (1984, Sandage (1986), Ber
guson & Sandage (1991) analysed the morphology-density relation showing that the star
formation activity resides preferentially in disc galaxies populating low density regions. Dif-
ferent phvsical processes may play a mole in diving the morphology-density relation and
among them, mergers and interactions stands out in a hisrarchical scenario. Even for svs-
tems in the fizld or in groups, the cumulative effects of many weaksr encounters (Richstons
1976; Moote et al. 1996), or few merger events could have im printed im portant features in
their astrophvsical properties.

Regarding the dependence of star formation activity on emvironment, Martinez =t al.
(2002) and Domingnez et al. (2002 analvsed the telative fractions of passively star-forming
galaxies in high density regions corres ponding to groups of galaxies extracted from the Two
degree Balaxy Redshift Survey (2dFORS), finding that star formation activity increases with
the distance to the groop centre. A similar analysis carried oot by Gomes =t al. (2003) and
Balogh et al. (2004 in the Sloan Digital Skv Survey (5D55) and 2dFGRS surveys, also
gave a clear indication of a strong dependence of star formation on emvironment consisting
of decreasing activity with increasing density. Loveday, Tresse & Maddox (1999 found that
galaxies with prominent emission-lines have weaker clustering than more quisscent galaxies.
Tegmark & Bromley (1999) also found that early spectral tvpe galaxies are more strongly
clustered than late tvpes. Besides, Carter et al. (2002) suggest that the triggerting of star

tormation occuts on a small spatial scale, and whether a galaxy fotims stars ot not is strongl v
cottelated with the surtonnding galaxy density averaged over a scale of a few Mpc., Lewis
et al. (2002) confirimed this last result by studyving the environmental dependence of galaxy

star forimation tates neat clust=is, ﬁnding that it is insensitive to the global large-scale struc-
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ture in which the galaxy is embedded. The anthors also obtained that the distribotion of
star-formation rates is correlated with both the distance from the cluster centre and the local
projected density (ses also Dominguez =t al. 2002). More recently, Balogh et al. (2004
found that, at fixed galaxy luminesity, the fraction of red galaxies is a strong function of
local density, increasing up to ro 70 per cent of the population in the highest density emviton-
ments. Similar trends wers obtained by Hogg =t al. (2003), who showed that =d galaxies,
regardless of luminosity, are found in overdense regions. Kaoffmann et al. (2004 used a
com plete sample of galaxies from SDS5, tostudy the stiuctore and star formation activity as
a function of local density and stellar mass, finding that the star formation activity was the
galaxy propeity most sensitive to environment, with the strongest dependence for smallest
stellar mass systems. Thess authots also claimed that mergets could lead to this dependence,
althongh emvitonment driven processes such as tidal stripping, which could remove gas from
galaxies inhibiting further star form ation activity, might be impottant in high density regions,
principally for low stellar mass svstems.

Effects of interactions on star formation

Several observational studies showed that mergers and interactions of galaxies affect star
formation activity in galaxies in the Local Universe (e.g., Lamson & Tinsley 1978; Donzelli
& Pastoriza 1997; Barton, Geller & Kenyon 2000; Petrosian et al. 2002). Althoogh the
televance of these vielent svents on the fotmation of structures and stat formation history is
now widel v accepted, many questions remain to be answered. For example, as it has been
reported by some aothors (2.g., Petrosian et al. 2002), many intetacting svstems show weak
star formation activity suggesting that the particolar internal conditions (such as the gas con-
tent) within these systems mav be needed to tri gger star formation.

An insight into the nature of intetactions can be obtained from studies of close pairs of
galaxies. Yee & Ellingson (1995) and Patton et al. (1996) adopted a minimom projectsd
sepatation of 20 kpc h™ to define close paits, finding no significant differences betwesn
mean propetties of paired and isolated galaxies, although those which appear to be undeigo-
ing interactions or metgers have strong emission lines and blue restframe colours. A similar
result was found by Zepf & Koo (1989, who stodied close faint galaxy pairs, separated by
=== than 4.5 arcsec, ﬁnding that theitr colonts cotrespond to recent star formation activity
with an overall distribution consistent with fizld galaxies. Kennicutt =t al. (1987 examined

the H_ equivalent widths, UEV colootrs and far-infrared fluxes of a complete sample of local
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paits of galaxies finding that these paits exhibit a genetal trend of enhanced star formation
and noclear activity but with a widedispemsion about the mean behavior. Barton et al. (2000)
analysed a sample of approximately 500 galaxy paits in the fizld, showing a correlation
between their relative projected separation and radial velocity, and the H, equivalent width.
Althongh these anthors found a tendency for increasing star founation activity for close paits
(both in projection and relative velocity), their sample is still small to carry out a thoughtfuol

statistical study of the effects of interactions and their cosmological evolution.

1.2 QOutline of this Thesis

The main aim of the work presented in this Thesis is to shed new light on the effects of
metgers and interactions in galaxy propetties such as star formation activity, galaxy colours
and noclearactivity, from a statistical point of view.

For this purpose, we constructed two galaxy pair catalogs from the 2dF Galaxy Redshift
Survey and the Sloan Digital Skv Sorvev. These pair catalogs are the largest samples op to
date including several thousands galaxy pairs, suitable to anal vse into detail how meges
and interactions affect galaxy propetties.

In Chapter 2 we describe both survevs, 2dEGQRS and 5055, and the construction of the
galaxy pair catalogs. We also provide details of a sam ple of satellites taken from Zaritsky ot
al. 1997,

In Chapters 3 and 4, we study pair galaxies in two different emvironments, fi=ld and
groups/clusters. We imestigate the effects of interactions on the star formation activity of
galaxies inthe fizld based on acomparative analysis of the properties of isclated galaxies and
galaxies in interacting pairs. We analvse paits in groops and clusters with virial masses in
the range 10 — 10" My, in Chapter 4. The effects of close companions in different density
envitonments are analysed in Chapter 3.

In Chapter &, we piesent observations of Ho emission in a sample of satellites orbiting
isolated giant spital galaxies. Four of these objects have clear signs of intemction with close
com panions and exhibit high star fommation rates.

With the aim of unveiling the tole of interactions in triggering active galactic nucle
[AGN), we analyse the effects of interactions in AGMNs in close paits, in comparison with
AQMNs without companions. This study is described in Chapter 7, where we imvestigate
the power of nuclear activity and the estimated black hole accretion tate for AGMNs with

com panions and in isolation.
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Finallv, in Chapter 8 we describe the principal conclusions and discussion.

This Thesis is based on the following articles:

1) Lambas D. 3., Tissera B. B, AlonsoM. 5., Coldwell G, 2003, MNRAS, 346, 1189,

2) Alonso M. 5., Tissera P. B, Coldwell G., Lambas D. G, 2004, MMNRAS, 352, 1081,

3) Alonso, M. 5., Lambas, D.3., Tissera, P.B. & Coldwell, G., 2006, MNRAS, 367,
1029,

4| Gutietrez, C.M., Alonso M. 5., Funes I. 3., Ribeito, M. B, 2006, Al 132, 596,

51 Alonso, M. 5., Lambas, D.3., Tissera, P.B. & Coldwell, G., 2007, MNRAS, 375,
1017.



CHAPTER 2

OBSERVATIONAL DATA AND GALAXY
PAIR CATALOGS

2.1 Abstruct

Lnthis Chapter we obtain and describe pair galaxy sam ples from 2dEGRS and SDSS surveys.
We describe the selection procedure of galaxy pairs from both sorveys that give origin to
the 2dF Galaxy Pair Catalog (2dEGPC) and the SDS55 Galaxy Pair Catalog (SDSSGPC),
com prising ©067 and 11461 pairs, respectivel v. Galaxy pairs were selected by relative radial
velecity (A1) and projected separation (r) thresholds determined by an analysis of the
star founation activity of neighbours. We also discoss possible aperture effects in both pair
catalogs and incompleteness problems of SDSS pairs.

We have also obtained a sample of 31 satellite galaxies orbiting late spitals compiled
bv Zaritsky et al. (1997). For this sample we present the obsernational program and data
reduction com prising photometry in optical broad and narow-band filt=ts.

2.2 2dF Galaxy Redshift Survey

The Two degres Field Galaxy Redshift Survey (2dFGRS; Colless =t al. 2001 is one of
the largest present-day spectroscopic survevs. [t inclodes spectra for 243591 objects, with
determined redshifts for approximately 240000 galaxies brighter than a limit magnitode b;
= 1945, The soorce catalog for the survey is a revised and extended version of the AFM
Jalaxy Catalog. The survey covers an area of approximately 2000 sqoare degrees in thres
regions: WGP strip, SGP strip and 100 random fields. The strip in the Worth Galactic Hemi-
sphere has 90000 galaxies and covers 75% « 10°. There are approximately 170000 galaxies
in the 80 « 15° South Galactic Hemisphere strip centered on the South Galactic Pole; in

10
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addition, thers are 100 fizlds spread over the sonthern Galactic cap. A map of the suney
fizlds on the skv is shown in Fig. 2.1 and the spatial distribution of the galaxies inthe suney
strips is shown in Fig. 2.2. This figure is the projection of the full width of the strips (107 in
the WGP and 15 in the SGP).

The 2dFGRS uses the 2dF multi-fibre spectrograph on the Anglo-Avstralian Telescope,
which is capable of observing 400 objects simultanscusly over 2 2° diameter ficld. Adaptive
tiling is used to give a highly uniform sampling rate of 93% over the whole sorvey region.
Redshifts are measured fiom spectra covering 360080004 at atwo-pixel resolution of 9.04
and a median 5/ of 13 pixel .

Fig. 2.1: The 2dF3RS regions shown in an Aitoff projection of Right Ascension and Dec-

lination, with individoal 2dF fi=lds marksd as simall circles. Also shown ares the lines of

Halactic latitnde |5|=07, 30°, 45°.

The 2dF data comprise information on redshift ( 2, anguolar separation, spectral tvpe (1)
and blue magnitode (my ).

The spectral tvpe parameter 7 is defined by Madgwick =t al. (2002, hereafter MO2), as 2
linzar com bination of the fitst two projections derived from a Principal Componsnt Anal ysis
IPCA), where it was found to be telated to the morphelogical tvpe and the strength of the
absorption-smission features.

In Fig. 2.3 the distribotion of the 7 parameter is shown for galaxies in the 2dFGRS.
Also shown in the same figure is the f-morphology relation for a sample of galaxies from
the Kennicott Atlas (Kennicutt 1992). Comparing the two data sets shows that there is a
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Fig. 2.2: The projected distribution of the galaxies inthe WGP (top) and SGF (bottom | stri ps,
as a fonction of redshift and R.A.; the variations in the galaxy density with R.A. are doe to

variations in the effective widths of the strips | Colless =t al. 2001).

correspondence between the sequence of 1 and that of morphelogy.
Moreover, the 17 parameter identifies the average emission and absorption line strength in

the galaxy rest-frame spectrom. WMO2 suggest four different spectral Types, based on the =la-
tive prominence of emission li nes with star formation efficiency increasing with galaxy Tyvpe

Tvpe 1: i< —1.4 [ passive star formation)
Tvpe 2: =14 = 1= 1.1 (low to modetate star formation)

Tvpe 3: 1.1 = 7 = 3.5 (moderate to strong star formation|

Tvpe 4+: 17 = 3.5. (strong star founation)
The typical spectrum of each tvpe is shown in Fig. 2.4. The good correlation found
between rmand EWI(H, ) (the equivalent width of the Ha line) by MO2 supports the interpre-

tation of this patameter as a good indicator of star formation activity.
We have estimated galaxy lominosities and we have applied the K-corrections obtained

by MO2 to derive restframe values. The poblic 2dF data have galaxies with redshifts op to
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Fig. 2.3: The observed distribotion of spectral tvpes measured by 7. Also shown are the
tour divisions that one can nse to divide the dataset (see Fig. 2.4 for mean spectra). The
bottom panel shows the correlation betwesn 1 and motphological tvpe using a training set of
galaxies taken from the Kennicott Atlas (Kennicott 1992) (Madgwick et al. 2002).

= == (1.3, howsver, for the purposs of defining galaxy paits we testrict our analysis to the
tange 001 = = = 0.1 in otder to prevent against strong biases in galaxy [uminosities at too
low redshift by peculiar velocities and nnreliable spectral tvpe estimates for distant galaxies.

2.2.1 Galaxy Pair Catalog from 2dFGRS

As we discossed in Chapter 1, Barton et al. (2000) presented 2 sample of approximately
500 galaxies in pairs which were selected to have projected separations v, < 50 kpe h-! (e
cottesponds to the distance betwesn the two galaxies projected on the plane of the skv) and
telative tadial velocity differences AT < 1000 km s (defined as AT =c(z — o), whers
7 and zo are the redshifts of the galaxies in the pair]). These anthots studied the possibility



Data and Galaxy Pair Catalogs 14

[ . . — T .
L.2 Ty e |.1,.|.'.,.-\.'.--"‘-\--""- "|I-' . A
o i e,
F e ;
an '
18 | et
k ' ..I
! A
QA F A
¢ |
Iype 2 |
(1]
= — — .l"i..
. e SUPREIER—
o R P, S =
b |
= Ak A
S I
.F. = T i
[- ' | 1
: 5| Yp&
LN b
S | Pt |
| . e i o et s T
i sy
]
|
' T'p e
H]
- | 1
2 | ;o |'E
|
. Harrgfiming—s == B —— T el S— PR
Sl 2aCd {1 51 o)

Wave|wnath I:’ X

Fig. 2.4: The avetage 2dFGERS spectrum of sach spectral tvpe is shown. Each spectrom is in

units of counts per pinel and has been notmalized to have average counts of unity (Madgwick
et al. 2002).

thattidal interactions induced star formation. However, it is not clear from their work, if there
are critical spatial and velocity separations which could establish limits for tidal interactions
to be effective star formation triggering mechanisms.

We have estimated the stellar bitthrate patameter, b = SFR/{SFR), as the tatio of the
curtent star formation rate to the average over the life time of the galaxy (Scalo 1986). This
parameter has been found to correlate with the morphological type (Kennicott 1992 in the

sense that late-type spitals and itregolars have latgerd valoes.

Ln order to compute the b parameter we adopt a linsar relation between 7 and EWIH )
values, which provide a reasonable fit to the data given by MO2 (s== Fig. 2.5):

EW(H,) =564y +10.0.

The telation between EW(H ) and b was obtained by fitting a linsar regression of the
torm:
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E=0.045EWW(H,)+ 061
to the data of star forming galaxies given in Carter et al. (2001), s=e Fig. 2.6,

The resulting equation that relates lineatly & with 1 is therefore:

b=0.257 + 1.06.
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Fig. 2.5: Correlation between EWI(H. ) and 7 parameter (Madgwick =t al. 2002).

We notice that b, estimated by Madgwick et al. (2002), follows a quadratic wlation with
17, ot a linear one as adopted in this work. We notice, however, that given the scatter shown
in Fig. 2.5 both fits ar= equivalently suitable. It should betaken into account that the birthrate
parameter b is linked to models for the star formation history and so the resolts are reliable
on a global or statistical sense. Therefore, the conclusions obtained here are not expected to
depend ctuciallv on the particular dependence of b on 77 as far as 7 provides a useful measure

of star formation in galaxies.

Fot the putpese of analysing the way bdepends on rp and AL, we compoted the mean
star formation rate pammeter |b) of neighbours within rp = 1 Mpe h=! and AT < 1000 kin
57! of a given galaxy. We considered two sub-samples according to the 77 spectial type of the
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Fig. 2.6 Cotrelation betwesn b and EW (H. | (Carter ot al. 2001).

galaxy centre. Sub-samples [ and I take as a centre a galaxy with i = 3.5 (Tvpe 4, stiong
star forming galaxies) and i = —1.4 (this subsample excludes Tyvpe 1 objects, consisting of
passively star forming galaxies), respectively. For comparison with the general 2dF survey,
we also nse the total galaxy sample without restricting the values of i of the central galaxy.

In Fig. 2.7 we show the mean bitthrate parameter for sach sub-sample and the total
galaxy sample in r bins. Error bars in the fignte corres pond to bootstrap resam pling of the
data.

The tesults shown in this igure highlight that the closest neighbouts experience the
strongest star formation activity in sach sample. This effect is more significant when the
central galaxy is also expetiencing strong star formation activity (77 = 3.5). Similar caloula-
tions where peiformed for velocity bins within AT < 1000 km s~!. In Fig. 2.8 we show (b)
as a function of Al for these sub-samples finding that a maximom relative velocity of 350
kim 5! (vertical dotted ling), is a snitable threshold for galaxies in paits to have an enhanced
star formation activity.

We can appreciate in Fig 2.7 and Fig 2.8 the general trend of decreasing star formation
for smaller telative separation and radial velocity as expected according to the morphology-
density relation. We stress that this tendency is sharply changed at the thresheold v, = 100
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Fig. 2.7: Mean bitthrate patameter (b} as a function of relative projected separation T of
galaxies with 17 = 3.5 isolid line ), 7 = —1.4(dotted line) and no 7 restriction (dotted-dashed
line). The dotted vertical line depicts the spatial sepamtion threshold identification.

kpc h=! and AV < 350 km s~1, whete star formation strongly incrzases as one approaches

the central galaxy.

Therefore, according to this analysis, rp = 100 kpe h=! and AT < 350 km s~ can be
defined as reliable upper limits for the projected distance and relative tadial velocity criteria
to select galaxy paits with enhanced star formation activity compared to average galaxies in
2dFGERS. The signals ar= more significant for centre galaxies of spectral Type 4, the same
threshold applies tothe other sam ples of centres. Hence these values of projected sepamtion
and relative radial velocity may be considered as snitable thresholds for the triggenng of star
fotmation indoced by interactions.
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Ev adopting these thresholds, the 2dF Galaxy Pair Catalog (2dFGPC) com prises G067
galaxy pairs, with a wdshift range 0.01 < z < 0.1,

2.3 Sloan Digital Sky Survey

The Sloan Digital Sky Survey (5D55; York et al. 2000 has produced both imaging and
spectroscopic surveys over a large area of the sky mapping one-quarter of the entie sky and

giving redshifts for galaxies and quasars.

The survey uses a dedicated wide-fizld 2.5 m telescope (Gunn et al. 2006) at Apache
Point Observatory, Mew Mexico UISA, equipped with a large format mosaic CCD camera
to image the sky in five optical bands, w g7 ¢ z, spanning the rangs from 3000 to 10000 A
(Fukugita et al. 199&), on moonless photometric (Hogg et al. 2001) nights of good seeing.

Objects are selected from the imaging data for spectroscopy, including a complete sam ple
of galaxies with reddening-cotrected (Schlegel, Finkbeiner, & Davis 1998) Petrosian (1974)
r maghitudes brighter than 17.77 (Stranss et al . 2002).

2.3.1 The Fourth Data Release (DR4)

The fourth data release (DR4) includes all data in previons cutputs (DR 1, DR2 and DR3).

The DE+4’s imaging pottion comprises 6470 square degress, containing photom etric pa-
rametets of 180 million objects. The Main Galaxy Sample is essentiall v 2 magnitude limited
spectroscopic sample (Petrosian magnitude | ry,. = 17.77, most of galaxies span a redshift
range O < z = (.25 with a mean redshift at z = 0.1 (Strauss et al . 2002).

The 5055 imaging data are taken along a seties of stri ps, great circles on the sky which
aim to fill a contignous area in the Morthern Galactic Cap, and three non-contignous strips
in the Southem CGalactic Cap. The top panel of Fig. 2.9 shows the region of sky included in
ODR4. Asthis ﬁgurc shows, the Motthern Galactic Cap is covered by two contiguouns regions,
one centeted toughly on the Celestial Equatot, and the othet at around & = 4407,

The 5055-DR4 has mote than half a millon galaxy spectra and includes different galaxy
parameters such as magnitodes, star formation indicatots, concentration index parameters,

etc. The lower panel of Fig. 2.9 shows the 4783 deg” sky coverage of the spectroscopic data.
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2.3.2 Galaxy Pair Catalog from SDSS

To construct the Galaxy Pair Calalog from the SD55-DR4, we followed a similar procedore
to that nsed to obtain pairs from 2dFGRS.

Fitst, we have estimated the stellar bitthrate parameter:
b=(1- Rnx(SFR/M"),

whete 15 is the Hobble time, R is the fraction of the total stellar mass initially formed
that is returned to the interstellar mediom over the lifetime of the galaxy, and SFR; M~ is
the present star formation mte notmalised to the total mass in stars given by Brinchmann et
al. (2004): we notice { SFR/M") has units of yr—! and indicates the imverse of the global

star founation time scale. We nse a mean value B = 0.5 as estimated by Brinchmann =t al.

(2004,

As in the 2dFGRS case we have considered a redshift tangs 0.01 = z = 0.1 in order
to avoid strong incompleteness at latget distances as well as significant contribations from
peculiar velocities at low redshifts. In order to find snitable limits in projected distancs
and relative velocity AT to identify galaxy paits with star formation enhancement in SDSS,
we followed the procedure described in the previous Section. MNamely, we analyse neigh-
bouts in concentric sphetes within rp = 1 Mpe h™ and AT < 1000 km s~ centered at a
given galaxy. For thess neighbouts, we show in Fig.2.10 the mean birthrate parameter |5)
as a function of projected sepatation, r, and wlative velecity, 217, As itcan be appreciated
from this iignre, there is a clzar trend for the closest neighbouts to have higher star forma-
tion activity,. We find a significant increase of (&) for galaxies with companions with rp, <
100 kpc h—! and AT < 350 km s~ (vertical lines) compared to the mean stellar birthrate
patameter valus of the total SDSS survey, (B) = 0.35. We notice the same patt=rn found
tor 2dEGRS pairs (Fig 2.7 and Fig 2.8), that is 2 decreasing star formation activity at closer
separations and radial velocities, and a sharp change of this trend at the same projected sep-
aration and relative radial velocity threshelds. We also notice the smaller valus of (B) for
5055 compared to 2dEGRS detived from the 7 parameter. [n Chapter 5 we use common
paits in 2dFGERS and 5055 with thess two different SER estimates to homogenise the anal-
vsis an assess the agreement of the results of the two sumvevs. By imposing these thresholds,

a 5055 galaxy pair catalog of 13485 galaxy paits was built up which includes infotmation
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on the star fotmation activity of all its membets. These thresholds ate the same than thoss
infetred from the 2dFGRS catalog, confitming that these limits are reliable to select pair

galaxies with statistical lv enhanced star formation activity,

Contamination by active galactic nuclei (AGN) could contribute to the emission in spec-
tral features, affecting our interpretation of star formation activity. In order to exclude A GNs
from our sample, we cross-cotrelated the Brinchmann et al. (2004 AGN catalog with the
SDSS pair catalog. From this analysis we found that = 17% of galaxies in the total pair
sample are classifisd as AGNs.

After remotion of these common objects we obtain the inal SDSS Galaxy Pair Catalog
ISDSS3EPC) consisting of 11461 paits (free of AGMNs contamination).

