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It was six men of Indostan

To learning much inclined,

Who went to see the Elephant
(Though all of them were blind),
That each by observation

Might satisfy his mind.

The Blind Men and the Elephant by John Godfrey Saxe
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Abstract

This dissertation presents studies on the environmentstiveagalaxies.

Paper | is a case study of a cluster of galaxies containing Bt dbject RGB
1745+398. We measured the velocity dispersion, mass, emdeass of the cluster. This
was one of the most thorough studies of the environments &f a8 object. Methods
used in the paper could be used in the future for studying aflusters as well.

In Paper Il we studied the environments of nearby quasatirstoan Digital Sky
Survey (SDSS). We found that quasars have less neighboalaxigs than luminous
inactive galaxies. In the large-scale structure, quasarsisually located at the edges
of superclusters or even in void regions. We concluded tiede low-redshift quasars
may have become active only recently because the galaxies-idensity environments
evolve later to the phase where quasar activity can be tegge

In Paper lll we extended the analysis of Paper Il to other 3ypeAGN besides
quasars. We found that different types of AGN have diffefarge-scale environments.
Radio galaxies are more concentrated in superclusterg giasars and Seyfert galax-
ies prefer low-density environments. Different enviromseindicate that AGN have
different roles in galaxy evolution. Our results suggestt thctivity of galaxies may
depend on their environment on the large scale.

Our results in Paper Ill raised questions of the cause ofritieament-dependency
in the evolution of galaxies. Because high-density laiggdes environments contain
richer groups and clusters than the underdense envirosmeumt results could reflect
smaller-scale effects. In Paper IV we addressed this pmoblestudying the group and
supercluster scale environments of galaxies together. dvgared the galaxy popula-
tions in groups of different richnesses in different laggale environments. We found
that the large-scale environment affects the galaxiesprwgently of the group rich-
ness. Galaxies in low-density environments on the largée s more likely to be
star-forming than those in superclusters even if they agraups with the same rich-
ness.

Based on these studies, the conclusion of this dissertetithrat the large-scale en-
vironment affects the evolution of galaxies. This may besedlby different “speed” of
galaxy evolution in low and high-density environments:agés in dense environments
reach certain phases of evolution earlier than galaxieaderdense environments. As a
result, the low-density regions at low redshifts are pogaldy galaxies in earlier phases
of evolution than galaxies in high-density regions.
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CHAPTER1
Introduction

Research on galaxy evolution has advanced greatly in rgeans. Main reason of this
increase of knowledge comes from the new deep and wide gailaxgys and space mis-
sions. Surveys have revealed a three-dimensional welstliketure of the universe. The
general observed properties of the universe seem to beandzstwe with the predictions
of the concordance cosmological model. Although there igtistical agreement be-
tween theory and observations, many details of the nomuliegolution of galaxies are
not well understood. These issues include the dichotomyatafxies in the blue cloud
and red sequence, the relation between the masses of tleedi@galaxy and the super-
massive black hole in its center, and the regulation of gnaftmassive galaxies. This
thesis presents a study on low-redshift galaxies from tlet jod view of their environ-
ment, concentrating especially on active galaxies. Théafahis thesis is to study the
connection between the activity in galaxies and their lmcme environment.

One aspect that has recently been found important is theofaetive galactic nu-
clei (AGN) in galaxy evolution. Simulations of galaxies Wwigemi-analytical models of
evolutionary processes have lead to a theory, where thédekdrom the active super-
massive black hole in the center of a galaxy affects the @eoluTheories suggest two
types of AGN feedback, which are often called the quasar namdiethe radio mode.
Quasar mode is responsible for expelling gas from galaaies thus quenching star for-
mation. Radio mode feedback regulates the growth of magsilaxies by heating the
gas.

Galaxies do not evolve isolated. Instead, they are membegsoaps and clusters
of galaxies, and on the large scale, they form superclustedsfilaments, with empty
voids between them. Evolution of galaxies is tied to the @oh of the whole universe.
Structures are assembled through gravitational collapdark matter, and galaxies form
when baryonic matter gathers to the centers of dark mattes llarough complex gas-
dynamical processes, most importantly through radiatb@iicg of gas. Halos merge
and structures grow more massive. Galaxies interact with etners during their evolu-
tion. As the result, we have the galaxies we observe at loghitid: star-forming spiral
and passive elliptical galaxies, with different types ofivaty in their nuclei: quasars,
Seyfert galaxies, radio galaxies, and BL Lacertae objects.