2.4 Aperture and Incompleteness Effects in Pair Catalogs

We discuss the possible presence of svstematics that conld bias our star formation rate esti-
mates and pair definition, namely aperture and incompleteness offects.

Fibets for spectroscopy have finite angular sizes, and so spectral characteristics of the
galaxies can be extracted only for the central regions of extended galaxies. On the other
hand, incompletensss refers to the lack of galaxy measurement due to the maximum number
of fibers in a given fizld so that it d=pends on the observational strategy of a survey. Fiber
angularsizes ar= 2" and 3" for 2dFGRS and SDSS respectivel v, so we expectsimilar aperture
effects for both sutvevs. On the other hand, due to the repeated scanning of 2dE (and not in
5055, incompleteness is expected to affect more strongly the SDSS catalog. Here we eval-
nate i ncompleteness effects for the 5055 by combining the photometric and spectroscopic

catalogs.

2.4.1 Possible Aperture Effects

Ev biasing the measurements towards the central region of galaxies, apertore effects can lead
to nnderestimate the effects of star fotmation in laige disc galaxies. Possible effects of aper
tute bias have been discussed in some detail by sevetal apthots (Baldey =t al. 2002; Gomes,

et al. 2003; Balogh et al. 2004; Kauffmann et al. 2004; Brinchmann et al. 2004).

Balogh stal. (2004 analysed the aperture effects in different emvironments finding that
thet= was no significant trend of galaxy size with local density. Thersfore, the effect of apeie-
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ture bias depends mainly on the spatial distribution of star formation across the galaxy with
a lack of strong environment biases. For galaxies in 5055, Brinchmann et al. (2004 found
that there are still strong aperture effects in the estimates of SFR;/ M valoes for galaxies
with log M = 10.5. This is expected since these galaxies often have prominent bulges, in
which the specific SFR is expected to be low. This would affect the star formation rate of the
most massive galaxiss in our sample, but not the intermediate and low mass systems, which

dominate our statistics of intemcting paits (~ 70 % of the sample).

Based on these analyvsis we conclode that this potential bias is not likelv to have a large

effect on oot anal vsis of star formation in pait galaxies in different emvitonments.

2.4.2 TIncompleteness Effects

In otder to assess the effects of incom pleteness, we boilt up a subsample of paits free from
incompleteness effects by cross-cotrelating the spectioscopic and the photom etric survevs.
We explored the fizlds in the photometric SDSS survey around sach spectroscopic pair re-
stricted to ., = 17.5, s=archi ng for those galaxy paits without any extra galaxy comm panion
in the photometric survey within a projected distance of 100 kpc h=! and with m., = 17.5,
which could contaminate oot sam ple due to incom pleteness of spectroscopy. This new pair
sample is snitable to test the results obtained against incompleteness effects which counld in-
troduce othet nearby galaxy whose redshift was not detetimined in the spectroscopic sam ple.
Ev comparison between both pair samples (cl=an and raw], we estimated that the spectro-
scopic catalog has an incompletensss of == 9.5%,. Although this is not a latgs fraction, we
have examined the possible effects inoor analysis in Chapter 5, where weconclude thatthere

is ot 2 s=tions bias in oot t=solts.

2.5 Observing Program

For the purpose of completing the statistical analysis of star formation activity, we have
conducted an obssrvational program for the analvsis of the star formation activity in satel-
lite galaxies orbiting giant isolated spital galaxies. The observational program com pises
photometry in optical broad and narrow-band filters. For this study, we use narrow-band
observations in Ha to estimate the cottent star formation tate of 2 subsam ple comprising late

Y%With thiz maghitnde metriction we ate consideting &2 70 pet o= ntof the tobl mmple bot with 2 moch highet
complets nex than ot the 17.77 otiginal limit
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tvpe objects.

2.5.1 The Sample

The initial sample is the catalog of satellite galaxies compiled by Zaritsky et al. 11997
The catalog contains 115 objects orbiting &9 primary isclated spiml galaxies. Basically, the
satellites were selected according to theirt relative brightness (at least 2.2 magnitudes fainter
than their parents), projected distances (= 500 kpc h=% and telative velocity (< 500 kin =1
trom the primaties. The objects analvzed hete cotrespond to a subsample com prising most
of the objects classified by Gutierrez & Azzaro (2004 as spitals ot irtegulars. In total, 31
objects have been observed and analvzed (most of the late tvpe objects observable from the
notthetn hemisphere). The objects span a considetable range in luminesity (—18 = Mg =
—15], and constitute 2 sample usefol for statistical stodies of the population of late-tvpe

galaxies present in the halos of large spiral galaxies.

2.5.2 Observations and Data Reduction

Ha images and the broad-band for continnom estimation were acquited during thres obsetv-
ing runsseven nights each in Decem ber 2001, May 2002, and Decem ber 2002 with the 1.80m
Watican Advanced Technology Telescope (VATT ) at the Mt Graham [nternational Obsetva-
toty by J. 3. Funes, C. b, GQutigtrez and B B. Ribsito. WMost of the obsetvations anal vzed
hat= wers obtainsd in the fitst two tuns and in photometric conditions. A back-illuminated
2048 o 2048 Lotal CCD was nsed as the detector at the aplanatic Gregotian focos, £9. It
vielded 2 fisld of view of 8.4 x 6.4 with an image scales of 0.4 pixel = after 2 = 2 pixesl bin-
ning. Thesesing varisd betwesn 1.1" and 2.3" with a mean valus of 1.5". For sach galaxy
we have obtained typically 3 = 1800s narrow-band images nsing an approptiate i nterfere noe
filtets with ~ 70 A widths that isclate the spectral region charactetized by the redshifted
Hao and [N n] A6548 6553 A emission lines. To cover the tange in velocity spanned for the
galaxi=s presentad in this work, thres filt=rs were nssd=d with cantral wavel=ngth of 6584.7,
65328 and 6736.2 A (ancthet filter exists centered at 6683.1 & but it was net necessary for
any of the galaxies analvzed in this work). The nominal notmalized spectral responses of
thes= filters ar= present=d in Fig. 2.11. Table 2.2 presants a summary of the obssrvations and
propettiss of the images obtainad. Each filter is denoted according to its cantral wavalength
in nim.

For absolute astronomical calibration we observed spectrophotometric standard stars
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from the list provided by Oke (19900, In geneml, we observed one of these stars just be-
tore ot after the narrow-band observations for sach galaxv. In each case, stars were selected
with asimilar aiunass rather than to calibrate the tatget. The exposure times for these stars
ranged between 12 and 300 s, depending on the magnitude of the star. These details are
shown in Table 2.2. The data were reduced using IRAF packages™. We performed standad
data reduction, com prising, bias subtraction, flat-fizld correction nsing sky twilight observa-
tions in the appropriate filters and narrow-band images, and co-addition of the narrow-band
images. This combination eliminates most of the artifacts due to bad pixels or cosmic ravs.

Toisolate the possible Ho emission of the targeted galaxies, the contribution of the stellar
continuom emission of the galaxy needs to be temoved. This was done by approptiately
scaling the R-band image and subtracting it from the Ha images. The scaling factor was
sstimated by comparing the brightness of several fizld stas in the broad and in the narrow
bands respectively. We measured the flux of thess stars in a circular apertore -6 FWHM of
the image. Depending on the fi=ld, the numbstr of stats consid=r=d was in the tange 3-12,
with a tvpical number of 5.

2.6 Sunmmary of Samples

Ln this Chapter, we have obtained two largs sam ples of paits from existing galaxy survevs:
the 2dF Galaxy Pair Catalog and the SD55 Galaxy Pair Catalog, which comprise G067 and
114641 pairs respectively. We have also obtained a sample of 31 satellite galaxies orbiting
latge late spitals compiled by Zaritsky etal. (1997) and we presentthe observational program
and data reduction.

We use the 2dF Galaxy Pair Catalog in Chapters 3,4 and 5. In Chapter 3 we anal vse pairs
in the fizld, excluding pairs in high density regions. In Chapter + we study paits in groups
and clusters of galaxies. We study the SD55 Galaxy Pair Catalog in Chapters 5 and 7. In
Chapter 5 we analvse pairs in different emvitonments from both 2dF and 5055 Galaxy Pair
Catalogs. In Chapter &, we analvse the star formation activity in the satellite galaxy sample
otbiting late spitals. In Chapter 7, we consider active galactic nuclei in paits from the SDSS
Falaxy Pair Catalog.

A summary of the sam ple chatacteristics is given in Table 2.1.

IR AF iz the Image Reduction and Analysiz Facility, wtiten and suppotied by the IRAF progmamming
g‘h:lul:!ntthe Hatiohal ':IP‘I:im| Artionomy Cibee tvatoty (HOAD) in Tocson, Atizoha.
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Tak 2.1: Catalogs

Catalog Galaxy Mumbers  Chapters |
2dF3PC 6067 pair galaxies 3, 4and 5
SDESEPC 11461 pair galaxies  5and 7
Satellite Sample 31 matellites 5]

Bote: 2dFGPC: 2dF Galmoy Pair Catalog; SDSSGPC: 5055 Galaxy Pair Catalog.
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filtets (bottomn) used during the obssrvations presentsd in this work.
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Tab. 2.2: Log of the obssrvations

Galaxy Epoch tr 51 tg.is] FWHMR PWHBK Ha Cal star Ha Filter
MNGEC 483c Dec 2001 1200 3x1800 22 1.8 BDO+75 325 553
WNGEC 772k D 2001 1200 3x1800 15 l& BD+75 325 553
WGEC 772 Dec 2001 1200 3x1800 1.3 1.7 30 50 53
MWGEC 15172 Dec 2001 Qo0 3x1800 l& 1.8 BD+75 325 553
MNGEC 16202 Dec 2001 180 3x1800 l& 21 BD+75 325 553
MNGEC 196la  Dec 2001 o0 3x1800 16 l& F193-74 553
MNGEC 1961k Dec 2001 1200 3x1800 17 14 BD+75 325 553
MWGEC 196lc Dec 2001 1200 3x1800 1.1 1.2 BDO+75 325 a3
MNGEC 24246 Dec 2001 1200 3x1800 l& l& —_ 553
MNGEC 27182 May 2002 a0 3x1800 15 1.1 Feige 34 553
WNGEC 27186 Way 2002 o0 3x1800 15 1.1 Feige 34 553
WGEC 27752 Dec 2001 300 3x1800 12 L5 BD+75 325 558
WEC 2775c  Dec 2001 1200 3x1800 13 14 BDO+75 325 558
MNEC 2916a Dec 2001 1200 3x1800 17 15 BD+75 325 553
MWEC 30432 Dec 2001 1200 3x1800 l& 1.2 BDO+75 325 a3
MWGEC 31542  Dec 2001 1200 3x1800 1.1 1.1 BDH+75 325 &73
WGEC 37352 Dec 2001 1200 3x1800 12 14 BD+75 325 553
NWEC 40306 Waw 2002 1200 3x1800 14 1.7 Feige 06 558
MNEC 4541a  DMay 2002 1200 3x1800 l& l& Feige 34 &73
MNGEC 45416 May 2002 1200 3x1800 l& l& Feige 34 &73
MNEC 4541 Doy 2002 1200 3x1800 16 l& Feige 34 &73
MNGEC 47252 May 2002 1200 3x1800 12 1.3 BDOH+33 2642 558
MWGEC 52482 Way 2002 1200 3x1300 1.1 1.2 B33 2642 558
MNGEC 52486 May 2002 GO0 3x1800 1.8 1.7 Hz 4+ 558
MWOEC 58992 MMay 2002 1800 3x1800 14 14 B33 2642 a3
MWGEC 53962d  Maw 2002 1200 3x1800 1.1 1.3 BDOH33 2642 553
MNGEC 59652, May 2002 SO0 3x1800 14 1.2 BDOH+33 2642 553
MWGEC 539652,  May 2002 S0 3x1800 14 1.2 B33 2642 553
MNEC&181la DMay 2002 SO0 3x1800 12 1.2 B33 2642 553
WGEC 71372 Dec 2002 300 3x1200 2.2 2.3 — B33
MNEC 76782 Dec 2001 1200 3x1800 14 l& BD+75 325 553

Mote: tg and tx.: exposure times in both filteis, R and Ha; FWHNM R and FWHN Ha: full width
half maxirmin in bath filters; Cal. star: spectophotometic standar stas.




CHAPTER 3

EFFECTS OF INTERACTIONS IN THE
FIELD

Al Abstruct

Ln this Chapter, we study fizld galaxy pairs selected from the 2dF Galaxy Pair Catalog
(2dF3PC) desciibed in Chapter 2. Ouor analysis provides a well defined sample of 2732
paits, a large database snitable for statistical stodies of galaxy interactions in the local oni-
verse, 2 = 0.1, We have excloded pairs in high density regions by removing galaxies in
groops and closters and we analyvze the star formation activity in the pairs as a function of
both projected distance () and relative radial velocity (A7), We find powet-law telations
tor the mean star formation birth parameter and equivalent widths of the galaxies in pairts as a
function of rp and AT, We find that star formation in galaxy paits is significantly enhanced
over that of isolated galaxies with similar redshifts in the field for rp < 25 kpc h=! and
AT < 100 km s~ We found that when com pared to isclated galaxies of similar luminosity
and redshift distribution, the effects of having a com panion are mere significant on the star
formation activity of bright galaxies in pairs, unless the paits are formed by similat lomi-
nosity galaxies. Ln this case, the star formation is enhanced in both components. We found
that about fifty percent of galaxy paits do not show signs of important star formation activity
linde pendently of their luminosities) supportting the hypothesis that the internal propetties of

the galaxies play a crocial tole in the triggeting of star formation by interactions.

3.2 Introduction

Ln this Chapter, we focus on an analysis of intetacting galaxies in relative isolation. For this

purpose, we considet galaxy paits in the fizld taken from the total 2dF Galaxy Pair Cata-

29
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log (se= details in Chapter 2) and analvze their propettiss in comparison to galaxies withouot
com panions. For this purpose we will exclude thoss galaxies that belong to groups as defined
bv Merchan & Zandivarez (2002, hereafter MZ02). Pairs in high density environments will
be analvzed in Chapter4. Here, we aim at answering questions such as: which type of galax-
ies are preferentially found in pais, how doss star formation vary among them according to
their lomincsities, stc.

A control sample sharing the same selection effects will be constructed, focusing the
analysis on the statistical differences between galaxies in paits and isolated ones in the 2dE-
3RS, We stress that this is 2 useful procedure to unveil the effects of galaxy interactions on
the star formation process.

Ln Section 3.3 we define the fizld galaxy pair catalog and the comparison sample. Section
3.4 is focused on the analvsis of the star formation propetties of galaxies in paits and Section

3.5 suimimatizes the main conclusions.

3.3 Field Galaxy Pair Catulog (FGPC)

From the previous analvsis (Fig 2.7 and Fig 2.8, Chapter 2) we found that a projected dis-
tance of 100 kpe h~! and a relative radial velocity of 350 kim s—! are teliable limits to select
paits with high probability of being an intsracting svstem with enhanced specific star forma-
tion activity. Galaxies at larger distances and with greater velocity differences do not show
statisticall v significant signs of enhanced SF with respect to the background. And since we
are intetested in studying thoss paits that belong to the fizld (paits in groups will be discussed
in the next Chapter), we matched the total galaxy paircatalog and galaxies belonging to 2dF
groups (MZO02). The resolting Field (Galaxy Pair Catalog IFGPC) excludes those galaxies
members of groups/clusters, comprising 2732 pairs with = < 0.1 inrelative isclation.

Ln otder to propetly assess the significance of the results obtained fiom the FGP catalog
we have defined a field contrel sample (FCS) from the 2dF catalog using a Monts Cartle
al gorithin that selects, for each galaxy pair in the FGP catalog, two galaxies in the fi=ld
lie. not included in the FGQP catalog and not members of the MZ groop catalog) within
the same redshift mnge of the galaxy pait Thos, the procedore followed to constroct this
conttol catalog assures that it will have the same selection effects than the FGP catalog, and
consequently, it can be used to estimate the actoal diffemnce between galaxies in pairs and
isolated galaxies, in the fi=ld, unveil ing the effects of the intetactions.

For anal yzing the spectral tvpe composition of the FGPs in compatison with that of gen-
etal galaxies in the fizld we defined five combined categories ()] according to the combina-
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tion of spectral tvpe 17 (s== Chapter 2) of the galaxiss in the pais. The fitst four correspond
to galaxy pais that have squal spectral tvpe: O1 = (1,15, 2 = (2,23, C3 = (3,3) and
C1 = (4 1) The last spectiml categoty corresponds to paits composed of galaxies with
different spectral tvpes (Table 3.1).

Tabk 3.1: Spectral composition of galaxy pairs: Petcentages of spectral tvpe categoties.

Catlog C1 C2 C3 C+ CF5
| : |
i

FGP 2 7 &5 39
FCS 7 10 6 3 T4
FGF;FC5 314 07 1 1.7 Q8O0

Llate: FGE: Field Galaxy Pairs; FCS: Field Comtrol Sample.

In Fig. 3.1a we have plotted the fraction of FGPs in the first four spectral categoties
notmalized to those obtained from the control sample. We ses that there is an ewcess of
C1 and C4 spectral category pairs with respect to the control sample, suggesting a trend for
F(Ps to be composed of two galaxies with similar spectral chatacteristics, both non star
forming or both with significant star formation (se= Table 3.1).

Also, we have sstimated the mean lominesities {(L1 + L23/2), (L1 and Lo refer to the
luminosities of the two members of a pair) of sach category pair and that cotresponding to
the control sample. In Fig. 3.1b we show the conesponding ratios of these two sam ples. We
can see in this iignre that on average, galaxiss in C3 and C4 pair categories are significantly

mote luminoos than their isclated connterparts.

3.4 Stur Formation in Galaxy Puairs

The F3P catalog allows a detailed study of the possible effects of the interactions. For these
galaxies, we have sstimated the mean values of the birthmts parameter (5] as a function of
rpand AW,

Fig. 3.2shows {b) in bins of rp, where it can be seen that the star formation efficiency
is larger for closer galaxy pairs. A similar behavioor is found for the relative radial velocity
(Fig. 3.3). Power laws provide good fits to both sets of data. The following =lations for the
mean b parametet and the equivalent width have been obtained from thes= fittings:

(ETW) = (.10 £ 0.50)r ;40302 (3.1
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Fig. 3.1: aj Frequency of spectral type combinations of field galaxy paits (FGPs) and b) Ra-
tio between the mean lumincsities of galaxies in pairs and the cotresponding to the control
sample as a function of their spectral categories. In both cases, the relations have been nor-
malized by using the cotresponding parameters determined from the control catalog. Error
bars cotres pond to standard Poisson deviations.

{EW) =(1.30 £ 050 A7 30010 (3.2)
(B) = (083 £ 0.01)r 50" (3.3
{B) = (040 £ 0. 31 A -H2am (3.4]

whete rpand AT are given inMpe h™!and kms~%, and ET in Angstrom. Uncertainties
are estimated by applving the bootstrap technique (100 random samples). Mote that the
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dependence on the projected distance is mors significant than that on the relative velocity

separation.
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Fig. 3.2: Mean b parameters estimated in projected distance bins for galaxies in interacting
paits. The dashed hotizontal lines represent the mean b parameter for the control sample.
The small bow corresponds tothe fraction f* of galaxies with b = b.

In order to assess the impottance of interactions on 5F activity compatred to isclated
galaxies, we have com puted the mean b patameter for the galaxy paitcontrol sample (FCS),
b= 1.32. This value has besn depicted in Fig. 3.2 and in Fig. 3.3 (dashed lines) whete it can
be appreciated that only galaxies in vary closs paits in projection show significantly highst
mean star formation activity than that of isolated galaxies in the fisld.

Complications telated to the physical interpretation of redshift space identified paits
whete 7, and AV provide only lowesr limits for the true galaxy separations shouold be al-
ways considered. Also, interlopers and interactions which have not ondergone a close ap-
proximation difficult a straightforward interpretation of the mean values of the starbirth rate
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Fig. 3.3: Mean b patameters estimated in relative radial velocity bins for galaxies in intemct-
ing paits. The dashed hetizontal lines represent the mean b parameter for the control sam ple.
The small box cotresponds tothe fraction f* of galaxies with b = b.

parameter. Taking intoaccount these caveats, we have calculated the fraction f* of star form-
ing galaxies with b = b, and we show them inthe small windows of Fig. 3.2 and in Fig. 3.3.
The dashed lines represent the corresponding fractions for the control sample. As it can be
appreciated, the prowimity in velocity and projected distance correlates with an increase in
the fractions of galaxies undergeoing strong star formation activity until they exceed the mean
fraction of the control sample.

The weaker dependence of the mean bitthrate parameter {B) on relative velocity may
have severtal sontces. Firstly, an ovetall tms onoertainty in radial velocity detetmination of
= 35 km 5! is derived by repeated obssvations in the 2dF survey and by com parisen with
other redshift catalogs. This laige scatter implies a latge observational etror in the relative
velecity of a pair of galaxies in the catalog =~ 120 km s—!. Therefore, this observational
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nncertainty should be considered as the main cavse of the weaker dependence on relative
velecity compared torpsince the precision in coctdinates has negligible uncertainties. There
are, however, other issues to be considered, since there can be several pairs with large spatial
separations but with small radial velocity differences. Hence, for a given relative velocity
bin, contributions of paits with different orbital position are canceled oot In the case of
projected sepatation bins, theiz is also a contamination by small rip and lagge AT although
the enhancement of star formation with spatial separation is strong enough to overrids this

cohtaini hatich.
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Fig. 3.4: Mean b parameters estimated in projected distance bins for galaxies in the FGP
catalog for thres differ=nt maximum relative radial velocity limits: AT < 350 km s~ (solid
lin=], AT < 100 kins—? (long-dashed line) and Al = 80 kin s~ idotted lin=). The dash=d
hotizontal line represents the mean b parameter for the control sample. The small box cor-

tesponds to the fraction f* of galaxies with b = k.

Ln order to visualize how (b) depends on the combination of rp and AT we have esti-



Intetactions in the Field 3G

mated b as a function of v, by consideting paits by different velocity sepatations (Fig., 3.4
As itcan be cleatly seen the signal increases as pairs with larger AT are ewcloded from the
calculations. A similar behavier is obsetved for the fractions (7). Those are svstems with
latge t=lative distance observed with a small projected sepatation. From this fignrs we may
inferthat as the galaxies orbitinto each other or expetience a close encounter, the star forma-
tion activity of the svstem increases. In spite of the uncertainty in AT doe to measorement
ettors, we note that the larger star formation activity for pairs with quoted values as small as
AV < 50kms"t

The mest significant difference betwesn the star formation activity of galaxies in paits
and those of the contiol sample is obtained when the anal vsis is restricted to paits with v <
25 kpc h~!. This sub-sampls shows the strongest signal of enhanced SF as illustrated in
Fig. 3.5 where we have plotted the b patameters as a function of the relative radial velocity.
The dashed lines depict the mean (b} and f* for the corresponding control sample. Con-
fronting this figure with Fig. 3.3 we can conclude that pairs with small 7 have a statistically
sighificant incre=ase of their star formation rate when restricted to small telative velocities. Tn
consequencs, we define a subsam ple of close paits by imposing the restrictions: Tp - 25 kpe
h=! and AT < 100 kin 571, het=after Fizld Clos= Galaxy Pair (FCGP ) sample (Table 3.2).
This set of galaxies exhibits the highest star formation sficizncy.

Tab. 3.2: Field Catalogs

| Catalogs MNomberof galaxies rFIkpc h=1 AV (kins—1) |

FEPC 2732 galaxy pairs < 100 < 350
FCGQPC 328 galaxy pairs < 25 < 100
| FCS 5464 isolated galaxies = 100 = 350 |

Mote: FGPC: Field Galaxy Pair Catalog; FCGPC: Field Close Galaxy Pair Catalog; FCS: Field
Control Sample.

3.4.1 Dependence on Luminosity

An analysis of the dependence of the 5F activity on the luminosity of the galaxies in paits
could help to understand how 5F activity is regolated between pair members. Several ob-
servational wotks have found evidence that in an interacting pair, the fainter galaxy sesms
to be more affected (2.g. Donzelli & Pastoriza 1997). Also, Colina et al. (2001) found that
Ultra Luminouws Infrared Galaxies conld be related to mergers of different luminosities in the
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Fig. 3.5: Mean b parametets in bins of relative mdial velocity for galaxies in close paits (rp <
25 kpc h!). The dashed horizontal line tepresents the mean b parameter for galaxies in the
conttol sample. The small box shows the fraction f* of strong star forming galaxies in the

samples.

tange 0.3 — 2L°. Argoments related to the stability properties of the galaxies have been nsed
to explain thess observations. MNumetical simuolations show that disc galaxies with a small
lor with a lack of) bulge component (Mihos & Hernquist 1996; Tissera =t al. 2002) tend
to be mote susceptible to the sffects of tidal intetactions which can trigget gas inflows and
star formation. Accotding to Tissera et al. (2002 these systems would be in sarly stages of
evolution whete their bulges are being boilt up, and consequently, on average, they would be
smaller (ot faint=t).

W can use this larges galaxy paircatalog for investi gating this point on a fitmer statistical
basis. For this purpose we estimate the mean birthrate parameter in lominosity bins for
galaxi=s in the FOP catalog and those in the control sample. Wethen define the star formation
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ewcess O as the ratio between these two b parameters. Hence, 3 vields the ewcess of star
formation in pair galaxiss with respect to any isclated galaxy in the fizld with the same
selection effects and redshift distribution.
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Fig. 3.0: Mean star formation ewcess parameters 3 for the FGPs (solid lines) and FCGPs
with projected distance v, =23 kpc h=! and AT = 100 kim s~ (dashed lines). The small
box shows the fraction £ of strong star formation.

InFig. 3.6 we show {3) vslog {L/ L) for the FGP and the FCGP samples (r < 100 kpc
h=", AV < 350km s~ and r < 25 kpc h™, AT = 100 km s™*, respectively). As it can
be seen the total FOP sample shows the same level of 5F activity than isolated galaxies in
the fizld (3 == 1], while the FCGP sample has a star formation snhancement with tespect to
isolated galaxies (3 = 1.5). In the small box, we show the relative fraction of galaxies (F7)
thatare experiencing larger SF activity than the corres ponding mean in the control sample, in
each [uminosity interval, for both the complete and the close galaxy pair samples, normal ized
to the corresponding fractions of the control sample. [t can be appreciated from this box a
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sighificant increase in the fraction of star forming galaxiss in paits with respect to isolated
ones as a function of luminesity. This trend is washed oot when mean b valuss are sstimated
since thers is a large percentage of non star-forming galaxies in pairs. Owing to the fact that
the larger difference betweesn the star formation of galaxies in paits and that of isolated ones
is detected for bright galaxies, we have to consider the possible presence of AGN as well as
starbursts associated to interactions. This will be considerin Chapter 5 for the 5055 catalog.

3.4.2 Pairs Formed by Similar and Different Luminosity Galaxies

Ln this section we analvse FGPs accotding to the relative luminosity of theirt member galax-
ies. For FGPs and galaxies inthecontrol sample, we estimate the tatio of lumincsities Lo/ Ly
of the faint overthe bright membet. Asshown in Fig. 3.7, we found that FGPs are com posed
of galaxies with telative [uminosities similar to those of any isolated pair of galaxies in the
fizld (with the saime= tedshift distribation], except for a weak tendency for some excess of
paits of galaxies composed with different luminosities. The bootstrap ettor analvsis indi-
cates that this excess has a statistical significance. This is likely dus to the offects of the
interaction, and we mav atgoe for troncated star formation due to the tidal perturbation of
the mote massive comm panion.

We define two sub-samples according to the relative luminosity of galaxies (Lo, L1 in
paits. We adopt Lo/ L1 = (0.5 as a threshold to split the FGP catalog into two subsamples of
dissimilar Lo/ Ly < 0.5)and similar( Lz Ly = 0.5) galaxy luminositiesin pairs (this choice
divides the sam ple into subsamples with roughly the same number of members). Asoming
that all intetacting paits might eventoall v give otigin to 2 metger svent, this luminosity mtio
can be alzo interpreted as a threshold to split the data intomajot and minot intetactions sob-
samples. We then calcolated the {3) patameter as a function of lumincsity for these two
sub-samples restricted to the subsample of fizld close galaxy paits (FCGP: rp < 23 kpe h—1
and AT < 100 km s~1). Whils for the minot intstactions sub-sampls we found no sxcess, a
mean value 3 = 2 iz detected for the major metger candidates. However, in both cases, we
tound no dependences on luminosity.

In otder to further clarifv on the importance of galaxy lominosity and the strength of the
interaction we have also investigated the dependence of the 5F excess on projected distance
tor the fainter and brighter galaxy membets in minot intetactions (Lo Ly < 0.5). For this
purposs we have sstimated the | 3) paramet=r as a function of rp for the faint and bright
com ponents of galaxy paits as shown in Fig. 3.8, It can be appreciated from this figure the
similar behaviot of the mean 5F enhancement with respect to the control sample of the two
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0.8

Fig. 3.7: Histogram of the luminosity tatio between the bright and the faint galaxy member
of paits notmalized to that estimated for the control sam ple.

com ponents. However, when fractions are estimated for the bright (dashed) and faint (solid)
com ponents we foond that the formet shows a clear excess. At a given lominosity, brighter
com ponents of dissimilar lominesity paits have a larger probability to have enhanced 5F
when compated to isolated galaxies and from latger projected distances.

A similar analysis was performed for the major intetactions sub-sample. In this case in
otdet toclassify them in bright and faint luminosity paits we estimated the mean lominosity
of the pair and adopted a threshold of log (L + L33/ 2 = 9.5 (solar units). For these two
sets we estimated J as a fonction of projected distance. The results are plotted inFig. 3.9
from where it can be appreciated that the two samples exhibit a similar trend in mean 5F
=hnhanc=ine=nt as a function nFrF. which is found to be highet than that of minot intetactions.
The small box shows the fraction of galaxies with 5 = b notmalized to the values of the

conttol sample. In this case, we found that both com ponents of majot interactions have a
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Fig. 3.8: Mean SF sxcess parameter {3) versus projected distance for the bright (dashed
lines) and the faint (solid lines) members of galaxy paits classified as miner intsractions
(e, pairs formed by different lominosity galaxies, Ly = La]. The small box shows the
fraction £ for the brighter idashed lines) and the fainter (solid lines | member.

similar probability to have enhanced 5F activity,. However, we note that the fractions are
latgerthan those of the cotres ponding control sample only for close enconntes (v, < 25 kpe
h—1).

This analvsis suggests that the effects of interactions on the SF activity is relatively more
impottant in the brightetr components of paits with different lomincsities. For galaxies witha
similar lnminosity com panion, both objects show alarger stat formation activity than isolated
galaxies.

It should b= stress=d that these results do not contradict obsstvations where the faint
member of interacting pairs has on average a larger star formation activity, since thesestodies

lack a propet confrontation to galaxies withoot com panions (see Bergvall et al. 2003 for the
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Fig. 3.9: Mean SF sxcess parameter {3) versus projected distance for the bright (dashed
lines) and the faint (solid lin=s ) galaxy paits classified as major interactions (i.z., pairs formed
bw similar lomincsity galaxies, £y ro Lo). The small bow shows the fraction F* for the bright

(dashed lin=s) and the &int (salid lines) m=mber.

first obs=rvational works that us=d this approach).

3.5 Summary

We have cartied oot a statistical analysis of 2732 galaxy paits inthe field restricted to = = 0.1
selzcted froim the 2dFERS. Dot study is centeed on the star formation snhancement of the
pait membets with tespect to isolated galaxies in the fisld with the same r=dshift distribotion
and lumincsiti=s.

We can summatize out results in the following main conclusions.

1. We detecta Eigniﬁc.:mt cottelation between the starbitth rate parameter .'.:' and both,
projected spatial separation rp and relative radial velocity AT for galaxy pairs. For rp =
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25 kpch~! and ATV < 100 km s~ we obtain a substantial star formation enhancement with
respect to the isolated control sample. The AT dependence is less pronounced although we
find a systematic i ncrease of star formation activity for decreasing relative velocity.

2. Ther= is not an overall dependence of the mean star formation enhancement | 3) on
luminesity for galaxy pairs at = = 0.10. A nearly constant value {3) = 1.2 for the total FGP
catalogand {3) = 2 for the fi=ld close galaxy pairsubsample have been measured. However,
the fractions of galaxies in paits that have a highet 5F activity than the cotresponding average
one of isolated galaxies, show a clear excess for the b ght members.

3. We divide the field close pair sample inminot (Lo £ < 0.5) and majer (Lo Ly = 0.5
interactions accotding to their relative luminosities. We found that bright com ponents in
minot intetactions show higher probability to have enhanced 5F by tidal interactions than
isolated galaxies and from latger projected distances than the faint components. In the case
of majot intetactions both components show comparable star formation enhancements and

with a similar projected distance dependence.



CHAPTER 4

EFFECTS OF INTERACTIONS ON STAR
FORMATION IN GROUPS AND CLUSTERS

4.1 Abstruct

We assess the effects of galaxv-galaxy interactions on star formation by analysing pairs in
groups and clusters of galaxies with virial masses in the tange 107 — 101% My extracted from
the 2dFGRS (Merchin & Zandivarez 2002). We find that only galaxy paits with relative
separation as small as v, < 15 kpc h~! show significant star formation activity in comparison
to other group member galaxies. In Chapter 3, similar results were found for galaxy pairs
in the field but for a latger threshold (v, < 25 kpe h™!) so that the natore of star formation
driven bv galaxy interactions is nearly independent of environment in spite of the general
lower level of star foumation activity in systems of galaxies. The above results reflzct, on
one hand, the local nature of star formation induced by tidal intetactions and, on the othet,
the role played by the internal properties of galaxies. By using a 2dFGRS mock catalog we
estimate the contamination by spuricus pairs, inding that oot statistics are dominated by real
paits, in patticular for close wlative separations, for which ourstody indicates significant star
formation activity. We obtain a similar radial and relative velocity distribution of the paits
with respect to the group centre compared to those of other typical group members, so that

galaxy paits have no particular location and dvnamics within groups.

4.2 Introduction

It is well known that galaxies in groups and clustets have significantl v reduced star formation
with respect to that in the field (=.g. Dressler 1980, Martinez et al. 2002). Domingnez ot al.
(2002) also obtained that the distribution of starformation rates is correlated with both the

i
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distance from the cluster centre and the local projected density. However, it is still uncertain
how relevant is the global emvironment in the regulation of star formation in galaxies.

Taking into account these resuolts, in this Chapter we focus on the analvsis of galaxy-
galaxy interactions within groups and closters with the aim at assessing if this physical
mechanizm plays a significant role in star foumation triggering in dense virialized systems.
For this purpose we constructed the hitherto largest sample of interacting paits in groups
and clusters from the 2dFGRS. By means of spectroscopy analysis, we explore the depen-
dence of the star fotmation in galaxy paits on relative projected separation, radial velocity
and groupcentric distance.

4.3 Data and Analysis

4.3.1 Pairsin Groups in the 2dFGRS

We constructed a catalog of pairs in groups using the cross-comelate of the total galaxy
paits catalog (2dFGPC) defined by a projected distance v, < 100 kpe h™' and a telative
radial velocity AT < 350 km 57 with the 2dFGRS group catalog obtained by Merchdn
& Zandivarez (2002), performed in Chapter 3. These authors identifisd groups by using a
slightly modified version of the group finding al gorithm developed by Huchta & Gellet, with
a minimom number of 4+ mem bers, an outer nom ber density enhancement of 80 and a linking
radial cuteff of 200 kim s~!. The sample com prises 8076 groups spanning over the redshift
tange of 0.003 < £ < 0.25 with 2 mean redshift = = 0.1. As a resolt of this cross-correlation
we obtain 2 sample with 4658 pairs of galaxies in groups. For the analvsis we use those
paits with z = 0.1 fa total of 3335 galaxy paits in groops (i.e. 65670 galaxies forming pairs),
hereafter Group Galaxy Pair Catalog: GGPC).

Following the procedur outlined in Chapter 3, we focus oor attention on the effects of
interactions on star formation by comparing with a suitable control sample which differs
trom the GGP catalog onlv on the fact that galaxies in groups in the latter have a close com-
panion. Using a Monte Catlo algotithm we select, for sach galaxy pair, two other membets
of the 2dFGRS group catalog. Therefore, in this stody, the group control sample (GQCS)
cortesponds to G670 galaxies in groups and clusters which do not have a companion within
rp < 100kpe h™' and AT < 350 km s~ We stress the fact that this com parison sample
of galaxies in groups shares the same emvitonment and has the same redshift distributions
than the GGP sample of galaxy paits in groups. A Folmogotov-Smirnov test vields that
the noll hvpothesis is true at a 05% confidence l=vel for the redshift and absolat= magnitude
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Fig. +.1: Distribotions of redshift and absolote magnitude Ha._‘ of galaxy paits (solid line |
and the control sample (dashed line).

distributions. Hence, the pair and the control sam ples can be reliably considered similar and
approptiate for oot analvsis (see Fig. 4.1].

‘Testing the effects of spurions galxy pairs

The selection of galaxy pairs by nsing relative velocity differences (A1) and projected sep-
atation (1) has the drawback that sputicus paits can be included. The use of cot-offs for
both variables helps to diminish the problem, although they do not solve it completely. In
particular, the effects of spurions pairs are expected to be stronger in high density regions
(Mamon 1986; 1987), as is the case in this Chapter.

Ln order to assess the effects of spurious paits in ourobservational analysis, we have used
the 2dFGRS mock catalog constructed by Metchan and Zandivarez (2002) from a gravita-
tiohal numetical simulation of the concordance A cold dark matter universe (12, =0.3,02, =
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0.7, H = 0 km s~ Mpc— and oz = 0.9). The authors performed this simuolation by ns-
ing the HY DR A N-body code developed by Couchman, Thomas & Pearce (1995) with 1257
particles in a cubic comeving volume of 130 Mpc h—! per side, starting at = = 50. From
this mock catalog, a mock galaxy pair catalog was constructed by applving the same obser
vational cut-offs defined previcusly it < 100 kpe h™ and AV < 350 km 57*). The orbital
parameters such as major semi-axis, eccentricities, binding enetgy, etc., were estimated for
both mock pair catalogs by assuming a two-body problem scenario. We adopted e < 1 and
negative binding enetgy to distinguish between real and sputious paits.

We found that for the mock pait catalog == T wete teal paits. We also imposed the
condition of an extra neighbont within rp < 400 kpe h=! and AT < 500 km 5= in order to
segregate pairs accotding to environment. For galaxy paits in these denser regions, we found
asimilar fraction so we conclude that although spotions paits are present in oot sample, real
binaty svsteins cleatly domminate the statistics. Mevettheless, we have incluodsd sstimations
of the effects of sputions paits along this Chapter that can help to furthet assess their im pact

on the tesolts.

4.3.2 Position and Velocity Distribution of Galaxy Pairs in Groups
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Fig. 4+.2: Distribution of notmalized group-centric distances D for galaxy pairs (solid line)
and the control sample (dashed line).

We fitst investigate whether galaxy paits have a particolar radial location in groups with
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respecttothe control sample. Forthis purpose, we have analvsed the distribution of projected
tadial distance, Hp, and telative velocity, Viaou, » of paits with respect to the host goup
centre notmalized to the group viral radivs (Ryy,) and groop mean velocity dispetsion (o),
respectively (D = Rp/ Ry and v = (11 Graw |/ ). Wetestrict the anal vsis to groups with
mote than 10 members for the putpose of avoiding large uncertainties in the determination
of group centre, mean velocity and velocity dispersion owing to small number statistics.
The resuolting distributions of the pair and the control samples are shown in Fig.+.2 and Fig.
4.3, from whete it can be appreciated that galaxy paits have a similar concentration to the
othet group membets and have a com parable relative velocity distribution with respect to the
host group centre, although we notice that pairts are somewhat more concentrated and have

smallet velocitv dis petsions than othet gronp members.

a3 -

.
iy

Fig. +.3: Distribution of nounalized radial velocities v for galaxy pairs (solid line) and the
control sample (dashed line).

4.3.3 Star Formation in Galaxy Pairs and in the Control Sample

We have also computed the mean star formation bitthrate parameter b = SFR/(SFR) (sec
Chapter 2) for different bins of normalized group-centric distance D for the group galaxy
pait and the control sam ples.

The msults displaved in Fig.4.4 show cleatly that star formation in the galaxy paits and

in the control samples strongly increases for larger group-centric distances, approaching the
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mean value for fizld galaxies in the cotskirts. The similarity of these trends in both samples

shows that,on average, the environment has the same effects in all grouvpmembers.
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Fig. +4: Mean b patameter versus notmalized gronp-centric distance (D)) for galaxy paits
isolid line) and the control sample (dashed ling) in groups. The dotted line corres ponds to
the mean b value obtainad in Chapter 3 for fisld galaxies.

Star formation as a fonction of projected separation and relative radial velocity

We analyse the dependence of star formation as a function of rp and AV by estimating mean
values (5] as a function of rp, and AT for cur sample of galaxy paits in groups. The results
are shown in Fig. 4.5 and Fig. 4.6.

From Fig.+.5, it can be sezn that the star formation activity is significantly enhanced over
the control sample for rp < 15 kpe ™! We define a subsam ple of group close paits by im-
posing the restriction: rp, = 15 kpe h™?, heteafter Group Close Galaxy Pair (GCGP) sample
(Table +.1). Similar resolts ar= found for paits in the fizld but for rp < 23 kpe h=1 {Chap-
ter 3]. On the other hand, paits with smaller telative radial velocity differences have larger
mean bvaloes, although mdshift measurement oncertainties (GAT =2 120 kim 5~1) may have
diluted the true signal. This behaviour indicates that the physics of star formation indoced
bv pait interactions opemtes in a similar fashion in high density emvironments, although with
a lower genetal level of star formation activity.

Jiven the reduced star formation activity of paits in the central regions of groops as
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Fig. +.5: Mean b parameter vetsus projected distance for galaxy paits in groups. The hori-
zontal line corres ponds to the mean b value obtained from the control sample. The small box
cortesponds to the fraction f* of galaxies with b = 1.34

shown in Fig. 4.4, we have estimated the mean b for close galaxy pairs intwo D bins limited
at fpnf Ay = 0.5 in order to assess if the environment plavs a role on the star formation
activity of a close pair of galaxies. We found that for the GGP and the control sample, the
star formation activity at D = 0.5 is 33% higher than at the central region. For GCGP we
measure a 100% increase in the star formation activity in pairs at D = 0.5 with respect to
the centrall v located ones, suggesting that tidally induced star formation is more effcient in
the outskirt of groonps.

We measure the ratio between the mean star formation birthrate parameter of close galaxy
paits in the fizld and the cortesponding mean value of the control sample (1.43 4+ 0.14),
which is larger than the cotresponding ratio for galaxy pairs in groops (1.08 £ 0.01). This
trend, together with the smaller spatial sepamtion required for star formation enhancement,
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Fig. 4.6: Mean b parametet versus telative velocity for galaxies in intemcting paits in groups.
The small box shows the fraction f* of strong star founing galaxies inthe sample.

snggests that tidal torques genetated by intetactions could be less efficient in pait systems
(with similat r, and AL} in high density tegions. The fact thatdehsest regions are populated
bv earl v tvpe galaxies may indicate that the different tes ponse conld be doe todifferences in
the internal dvhamics of the galaxies in paits and the gas resetvoir available to form stars in
these svsteins.

We should also discuss further the possibility that spurions galaxy paits, which ae mote
probable in denser regions, can affect the trends. In fact, becanse of simple probabilistic
arguments based on contamination by intetlopers (typically 10 members within 0.5 Mpc h—?!
in 2dF groups] would be approxi mately G3% at Tp R 100 kpe h-1, in agresment with the
analysis of the simulations. These arguments indicate that the probability of intetlopets for
the close pait sample wouold beonly rs 0% at T R 15 kpc h~! so that cur detection of star
formation triggering at small sepamtions is notlikely to bestrongly influsnced by interl opets.



Intetactions in Ghoups and Clusters 52

Tab. 4.1: Group Catalogs

Catalogs MNumber of galaxies 1 (kpc h=1) ATV (kms—1) |
Gaerc 3335 pairs < 100 = 350 |

QCaEec 228 pairs = 15 = 350
GCs 070 galaxies = 100 = 350

Mote: GGPC Group Galaxy Pair Cataleg; GOGPC: Group Cless Galaxy Pair Catalog; G5! Goup
Contral Sample.

Similatly to the analysis described previously we define a close 2dF mock catalog in groups
by tequiting r, < 15 kpc h~. In this case we found that 83 %) are real paits in agreement
with the probabilistic estimations. As we note from Fig. +.5 | galaxies in paits with rp = 15
kpc h—! have mean b values systematical lv lowert than the mean ones for the control sample.
Random intetlopers should have, on average, a mean & value similar to the control sam ple
one and contribute to take the mean star formation parameter of paits closer to that of the
control sample. The fact that we actually detect lowsr mean values for v, = 15 kpe h—!
indicates that true galaxy paits have low enough star formation activity to still overcome the
effects of intetlopets which contribute to push their mean b values up, closer to the one of
the contwol sample. We argue that the galaxy pair sample comprises galaxies with lower
star formation than the mean of other member galaxies of groups unless the pair members
ars very close. This behaviour is similar to field pairs, where again star formation activity
is lower than that of the conttol sample, except for close paits whete there is a signiﬁc.lnt
enhancement.