Environment in which the galaxies are located plays an itaporrole in galaxy
evolution. Observations have shown that galaxy populatinordense environments are
different from those in low-density regions (Dressler 1.9B0@stman & Geller 1984;
Hamilton 1988; Gomez et al. 2003; Kauffmann et al. 2004)fdpint environments also
provide different dynamics between galaxies: velocitpdisions vary from 100 knts



10 CHAPTER 1. INTRODUCTION

of small groups to 1500 knt$ of the richest clusters (Bahcall 1981). Finally, simu-
lations have shown that galaxy evolution and thus promediEpend on the assembly
history of the dark matter halo in which the galaxy resideso @t al. (2005) showed
that halos that assemble early are much more clustered #has ¢f the same mass that
assemble late.

Evolution of galaxies, their activity, and the large-scalironment is an exten-
sive field. This thesis will give a short summary on the baockgd observational and
theoretical results important in this field. The followirgeée chapters will cover the ob-
servational information on galaxies (Chapter 2), the lsgme structures (Chapter 3),
and AGN (Chapter 4). They will be followed by two chapters be theory of structure
formation in Chapter 5 and galaxy evolution in Chapter 6.



CHAPTER?2
Galaxies

The First approach’d the Elephant,
And happening to fall

Against his broad and sturdy side,
At once began to bawl:

"God bless me! but the Elephant
Is very like a wall!"

The Blind Men and the Elephant by John Godfrey Saxe

2.1 Classification of galaxies

Galaxies are the basic building blocks of the Universe. mt@smological significance
has been clear since the 1920s, when Edwin Hubble confirna¢ddine of the observed
nebulae were truly objects outside the Milky Way. Hubblendthat galaxies have vari-
ous shapes and sizes, and that they move away from the ohgbeiespeed increasing
with the distance (Hubble 1926, 1927).

Galaxies can be divided in classes based on their morpholdgy basic morphol-
ogy classes can be described with the Hubble’s sequenceingiork diagram shown
in Fig. 2.1. The basic classes are elliptical, lenticulpitad, and irregular galaxies. Spi-
ral galaxies can be further divided into regular and barpedhks. Elliptical and spiral
galaxies are often called early and late-type galaxieseaisely. These names refer to
their places in the Hubble’s sequence, where the elligiag plotted to the left, not to
their ages or other evolutionary aspects.

Besides morphology, galaxies can be divided in two distite$ses by their colors
(Gavazzi et al. 2010). Color is connected to the morphologjfliptical galaxies are
nearly always red, while spiral galaxies are mostly blue. dfoemagnitude diagram
of galaxies is shown in Fig. 2.2. It shows how the galaxy pafoih is divided in two
classes: the blue cloud and the red sequence. The blue dosts of spiral galaxies,
while the red sequence contains mostly ellipticals. Beiwtkbe blue cloud and the red
sequence the galaxy population forms a 'green valley', whiee number of galaxies is
lower. The distribution of galaxies seen in Fig. 2.2 alsovehthat the most luminous
galaxies are typically red.

The classification of galaxies into different morphologjibgpes has traditionally
been done by visual inspection. A successful example of ssifieation of a large
sample of galaxies is the Galaxy Zoo project (Lintott et 80&). A problem with visual
classification is always the subjectivity of the classified aespecially at high redshifts,
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Figure 2.2: Color-magnitude diagram of galaxies in the Coma Superelu§alaxies are coded
according to their morphology, so that the red points refeetliptical or lenticu-

lar galaxies, blue points to disk-dominated spiral galaxiand the green points to
bulge-dominated spiral galaxies. Figure from Gavazzi e{2010).
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the fact that all galaxies do not fit clearly in any of the césss Furthermore, as the
visual classification requires vast amount of work, autdenaassification criteria have
also been used. These classification criteria are basedferedi observed properties
of galaxies of different types. For example, Huertas-Camgpet al. (2011) used three
parameters to classify galaxies: light concentrations afio, and color.