In order to improve our understanding of the star formation propetties of galaxies in
paits, we have calculated the fraction of strong star forming galaxies, f* = V(b = 1.34). We
expect that such a fraction would better reflect the effects of interactions than averages and,
motzover, be less sensible to contamination by other member galaxies which are expected
to have low b values. The birthrate parameter threshold b = 1.34 cotresponds o spectral
tvpes 3 and 4 (7 > 1.1) reported by Madgwick =t al. (2002). As we can appreciate from
the small bowes in Fig.4.5 and in Fig.+4.6, proximity (in both p and AT corielates with
an increase in the fraction of galaxies with strong star formation activity. In Fig. 4.7 we
show the histograms cotresponding to the b patameters for the GCQP sample and the GCS
whetz it can be appreciated that the star formation activity is significantly enhanced for paits
with small telative sepatations. In order to quantifv the results shown in these histograms

we estimated the expected number of close paits with b = 1.34 to be 40 galaxies if the
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distribution were consistent with that of the contiol sample. Instead, we obtain 54 galaxies
in close pais which represents 8% excsss at a 2o l=vel.

From this analysis, we find indications for an emvironmental dependence of the relative
separation and velocity thresholds for star formation activity indoced by tidal torques. Cur
results also suggest a decrzase in the efficiency of tidal torques to induce 5F as we move to

denser smvitohinents (s=e also Section +.3.41.

— Close Pairs {r, < 15 b= kpo} |

— — . Control Sample

Fig. 4.7: Birthrate parameter b distribotions for galaxies in close pairs, v, = 15 kpc h=!
isolid line] and in the control sample (dashed lines ).

4.3.4 Results Restricted to Rich and Poor Group Subsamples

Llmportant obssrvational evidence shows that dense envitonments can affect many galaxy
propetties, in particular the star formation rate (Dressler et. al 1983). Dominguez et al.

(2002) found a clear distinction betwesn high and low virial mass groops (adopting a mass
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limit of 10505 in the 2dF Group Galaxy Catalog constructed by Merchdn & Zandivarsz
(2002). These authors found that massive groups have a significant dependence of the =la-
tive fraction of low star formation galaxies on local galaxy density and group-centric radins,
while low virial mass groups show no significant trends.
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Fig. +.8: Mean b patameter vetsos projected distance for galaxy paits in all goops (solid
line) and in the rich and poot subsam ples (dotted and dashed lines, respectively). The small
bow shows the fraction f° of galaxies with b = 1.34 in the different subsamples (same code
line). Hotizontal lines re present the mean {I'.':I values of the cortes ponding contiol samples.

Ln this subsection, and in otder to have a sufficiently largs number of paits, we have
madifizd the 10 minimum number member condition to + members. This enlarged goup
sample is divided into a poor and rich group subsamples at My, = 1050,

In Fig. +.8 we show that, as expected, galaxy paits in rich groups show a weaker star
tormation activity than pairs in the total sample. Conversely, paits in poor groops have a
highet star formation activity. A similar behaviour is present in b vs A1 as shown in Fig.
+.9. We also compoted the fractions of star forming galaxies with b = 1.34 which show
a similar trend for rich and poot group sub-samples. At small relative separations there is
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Fig. +.9: Mean b pammeter versus relative velocity for galaxy paits in all groups (solid line)
and in the rich and poot subsamples (dotted and dashed lines, respectivelv). The small box
shows the fraction f* of galaxies with b = 1.34 in the different subsamples (same code line ).

a systematic increass of star formation activity itrespectively of envitonment. The central
tegions of clustets are mostly popolated by sarly tvpe galaxies. These objects are dominated
bv a central stellar spheroid which can provide stability to the system against tidal torques
ie.g., Binney & Tremaine 1987; Mihos & Hernguist 1996; Tissera et al. 2002). Hence, in
thess systems, tidal fislds ar= not expected to be thateffective to drive gas inflows and triggst
starborsts even if there were gas available.

Fig. 4.10shows the relation between mean b of galaxies in pairs and hest gronp vitdal
mass. We also display the resolts for the control sample. These trends show that in rich
groups, galaxies in pairs have a present-day lower star formation activity than galaxies with-
ont close companion.  Althongh effects by spurions pairs should be always taken into ac-
count, we atgoe this msoltis robust against sporions paits on the basis of previons discossions
(Sections 4.3.1 and 4.3.31. We stress the fact that these tesolts are not dominated by close
paits which show the opposite trend although with lamge dispersion owing to low number
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statistics.
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Fig. +.10: Mean b parameter versus group vitial masses for galaxy pairs (selid line) and
conttol sample (dashed line) in groops of low and high mass (a and b respectively). The
dotted line represents the mean b patameter of isolated galaxiss in the fizld (see Chapter 3.

4.4  Summary

We have analysed propetties of paits of galaxy systems cotresponding to gronps and cl ustets
of galaxies with virial masses 101% — 107 14, We stress the fact that the anal ysis discussed in
this Chaptet is based on the comparison between two galaxy samples which differed between
each othet only on the fact that one sample com prises galaxies with close com panions, and
the othet, does not. Hence, we are always estimating the statistical differences in the proper
ties of galaxies introduced by the presence of a companion. The anal vsis of a mock catalog
of galaxy paits detived from nomerical simuolations to mimic the 2dFGRS catalog showed
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that the statistics are not dominated by spurious pairs.

The main conclusions can be summarized as follows:

# We find that the radial and relative velocity distribations of paits, normalized to the
group vital rtadins and group mean velocity dispersion, with respect to the groop cen-
tres are similar (although slightly mote concentrated) to those of group members with

No CoMm panions.

¢ We find a closer relative projected threshold, v, ~v 15 kpe h=?, for star formation to
be significantly enhanced with respect to that of the control sampls when com parsd to
that found for galaxy pairs in the field: r ~o 25 kpe h=! (Chapter 3).

# The general lower efficiency of star founation in dense environments is accom panied

bv a lowestr = nhanceiment of the star formation induced by intetactions.

¢ We find that star formation strongly increases for lager group-centric distance for

both, paits and the control sample, in a similar fashion.

# (Galaxy paits in groops have a systematically lower present-day star formation activity
than galaxies in the control sample except for verv small relative separations were star

forimation is mnhanced.



CHAPTER 5

(GALAXY INTERACTIONS IN DIFFERENT
ENVIRONMENTS

5.1 Abstruct

In this Chapter we analvse star formation rates and coloots of galaxy pairs in different emvi-
ronments using the 2dF Galaxy Pair and the Sloan Galaxy Pair Catalogs (defined in Chaptst
2). We use the pojected galaxy density detived from the fifth brightest neighbout, T, for each
galaxy, with a convenient luminosity threshold to characterise emvironment in both survevs
in a consistent way. Star formation activity is detived throogh the n parameter in 2dEGRS
and through the star formation rate normalised to the total mass instars, SF R} M, given by
Erinchmann et al. (2004 in SDS5, which have been calibrated nsing commen galaxies in the
two surveys. For both galaxy paircatalogs, the star formation birthrate parameter is a stong
function of the global emvironment and v, AT values. We observe that galaxy interactions
are mote effective at trggering im portant star formation activity in low and moderate density
environments with respect to the control sample of galaxies without a close companion. Al-
though close pairs have a larger fraction of actively star-forming galaxies, they also exhibit
a greater fraction of red galaxies with respect to those svstems withonot a close companion,
an effect that may indicate that dust stirred op during encounters could affect colonrs and,
partially, obscure tidallv-induced star formation.

3.2  Introduction

In previous Chapters (3 and 4], we analvsed the star formation activity in galaxy pairs in
two well differentiated snvitonments: fisld and gwoups/clustets, respactively. In Chapter 3,
we analysed statistically a large field galaxy pair catalog, showing the effects of interactions

58
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on the star formation activity, based on a comparative analvsis of the properties of isolated
galaxies and galaxies in pairs selected from the 2dEGRS. Then, in Chapter 4, we extended
these imvesti gations to high density environments: groops and clusters. The resolts indicated
that pairs in gwoups wers systematicall v redder and with a lower present-day star formation
activity than other galaxy membets, ewcept for galaxy pairs with relative separation ri < 15
kpc h™! which showed significantly higher star formation activity in com parison to galaxy

members without a close com panion.

[t is intetesting to further investigate the effects of environment on star formation in paits
of galaxies, using a continuous variable from low density regions to vetv high ones.

In this Chaptet, we use the samples of paits, 2dEGP and SDS53P catalogs, obtained in
Chapter 2, from the 2dFGRS and SDS5, respectively. We focus on the statistical study of the
effects of the presence of a close companion oncoloonts and star formation activity of galax-
ies in different environments. We use the projected galaxy density patameter, =, detived
from the fifth brightsst neighbour of =ach galaxy, with a conveniznt lominesity thresheld to
chatacterise emvitonment in both surveys in a consistent wav. This Chapter is stroctored as
tollows: Section 5.3 describes the catalogs, control samples and the characterization of en-
virohment. Section 5.4 discusses the dependence of star formation on projected sepamtion,

telative velocity and sivitoniment. Ssction 5.5 deals with colout distributions as a function

of envitoniment. In Section 5.5 we suimimarize the main ﬁnding‘s.

5.3 Observational Data and Galaxy Pair Catalogs

Ln this Chapter we will make vse of the 2dFGEP and SD55GP catalogs to assess the effects
of intetactions on star formation in different environments.

Ln Chapter 2, we deduced a linear cotrelation between b and spectral-tvpe index 77 which
allowed the estimation of the b parameters for these galaxies. However, in order to estimate
a bitthrate parameter for galaxies in the 2dFERS which can be com pared to that obtained
tor SDS5, we will use pait galaxies in common in both catalogs to cotrelate the b parameter
detived by 5F R/ M valoes in SDS5 with the 7 index in 2dFGRS. For these common paits
we find that b{ SFR/M" ) and 7 define a linzar corelation of the form:

.H:r}'l = [U.EE < i 4 071

Ln all cur analysis, we have therefors adopted this b7 relation for 2dFERS galaxies (ses
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Fig.5.1a). We acknowledge the presence of several objects with low values of bin 5D55
spanning the rangs —3.5 < np < —2.0 in Fig.5.1a so that this statistical relation is likely to
work for active star forming galaxies.

5.3.1 Control Samples

Ln ovder to umveil the effects of intetactions in different emvitonments we constructed control
samples for the 2dFEP and SDSS3P catalogs defined by galaxiss withouta close com panion
within the adopted separation and velocity thiesholds. Bv using a Monte Catlo al gotithin,
tor sach galaxy pait, we selected two other galaxies withoot a companion within Tp - 100
kpc h=1 and AT < 350 kin 5~1. Moteover, thes= galaxies were also requited to match the
observed redshift and luminosity distri butions of the cortes ponding pait sample. In this way
thev will alsoshare incompleteness effects and anv other selection bias whichmay depend on
redshift and lumincsity. We did not impose other restriction since the purpose of the control
sample is to take into account any possible t=dshift and lomincsity bias while allowing a
confrontation of other physical parameters soch as coloors and star fotmation activity as a
function of redshift.

In Fig.5.1 (panels b and c) we show the redshift distributions for S5D5GF and 2dFGP
catalogs (solid lines) and theit cotresponding control samples, hereafter SDSS contiol sam-
ple (SDS5CS) and 2dF contiol sample (2dFCS) (dashed lines). Similarlv, panels d and e
show the M. and My, distributions from SD55 and 2dEGQRS. [t can be appreciated thatlumi-
nosities and redshiﬁ-ﬁ:nr both paits and control samples are similarly behaved in SDS5 and

2dF RS sutveys with small Poisson sttors.

5.3.2 Characterizing Environment in 2dF GRS and SDSS Surveys

The chatactetization of the local amvitonment of galaxiss is attained by defining a project=d
local density pammeter, ©. This patameter is calcolated throngh the projectsd distance d to
the 5" nearest neighbour,

Z=5/{m(ds)")
Fot com pletensss neighbours ate chosen with luminosities above a cettain threshold and

with a radial velocity difference lower than 1000 km ==, In a similar way as EBalogh =t
al. (2004, we imposed the condition A, < —20.5 to select neighbouots in SD55. For the
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Fig. 5.1: Panel a: 5(SFR/M") versus 1 for pair galaxies in common from both catalogs.
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and (c) show the wdshift distribotions and panels (d) and () the M, and M, distribaticns
in 3055 and 2dFERS catalogs, respectively. The solid lines cotres pond to galaxies in pairs
and dashed lines correspond to galaxies in the control samples. Ervor bars denote the mean

Poisson emors.
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2dF GRS catalog we estimated a cotres ponding magnitude limit of M, = —18.3 by requiring
that galaxy pairs in the common region with the SD55 had a similar density parameter T in
both catalogs. This behavioor is illustrated in Fig.5.21a,b), where we show the distribution
of the derived values of T for both pair catalogs.
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o — | g — |
-3 -2 -1 a 1 2 -3 -2 -1 a 1 2
lag (E] Mpc™ k-* SDEE lag (E] Mes® b 2AFGRE
.15 az )
)
i | L
| .15 i
a1 i |+
| ki
| 0.1 { 4
I i
1 |
oos | | s ! 1
oo 3 ons i e :
| : | | [
[~ | i
o= 1| o ]
-1 a 1 =1 a 1
I [BASFRA M= EDER og (b)) 2dPGRS

Fig. 5.2: Distribution of log (Z) for galaxy pairs in the SD35 (a) and 2dFERS (b) sorvevs.
Distribution of log(b{ SFR/ M)} and log(b(n)) for pair galaxies in SDSS (c) and 2dFGRS
id) catalogs in different emvironments: log Z = Q.05 (dashed lines), -0.57 < log T < Q.05
(solid lines) and log T < -0.57 (dotted lin=s).

We explored if the resolts obtained in this analvsis could depend on our particular choice
of local density estimator. For that purpose, we also used the local densities given by Kaoff-
mann et al. (2004). These anthors estimated the local density by counting galaxies within
cvlinders of 2 Mpc h™ in projected tadius and & 500 km s ™! indepth, in a complete sample
of galaxies from SD55. We found a good correlation signal betwesn both density estimators

indicating that these two definitions are adequate tochamctetize the emvionment of galaxies.
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Also, this com parison has proven that incom pletensss =ffects in cur sample ars not signifi-
cantly affecting our = estimations. The results discussed in the following section have been
checked to be robust against the particular definition of local environment. Hence we claim,
that it is environment, and not a particular way of characterizing it, what determines the
observed trends found in our work.

Ln order to analyse into more detail the dependence of star formation on emvironment,
in Fig.5.2(c,d] we show the histograms corresponding to the bitthrate parameter, log(b),
obtained from SFR/M™ for paits in the SD55 and from 7 for paits the 2dEQRS sorvevs.
We also define thies =nvironme=nt class=s: low, m=diom and high, bv selecting three snitable
tanges of T values in order to have equal number of galaxies in each class. These density
tht=sholds at=shown in Table 5.1, In otdet to assess the Eigniﬁc.lncccfz thiesholds, we= have
com puted this patameter for galaxies in 2dF galaxy groups of Metchan & Zandivarez 12002),
finding leg T values in the tangs 0.0+ to 2.02 in consistency with our present definition of

high density environment class (log & = 0.05) .

Tab. 5.1: Local Density Ranges

Environment = Ranges IMP-:_: h™1 dy (Mpc h= |

Low (== fi=ld) log(Z) < —0.57 24
Mediom (= poot groups) —0.57 < log{Z) < 005 24 < d< 1.2
High (== groups/clusters| log(Z) = 0.05 1.2 |

de: avemged distance to the 5" nearest neighbour

In Fig.5.2 (cd)] we plot the distributions of bitthrate pammeter for both galaxy pair cat-
alogs segregated in the thres defined emvitonment classes. As it can be cleatly appreciated,
strong star-forming galaxies tend to aveid high density regions. From this figure, the reader
canjudge how similarly the star formation activity as a function of the local density behaves
for both pair catalogs. We claim that this agreement is good enough to provide a soitable
joint anal ysis of the two data sets.

5.4 Dependence of Star Formation on Projected Separation, Relative Ra-
dial Velocity and Environnient
In Chapter 3 and Chapter 4 we analvsed the star formation activity in paits in two well-

segregated environments: field and groups, finding that galaxies in close paits always ex-
hibited enhanced star formation with respect to galaxies withoot a close companion. 1t is
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interesting to further imvesti gate the effects of environment with a larger sample where en-
vitonment can now be chatactetized as a mote continuous vatiable from very low density
regions to very high ones. Moteover, the possibility of working with two different catalogs
will allow us to test the robostness of the resuolts.
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Fig. 5.3: Fraction of strong star-forming galaxies (with 5 = 1.03) in the 5D55 (upper panel)
and 2dFGRS (lower panel) pair catalogs as a function of the projected distance v (a, ¢
and telative velocity AT (b, d) for the thiee diffetent snvitonmental classes: log T = 005
(dashed lin=s], -0.57 < log Z < 005 (solid lines) and log T < -0.57 (dotted lin=s). The
hotizontal lines show the cotresponding fractions of the control samples.

We first explored the dependence of the relation betwesn the star formation activity and
rp and AT on emitonment foond in Chapter 3 and 4. For this purpose we calcuolated the
fraction of strong star-forming galaxies as a function of rp and A1V in paits and in the control
samples in both sorvevs. We adopted the value b > 1.03 for both SDS5 and 2dEGRS
pait samples since this value define the high star formation peak in Fig.5.2 for the three



Intetactions in D8 fetent Envitonments &5

defined environmental classes. The results are displaved in Fig.5.3 from where we notice
a clear increase of the star formation activity for smallet r values, a tendency that is more
significant in low density environments. A similar behaviour is obssrved for the dependence
on relative velocity, AT, where again star formation is enhanced with respect to the fraction
of the corres ponding control sample for smaller relative velocities and it is clearl v above the
value of the control samples only in low density envitonments. Oor resolts are consistent
with those derived in close galaxy pairs by Nikelic et al. (2004, whe find the specific star-

formation rate to decrease at laige relative velocity althoogh this effect is small com pared to
that observed with relative sepatation, T
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Fig. 5.4: Fraction of strong star-forming galaxies (with 5 = 1.03) as a function of log(Z )
in close paits: r, < 30 kpo h= AV = 200 km 5™ (solid lines) and in the control samples
idashed lines) in SDS5 (upper panel) and 2dEGRS (lower panel ) surveys.

Theretore, from the analysis of Fig.5.3, we deduce that galaxy pairs withr, = 50kpe h-1

and AT = 200 km s~ have a statistically significant enhancement of star formation activity,
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regardless of emvironment. Henes, we define close pair subsam ples formed by those systems
within such limits, hereafter 2dF close galaxy pair (2dFCQEP) and 5055 close galaxy pair
ISDSSCEP) catalogs (Table 5.2).

Tab. 5.2: 2dF and 5D 585 Catalogs

Catalogs Mumber of galaxies  r (kpe h=11 ATV (kms—1 |
2dFEPC 6067 pairs < 100 < 350
2dFCOEPC 1746 pairs < 50 < 200
2dFCS 12134 galaxies s 100 = 350
SDEEEPC 11461 pairs < 100 < 350
SDSSCEPC 3498 pairs < A0 o 200
SDSSCE 22922 galaxies = 100 = 350

Bote: 2dFGPC: 2dF Galaxy Pair Catalog; 2dFCGPC: 2dF Closs Galaxy Pair Catalag; 2dPCS: 2dF
Contwl Sample, SDESGPC: SDES Galaxy Pair Catalog; SDS3CGRT: 5055 Clese Galaxy Pair
Catalog: SD55C5: 5055 Conmtral Sample.

In order to stody into more detail how the foction of actively star-forming galaxies in
close paits varies with environment, we have computed the fraction of strong star-forming
galaxies as a function of projected local density parameter, Z. The cotrelation with Zis il-
lustrated in Fig.5.4. from where we can appreciate a strong dependence of the star formation
activity on local density for the close pair samples and their cotres ponding control ones. It
is clear that close paits show enhanced star formation activity compared to galaxies in the
control sam ple for densities lower than log & = —1.0. Forleg & = 0, pairs show a lower
star formation activity than galaxies without a close com panion, a fact already discussed in
Chapter 4. The transition is within log © = —1 and log T = 0, where the fraction of stong
star-forming svstems seems to be independent of the presence of a close neighbour. This
density range can be associated with that of loose gronp emvitonments.

As discussed in Chapter 4, intetlopers can affect mote strongly higher density regions,
but the probability to have intetlopers is smalleras we take closer paits. Hence, it is onlikely
that the behaviour found in Fig.5.4 can be cansed by intetlopers.

As we have mentioned in the previons section (5.3.2), we anal vsed if our resuolts conld
depend on the particular choice of local density estimator =, For that purpose, we exploted
the results obtained in the two previcus figures, using the local densities given by Kanffimann
etal. (2004 (den) for a sample of galaxies from SD55. We plotted in Fig. 5.5 the fnctionof
strong star-forming galaxies (with & = 1.03) in the SDS5GPC as a function of the projectsd

dista nce, T for two ditfer=nt =mvitonmental classes, dern. This ﬁgurc shows a similar t=n-
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Fig. 5.5: Fraction of strong star-forming galaxies (with & = 1.03] in the 50585 pair cata-
log as a function of the projected distance v, for two different environmental classes, from
the d=nsity sstimator obtained by Kauffmann =t al. (2004). The hotizontal lines show the
cottesponding fractions of the control samples.

dency that we have obtained from Fig 5.3, from . In Fig. 5.6 we show the fraction of stiong
star-forming galaxies as a function of den, in SDSSCGEPs (rp, < 50 kpe h=! and AT - 200
km s~ and in the SDSSCS. The close galaxy paits show an enhanced star formation activ-
ity compared to galaxies in the control sample for densities lower than loglden) == 04, This
value corresponds approximately to the value log(Z) = -1.0 (se= Fig.5.4). Tt can be appie=ci-
ated a good agreement betwesn both density estimators, denand T, indicating that these two
definitions are adsquate tocharacterize the emvitonment of galaxiss. We can concludes that it
iz environment, and not a particolar way of characterizing it.

As mentioned in Chapter 2, subsection 2.4.2, in the case of the SD55 sorvey, incom-
pleteness in the spectroscopic sample conld introduce possiblesvstematic bias in oot resolts.
In spite of the low fraction of contamination (< 10 %) we have stodied the star formation
activity forthe clean and contaminated subsamples (m. = 17.5) from SDSS catalog defined

previonsly. We calcolated the fraction of strong star-forming galaxies 15 = 1.03) as a fone-
tion of projected distance and relative velocity, in the three different density environments

(Table 5.1). The results are shown in Fig.5.7 whete it can be seen that the trends are very sim-
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Fig. 5.6 Fraction of strong star-forming galaxies (withb = 1.03] as a function of the density
sstimator obtained by Kaoffmann et al. (2004), in SDSSCGPs: v, < 50 kpc h= and AT <
200 km s~ (solid lines) and in the SDSSCS (dashed lines). Loglden) re 04 corresponds
approximately to log(Z) = -1

ilar in both sam ples within the quoted nncertainties. This test indicates that incom pleteness
in the specticscopic 3055 survey is not a serious concern for oot analysis.

Jiven the strong dependence of star formation activity on morphological tvpe, we have
tested in SDS5 if the effects of interactions obtained, depend on the concentration parameter
C lie. is the ratio of Petrosian 90 %- 30% r-band light radii) and on stellar mass 3™ given
bv Kaoffmann et al. (2004). Galaxies with a bolge (disc) dominated motphology have
O = 25(C < 2.5)values, so we have analysed the fraction of star-forming galaxies in the
pait sample as a function of projected separation for these two concentration-type galaxies
separatelv. The results are shown in Fig.5.8 where it can be appreciated the increase of star
formation activity atsmall separations for both disc and bolge dominated galaxies. Of conrse,
disc-dominated galaxies have in genetal a moch larger fraction of star-forming galaxies than
bulge-dom inated s vstems. However, regarding the com patison of pair to control samples, the
two tvpes of objects behave in a similar fashion under the pressnce of a close companion.
Similarly, galaxies with small mass instas are more likely to be strong star-forming systems

than galaxies with lamge stellar masses. However, the trend of increasing star formation



Intetactions in D8 fetent Envitonments o

oa [
: (al
o5
! -'-—'__‘ .
g4 i '--:_-__ ..
3 4 T lives
:_ A ® h _'-'-+_ _'_-.:
foap P L
- ) e Tl 3 medium
I o ST
0z i S :
e A S high
0.1 e —4
a 20 40 aa 20 100
r, kpe h
04 b bw -1
'q"‘“-uq;-__
- medium ) T [
goapr  men TR e
- T -{- |
o - T ’\-\-\
= TR
=0z BT e
I _____ - hg‘l " r ’ ‘-H'\..,\_
R o
a1 o ___;_._ o :__ L
a o0 200 200
&Y Wi oAt

Fig. 5.7: Fraction of galaxies in paits restricted to m. < 17.5 with & > 1.03 for the total
(solid lines), and clean idetted lines) samples in SDSS, as a function of v, (a), and AT (),
tor high (log & = 0.03), mediom [ -0.57 < log © < 0.03 jand low (log T < -0.57) density
environmesnts.

activity for close relative separation is observed in a similar fashion for both large and low
stellar mass s vstems.

Hence the fact that we detect lower star formation activity in pairs in the denser regions
with respect to galaxies withouot a close com panion in the same kind of environment sug-
gests that galaxy pairs as bound systems could be more evolved than their surrounding loose
galaxies.

A comprehensive analysis of these environmental effects requoires also a study of ex-
tremely low star-forming systems. We calculate the fraction of galaxies with low star for-
mation activity in pairs and in the control samples as those with b < 0.13 in both 5055 and
2dFOR.S surveys as a function of projected galaxy sepatation betwesn paitmembets, r., and
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Fig. 5.8: Upper panels: Fraction of galaxies with b = 1.03 in the SD55 pair catalog as a
function of r, for low © < L5 ot laggetr © = 1.5 concentration index values cotresponding
to disc or bulge dominated morphologies, mspectively. Lower panels: Same as in upper
panzls for subsamples with low and high mass in stars (M < 107 Mg and M = 10704 ).
The hotizontal lines in the four panels corres pond to the fractions of the control sam ples.

relative velocity, AT, for the same three different emvitonments nsed in Fig.5.3 (Table 5.1).
This & = 0.13 value cotres ponds to approximatel v the low SFR peak for the SD55 and the
2dF GRS distributions as it can be seen in Fig.5.2.

From Fig.5.9, we can notice a clear increass of the low star-founing galaxy fraction in
paits with lager rp and ATV values, a trend that is more significant in high density emviron-
ments. As we mentioned before, the effects of spurious pairs shoold be higher for larger
relative projected separations and in higher density regions. Hence, part of the trend could,
in principle, reflect the effects of intetlopers. However, on one hand, for close paits these
effects ars not that significant as mention=d before and, on the other, the incorporation of
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Fig. 5.9: Fraction of low star-forming galaxies (with b = 0.13) as a function of projected
distince, r (2, ), and relative velocity, AT (b, d), for three different emvimonmental classes:
log T = 005 (dashed lines), -0.57 < log T < 005 (solid linss) and log T <-0.57 (dotted
lines), in the 5055 (upper panel) and 2dFGRS (lower panel ) surveys. The hotizontal lines
show the fractions of the corresponding control samples.
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Fig. 5.10: Fraction of low star-forming galaxies (with 5 < 0.13) as a function DFng[E] in
close paits: rp, < 50 kpe h=!, A1 < 200 km s~ (solid lines) and in the control samples
idashed lines) in SDS5 (upper panel) and 2dFGRS (lower panel ) sorveys.

interlopers shoold push the average of pairs toward that of the control sample while we are
actually getting a lower value for close neighboors.

In Fig.5.10 we show the fraction of galaxies with low star-forming activity as a func-
tion of the projected local density parameter in close pairs and in the cotres ponding control
samples. From this figure, it can be appreciated the expected dependence on local density
tor galaxies with and without a close companion so that the fraction of low star-forming
svstems increases with increasing density. However, we also found an increase of low star-
forming galaxies in very low density regions. For close pairs thers is a clear excess of low

star-forming galaxies in all environments.
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5.5 Colours of Galaxies in Pairs

In this section, we make use of the galaxy colour information in SD85 nsing Petrosian mag-
nitudes for each object to further stody galaxies in pairs. We calcolate the colonrs with K
and extinction cotrections following Elanton et el (2003,
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Fig. 5.11: Distribution of u — r colours for galaxies in SDSSCGEPs (v, < 50kpe h=!, AT <
200 km 571 (solid line) and in the corresponding SDSSCS (dashed lines), for the three
different environmental classes defined in Section 5.3.2. The vettical lines corres pond to the
adopted blue (dotted) and red (dot-dashed) limits. Error bars cotres pond to Poisson standad

ettors. Motice the tail of blue galaxies in pairs in low density envitohment.

Fig. 5.11 shows the u — r colour distributions for galaxies in close pairs (solid lines) and
in the control sample (dashed lines) for the three envitonmental classes previoosly defined.
From this figni= it can be appreciated that close pais have distributions with an sxcess of
both red and blue galaxy coloonts with respect to those of the corres ponding control sam ple.

This behavicoor is mers significant in low density snvironments. Error bars cotrespond to
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Poisson deviations in each colour bin. A mote detailed look vields that, regardless of emvi-
ronment, galaxies in pairs populate more densely the colourranges w— v < 1.4 (dotted line),
cottesponding to blue, voung stellar populations, and the regions withw — r > 3 (dot-dashed
line)] dominated by the more extreme red stellar population, than those of the control sam-
ples. Asimilaranalysis for g — r colours vields a com parable trend with the blue and the red
extreme defined by ¢ — v < 0.tand g — v = 0.95, respectively. These values are adopted as
colour threshelds to define the sxtreme red and blus populations.

5.5.1 The Extreme Blue and Red Galaxies

Following the analvsis of Section 5.4, we also computed the fraction of galaxies with extreme
blue and ted colout indewes as a function of projected sepatation and telative velocity, for the
same thres emvitonmental classes. We vse the colour thresholds detetimined in the previoos
section: w—r < lLiand g—r < 0.4

Fig.5.12 shows an inctease of the fraction of extremely blue galaxies for small r and
AV, This behavioot indicates that galaxies in close paits have an excess of voung stellar
populations with respect to that of the control sample. This excess is similar for the three
envitonments lapproximately a factor 1.5]), although, in high density regions, systems have
to be closet to reach this ewcess. The telative separation thresholds vary from == 50 kpe h—?
to == 20 kpe h™ from low to high density regions. This behaviour is consistent to that found
tor the star formation activity as it can be appreciated from Fig.5.3.

In Fig.5.13 we have plotted the fraction of extreme blue galaxies as a function of pro-
jected local density parameter, T, for systems in both close paits and control samples. As
expected, the global trend with T is complementary to that foond in Fig.5.4 so that the frac-
tioh of extreme blue galaxies in close paits is higher in low density regions in comparison
to the cotresponding ones of the control sample. This telation imverses for high densities
whet= we find that this fraction is larger in the control sam ple. The tmnsition ar=a ccorres in
a density tange consistent with that found for the fraction of strong star-forming pairs.

We have also exploted the dependence of the fraction of extremely ted galaxies on pro-
Jected sepatation and relative velocity. Fig.5.14 shows an equivalent set of plots to that of
the extreme blue fractiondisplaved in Fig.5.12, for the same mnge of © values. Mot that the
fractions of red galaxies in the control samples are almost independent of envitonment and
theitr bocstrap etrows are == 0.005. For galaxies in paits there is an increase of this fraction for
small rp and AT values, indicating that close paits have an excess of red objects regardless

of the emvitonment. The bocstrap errot bats for the fractions of the pair and control samples
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Fig. 5.12: Fraction of galaxies with (u—r) < l4and (g—r) < 0.4 as a function of project=d
distance, v, (a.c) and relative velocity, 217 (bd), for the thres different envitonmental classes
defined in Fig.5.3 The horizontal lines show to the fractions of the cotresponding control
samples.

indicate that the signal is statisticall v meaningfol at motre than 3o-evel.

COne possible interpretation of this trend is that many galaxies in paits have besn very
sfficient in forming stars at =arly stages of their svolution so that, corrently, they exhibit
ted colonts. Howevert, from Fig.5.9 we can appreciate that the fractions of low star-forming
galaxies decrease for smallet relative sepatation for all emvitonments, while the strong star
torming fractions increase (Fig.5.3). The behaviootr of coloonts and star formation activity
snggests that there is an im portant fraction of galaxies in very close pairs (v, < 20 kpe h—1)
which tend to be redder than the restof the galaxies but have enhanced star formation activity
with respect to the control sample. The ted colouts of these star-forming galaxies in close

paits conld be due to obscutation as the result of dost stitred op during the ehcounter which
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Fig. 5.13: Fraction of galaxies withu — v = 1.t jajand g — v =< 0.4 (b) as a function of
projected local density, =, for close pairs (solid lines) and control sam ple idashed lines).

conld also hide patt of the star formation activity.
Ln otder to furthet undetstand the dependence on environment of the fraction of galaxies

with ted colout indexes in close paits and in galaxies without a close companion, we have
analysed the finction of extreme red galaxies in close paits as a function of the local density
parameter, . The results are shown in Fig.5.15 from where it can be appreciated that there
iz an ewcess of extreme red galaxies in close paits compared to that of the control sam ple
in all kind of envitohments. This trend tends to be stronget in high density environments,
consistent with the tesolts of low starforming galaxies discossed in Section 5.4

We alzo notice that, at extremely low density emvimonments, galaxies, regardless of the
presence of a companion, alsoshow a latger fraction of red objects in compatson with thoss
of transition density region. This feature is consistent with the change in the slope of the
telation between the fraction of low star-forming galaxies and © detected for log & < —1.2
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Fig. 5.14: Fraction of galaxies with [u—r i 3.0 and |:_|.',r— r1 = (.95 as afunction of projected
distance r la,c) and relative velocity A1 (bd) for the three different envitonmental classes
defined in Fig.3.9. The hotizontal lines show the fractions of the corresponding control

samples.

(Fig.5.10). We atgue that these trends can be interpreted as the resolt of the growth of small
scale overdensities in global underdense regions, where the snbseqoent infall of gas shonld
close and as 2 consequence, the star fotnation activity is likely to have been strongly redoced
at later times. Hence genetally, galaxiss would be l=ss sfficiently fa=dsd by gas infall in this
tegions, and on top of that, galaxies in paits would be mors sfficient at consuming this gas,
producing a larget fraction of red and low star-forming svstems.

Previous stodies of the coloor distribotion of galaxies showed an im pottant dependence
of the fraction of red galaxies with environment and lominesity (Kanffimann et al. 2004
Balogh et al. 2004; Baldty =t al. 2004). In patticular, Balogh =t al. (2004 claimed that
the coloor distribution is bimodal with only the relative fraction of galaxies in the red and
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Fig. 5.15: Fraction of galaxies with u —r > 3.0 (a) and g — v > 095 (b] as a function
of projected local density, T, in close pairs (solid lines) and in the control sample (dashed
lines].

blue peaks varying with local density and luminosity. These authots interpreted their resolts
resotting to a tapid change of galaxy colours doe to mergers and interactions. Our results
suppott thess findings given the strongest dependence of star formation activity and coloots
of galaxies in paits on emvitonment with respect to galaxies without a close companion.

5.6 Summry

We have cartied oot a detailed analvsis of photometric and specticscopic properties of galax-
i=s in pairs at different environments. The galaxy pair catalogs derived from the 2dEGRS
and 5D55 galaxy surveys available com prise 6067 and 11461 pairs, respectively. In order
to characterize emvitonment, we have used a projected galaxy density parameter, =, derived
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from the fifth bright nearest n=ighbour of zach galaxy. We have adopted M, < —20.5 in
D55 and M, < —18.3 in 2dFOGRS so that the detived projected densitiss of both sutveys
are nearlv consistent with sach other. In agreement with previons Chapters our analysis in-
dicates that, globallv, star formation activity obtained from 2dFGRS and 5055 are stong
tunctions of emvitonment, projected sz paration and radial velocity.

The 5055 galaxy paircatalog has been cleaned of AGNs (see Chapter 2). Conversely, the
2dFERS may suffer fiom some contamination by AGNs which can affect the r=lation. This

conld explain in patt some of the small differences found in the results from both catalogs.
Mote, neverthelzss, that trends are vety similat.

Ot tesults found can be summatized as fol lows:

# There is an increase of star formation in pairs for smaller projected separations and
relative velocities inall emvitonments. However, in high density regions galaxies have
to be closer to statisticall v show an enhancement respect to galaxies withouot a close

companion.

# The dependence of extremelv blue and actively star-forming fractions of galaxies in
close paits on local density shows a change in behaviour tespect to the sqoivalent frac-
tioh of the control sample. [n low density emvitonment, bl ue and star-forming galaxies
tend to be in paits. In high density regions, galaxies withoot a close com panion have a
higher contribution to blue and activel v star-forming svstems. The transition densities

correspond to groop emvironments.

¢ Extremely red and low star-forming galaxies in paits outnum ber those without a close
companion in all emvitonments. The fraction of red and low star-forming galaxies
without a close companion shows an increase in the lowest density regions anal vsed.
The cotresponding fraction of galaxies in paits increases in both the low and the high
density ends. In low density envitonments, this effect is mote pronounced for pair
galaxies owing tothe combined effects of the expected lack of gas infall insuch regions
and the high efficizncy of galaxies in paiis to use the available gas for new stars atearly

stages of their evolotion.



CHAPTER 6

STAR FORMATION IN SATELLITE
(GALAXIES

a.1 Abstruct

Ln this Chapter, we present narrow-band observations of the Ha emission in a sample of 31
satellites orbiting isolated giant spiral galaxies. The sample stodied spans the mnge — 18 <
Mg = —15 mag. The Ha emission was detected in all the spiral and itregular objects
with fluxes in the rangs 1.15 — 49.80 = 10~ eig cm~7 5~ The average and maximom
values for the current star formation rates are 0.68 and 3.66 WMy vi~! respectively. Maps of
the spatial distribution of ionized gas are presented. The star-forming regions show a rich
structure in which frequently discrete complexes are im posed over more diffuse stroctures.
In genetal, the current star formation rates are smaller than the mean values in the past
obtained from the current stellar content; this probably indicates a declining thythm with
time in the generation of new stars. However, the reserve of gas is enough to continoe
tueling the current levels of star founation activity for at least another Hubble time. Four of
the objects (INGC 2718b, NGC 4541e, NGC 596521 and NGC 5965az) with higher corrent
star formation tates show clear signs of interaction with close companions of comparable
brightness at projected distances of 25, 20 and 2 kpc respectively. The only two galaxies in
oursam ple that do not show star formation activity are members of these intetacting systems.
It is unclear if this is a consequence of intrinsic properties (both are Hubble sarlv tvpes) or if
it is related to possible distption of the external patts doe fo the interaction. In the case of
the pait WGC 2718a-b thers are indications of gas transpott betwesn both galaxies.

80
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a.2  Introduction

Cold dark matter cosmologies predict a hietarchical scenario (=.g., White & Ress 1978] in
which small structures ares formed fitst, and then by several processes of metging, accretion,
etc., larger stroctores are generated. Corrently, one of the most discussed questions in this
field is the so-called “missing satellite problem ”; in fact, semi-analytic models (Kanffmann
et al. 1993) and nometical simuolations (Elypin et al. 1999; Moore ot al. 1999 of small
structure formation in cold dark matter cosmologies predict a number of satellites in the hales
of latge galaxies an order of magnitude latger than the observed counts in the Local Groop.
A possible observational incompleteness of factor up to three of the known popuolation of
dwarts orbiting the Milky Way, as has been eval nated by Willman etal. (2004, is not enough
to solve the discrepancy. [t has also been proposed that star formation in low-mass struoctures
could be inhibited by a strong photo-ionizing backgroond | Somerville 2002), especially at
low redshift (Dijkstm et al. 2004,

Reconstructing the evolutionary history of satellites in galactic hales is, then, essential for
validating the main predictions of these models. This mquires stody of the role of physical
processes such as interactions, mass losses, morphological transformation and star forma-
tion. Obviously, the best studied are the Milky Way and Andromeda halos, although extend-
ing the study toother host galaxies is necessary for studying possible variations from halo to
halo, which probablv depends on the host mass, the metging history, and the emvironment.
That was oot motivation to start an observational program that comprises photometry inop-
tical broad- and narrow-band filters for a sample of satellites orbiting sxternal giant spiral
galaxies. In previons atticles Gutigrrez ot al. (2002) and Gutigrrez & Azzaro (2004) have
analysed the morphology and photometry of about 60 such objects. This analvsis enabled s
to validate and extend the relations found in the satellites of the Local Group.

In this study, we use nartow-band obsetrvations in Ha to estimate the cotrent star forma-
tion rate of a subsam ple comprising most of the late type objects. We anal yse the evolotion
of star-forming activity with time, and the relation to morphological tvpe, HI mass, and emvi-
ronment. In Chapter 2 we have presented the observations and data redoction of the satellite
galaxies sample that we analyse in this work. This Chapter is organized as follows. Sec-
tion 6.4 presents the images and qualitativel y analises the Ha maps of sach object; the star
formation rate estimates are presented in Section ©.5; the mlation between interactions and
star formation, and the cosmological evelution of star formation activity are discussed in

Sections 6.6 and 6.7; finall y Section 6.8 presents the conclusions.
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6.3 Observing Program

6.3.1 The Sample, Observations and Data Reduction

The satellite galaxy sample analysed in this Chapter comprises 31 spitals and itregolars
objects spanning a large tange in lominosity (— 18 < Mg < — 15), and constituting a sam ple
nseful for statistical stodies of the popolation of late-tyvpe galaxies present in the halos of
latge spital galaxies. The satellites are at least 2.2 magnitodes fainter than their parents, and
have projected distances r, < 500 kpe h=1 and relative velocities AT < 500 km s~ from
the primaties.

The observations and data reduction have been explained in Chapter 2.

6.4 Images of the Satellite Galaxies

The R-band and Ha images, after continuum sobtraction, are presented in Figures 6.1, 6.2
and 6.3, We have detected Ho emission in all but two galaxies. For most of the galaxies,
the Ha emission shows a complex morphalogy in which it is possible to discern diffuse and
discrete stroctures. A description of these images is presented in Appendix A. The identi-
fication of int=tacting syst=ms is based on spatial proximity and on the presence of features
in the K band, such as a bridge in the case of the pair NGC 2718a-b, tidal streams in the
pait WGEC 454 1b-2, and distortion of the outer isophotes in the case of the two components
of MGC 59654, For the other galaxies there is also some evidence of current or past inter-
actions on the basis of the proximity to the parent (NGC 3154a), possible com panions with
unknown redshift (MGEC 37353, WGC 4030b, NGEC 4541a and NGEC 618 1a), knots differen-
tiated from the main body of the galaxy having strong star fommation activity (NGC 1961b,
MGC 58992 and NGQC 7678a), ot the presence of possible tidal galaxies (as in NGC 2775c).

6.5 Ha Luminosities and Star Formation Rates

The Sextractor software (Bertin & Arnoots 1996) was nsed to carty oot the photometry of the
galaxi=s in the broad and narrow-band filters. We considersd two possible sstimates for the
total flux of the galaxies. The first is the integrated flux in 2 pradefined apetturs (the same= as
for the nattow and broad filter) and the sscond the fux in the antomatic apsttors com poted
ih Sextractot accotding to the extrapolation proposed by Kion (1980). In genertal, we noted
thatthe first methad gives mor= robust valuss for those galaxiss that are mote itr=gnolar, whils

the second is mote apptopriate for objects with 2 well d=fi n=d reguolar pmﬁlc. Ihthe cases in
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Fig. 6.1: Images of the sample of objects anal vsed in this work. Foreach objectare presented
the F-band and Ha images after continoum subtraction. MNotth is at the top and East to the
l=ft. The small line at the bottom is scaled to an angular size of 10 arcsec.
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which a fixed aperture was chosen, we checked that the sstimated fluxes are similar to those
com puted with the subrootine PHOT of IRAFE For the absolute calibration and estimation of
Hao emission, we followed the procedure detailed in (il de Paz et al. (2003). Becanse of the
width of our narrow filters, the emission also includes the contribution of [MIL] for which an
accurate subtraction would require spectroscopic observations.

COne of the objects (NGC 4030b) was observed at two epochs (Dec 2001 and May 2002).
We think that the ~210% diffetence betwesn the estimates of Ha fluxes in both observations
(133and 146 « 10" erg cm ™ 5™ for the observations of December and May respectivel v)
are representative of the statistical uncettainty of oor procedure. Anothet test was toobserve
the appamntly non-intetacting eatlv-tvpe galaxy NGC 1620b for which wedo notin princi ple
expect significant levels of star-forming activity. For this galaxy weestimate an Ha flox after
continnnin subtraction of —0. 87 r“.][l‘l"'crg cim—2 5~1 which in absolut=valu= is well below
any of the detections of Ha emission. We think that this negative valoe is not entirel v due
to the uncettainties in the estimate, bat indicates Ha in absorption, as is commonly found in
eatlv-tvpe galaxies (Flennicott 1992).

The Ha equivalent widths (EWs) represent the tatio between the Ha emission and the
continunm averaged over the full galaxy. Figore 6.4 shows the relation between the relative
Aux of the Ha smission and the morphological type. The mean values and lo dispersions
in Ho EWs are 164 £ 5.1, 243 4+ 86 and 188 &£ V.7, for tvpes 2 (Lir), 3 (5b/5c), and
4+ (5a) respectivelv. The mean values found for the different motphological tvpes of non-
interacting objects are similat, and consequently we do not notice differences in Ha EWs
with motphological tvpes as foond by other anthors (e.g. Kennicott 1998). The muoch higher
Hoa EWs valuss found for four of the satellitss in intetaction indicats that their activity is
directlv t=lated to cottent interaction processes.