2.2 Morphology

Spiral galaxies typically consist of a thin disk with spigains, a central bulge, and often
a bar. Some spiral galaxies are more disk-dominated (Scdypthe right-hand side

of the Hubble diagram), while others are more bulge-dorem#8a type). The relative

significance of the disk and the bulge can be studied by miegsiine surface-brightness
profile of the galaxy. The surface brightness profile dessrite stellar density distri-

bution, which is more central-concentrated in bulge-d@tsd galaxies. The surface-
brightness profile of a galaxy can be described with a Sérside

I(r) = L exp [—Bn ((;) e 1)] , (2.1)

whereg,, is chosen so that,, the effective radius, includes half of the light, ahd=
I(r.). The Sérsic index. determines the curvature of the profile (Sersic 1968). The
surface brightness profile of a disk typically has a Sérsiexm = 1, which is an expo-
nential profile, while the bulge has a Sérsic index 4, known as the de Vaucouleurs
profile (de Vaucouleurs 1948). The profile of a spiral galaxysually a combination of
these two. According to Blanton et al. (2003), the Sérsiexndf a galaxy is strongly
correlated with the color: the blue galaxies have typicaldarly exponential profiles,
while redder galaxies are more concentrated. This is a gimdglification though, nat-
urally all the components of a galaxy affect the total bngiss profile.

As Fig. 2.2 shows, the spiral galaxies have mostly blue soldhe bulge-dominated
spirals are redder than the disk-dominated. However, agbDei al. (2006) points out,
the galaxy population does not consist of two classes butctmeponents, red bulges
and blue disks. Color is related to star-formation rate ohlaxy: young stars are bluer
than old ones, making galaxies with a high star-formatida bdue.

Elliptical galaxies have an apparently simple structura sinooth, elliptical surface
brightness distribution. They are shown with the red poimtthe color-magnitude di-
agram in Fig. 2.2, which shows that they are redder than npastl galaxies, and that
they include the most luminous galaxies. While the surfagghness profile of spiral
galaxies is a combination of a disk and a bulge, ellipticé#gas have no sign of a disk.
According to Driver et al. (2006), a typical Sérsic index &liptical galaxies is» = 4,
similarly to the bulge-dominated spiral galaxies. Elliaii galaxies are close to true el-
lipses, but there are small deviations from the simple amiggtric form. The elliptical
galaxies can be divided into two subclasses: disky, wittk@easophotes, and boxy,
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with box-shaped isophotes (Bender 1988). Kormendy et D4R showed that disky
elliptical galaxies typically have low Sersic indices,~ 3 + 1, while boxy ellipticals
have very large Sersic indices,> 4.

2.3 Star formation

Stars form in dense molecular clouds (see Williams et al02f0 a review). Because of
that, star-formation activity of a galaxy can be estimatgdt$gas content. The relation
between star-formation densiyggr and gas densitfigascan be described by the
empirical Kennicutt-Schmidt law, which was first formuldtey Schmidt (1959). In its
basic form, the law can be written as

YsFR= 4Ygas (2.2)

whereA and N are constants. This empirical law suggests that the stardion rate
may be controlled by the self-gravity of gas.

Strongly star-forming galaxies can be recognized spemtposally by their emission-
line ratios. Baldwin et al. (1981) introduced the BPT (BaidwPhillips & Terlevich)
diagram, where galaxies with emission lines can be dividesdar-forming galaxies and
AGNs based on two emission-line ratios. A BPT diagram by &rimann et al. (2004)
is shown in Fig. 2.3. The differences in line ratios betwetm-®rming galaxies and
AGNs are caused by different photoionization mechanisnusing the emission: hot
stars in star-forming galaxies, and non-thermal continaurfast shocks in AGNs. In
AGN:s the level of ionization and temperature are higher thad 11 regions generated
by young massive stars. Thus the AGN is surrounded by a lpay#ally ionized zone.
This causes a rise of emission lines such as the forbiddenMnii], which is nearly
absent in galaxies photoionized by OB stars.

Elliptical galaxies usually have red colors, which are agged with old stars. There-
fore, red color is a sign of a low star-formation rate. Theesome exceptions though:
based on an analysis on emission lines using the BPT diadgfakugita et al. (2004)
found that approximately 3 % of early-type galaxies are-fstaning.

Star-formation rate of galaxies evolves with redshift. ZAt> 1, high-luminosity
galaxies experience rapid star formation. According to Maet al. (1998), global star-
formation rate reaches its peak value at redshift 1.5. At lower redshifts the lumi-
nosity of star-forming galaxies declines smoothly unté fhresent epoch (Cowie et al.
1996).

2.4 Galaxy dynamics

The stars and gas in the disk of a spiral galaxy move in thepl&hke on almost circular
orbits. This movement can be described with a rotation cufagea function of radius,
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Figure 2.3: The distribution of emission-line galaxies in the BPT damgr Figure from Brinch-
mann et al. (2004)

the rotation curves stay flat instead of declining, whilgbleslight declines exponen-
tially. This is one of the signs of the existence of dark nraffée scaled rotation curves
show that the shape of the curves is similar regardless o$utace brightness of the
galaxy, suggesting a “universal rotation curve” (Persiale1996; Swaters et al. 2000).

Luminosity of the disk is connected to the rotational vepaf a galaxy through
the empirical Tully-Fisher relation (Tully & Fisher 1977).he relation shows a tight
correlation between the maximum of the rotation curve amdttital luminosity of a
galaxy. The correlation shows that even though only a smedtibn of the mass of a
galaxy is luminous, the luminosity is still related to théalanass.

Elliptical galaxies do not rotate in the way the spiral giédaxdo. Instead, the stars
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move in the galaxy in random motion. The dynamics of an éightgalaxy can be
described by its velocity dispersian Mass in a virialized system can be determined
using the velocity dispersion and the virial radius of a ggla

UQRvir
M~ ——:.
G

Velocity dispersion of elliptical galaxies is related tarlinosity through the Faber-
Jackson relation (Faber & Jackson 1976) similarly to thdyTmisher relation in spi-
ral galaxies. The3 band luminosity depends on the velocity dispersion by thetios:
Lp o o* (Faber & Jackson 1976). The relation between the rotatieglacity and the
velocity dispersion«/o) is typically in the range from 0.1 to 1 for elliptical galasi
and from 10 to 20 for spiral galaxies (Davies et al. 1983; \Bghiran et al. 2001).

Ferrarese & Merritt (2000) found that central velocity disgpion of a galaxy is
tightly correlated with the mass of the central black holeeif best-fit relation between
the central stellar velocity dispersion and the black-hole mas¥j,, was

(2.3)

log Mpp, = 4.80(£0.55) log o — 2.9(%1.3), (2.4)

where Mpy, is in units of solar mass and. in kilometers per second. This relation
holds for both, elliptical and spiral galaxies. This redatisuggests that the evolution of
the black hole and its host galaxy may be connected. The mostipent sign of the
supermassive black holes are the different types of AGN,thedinding of theM—o
relation has strengthened the role of AGN in galaxy evotutio
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Large scale structure

The Second, feeling of the tusk,

Cried, -"Ho! what have we here

So very round and smooth and sharp?
To me 'tis mighty clear

This wonder of an Elephant

Is very like a spear!"

The Blind Men and the Elephant by John Godfrey Saxe

3.1 Groups and clusters of galaxies

The characteristic scale of the first acoustic peak at 1°in the cosmic microwave
background (CMB) spectrum indicates the maximum scale @fctiusally connected
acoustic (baryon-photon sound waves) oscillations atithe of recombination. This
degree scale fluctuation corresponds to a co-moving scal@®h~'Mpc in the Uni-
verse today. At scales larger than this the galaxy disiohuiurns homogeneous. On
smaller scales, galaxies are not distributed in space malydolnstead they form co-
herent structures. While there are apparently isolatedxged as well, most galaxies
belong to a group or a cluster of galaxies. A group of galatyegally contains less
than~50 galaxies, and richer systems are called clusters. Howéese is no clear and
exact definition of the limit between a group and a clustedividual clusters contain
more galaxies than smaller groups, but the groups are monenmows. Therefore more
galaxies in total are found in groups — there are more gadaxidnere there are less
galaxies.