The Ha EWs wers converted in Huoxes ( fg. ) following the calibration sxplainad in Chap-
ter 2 (Sobsection 2.5.2); fg. was then converted into absolute lumincsity according to
Ly. = +7D%fy.. To sstimate distances, we took the tecessional velocity of the respec-
tive parent galaxy (the satellite is more affected by the pecoliar velocities). In any case,
the diffetence in the sstimated luminesity would be televant for only a few systems at very
low redshift and with comparativel v large differences in velocity betwesn the parent and the
satzllite (NGEC 40300 is the extreme case). Forthe Hobble constant we assumed H; = 72 kin
57! Mpc_l. Th= Ha fluxes and luminositiss ars pres=nted in Table 6.1, For the galaxies with
Hao emission, the luminosities are inthetange log Ly, =38.85-41.66erg 5%, The histogram
with the distribution of Ha lomincsities is presented in Figore 6.5.
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Fig. 6.4 Ha equivalent widths as a function of the galactic tvpe: (1) Objects in intetaction,
(2) lrregolar, (3) SbvSc and (4] Sa.

To comvert Lu. to current star formation rates (5FRs), we use the calibration provided
by K=nnicutt (1998):

SER (Mg wr—11=79=10-* Ly, ergs—!

~which assumes a Salpeter (Salpeter 1955) initial mass function betwesn 10-1 — 107 Mg.
Becanse we do not have cbseivations of other Baliner lines fspu:iﬁc.:tll}' H3) we did not
apply anv cortection for internal extinction. The values obtained for the cument SER are
presented in Table 6.2 column 2). Figote 6.6 shows 5FR as a function of lumincsity in the
B band. A Eighiﬁc.lht cottelation (although with a laige scatter] exists. A similar tendency
was found in the sample of blue compact galaxies studied by Kong =t al. (2002], and with
the moch larger sample of = 107 SDES galaxies stodied by Brinchmann et al. (2004, Four
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Fig.6.5: Distribotion of Ha luminosities for the sample of satel lite galaxies.

of the intstacting satellit= galaxies (indicated by filled citcles in the figur=) show a simi-
lat tendency, although they clearly have higher levels of star formation than hon-intetacting

galaxies with similar lominosities.

6.5.1 Comparison with Previous Star Formation Rates Estimations

S5FRs of someof the objects analvsed in this res=arch have been previonsly estimated by other
anthotrs. [n some cases, their SFRs have been estimated from Hao measurements in narrow-
band images ot spectroscopy, while in others, SRFs have been obtained from observations

in the far-IR ot radio. Below we compare oot resolts with these previous studies compiled
from the lit=ratore.

# NGC 27182 and WGEC 2718k Mendez =t al. (1999 have sstimated a lomincsity of
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Fig. 6.6: Corrent star formation rate, 5F R, estimated from the Ha luminosities, as a fune-
tion of lumincsity in the B — band. Objects in interaction have been indicated by a filled
citcle.

40.87 etg s~ for the component NGC 2718b, which is in agreement with our value of 40.91
etg s—!. However, they derived an EW of 260 A for the Ha emission of this galaxy, which
iz a factor > 2 larget than oot value. Our estimate of Ha EW for this galaxy is also ra2.5
smallet than that presented by Kong et al. (2002 from long-slit observations. However, oot
EW and Ha lumincsities agree with the estimates by (il de Paz et al. (2003, 120 A and
40.85 erg s~ t=spectively. So, consideting only the thiee measorements based on nartow-
band imaging, it seems that the three estimates of the Ha lumincsities are in agresment,
but thev ate in clear disagreement with EW's derived from long-slit spectra.  Althoogh the
teason for this discrepancy between the estimates obtained with each technique is unclear,
it conld be telated to the itregular spatial distribution of the Ha features. This tenders the
extrapolation of the Ha intensity from the area covered by the long-slit to the whole galaxy

ihaccutate.
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# NOC 5965a) -2, The estimates carried oot previously by other anthors enclose the Ha
Aux for the whele system. For this, our sstimate of the Ha flux is 27.2 = 10-M erg s~
cm 7, which agress well with the value of 304£3 < 10-M srgs—! cm~ measured by Gilde
Paz et al. (2003). For this pait, Bell (2003 obtained an SFR of 0.8 Mg vt~ from radio
measurements, while Hopkins et al. (2002) obtained 0.8 and 1.7 Mg vt~ from observations
at 60 pm and 1.4 GHz respectively. However, these anthors nsed a different distance to the
galaxy (33.2 Mpc) instead of the value 47.6 Mpc that we have used. Converting our results to
their distance scale, we would obtain SFR = 0.72 Mg vt™, which is within 25% of the value
detived by these anthots from the lominosity at 60 pm. Given the different oncertainties
and assumptions in each of the methods, we consider both estimates to be in very close

agresinent.

6.6 Interactions and Star Formetion

Ln previous Chapters (3, 4 and 5) we have carried ont statistical anal vses of star formation in
the samples of pair galaxies fiom the 2dFGRS and SDSS surveys, finding that objects with
close neighbours tend to have a higher star formation activity than those that are isolated.
This tendency is mots efhciznt for paits situated in low density regions. According to the
studies by Sekigochi & Wolstencroft (1992) and Donzelli & Pastoriza 11997), enhancement
of the star formation activity is more likely totake place in both galaxies of the pairbot tends
to be higher in the fainter component. However, our analvsis in Chapter 3, indicates that are
the bright components in minot metget candidates those that show highet probability to have
enhanced star formation.

Twio basic types of interactions can be differentiated in the halos of giant galaxies; those
between parent and satellites, and those betwesn satellites. In theory both can produce mor-
phological changes and mass losses, and affect the star formation activity in the interacting
objects; for instance Fonebe ot al. (2003) by using V-body simulations have estimated that
interactions betwesn satellites can account for ~.30% of the total masses lost through their
hectic existence.

Gutierrez =t al. (2002) pointed oot two clear cases of interaction (NGC 2718a-b, NGC
4541b-2) betwesn paits of satellites. Anadditional pait (the two components of NGC 596354
was dlso considered by Guotierrez & Azzaro (2004, A relatively high fraction of othet satel-
lites in out sample show motphological signs that could be attributed to present ot recent
interaction (see Section 6.4 and Appendix A), but the possible companions have not been
accutately identified. Our results confitm that intetactions between satellites significantly
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affect star fotmation activity.

According to Gutierrez & Azzaro (2004 the difference in magnitudes between the two
members of the paits NGC 2718ab, NGC 4541be, and NGC 59652;3; are &m v 1mag in
the R band. Lnthe first two cases,a high level of Ha emission is detect=d in just ons member
of the interacting system, NGC 2718b and NGC 45412, which are brighter com ponents of
their respective pairts. The other two galaxies in these paims, NGC 27182 and NGC 4341k
are the only two membes of the sample analvsed that do not show Ha emission. These
two galaxies arz also the only objects in our sample that wers classified as zarly types and
have besn incloded only as members of the intetacting paits. The filaments and bridges
seeh in paits NGC 2718a-b and NGEC 454 1b-2 do not show Ha emission either. We propose
that in the case of NGC 2718a the presence of the bridges connecting this galaxy with the
com panion, and the com paratively latge amount of gas (ses next section) in NGC 2718k
are sighs of mass transfer from one galaxy to the other. This is probably inhibiting galaxy
totmation in the donot and enhancing it in the accreting galaxv. The stripping suffered
bv NGC 27182 could also be responsible for its motphological evolution toward earl v-tvpe
objects. The sitoation is mote confusing for the pair NGC4541 b-e, whete only one of the
two plumes emetrging from NGC 4541b seems to point towards NEC 454 12 and there are no
HI measorements in the litetature for any of the two galaxies of the pait

Ln the pair WGC 596523 -2z both mem bets show a high level of star formation, the brightet
galaxy (21] also being the one that has experienced the motre intense SFR activity. In this
case, the small projected spatial distance, the absence of tidal streams, or bridges and the
elongation of the isophotes throngh the res pective companion sesm toindicate that these two
galaxi=s are sxpetizncing the fitst approximation and the gas is being strongly compressed.’
We have also com poted the Ho emission in an aperture enclosing both galaxies and obtained
SFR =0.576 Mg vr~!. This is ~.3% highst than the result obtainad by just adding the Ha
emission sstimated for sach component. Although compatible with the uncettainties of the
method, this excess could also indicate the presence of some Ha residoal emission in the
intergalactic medinum. The fact that in ach of the intetacting paits the SFR activity is more
intense in the brightetr component is in agresment with oor previous conclosions obtained in
Chapter 3.

Cur sample doss not contain clear cases of intetactions betwesn satellites and patents, so

"% conzidet the two compohents of HGD 59653 to have velecities of 3357 and 3429 kim =1 fo
HGC 39650, (SBES L3334574A)0 and NGO 39650 (SES L533+3574E) tespectively (Izoter, Y. 2005 ptiv.
comtm. ). Appatently the tec=esichal velocity quoted in the HED databose fot the component SES 1333+374E
i wichg.
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that it is not possible to estimate the relevance of such interactions to star formation activity.
We note, however, that NGC 3154a, which is the object in our sample that has the smallest
projected distance from its progenitor (19 kpc), is one of the more active satellites forming
stars. However, we did not detect special signs of morphological distortion in this satellite.
We can ronghly check if the abundance of interacting paits found is reasonable according
to the expectations of numerical simulations in COM models. Eonebe ot al. (2004) have
estimated that the mean number of satellites that have at least an encounter per orbit with
othet satellites depends on halo age, and tanges from ~4% ifor old halos) to ~58% (for
wvoung halos). These encountets tend to be more frequent and faster in the intetnal parts of
halos. The three interacting paits found in a sample of ~.60 satellites studied by Guotierrez
& Azzaro (2004 would then requite verv low velocity encountets, with intemctions lasting
ra1/2-1/8 of the orbital petiod. This seems to contradict the observed differences in radial
velocitiss (r050-90 kin s—1), and projected distances (< 20 kpc) between both members of

each pait. However, latger statistical samples are nesded to make a mote robust assessment.

6.7  Current vy, Past Star Formation Rates

The star fotmation history for satellites in CDW hales have besn considetad by Baver =t
al. (2001). These anthors show that high and low surface brightness and galaxies IHSE and
L5E respectively) react differently to the interaction with the central galaxy. In L5E satel-
lites, bursts of activity occur after cach pericentric passage, while in HSB satellites the fist
butst consumes most of the gas. [n both cases the activity is very inhomogensous over cos-
mological times. Following the method proposed by van Zee (2001) it is possible to estimate
the average star formation rate over the Hubble time from the total mass of stars formed.
The tesulting { SFR) e for the galaxies in our sample are presented in Table 6.2 column 3,
and are in the tange ~0.04—1.04 Mg vir™'. For most of the galaxies, these values are larger
than the cutrent star formation rates as estimated from the Ha lumincsitiss. The notmal ized
distributions of the current and past SFR ate shown in Figure 6.7, It is worth noting that the
curtent SER spans a latge range of val nes extending the distribation to verv low values. The
histogram of | SF H|pemy looks shatpetr and shifted to higher valoes. The mean value of the
bitthrate patametet b = 5F R _ypum/ -2:51!'_}.?::]:,_,_,,I ithe ratio between present and average past
star formation rates) is largel v conditioned by the high values of the starbutsting intetacting
systems, so we considet the median .68 a5 mote representative of the genetal distribution.
The absolute magnitude of sach satellitevs. log bis shown in Figore 6.8, The region with

highet values ofthe b parameter is oocupied by the foor starbursting i nteracting gal axies and
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bv NGC 3154a. The b values for these galaxies are in the range 3-9. We notice a weak trend
in the sense that brighter satellites seem to have a comparativelv higher current activity;
in fact, four of the five brightest galaxies (excluding the intetacting systems) have b ro 1,
which seems to indicate that these galaxies are still able to maintain now their mean past
star formation rate. The global tendency of decline in star formation rate with cosmological
time is expected according to simulations by Maver et al. (2001). The values of b for
any of the morphological tvpes (emcluding the interacting svstems) spread roughly over an
order of magnitude, which probably indicates a great variety of star founation histoties. The
distribution of b isee Figute 6.7) is qualitativelv similar to that found by van Zee (2001). We
do not notice any clear differences betwesn the different motphological tvpes, but given the
small size of the sample we have not tried to quantify this accoratel v.

Another wav to com pate the televant time scales for the star formation evel ution is by
com puting how much time (t,, ] the galaxy would have needed to form all the stellar content
at the cutrent star @mt=, and what is the maximom time= Ifz:_l that the galaxy can continue
torming stars at the current tates. The analysis of this in conjunction with optical luminosities
and corrent star formation allow a first approximation to the evelution of the galaxy over
cosmic times. An accutate limit for 4, can be estimated simply dividing the cutrent gas
content by the corrent star formation tate. This of coutse would cotrespond to an ideal case
in which all the gas wouold be converted intostats, and ho losses ot acoretion occutred. Lking
the LEDA database,” we have compiled the existing HI measurements as a way to estimate
the gas content in sach galaxy. These are presented in Table 6.2 column 4. The values of 4.
indicate that the corrent gas content would be enough to fuel the star formation at the corrent
star formation rate at l=ast doring another Hobble time. For aboot one thitd of the galaxies
Yieam =ceeds the Hobble time, so that we conclode again that on average the star formation
tate was highet in the past. As expected, the starbursting galaxies NG3C 2718b, NGC 454 1=
and MNGEC 396354, and NEC 39634, are among the objects with the lowest formation times
lalso WMGC 31544, which is the satellite galaxy in oot sample closest to their parent).

Previous stodies (=.g., Casoli et al. 1996) have shown that star formation rate in spiral
galaxi=s is cotrelated with the mass of molecolar and atomic gas. Our resolts confitm that
telation as illpstrated in Figore 69, The cotrelation extends along one and two otders of
magnitode in gas mass and star formation rate, respectivel v. NGC 2718b, one of the intemct-
ing galaxies has the largest SFR in the sample and is also one of the galaxies with higher gas
content. This s==ms to reinforcs the scenatio of significantaccretion of gas fiom NGC 2718a

*hitp S/leda. univ-lyon L £



Star Formation in Satellite Galaxies a4

as outlined in a previous section.

Figute 6.10 presents 1,0 v8. 1 e, ot cur sample of satellite galaxies and compares these
time scales with those for other four samples taken from the literature: the Scolptor goup
dlrrs stodied by Skillman et al. (2003), the Local Groop dlos of Mateo (1998), the gas-rich
low surface brightness galaxies studied by van Zee et al. (1997), and the isolated dlis of
van Zes, (2000, 2001). The figure shows a clear, direct correlation between both times scales.
The range of magnitudes and the selection effects are different for each sample so thatitis

difficult to extract statistical conclusions, although all the samples tend to follow commen

tendencies.

6.8  Summary

We have cattied out a detailed analyvsis of nattow-band obssrvations of the Ha smission in
asample of 31 satellites orbiting isolated giant spiral galaxies. The objects studied span the
range — 18 <= Mg < —15mag. and were selected according to the relative brightness (at
least 2.2 magnitodes fainter than theit parents), projected distances (- 500 kpc) and relative
velocity (< 500 km 5~} from the primaries. We have presented imaging and photometry in
a narrow filter band covering the position of the Ha line. The results can be summarzed as
tollows:

# In all the spitals and irregular satellites (29 objects) we detected Ha fluxss above
1.15-49.80 x 10 2ig 5= cm . The inferred current star formation rates ax in the range
0.006-3.66 Mg v~

# Thewr aw three cases of clear interacting pairts. Four of the galaxies in these pairs are
among the objects with higher star-forming activitv. In contrast, the only two galaxies of
the sample that ate not forming stars are also membets of these pais. We do not detect Ha
emission in the filaments associated with these intetactions.

# The object with alargest corrent star formation rate (apart from the interacting svstems
cottesponds to the satellite galaxy NGC 31544, which has the smallest projected distance
from its progenitor (19 kpo | and the SFR could be due to intetaction with the parent galaxy.

# The median of the bitth patameter b is 0.68, indicating a fall in activity with cosmic
time, assuming petfect efficiency, the current gas content of the galaxies is enoogh to foel
this activity for mote than anothetr Hobble time.
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Fig. ©.10: Comparison betwesn the ratio of the gas mass to the corrent SFR (Te.) and the
tatio of the lomincsity to the cottent SFR (T, ), for the satellite galaxies ifilled citcles),
and four samples taken from the literatore: the Scolptor group dlrs stodied by Skillman et
al. (2003) iopen citcles), the Local Group dlirs of Mateo (1998) (open pentagons), the gas
rich low surface brightness galaxies studied by van Zee et al. (1997) (open squares), and the
izolated dlrrs of van Lee, (2000, 2001) (open triangles ).
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Tabk 6.1: Ha equoivalent width, flunes and Ha luiminositi=s

Falaxy Tp EW e H. Flux log LiHa)
(kpe) (A1 (10Memgsem—2s~!)  femgs sl

MNGC 488 1l& 8.07 1.15 39.13
MNGEC 772k 390 1397 2.15 39.48
MGC 772 429 1519 463 39.81
MNGEC 1517a 130 2376 9.33 4041
MNGEC 1620a 227 8.03 2795 39.89
MNGEC 1961a 214 &89 797 4045
MGEC 1961k 138 1501 9490 40.55
MGEC 196lc 120 2842 2900 41.01
MGEC 24246 182 3352

MGEC 27182 o2 -1led

MGEC 2718k 82 118.58 23.80 4091
MGEC 27732 401 2389 9.53 396l
MGC 2775 & 1926 2140 3996
MGEC 29 16a 71 1401 2665 39.93
MG 30432 263 38.72 +.02 3992
MNGEC 3154a 19 g4.40 13.00 41.11
MG 373352 192 354 201 39.53
MGC 40306 414 2303 lda 38.85
MNGEC 4541a 193 2289 548 40.78
MGC 45416 228 -1.29

MNGEC 454 1= 217 101.22 42,10 4166
MGEC 47232 132 1141 4980 4022
MNGEC 52482 150 9.05 378 39.06
MGEC 5248k led 1233 2706 38.93
MGC 58992 e 1914 40,80 40.79
MNGEC 59624 29 .80 358 39.50
MNGEC 596521 532 068 1&6.50 4064
MGEC 539852, 532 102.03 941 4040
MGEC 6181a 257 3049 4540 40.78
MGEC 71372 & 2521 224 39.17
MNGEC 7678a las  18.15 935 4042

* Obteervation for MGC 24242 were not taken in photometric conditions.
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Tab ©.2: HI mass, star formation propetties and time scales

Falaxy SFR {SFR)pax logMer  fams  troem
Mg vr=1 (Mg vl Mg 1 (Gvrl  (Gyr)
MEC 4388c 0011 D048 8.73 519 129
WaEC 772k 0024 0.0 8.78 251 58
MaEC 772c 0051 0,107 8.80 124 il
MW3EC 15172 0,206 0.290 Q.57 1749 2.7
MEC 1620a 0,062 0,149 9.35 335 107
MEC 196l1a 0,225 0,867 9.73 235 129
NGEC 1961k 0.279 0447 35
MEC 196lc 0,817 D938 36
MNEC 24240 0048 Q.05
MEC 2718a 0221
MGEC 27186 0.e40 D081 9.50 4.8 1.8
NEC 277352 0.032 0.050 9.06 iTe 131
MWEC 2775c 0.072 0,123 8.74 7.8 8.4
NGEC 29 16a 0.06a7 0285 9.34 325 172
MEC 30432 006565 0073
MEC 31542 1.01& 0347 15
MWEC 37352 0.027 0.222 inl
MNEC 4030b 0,006 0,132 8.74 950 1287
MNEC 4541a 0478 0436 7.3
NGEC 4541b 0382
MNEC 4541= 3.659 1043 1.0
NEC 472352 0.132 0336 9.21 120 126
MEC 52482 0.003 004 8.82 e 199
NGEC 5248k 0007 0057 845 417 273
MWEC 58992 0,439 0434 9.56 7.3 4.5
M3EC 59624 0.025 0,230 8.56 144 351
MNGEC 596354, 0.350 0.132 1.7
MEC 5396352, 0,200 D058 13
NECol8la 0476 0421 9.36 +.8 3.8
MEC 71372 0.012 0024 8.80 540 7.5
MW3EC 7a78a 0,208 0400 9.39 11.5 .7

* Hl data were collectsd from the LEDA catalog



CHAPTER 7/

ACTIVE GALACTIC NUCLEI AND GALAXY
INTERACTIONS

2.1 Abstruct

We perform a statistical analysis of active galactic noclei (AGMN) host characteristics and
nuclear activity for AGMNs in pairs and without companions. Our study concerns a sam ple
of AONs derived from the SDS5-DR4 data by Kavffmann et al. and pair galaxies obtained
from the same data set in Chapter 2. An eve-ball classification of images of 16807 close
paits (rp <25 kpe h=', AT < 350 kim s =1} according to the evidence of interaction thiough
distorted morphologies and tidal features provides us with 2 more confident assessment of
galaxy interactions from this sample. We notice that, at 2 given lominosity or stellar mass
content, the fraction of AGMNs is latger for pair galaxies exhibiting evidence for strong inter-
action and tidal featores which also show sings of strong star formation activity. Meverthe-
less, this process accounts only fora r 109 increase of the fraction of AGNs. As in previoos
studies, we find AGN hosts to be redder and with a latger concentration morphelogical in-
dex than non-AGN galaxies. This effect does not depend whether AGN hosts are in pairs
ot in isolation. The O luminosity of AGNs with strong interaction featores is found to be
sighificantly larger than that of other AGWNs, sither in paits or in isclation. Estimations of the
accretion rate, L[O[[)/ Mgy, show that AGNs in meiging pairs are actively fesding theit
black holes, regardless of their stellar masses. We also find that the luminesity of the com-
panion galaxy seems to be a kev parameter in the determination of the black hole activity.
Ata given host lumincsity, both the DI luminesity and the L[OI1]/ Mpy are significantly
latger in AGMNs with a biight com panion (A, = —20) than otherwise.
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7.2 Introduction

We have seen in previons Chapters that, galaxy-galaxy interactions are an effective mech-
anism to regulate the star formation activity in galaxies. Ouor stodies of galaxies in pairs
showed, with high statistical signal that star formation is enhanced by a factor of two in
close svstems | Chapters 3 and 4).

The physics behind the triggering of star formation activity doring galaxy-galaxy in-
tetactions have been explained by theoretical (Martinet 1995 and references thers in) and
numetical anal vsis (e.g. Toomre & Toomre 1972; Barnes & Herngoist 1992, 1996; Mihos &
Hernquist 1996). These stodies showed that the starborsts are fusled by gas inflows produced
by the tidal torques genetating during the encounters. The efficiency of this mechanism de-
pends on the particular internal characteristics of galaxies and their gas reservoir.

By preducing gas inflows, galaxy interactions may efficiently feed a central black hele
and faster AGN activity (Sanders et al. 1988). The co-evolotion of galaxies and black holes
iz now widely accepted, although many details on how this cosxistence works are still on-
derstudied (Heckmann et al. 2004, Toomre & Toomre (1972) suggested that collisional
distoption and gas dissipation could feed the noclear activity of galaxies. Other ideas abont
the fueling of active galaxy nucleus are the disk of barred galaxies generated by internal
instabilities which can lead the gas to the centre of galaxies (Schwartz 1981, Shlosman,
Eegelman & Frank 1990) and the presence of more that one supeunassive black hole which
seems likely in the nuclens of merger remnants (Eegelman, Blanford & Rees 1980).