Groups and clusters of galaxies are assumed to be viriatigetbms of galaxies
although this is a simplified assumption. While the viriahdiiions apply to bound
systems, systems of galaxies are not always bound, anddreeret virialized. Niemi
et al. (2007) concluded that approximately 20 % of nearbyigsoof galaxies are not
bound systems. The galaxies in a group or a cluster are atsonasl to share a com-
mon dark matter halo. Groups of galaxies are held togethéndoynutual gravitational
attraction between the galaxies and the dark matter. Iterkighe velocities of galaxies
are higher than in groups, and therefore, they must contane atark matter to hold the
cluster together (Bahcall 1981). Clusters also contairerhot gas than groups.

A basic characteristic of a group or a cluster is its richndgss number of its galax-
ies. Determining richness of a group or a cluster is diffibeitause of various sources
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of uncertainty. The main problems when using photometrgeolkations are contamina-
tion from foreground and background galaxies, the difficoltobserving faint galaxies
and the uncertainty in the redshifts of galaxies. Severdahaus have been created to
describe the richness of a cluster. The first comprehenatatoy of clusters of galaxies
was published by Abell (1958). Based on this study, the BsBrof a cluster is still often
expressed by Abell richness class. The richness class sl lmasthe number of galax-
ies in the cluster that are not more than two magnitudeseiathian the third brightest
member of the cluster. Richness class 0 cluster contains 3to 49 galaxies, class 1
from 50 to 79 galaxies, class 2 from 80 to 129 galaxies, cldsm3130 to 199 galaxies,
class 4 from 200 to 299 galaxies, and class 5 more than 29%iemla

The cluster-center galaxy correlation amplituBgc is a much used measure for
cluster richness especially in studies on the clusteeseavironments of active galax-
ies. The method was first used by Longair & Seldner (1979)udysthe environments
of radio galaxies. Byc takes into account the number of background and foreground
galaxies and normalizes the galaxy counts using a knownnlogity function. These
corrections increase the robustness of B as a measure for richness. It is relatively
insensitive to magnitude limit, areal coverage, and phetomerrors.

To determineBgc, the number of galaxies is first calculated inside an appatgpr
radius around the center. A usual radius is 500 kpc, whictesponds to a typical size
of a cluster. The number of background galaxies is then eouon an field of the same
surface area near the cluster. With these numbers, theaargoks-correlation function
is

_ Mot —Np3 -7,

Agc = Ny 5 07", (3.2)
where Ntot is the number of galaxies within the circle radiusy, is the number of
background galaxied] is the circle radius in angular units, andis the slope of the
correlation function, usually assumed to be 1.77. The amgubrrelation function is
then scaled with the universal luminosity functi®rmnjy, , z) to get

NgAgc

S ) (3.2)
CI)(m”m , Z)Ly

Bgc =
Herel, is an integration constant,is the distance of the cluster, ang, is the average
surface density of galaxies. Typical values for clusterth wibell richness class 0-5 are
Bgc = (6004200) Mpc'-™", Bgc = (1000+200)Mpc!™", Bgc = (14004-200)Mpc!-7,
Bgc = (1800 £ 200)Mpc'™", Bgc = (2200 & 200)Mpc™7", and Bgc = (2400 +
200)Mpc!-77, respectively (Yee & Lopez-Cruz 1999). This method hasrofteen used
for estimating clustering around different types of AGNiat case the AGN is taken
as the center, and galaxies are counted in a circle surnogintdi This was one of the
methods used in Paper I.

Velocity dispersion of groups and clusters vary fres00 kms ! of small groups

to ~1500 kms! of rich clusters. Velocity dispersion is strongly correldto richness:

N§ 5 = 21(v,/1000km s71)12, (3.3
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whereuw, is the radial velocity dispersion, amds - is the number of galaxies in a circle
of 0.5 Mpc (Bahcall 1981).

The most important characteristic determining the prigeuf clusters of galaxies
is their mass. The mass of a cluster can be determined usiegatéechniques, such
as galaxy kinematics, X-ray profiles, or gravitational iags Typical mass of a cluster
(M500, mass of the region in which the density is more than 500 tiimesnean density)
is betweernl0'* and10'® M. Mass is tightly correlated with the optical luminosity of a
cluster (Popesso et al. 2005). Mass-to-light ratio depemdsiass: for the poor groups
with mass of10'? to 1013 M, mass-to-light ratio is approximately00h(My /Ls) s,
while for clusters ofl 0> M, the ratio may b&00h(M, /L) (Parker et al. 2005).

While optical observations see the individual galaxiesrougs and clusters, X-rays
can be used for studying a group or a cluster as a whole. Xrmégs@on from a cluster of
galaxies was first found in the Coma cluster by Gursky et 8l7{). They suggested that
the source of X-ray radiation may be the hot intergalactie igahe cluster. This idea
was supported by Bahcall (1977), who found that X-ray lureityas correlated with the
richness of the cluster. However, this correlation doesoét in small groups, possibly
because mergers of galaxies are more frequent in small gr@gusing variation in
group richness (Ponman et al. 1996). Since the intraclgsiefollows the gravitational
potential of the cluster, X-rays can be used as a reliablesumedor cluster mass.

3.2 Supercluster scale

Groups and clusters of galaxies are distributed in a webltikge-scale structure. Sim-
ilar structures can be produced theoretically using theslirperturbation theory and the
Zel'dovich approximation, where the particles move onigtrline trajectories until the
first non-linear structures, the so-called Zel'dovich Ed@s form. Regions with high
density of groups and clusters form superclusters, whieltannected by filaments. Be-
tween these structures, there are voids with low galaxyigewsth diameters even as
large as~100 Mpc (JGeveer & Einasto 1978). The supercluster-void/omd represents
the density distribution of the very early universe: derssgians in the early density
fluctuations have evolved to regions of high galaxy densityure 3.1 gives an example
of two superclusters. Groups of galaxies are marked witliesrwith sizes proportional
to group richness.

The large-scale cell structure can be studied using largxygaurveys, such as the
two degree Field Galaxy Redshift Survey (2dF; Colless et24l01); Percival et al.
(2001)), the Two Micron All Sky Survey (2MASS; Skrutskie ¢t @006)), and Sloan
Digital Sky Survey (SDSS; York et al. (2000); Stoughton et(2002), Aihara et al.
(2011)).

Due to the unvirialized nature of superclusters, a lumigedéensity field is an ap-
propriate method of finding and identifying superclustes.clusters, mass is tightly
connected to the total optical luminosity. Because of thahinosity can be used to
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Figure 3.1: Groups of galaxies in two rich superclusters in the SloanaBWall. Circles repre-
sent groups of galaxies with symbol sizes proportional éoribhness of the group.
Dots mark groups that host up to four bright red galaxies, atads represent groups
with five or more bright red galaxies. Figure from Einasto et(2011)

trace the mass of the structures. The density field was fiest by Davis & Huchra
(1982) to calculate the gravitational field in the nearbyarse.

Einasto et al. (2003) present the method of determininguimerlosity-density field.
The field is based on a galaxy catalog with distance and aesoiagnitude known for
each galaxy. Coordinates of galaxies are transformed ettangular coordinates for
minimizing projection effects. The density field is then sitied with an appropriate
smoothing scale to see the structures of that scale. In ®dpét, and IV, we used the
luminosity-density field to determine the large-scale envinents of different types of
galaxies and AGN.

Every galaxy is assumed to be a member of a density enhantesueh as a group
or a cluster. Part of the galaxies in these groups and ctufd#troutside the observed
magnitude window. This has to be corrected by using a weggtbf W;. The weight
can be determined as the ratio of the expected total lumintsihe expected luminosity
in the visibility window:

_ fo"o L¢(L)dL

, (3.4)
2 Lo(L)dL

Galaxy luminosities can be assumed to be distributed amaptd the Schechter (1976)
function
$(L)AL o (L/L*)* exp(~L/L*)d(L/L"), (3.5)

wherea and L* are constants. The total luminosity is then
Ltot = LopVr (3.6)

whereLgps = L1004 Mo=M) is the luminosity of the galaxy with absolute magni-
tude M.

After correcting the luminosities with the weight factdretluminosity-density field
with corrected luminosities can be calculated in a Cantegidd. Cell size in the grid
can be chosen to fit the data. A denser grid gives a higherutésolif needed, but
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causes challenges for computing power and disk space ifdlkei§i large in volume.
For studying superclusters, the grid size is typically 1 Mpc

The field is then smoothed to an appropriate scale to showtthetiwres of the cor-
rect size. A smoothing length of 1 to/2"! Mpc will produce a density field that shows
clusters of galaxies. For superclusters, the field is oftenathed on scales of/8~! Mpc
(Einasto et al. 2007D).