Certainly, all these processes may provideclues tosolve the AGN fueling problem. How-
evet, the AGN-galaxy intetaction paradigm has been the issue of several stodies which aim
at detetmining, for exam ple, the frequency of AGMs in a sample of interacting galaxies, the
proximity effects of a close com panion on the AGN power, etc. Dahari (1985], in a sam ple
of 167 systems, found that thers is an emcess of Sevferts among spirtal interacting galax-
ims and also that Seyfert activity and the existencs of sxternal tidal forces are interrelated.
However, Sevfert noclei were not found in interacting ellipticals. From a statistical study
of companions of Sevfert galaxies, Fuentes-Williams & Stocke (1988) derived that Seyfert
galaxies have a matginal emcess of comparable size com panions and a clear excess of faint
com panions. However, Keel (1996) found that the presence of AGN doss not sesm to be
related to the tyvpe of collisional interaction.

Conversely Schmitt (2001) analysed a sam ple of different tvpes of active galaxies such as
LINERS, transition galaxies, absorption-line galaxies, Sevfett and HIL galaxies. This anthor
showed that galaxies of different activity tvpes are similar in percentage of companions to
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galaxies of similar morphological tvpes with no noclear activity, This result suggests that
interactions between galaxies are not a necessary condition to trigger the noclear activity in
AGMNs. Similar results were foond by Felm, Bocardi & Zitelli (2004 by stodving a sam ple
of Sevtert in LZC-Compact Groops and by Coldwell & Lambas (2006) who analysed the
peicentage of close com panions of SDSS quasars within the tangs rp < 100 kpe h™ and
ATV = 350km s~

An interesting approach to study the role of interactions on the feeding of both star for-
mation and black holes is to stody AGN activity in galaxy paits. In fact, Storchi-Bergmann
et al. (2001) found a cotrelation between active galactic noclens and star formation activity
in interacting galaxies by analvzing 35 Sevfert 2 nuclei. The galaxy spectral information
available in large survevs provides unique information and high statistical nombets to study
on mote tobust basis the relation between these processes. In this Chapter, we combine
the galaxv pair catalog (SDSSGPC) constructed in Chapter 2, from the Fourth Data Release
Sloan Digital Sky Sorvey (SD55-DR4) with a sample of 858000 narrow-line AGM selected
bv Fanffinann et al (2003, hereafter KO3 from the SD55-DR4, which is hithetto the largest
sample of AGNs.

Ln section 7.3, we brisfly describe the AGN and pair catalogs. Section 7.4 anal vses the
propetties of hosts of Tvpe-2 AGN galaxies. Section 7.5 provides a coin parative statistical
analysis of AGNs in pairs and without companions with the aim of umveiling the tole of

interactions in triggeting AGN activity. In section 7.6 we give oot main concl usions.

7.3 AGN SDSS-DR4 Data

From SD55-DR4, KO3 have constructed a catalog with a subset of 88178 narrow emission
line galaxies that are classified as AGN, within redshift tange 0.02 < = < 0.3,

Consideting the unifisd medel (Antonncci 1993), AQNs can be scparated into two cate-
gories: Tvpe 1 AGN whete the black hole and the associated continuum and broad emission-
line region is viewed ditectly and Type 2 AGNs whete only the narrow line region can be
observed doe tothe obecuting medium. The Baldwin, Phillips & Tetlevich (EPT, 1981] line-
tatio diagram allows vs to distinguish tvpe 2 AGMNs from notimal star forming galaxies by
consideting the intensity ratios of two paits of relatively strong emission lines. The sample
of Tvpe 2 AGN of KO3 was selected taking into account the relation betwesn spectral lines,
[I'__,:'IH'],".E-UUT.HJ. [.'"f H’] ME583 and Ha luminositi=s, whets an AGM is d=fin=d if

log([OL 1)/ H 3) = 061/ (leg([N [/ Ha]) — 0.05) + 1.3. (7.1
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We then use 33000 Type 2 AGNs in KO3 catalog. The luminesity of [O71]AS007

emission line will be used as a tracer of ACN activity.

7.3.1 SSDS Close Galaxy Pair Catalog

In Chapter 2 we selected galaxies in paits adopting projected relative distance and relative
velocity thresholds: v < 100 kpe h™" and AT < 350 km s™. We found that these limits
ars adequate to define galaxy paits with enhanced star formation activity. In Chapters 3, 4+
and 5, we also detected a clear cotrelation between star formation activity and the prowimity
to a close neighboot suppotting the physical scenario where tidal torques genetated during
the interactions trigger gas inflows, feeding the stat formation activity.

For the purpose of analvsing the effects of close intetactions, which are known to pro-
duce the stiohgest effects, we selected close pait galaxies by requiring Tp - 25 kpe h=1 and
AT < 350 kin s~1. With this furthetr testriction to clos=t t=lative separations, the effects
of intetactions are latgely increased as shown in Chapter 3. Galaxy pairs are only selected
within a redshift range 0.01 < =z - 0.10 in order to avoid strong incom pleteness at larger
distances as well as significant contributions from pecuoliar velocities at low redshift. The
final close pait catalog in the SDSS comprises 1607 close galaxy paits. Following the pro-
cedure explained in previous Chaptets, we constructed a control sample by selecting those
galaxies without a close companion within rp < 100 kpc h=! and AT < 350 km s~ The
conttol sam ple is also tequired to have the same redshift and magnitude distribution as oot
close galaxy pair catalog.

As discossed in Chapter 2, the effects of incompletensss oraperture (2.g s=e also Balogh
et al. 2004 do not introdoce im pottant bias in the galaxy pair catalogs. Regarding incom-
pleteness, by combining the spectroscopic and photometric sotvevs, we estimated that the
specttoscopic catalog has an incom pletensss of only == 9.5%,. Hence, neither =ff=ct is ex-

pected to have astrong impact on our close galaxy pait catalog.

7.4 The Hosts of Tvpe 2 AGNs in Galaxy Pairs

As a fitst step, we id=ntifi=d AGN hosts in our clos= pait catalog (i.e. paits with TR - 25
kpc h—! and AT < 350 kim 5~1) by cross-cortelating it with the AGN catalog. We found
498 galaxy pairts with on= member exhibiting AGM activity. This represents == 307 of the
total close pait catalog. We also detected that 108 close paits have both membets classified
as AQMs (== 7%). Then, the final SDS55-DR4 AGMN-pair catalog comptises G0G paits.
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For the purpose of propetly asssssing the significance of the results obtained from AGN
galaxies in paits, we defined a sample of isclated AN galaxies from the SDSS by selecting
those galaxies without a com panion galaxy within rp, < 100kpch=tand AT < 350km s—4,
within the same redshift range of the AGN close pair catalog. The procedure followed to
construct the sample of isolated AGM galaxies assures that it has the same selection effects
as the AGN galaxy pair sample, and consequently, it can be vsed to estimate the actoal
difference between AGN galaxies in pairs and isolated AGNs, umveiling the effect of the
interactions. A similar reasoning motivated the definition of 2 non-AGN galaxy sam ple with
the same luminosity distribution as galaxies in the AGN-pait catalog.

The distribotions of absolute magnitode in r-band (4, ) and stellar mass (37, of AGNs
in paits, isolated AGNs, and a control sam ple of non-AGN galaxies with asimilar lomincsity
distribution as the hosts of AGNs are shown in Fig.7.1. Tt can be seen that the luminosity
distribution is similar in the three samples, bot the fraction of large stellar mass objects
among AGMN hosts is larger than that of non-AGMN hosts: the petcentage of galaxies with
fq.',rlz.".i"'l = 11 is 15.8% for AGMs in paits, 19.7% for isolated AGMNs and 9.89% for non-
AGMN hosts. In fact, thete are very few AGNs in galaxies with ™ = 1019 My . As it is well
know, the majority of low mass galaxies have young stellar populations and a significant
fraction are cotrently experiencing strong star fotmation activity.

InFig.7.1c, we plotted the (u — 7] disttd butions for the same samples. As it can be appre-
ciated from this figure the coloonr distribotion of the control sample of non-AGN galaxies is
cleatl v bimodal, as expected (2.g. Baldrv etal. 2004). However, AGQNs, regatdless of being
in paits ot in isolation, have (u — r) colonrs consistent with a red host popuolation. Fig.7.14
shows the concentration pammetsr distribution, O, d=finsd as the ratio betwe=n the tadii an-
closing 90% and 30% of the galaxv light in the Petrosian r-band. Recall that Strateva =t al.
(2001) found that galaxies with © = 2.5 are mostly satly-tvpe galaxies, wheteas spirals and
itregnlars have 2.0 = O < 2.5, From the distribotions of Fig.7.14, it can be appreciated that
AQMNs reside preferentially in bulge dominated galaxies in contrast to the control sam ple of
non-AGMN galaxies which show the expected O bimodality.

In Fig.7.2 we show the BPT diagnostic diagram, plotting the [0 [1]A5007/H 3 mtio
versus [V [T AB583 Ha ratio for AGN pair galaxies and AGNs without a near companion.
As it can be appreciated, thete is not an evidentdifference between isolated AGMNs and A GN=
ih paits.

Hence, colouts, motphology as measured by O, ot lominosity, do not provide evidence

that intetactions conld plav a role in the triggering or tegulation of the AGN activity. AGHN
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Fig. 7.1: (a] r-band absclute magnitude, (5] Mass in stars | (c] u — v coloot and (d) Con-
centration parameter distributions. Solid lines cotrespond to AGNs in paits, dashed lines to
AGMNs without com panions, and dotted lines to a control sample of non-AGN galaxies with

asimilar luminosity distribotion than AGNs.

hosts show similar distribotions regardless of the presence of a close companion. However,
taking into account previous results such as those of Storchi-Bergmann et al.(2001), a clear
sighal of cotrelation betwesn AN activity and interactions could be detected by restricting
to active star forming svstems. Ln oot previons stodies of galaxies in paits we found that
thete is an impottant fraction of galaxies that, although being close in piojected space, do
not exhibit strong star formation activity. It is verv unlikely that at these close projectsd
distances (r, < 25 kpc h=! and AT < 350 km 571) pairs conld be strongly affected by
intetlopets (Chaptet 4; Perez ot al. 2006). However, it is possible that, owing to particular
chatacteristics of the projectsd separation and relative radial velocity or internal strocture,
thes= pairs do not sxpetizncs strong tidal torques that can drive gas inflows. Motivated by
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Fig. 7.2: BPT diagnestic diagram. The filled citcles correspond to AGMN pair galaxiss and
fill=d triangles to AGNs without companions. The dashed corve represents the bondaty
between starburst galaxies and Type 2 AGNs defined by Kanffimann et al. (2003).

these facts, in the next Section we discuss 2 new clasification for close galaxy pairs based

on a visual morphological analvsis of their members.

7.4.1 Classification of Pair Galaxies

By using the photometic SDS5, we classified all galaxies in the close pair catalog taking
into account the eve-ball detection of features chatactetistic of intetactions.
Thres categories have besn defined:

# Pairs with evidence of an ongoing merging process (m: metrging paits)

¢ Pairs with signs of tidal interactions but not necessanly merging (¢:tidal pairs)
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¢ Pairs showing no evidence of distorted morphologies (n: non-interacting pairs).

Fig.7.3 shows images of tvpical examples of close pair galaxies for the thres different
visnal classification: n, t and n. Hereafter we will carry out the analysis by distingnishing
them according to thess categories. MNote that although the m category refers fo svstems in
advanced stages of intetactions, both com ponents could be still individoualized by the SD5S

SUTVEY.

Amlvsis of deblending for merging pair galaxies

Ln order to analvse the effects of how reliable the SD55 photometric deblending procedore
works in metging galaxy pairs (m) for which we expect the laigest uncertainties, we have
carried out suitable tests to determine inde pendent magnitudes for this sample.

For this purpose we have stodied galaxy images extracted from SDS5 directly and we
have used SExtractor routines to derive galaxy magnitudes. First, we have nsed aset of iso-
lated galaxies which serve as a control sample for testing the photometry. For this sample,
our photometry gives r-band magnitodes with 0.02 tms differs noe compared to those quoted
in 5055, indicating the consistency of our results with SD55 magnitudes when no deblend-
ing procedute is required. The second sam ple is com posed of 50 merging galaxy paits (m)
extracted at random from oot total sample of 383 m-paits (with typical projected sepamtion
rp = 12 kpe h™'). We calculated the total magnitude of the pair which according to our
previous anal vais should be within 0.02 magnitudes compared to 5DS5 measurements in the
case that deblending is accurately working. We find, however, that the deblending procedure
in 5055 introduces a larger uncertainty since by adding the quoted lomincsities in SDS5,
the typical difference raises to 0.12 tms. In Fig.7.4 we show r-band magnitudes derived from
SExtractor routines versus r-band magnitodes extracted from 5DSS, for a sample of isolated
galaxies and for a subsam ple of 50 merging pairs. This sim ple and robust test gives nseful es-
timates of the uncettainties introdoced by the deblending procedurs adopted in SDS5 which
we argue are about 0,12 mag. We also notice the lack of systematics in SDS5 deblending
procedurss, since the difference between oor SExtractor measurements and quoted SDSS
magnitudes have an approwimatel v zero mean.

Ln summary, this analvsis indicates that 3D55 magnitudes can be suitably used in our
analysis in the following sections provided a tms scatter of 0.12 magnitudes is not serionsly

affecting the results.
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Mergmyg valaxies

Tidal Inter acting galaxies

Pair walaxies

Fig. 7.3: Examples of galaxy images in closs pairs with different classification: evidence of
an ongoing metging process, m, (upper panels), pairs with a sign of tidal interaction but not
necessatily merging, t, imedinm panels) and paitr galaxies showing ho evidence of distorted

motphologies, n, (lower panels).
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Fig. 7.4: r-band magnitude derived from SExtractor rontines versus r-band magnitode ex-
tracted from SD55, for 2 sample of isolated galaxies (open citcles) and for a subsample of

close pair galaxies (triangles).

Frequency of AGNs

For the thize categories defined above, we calculate the percentage of paits with AGNs.
As we can notice from Table 7.1, we found that = 30 % of close galaxy pairs host AGNs,
regardless of the category they belong to, and that isolated galaxies without com panions have
alower AGN frequency (r 237

Tab. 7.1: Percentages of AGNs

Categories Tatal Pairs m T n Total Control
Mum ber of close pairs 1&07 383 BB 536 22922
T of AN 3% 3% 3% 28% 23%

Mote: m: merging pairs 1 tidal PaiE; 2 non-interacting pairs.

Since the AGN phenomenon is a strong function of host luminosity, we analvsed the
traction of AGNs ineach of the paitcategories and in the control sam ple, for different stellatr
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mass content and lomincsity intervals. In Fig.7.5, we display the fraction of AGNs as a
function of r-band luminosity and stellar mass. The resolts indicats that the fraction of
hosts with AGN activity increases with luminosity in a similar fashion for AGNs in paits
ot in isolation. However, we notice that, at 2 given mean luminosity or mean stellar mass,
metging paits tend to have a higher frequency of AGNs than pairs inthe two othercategories

ot in the contwl sampls. Mevertheless, this excess is approximately == 10%,.
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Fig. 7.5: Fraction of AGNs in mewging-pair galaxies (solid lines), in tidal pairs (dotted lines ),
in non-intetacting pairs Idot-dashed lines) and in galaxies without companions (dashed
lin=si, as a function of & {a) and M7 (k).

Stellar population ages in AGN hosts

The strongest discontinnity oocurring at 40004 in the optical spectrum of a galaxy arises
from the accumuolation of a large number of spectral lines in a narrow wavelength region

where the main contribution to the opacity comes from ionized metals. The break index
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D (1000) (Kaoffmann =t al. 2003a) is defined as the tatio of the averags flux density by
using narrow continoom bands (3850-39504 and 4000410041, The D (1000} indicater is
suitably correlated to the mean age of the stellar popuolation in 2 galaxy and can be psed to
estimate the star formation rate per onit stellar mass, SFR; M7, (Brinchmann et al. 2004
The majority of star formation takes place preferentially in galaxies with low D, (1000
values, for instancs, only 12% and 2% of the total SFR density are associated to galaxies
with D, (1000 = 1.8 and D, (4300} = 2.0, respectively.
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Fig. 7.6: D (4000} as a function of (a) M, and (b) M. The differ=nt types of linss in-
dicate AGMNs in merging-pair galaxies (solid), AGNs in tidal-pairs (dotted), AGNs in non-
interacting pairs (dot-dashed) and AGMNs in galaxies withoot com panions (dashed).

We have analvsed the behavioor of this parameter as a function of stellar mass and lu-
mincsity for AGMNs in pairs and in isolation. The results are given in Fig. 7.6 where it can
be se=n that AGNs in metging paits have significantly lowst values of D, (4000 ). This find-
ing suggests that these galaxies have experienced more recent episodes of star formation as
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expected since they are effectively inan ongoing metger event.

The trends shown in Fig.7.5 and Fig.7.6 suppott the scenario whete interactions conld
drive both star formation and AGM activity via the triggering of gas inflows to the central
region. The fact that we are actoallv detecting the strongest signal for merging pairs could be
indicating that fusions could be mors sfficient than tidal torques produced during the orbital
decay to feed both AGN and star formation activity.

7.5 Propertics of AGNr in Interacting Galaxies: O[1] Luminosity and
Black Hole Muass

As a tracet of the AGN activity, we focus hete on the luminesity of the [OII]ASDD7 line,
L[Df[f]. calculated by EO3 in SD55-DR4 AGN galaxies. Although this line can be excited
by massive stats as well as by AQNs, it is khown to be telatively weak in metal-tich, star-
tortming galaxies. The [OILI] line also has the advantage of being strong and easily detected
in most galaxies. It should be noticed that the narrow-line emission is lik=ly to be affected
bv dust within the host galaxy (Kauffmann et al. 2003). Thus it is impottant to cotrect the
L[Df[ﬂ luminecsities for the sffects of extinction. For ANs in SDS8S, Kaonffmann =t al.
(2003) measurad the sxtinction vsing the Balmer decrement finding that the best approw-
imation for a dust cotraction to L[OF]] is based on the tatio HavH3. We will considet
the luminesity L[OII]] = 10°® L as a limit betwesn weak and powerful AGNs. A weak
L[O[[]] emission indicates that the black holsis not rapidly growing (Heckman etal. 2004,

We estimated black holes masses, Mgy, for both AGMNs with and without companion, by
nsing the observed correlation betwesn Mgy and the bul g= velocity dispetsion o, [ Tremaine
=t al. 2002):

logMgy =813 + £.02]ag(e,/ 200). (7.2]

We restrict this analvsis to AGN galaxies with o, = 70 km 5™}, cotresponding to log Meg
= 6.3, because the instrumental resolution of SDSS spectra is o, == 6010 70 km ™', The
aperture cottections to the stellar velocity dispemsions are small in eatlv-type galaxies in
5055 (Bernardi et al. 2003), so we do not appl v such cotrections.

Ln Fig.7.7a, we show the distribution of L[ [] for AGNs in galaxies in metging pairs,
tidal-pairs, non-intetacting pairs and without a close com panion. Asitcan be clearl v appre-
ciated, AQMs in paits with evidence of ongoing meiging processes (m) show latget lumi-
nosities L[Df[f] than AGNs in isolation ot in the othet two pair categoties. In fact, while



AGN and Galaxy Intetactions 114

62.4% of AQME in merging paits have L[OLf] = 10%% Lo, only 45.3% of isclated AGNs
show such a powerful activity, MNote that the other two pair categories have AGM lominosity
distributions similar to that of isclated AGNs.

In Fig.7.7b, we show the distribution of black holes masses, My, for AGNs grouped
similatly to Fig.7.7a. In this ignre observed that although there is a trend for Mex to be
svstematicall v latger for AGNs in metging paits, the difference is not as significant as the
signal detzcted for L[OI1]], being only less than 0.15 dex.
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Fig. 7.7: Distributions of L[2 1] (a) and Black Hole Mass (5] in AGNs metging-pair galax-
ies (solid lines), AGNs tidal-pairs (dotted lines), AGNs non-interacting pairs (dot-dashed
lines) and AGMNs galaxies without companions (dashed lines).

It is interesting to forther investigate the strength of AGMNs as a function of host lomi-
nosity and stellar mass. Therefor, we calculated the mean L0111 as a function of r-band
lomincsity and stellatr mass content of the cortes ponding host galaxies. These relations have
besn estimated for A (MNs in the three pair categories (., t, n) and for isolated AGNs. From



AGN and Galaxy Intetactions 115

the results shown in Fig.7.8a, it can be clearl v appreciated that, in general, the most luminoos
hosts show the highsst L[O11{]. We can also ses that AGNs in merging paits show highet
L[O[[]], regardless of the luminosity and stellar mass of the host galaxy, indicating that the
black hole activity is stronger for A (Ns in advanced stages of interactions. In fact, for host
galaxies with 2™ = 10" Mg, the mean L[OL1]] of metging paits is larger by half an order
of magnituds than the mean L[OII]] of the test of the samples. A similar sstimation for
Mpy confiins the trend found in Fig.7.7b. Black hole masses areslightly larger for AGNs
in metging paits than for the rest of the categoties.
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Fig. 7.8: L[OI{{] fag)and Mer ibd) as a function of M, and M for AGNs in merging
paits isolid lines ), tidal paits (dotted lines ), non-intetacting pairs (dot-dashed lines) and in
AQGMNs galaxies without close companions (dashed lines).

The tatio of [Of {{] luminesity to black hole mass (R = logl L[O LTI/ Mgy ) provides a
useful measure of the accretion tate in a black hels (Heckman =t al. 2004, In our calcula-
tions we have not converted the L[O[I]] to volume-averaged luminosities but by nsing the
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relations displavedin Fig. 2 of Heckman et al. (2004 it is possible toinfer an accretion time
for AGMNs in pais. In Fig.7.9 we show W as a function of host lominosity (a), stellar mass
(b) and BH mass ic), for AGNs in the thize defined pair cate=goties (m, t, 1) and in isolated
AGMN hosts. In agreement with the previoos resolts, we found that black holes in smaller or
fainter systems are more active than black holes in latger or bri ghter svstems. Heckiman et al.
(2004 ) concludes that the most rapidly growing black holes are those with Men < few times
10" Mg with an implied growth time r twice the age of the universe. From Fig.7.8c we can
recognize that Max - few times 107 Mg have significantly highet accretion tates than larget
ohes.

The relations shown in Fig.7.9 indicate that, although in genetal the smallest black holes
are the ohes that exhibit the highest rates of accretion, AGMNs in metging pairs host the most
tapidly growing black holes. In fact, AGMNs in meiging paits have the most powetful black
holes and the ones that are growing fastest, besides hosting stellar populations which show
clear signal of being importantly tejovenated by recent starbursts.

Finallv, we have also imvestigated the role plaved by the AN companion in powering
the AGM activity. This was accomplished by calculating, for sach AGN in pairs, the OLL
luminesity and L{OII{]/Mgy as a function of its r-band luminesity and st=llar mass con-
tent, considering paits sepatatelv with a bright and a faint companion. For that porpose,
we adopted M, = —20 as the magnitode threshold. The resolts shown in Fig.7.10 clearly
indicate that AGN activity in hosts with bright companions is significantly enhanced with re-
spect to that of AGMNs with faint com panions, being both the AGMN power and accretion tate
significantly latg=r. This finding provides svidences that nuclear activity is not only affect=d
bw the pressnce of a very close companion bat that the relative mass (ot lomincsity) is also

an impottant issue to take into account.

7.6 Summary

We have petfotined a statistical analvsis of both, host characteristics and nuclearactivity, of
AQGMNs in pairs and withountclose companions. Out study is based on the sam ple of A (Ns de-
tived from the SD55-DR4 release by Fanftmann et al. (2003 and the pair galaxies obtained
from the same data =lease. We have com plemented the SDS5-DR4 data with the addition
of a eve-ball classification of images of 1607 close pairs Irp = 25 kpe h=1, AT < 350 kin
5~1) according to the evidence of intetaction through distorted merphologies and tidal fza-
tures. Also, we have performed a photometric analvsis to assess the reliability of the SDSS

magnitude deblending procedute in metging paits, inding negligible systematic =ffects.
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Idotted line), and AGN with a faint pair companion (Mr = —23.0) idot-dashed line).

Cur main results ave:

1- The fraction of AGMs as a function of r-band lumincsity or stellar mass is larger for
metging pairs. However, this is a relatively small effect accounting for an increase of less
rs 10% due to tidal intetactions.

2- AGN hosts are redder, having a larger concentration morphological index than non-
AGN galaxies. This effect is similar for AGN hosts in pairs or in isolation.

3-We find that the locus of AGMNs with and withoutclose com panions in the BPT diagram

are consistent with each other.

+- At a given host r-band luminesity or stellar mass, we find the AGN OII luminesity
to be enhanced by AGMs with strong interaction features (i.e. merging pairs). We found that
while 627 of AGNs in merging paits have L[OI1{] = 10%" this percentage decreases to



AGN and Galaxy Intetactions 119

13% in the case of isclated AGNs.

5- Estimations of the mean accretion rates onto the black holes of AGMNs in paits in the
thr=e defined catzgories and in isclation indicate that AGNs in meiging paits have more
active black holes than other AGNs, at 2 given r-band luminosity orstellar mass content. We
estimated than 27% of AGMs inmetging paits have L[OI1]] = 10°% and Max < 3= 10" Mg
and can be considered as feeding their black holes with high =fficiency (Heckmann =t al.
2004). In the case of isclated AGNs (selected to have the same), this percentage decreases
to 21%. On the other hand, all AGNs in meiging paits have D400 < 1.8 which indicates
that they also have active star formation. Interestinglv, we also found that 1™ of isolated
AGMNs have powerful emission, Mgy = 3 = lﬂ'_.".fg and have also experienced im pottant star
tormation activity in the recent past with Dnd000 = 1.8. These trends open the possibility
that isolated AGMNs with active black holes have experienced a tecent meiger. It is also
possible that secolar evolution conld be tesponsible for feeding the black hole and the star
tormation activity if a gaseous disk is present. Mote detailed data are needed to draw a
conclosion on this point.

&- We find that the luminesity (or mass in stars) of the companion galaxy is a key param-
etet to detetinine the activity of the black hole. Both the OUL luminesity and the accretion
tates L[OI I/ Mgy for AGNs with bright closs companions ares significantly larger than
those for AGMNs with faint neighbours.
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CONCLUSIONS

In this Thesis we have carried oot a detailed analvsis, from a statistical point of view, on
the wav that mergers and interactions affect galaxy properties. For this purpose, we have
obtained two galaxy paircatalogs from the 2dF Galaxy Redshift Sorveys (2dFGRS) and the
Sloan Digital Sky Sorvev (5D35). These pair catalogs include several thonsands objects, and
constitute the largest samples of pais used to analyse statistically into detail the effects of
metgers and interactions.

We have analysed samples of interacting galaxy paits in the fizld, in groups and clusters,
and continnously in different density emvironments based on 2 comparative anal vsis of the
propetties of galaxies withoot companions. Moreover, we have stodied observations of the
Ha emission in a sam ple of satellite galaxies and we have analysed the corrent and past star
formation mte in intemcting satellite galaxies in comparison with satellites withoot close

com panions. Finally, we have imvestigated the tole of interactions on active galactic nuclei.

Fist, we have looked for galaxy pairs in the local universe, = < 0.1, taken from the
2dF Galaxy Redshift Sorvev and Sloan Digital Sky Sorvey (the largest present-day galaxy
catalogs). The galaxy pairs where selected by projected separation (rp) and radial velocity
(AT thresholds, criteria determined by analvsing the star formation (5F) activity within
heighbouts of each galaxy. According to this analysis, we have found that rp < 100 kpe
h=!and AT < 350 kim s~ are teliable upper limits to select galaxy pairs. These thresholds
are similar for both surveys, which confirm these limits to detect pair galaxies with statisti-
cally enhanced star formation activity. Finally, we have obtained two pair catalogs: the 2dE

Falaxy Pair Catalog and the SD5S Galaxy Pair Catalog, which comprise 6067 and 11461
paits res pectivel v
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We have analysed the dependence of star formation activity as a function of rpand AT,
tor galaxy pairs in different emvironments with mspect to galaxies withonta close com panion
in the same density and luminosity ranges.

For pair galaxies inthe fizld, we have detected a significantcorrelation betwesn the mean
star birthrate pammeter (b) = SFR/|{SFR) and both, projected separation and relative ve-
locity. For rp < 25 kpc h™ and AT < 100 km 5™ we obtain a substantial star formation
enhancement with respect to the control sample. The Al dependence is less pronounced
although we find a systematic increase of star formation activity for decreasing relative ve-
locity.

We have extended this study, analvsing the effects of mergers and galaxy-galaxy inter-
actions in high density systems cotres ponding to gronps and cl ustets of galaxies with vital
masses inthetange 1043 lﬂmlfm. Similarlv, we found a closer relative projected threshold,
TR ™ 15 kpc h=1, for the star forimation to b= signiﬁc.lntl_v enhanced with respect to that of
the control sam ple of members withoot close com panions. We stress the fact that paits in
groups have a lowet SF efficiency than othet members.

Bv charactetizing envitonment throngh a continuous variable, =, (the density derived
from the distance to the ifth nearest neighbour) we find an increase of (b) in paits forsmallet
Tk and AT in all environments. However, in the highest density regions, galaxies need to be
closerinotder to show 5F enhancement with tespect to galaxies withoot a close companion.
Thess results indicate that the genetal lower efficiency of star formation in dense emviron-
ments is accompanied by a lower enhancement of the star fotmation induced by intetactions,
probably associated to sady morphology-tvpe galaxies which mostly popolate rich systems.

Fot the purpose to help the onderstanding of how 5F activity is regolated betwesn pair
members, we have analvsed the dependence of the star formation activity on the lomincsity
of the galaxy paits in the fizld. From this analysis, we have found that thers is not anovemnll
dependence of the mean star formation snhancement | 3) (which yislds the excess of star
formation in galaxi=s in paits with respect to an isolatsd galaxy in the fizld with the same
selection effects and redshift distribotion ) on lumineosity for galaxy paits. A nearly constant
value {3} = 1.2 for the total fizld galaxy pair catalog and {3) =~ 2 for the closs galaxy
pait subsample (v, < 25 kpe h=t and AT < 100 km 5~!) are determined. However, the
fractions of galaxies in pairs that have a higher star formation activity than the cotres ponding
of isolated galaxies, show aclear excess for the brightest membets.

We have divided the fizld close pait sample inminot (L2 Ly < 0.5) and major (Lo L =
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0.5) interactions according to their relative lominosities (Lo L, cotresponds to the ratio of
luminosities of the fuint over the bright member). We found that bright components in mi-
not intetactions show a higher probability to have enhanced SF and from larger projectsd
distances than the faint components. This result indicates that a small disturbance prodoces
an effective stimuolation of star formation activity over the largest galaxy. On the contrary,
the tidal effects of a large companion can make too large disturbances, enough to remove
a substantial fraction of the gas reservoir in the minor companion, causing a reduction of
the subsequent star formation activity. In the case of majot interactions, both components
show compatable stat form ation activity enhancements and with a similar projected distance

dependence.

For galaxies in groups and clusters, we have stodied whethet the paits have a particular
location with respect to other mem bers withouot close companions. We find that the radial
and relative velocity distribotions of paits (notmalized to the group virial tadios and goup
mean velocity dispersion] with respect to the groop centers are similar to those of goup
members with ho com panions.

We have shown that star fotimation activity strongly incteases for larger gronpeoentric
distance for both galaxv paits and galaxies in the control sample with a similar fashion,
approaching the mean SF valoe for fizld galaxies in the ontskitts. Thess similar trends in
both samples show, that on avetage, environment has the same effects in all gronp mem bets.

Fot the purpose of cattving outa more detailed analysis on star fotimation activity and en-
vironment, we have also calculated the fraction of extremelv blue and activel v star-forming
galaxies in close paits as a function of local density. The trends found do not behave as the
equivalent fraction of the control sample. In low density emvironment, bloe, star-forming
galaxies tend to be in pairs. [n high density regions, galaxies withoot a close com panion
have a highet contribution to blue and actively star-forming systems. The transition densi-
ties cotrespond to groop emvitonments. As 2 complementaty analvsis, we have stodied the
extremelv red and low star-forming galaxies in paits which ate foond to cotnumber thoss
withont a close companion in all environments. The fraction of red and low star-forming
galaxies without a close companion shows an increase in the lowest densities. The cotre-
sponding fraction of galaxies in paits increases in both the low and the high density ends.
In low density envitonments, this effect is more prononnced for pait galaxies owing to the
com bined effacts of the expectsd lack of gas infall in such r=gions and the high sfhci=ncy of

galaxies in paits nsingthe available gas for new stars at sarlv stages of theit svol ution.
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These results show that galaxy-galaxy interactions are an impottant mechanism for trig-
gering star formation regardless of environment, although smaller separations are required in
high density svstems for galaxies to ract to the presence of 2 companion. We also found that
in low density environments, extremely blue and star-forming galaxies tend to be in pairs.
On the other hand, in high density regions the most intense SF activity is found in galaxies
withouot a close companion and not in very close paits. The red and low star-forming ex-
treme is dominated by galaxies in paits in all emvitonments (exce pt for very close paits). We
atrgue that this trend uimveils the ubiguitous effects of interactions also in previoos stages of
evolution which exhansted the gas resetvoir inclose systems.

We have also perfoined observations of the Ha emission in a sample of satellites, o
biting giant isclated spital galaxies. We have found that all the spital and itregular satellite
galaxies have Ha fluxes above 1.15—49.80 x 10~ crg s~ cm~=. We have also obtained the
curtent star formation rates, which span the range between 0.006 and 3.66 M vi~?1, and the
median of the bitth patameter b = SFR/{SFR) is 0.68. This t=sult indicates a decreass in
the star fotimation activity with cosmic time.

We have detected a higher star fotmation activity in satellite galaxies, which show clear
signs of intetaction with close companions of compatable brightness, at projected distances
of 25, 20 and 2 kpc. MNevertheless, the only two galaxies in the sample that do not show
star formation activity are membets of these intetacting systems. It is unclear if this is a
consequence of inttinsic propeities (both are ead v Hobble tvpes| ot if it is related to a pos-
sible disruption of the external parts due to the interaction. On the other hand, we have not
detected Ha emission in the filaments associated with these interactions.

Furthermore, we have detected thatthe object with the largest star formation rate (apartof
the interacting svstems ) cotresponds to the satellite galaxy which has the smallest projected
distance from its progenitor (19 kpc), and the star formation tate conld be doe to intetaction
with the parent galaxv. All of these resolts indicate that the proximity betwesn galaxies (ie
satellite-sat=llit=, satellite-progenitor) can produces an sficient snhancemeant of star forma-
tion activity.

From the analysis of active galactic nuclei and galaxy interactions, we have found that
the fraction of AGMNs as a function of r-band luminosity, ot stellar mass, is larger for paits
with evidence of an ongoing merging process. However, this effect is small accounting for
an increase of less than ~v 10% doe to pairs with strong signs of tidal intsractions.

We have also stodied propetties of AGN hosts, and we have detected that the v ate redder
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and with a larger concentration meorphological index than non-AGMN galaxies. This finding
iz independent of AGN hosts being in pairs ot in isolation.

We have also used as tracer of AGN activity the luminesity of the [OF [T AS007 emission
line, L[OI ][] and we have found an enhancement for AGMNs with strong interaction features
igalaxy pairs with evidenceof an ongoing metging process), at a given host r-band luminos-
ity ot stellar mass. Morsover, we have detected that whil= 629 of AGNs in meiging paits
have L[OIII] = 10%° {limit for powerful AGNs) this percentage decreases to 13% in the
case of isolated AGNs. Furthermotes, we have estimated the mean accretion rates onto the
black holes of AGNs in paits in the thres defined categoties and in isolation. We have found
that at a given r-band luminosity, ot stellar mass content, AGMNs in metging paits have more
active black holes. On the other hand, all AGMs in metging paits have D000 = 1.8 which
indicates that they also have active star formation. These results counld be indicating that
isolated AGMNs have experienced a recent metger. It is also possible that secolar evolotion
conld be tesponsible of feeding the black hole and the star formation activity if a gaseous
disk is present, but motre detailed data are nesded to draw fitin conclusions on this point.
On the other hand, we have detected that both the OUL luminesity and the accrstion tates
for AGMNs with bright close com panions ars significantly larget than for those of AGMNs with
taint neighbouts. Then, the luminosity (of mass in stars) of the companion galaxy is a key
patametet todetermine the activity of the black hole. This finding provides svidence that nu-
clear activity is not only affected by the presence of 2 verv close companion, but the relative

mass (of lominosity) is also an impottant issoe to be taken into account.

To summatize, the analysis of this Thesis has provided the largest catalogs of galaxy
paits available, and detailed studies of interaction-indoced star formation and AGN fueling.
Ln shott, the main new results are basically the thresholds v, and AT for enhanced star
formation activity; the fact that closer intetactions are required in gronps compared to the
fisld in order to trigger star formation; an sxcess of tad galaxiss in paits in high density
envitonments i ndicating bursts of star formation inthe past; enhanced star formation activity
in interacting satellites otrbiting late spital primaries; and the determination that the power
of AGQNs is sobstantially larger for galaxies ongoing metgers, in patticalar with luminoos
com panions.

Althongh we acknowledge that seveml issues still emain unclear and desetve further
stody, we hope to have contributed to a better onderstanding of the role of interactions on
galaxy propetties and evalution.
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APPENDIX A

IMAGES OF THE SATELLITE GALAXIES

Al Description of the Image Galaxies

This appendix contains a description of the Ho emission mape of each galaxy:

# NGC 488c: This isa low sniface brightness iregolar galaxy in which we notice four main knots
with Hoy emission located in the onter parts of the galaxy.

® TGC 772 What seems to be a bright foregound star is projected on the E side of the galaxy.
The Hoemission is concentrated in a few discrete spots, the two brightest being situated HE.

# NGC 772¢: There are diffnse and discrete Ha emission features. The two brightsst spots ar
sitnated mughly symmetrically with mapect to the galactic cemer.

# MG L317a: There are about ten Har regions, which are particulady bright in the external parts
of the galaxy. Two of the Ha featires though the W are clearly differentiated from the main body of
the disk.

# NGC 16200; The galaxy is imegular with two—three plumes emerging from the W 1n one
of these plumes ther are a few discrete features with Hao emission. The rest of the emission is
concentmted in a few fantnes distriimed over the full galaxy,

o NGT [96La: A few clumpy small and faint stroctores are detected in the image after continmim
snbtraction.

# NGO 190l U is a lnminous spiral satellite galaxy which has a bright point-like stroctue
close to the center. The Haw contimium subtmcted image shows diffnss Ho emission with a few over-
impoeed features concentrated along twa chaine in dirsction ME-8 W enclosing the centml part of the
galaxy. The brightest spotat 3.8 arcsec fiom the grometrical center was suspected to be a foregound
star but it is the dominant component in the continmm free image, so we think it is a mal galactic
featnre (or an intmder) expedencing a strong starburst.

» NGC 196l This galaxy is a face-on spiml, which has a very rich stmcture in Ho emission
with several extended features. The two most intenes features are sitiated in the geometrical center
and in aspot WW which is also obvions in the H-band image.
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» NGC 2424b: This is avery irmgolar galmy which shows a clumpy stmcture in the broad-band
image. The Ha continimm fi== image shows about six dizscrets spots, the most intense being the one
located to the 5 W of the galactic center.

# 1GT 27182 and MGC 271 Bb: These galaxies ar aclear pair of intemcting satellites and have a
sharp and very straight bridge (= 92" =25 kpc) connecting both galaxies. Close to WG 271 8a, and
perpendicular to the main axis there is what conld be a small companion. The contintum-free imags
shows that the only component with Ha emission is WG Z718b which has 3— intenss knots.

® MNGC 27751 The two bright=st Ha emission featires are pojected very closs and ar only
partially msolved. Their position coincides with the geometrical center of the galaxy. hlost of the
remaining emission is concentrated in a few spots sitmated to the SE of the galaxy.

# GC 277 5c: This galaxy shows an imense Ha emission with a very iregular spatial distribution
concentmted mainly in the northem part. A differentisted feature is to the SE of the galaxy. The
broad-band image shows a plume emerging from the main body of the galaxy in that position.

» NGC M 160 The Ha snbtracted image shows an interse and diffues stmctie along the major
axis. Ther ar two less imenss knots simated in the E and W edges of the galaxy.

# NGC 30430 Ther is an extended diffnze strocture whemr it is possible to distingmish at least
five differntiated m=gions distibuted though the full area (it avoiding the geometrical center) of
the galaxy.

# TIGC 31540 The Ho emission is spread over the full pmjected area of the galmoy in the fomm of
diffuse emission and discrete knots. The most interee spot is located at the geometrical center. This
is the galaxy in our sample which has the smallest projected distance from its progenitor and (apart
from the imteracting galaxies |, the ane with the largest Ha luminasity. Although this conld be m=lated
to o possible intemction with its parent, we do not notice any rlevant signs of geometrical distortions
in the zat=llits.

# NG 3735a: The Ho emission is concentrated in the E side of the galaxy. Ln particular, ther is
abrght feature at the geometrical center and a few other less imtense featmes in stroctures msembling
ams. 1n the broad-band image, ther iz some evidence of a tail connecting this galmcy and another
smaller one of nnknown recehift sitnated to the ME. However, this last galaxy does not show any Ha
emission.

# 1GC 4030b: The majority of the Ho emission is concentrated in four discrete spots. One is
located at the center, and another is sittated W coincident with what we have identified asa possible
small intemcting galaxy. Unfortunately, the redshift of this letobject is unknown.

# NGC 4541a: The bmoad-band image shows a spiml edge-on galaxy with two emall strochires
perpendicular to the major axis on both edges. The Ho contimmum-fr=e image shows a diffiee stme-
ture that extends over most of the pojected area of the galaxy, and some very clumpy stnctiures. This
emission sseme to be aymetrically distributed throngh the 3W, wher one of the features mentioned
in the boad-band image shows clear evidence of Ha emission. We think that this conld be a small
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imeracting object that conld be enhancing the star fommnation in the neighbouring mgions of the main
galaxy.

# NGC 454 1b and WGT 454 1e: This pair of galaxies is separated by ~+41 arcsec. The galaxies
have morphological types E and 50/5a mespectively. Ln the boad-band image there ar two tidal tails
emerging fom WGT 4541b. One of them is pointing directly to WGC 4541e and it seems clear that
its origin is the interaction with this galaxy. The other, pointing neady in the opposite direction,
seeme more extended and is possibly the relic of a previons pam=age of this galaxy near NGC 4541
The contimum-subtracted He image shows an intense stmotore in WMGC 4541 e, while NGC 4541b
has no He emission. The Ha emission in MGC 4541e sseme to be composed of at least four major
clumpe located on the main body of the galaxy. A few faint features seem to follow two ams in
appoximately opposite directions.

» NGC 4725a; This is the largest satellite in our sample. The morphology corresponds to a late
spiml with clearsigre of distortions and possibly duet obscuration. Ln particular, a plume emeiges in
the ME dimction. The Hev emission is concentrated along the major axis with two bright spots, one
appoximately on the geametric center and the other to the W,

» NGC 52481 The Ha features are distiibuted over the full pmjected area of the galaxy in about
a dozen faint independent featuies.

# NGC 5248b: The brightest spot iz located at the geometrical center with a number of diffies
structures distributed thiongh the disk.

» NGC 5899: The galaxy shows a tch stmotue with difftee Ho features extending over the
disk and three major discrete features, one in the cemer and the other two in direction MW, A lins
of diffiee Ha emission seems to coss the galaxy in adiection perpendicular to the major axis. We
think thiz is an example of extra-planar diffiee ionized gns.

# NG 396 2d: The Ha smission features are distiibuted in mumemie discrets fesues in the disk,
avoiding the centml part of the galacy.

# NGC 59650 This really cormsponds to two close galaxies, sepamted by ~7 .4 arcsec as was
noted by Zwicky (1971 and Gutiéwez & Azzam (30041 Following the notation of that paper, we
denote them as WGC 39854, and WGC 39854, (other avthors have denoted the two member of this
pair a8 5B 15334574b and 5BS 153345740 respectively). The contimmm-subtracted image shows
that both components have Hao emission. 1nthe W component it is possible to recognizs at lzast
twa irmgnlar features. The isophotess of the NW component ar elongated in the dimction of the
companion. Additionally, the system is surmunded by a diffise hala.

# NGC 618 1a: This is a late-type spiml with evident signs of distortion in the broad-band image.
The Hev contimmm free image shows a complex stictne dominated by a bright discrete featne
which shows at least three bright spots. 1t seems that this spot comesponds to a stractue which is
differentiated fiom the main bady of the galaxy and could comespond to a minor merger.

# WG 71374 The Ha emission is cancentrated in two sxtended f=atues sitiated in the E sids
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of the galaxy. The brightest one runs in direction perpendicular to the main axis.

» NGC 76781 This nice face-on spiral galaxy has Hew emission in the form of discrete features
an the center and in a fing surmunding the galaxy and approwimately tmcing the spiral strocture. A
small galaxy is located very close by to the WW. This doss not show any Hao emission. The main
Hao-emitting regions are located in two extended mgions sitiated in the ME part of the galaxy. Two
plumes of diffuss material seem to connect these two stroctures with the main body of the galaxy.
We think that they could be two sepamte stctires in the process of strong interaction with the main
galaxy.
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