Figure 3.2 shows a luminosity density field based on a catalagninous red galax-
ies (LRGs) in the SDSS. In this field the grid cell size i83' Mpc and the smoothing
length is 161! Mpc. LRGs can be used instead of all galaxies because thexsaadly
concentrated in the centers of clusters. This makes themh igo@ators of clusters and
the high-density regions of the large-scale structuread@drs & Yee 2000). Because
LRGs are the most luminous galaxies, they can be observedgarldistances. This
makes it possible to construct a density field with largeura#. In Paper Il we used
the luminosity-density field of the LRGs to study the largeds environments of differ-
ent types of AGN. The large volume of the LRG sample made isibtes to study the
environments of over 8000 AGNSs in total.

Superclusters are conventionally defined as regions wittsifeabove a certain
threshold. For example, Tempel et al. (2009) used a thréshfodl.6 times the mean
density of the field as a minimum density level of superchssteTheir definition of
voids was a density of less than 1.5 times the mean densitya Aew approach Li-
ivaméagi et al. (2012) took into account the richness difieeeof superclusters by using
an adaptive threshold. Generally, the supercluster thtésk chosen to be approxi-
mately the percolation density, which is the level whereitidé/idual superclusters start
to be separated from each other.

Superclusters vary in size, richness, and shape. They mawydaingle filament, a
branching system of filaments, or a diffuse cloud of clus(Eisasto et al. 2003). Rich
supercluster are less symmetrical than poor ones, and the density grows with the
total luminosity of a supercluster (Einasto et al. 2007a).

The Local Group of galaxies belongs to the Local Superadusatieich is also known
as the Virgo Supercluster. The Local Supercluster is a &poor supercluster. Its
total luminosity isL ~ 3 x 10'2h~2 L, and its mass i3/ ~ 10'°h~1 M, (Einasto et al.
2007d). The richest and largest supercluster known so faeiSloan Great Wall (SGW)
(Gott et al. 2005). The total luminosity of the SGW4is< 10'13h~2L,. Einasto et al.
(2011) found that the SGW can be divided into several indi@icuperclusters that have
had different formation histories and evolutions. Two epéas of these superclusters
are shown in Fig. 3.1. Because of this, the SGW may not be amggphysical structure
but an assembly of many rich superclusters.

Superclusters and filaments surround void areas with vewydalaxy densities.
Voids are roughly spheroidal with a typical semi-major asfs~20~r ! Mpc (Plio-
nis & Basilakos 2002). Voids are extremely underdense. Ating to Hoyle & Vo-
geley (2004), their average density contrastggp = —0.9, where density contrast
dp/p = —1 refers to zero density of galaxies. The galaxies they cordaeg usually



22 CHAPTER 3. LARGE SCALE STRUCTURE

DRY sample

pixel nurmber

Figure 3.2: Luminosity density field of LRGs. Colors represent diffeamsity levels: blue
areas are voids, while the red areas are the densest coregparslusters. The
coordinates show the grid cell numbers, with one grid ceffesponding 2~ Mpc.
Originally published in Paper IlI.

located close to the edges. Total volume of voids is appratéip 40 % of the volume
of the local universe.

3.3 Galaxy populations in different environments

Different group or cluster-scale environments have diffiérgalaxy populations. This
was first discovered as the morphology-density relatiore¢Bler 1980; Postman &
Geller 1984). Regions with high galaxy density are popudlat®stly by elliptical galax-
ies, while in the less dense environments spiral galaxiesimite. Similarly, the local
density is correlated with star-formation rate and lumityosGalaxies in high-density
environments are more luminous than those in underdensense¢Hamilton 1988).
Strongly star-forming galaxies are located in lower dgnsitvironments than galaxies
with little star formation (Gomez et al. 2003). This is exiael; as the star-formation rate
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and morphology are connected as was discussed in Chapteo\evidr, environment
affects the star-formation rate even when the morpholodiidssame. Spiral galaxies
with red color, and therefore low star-formation rate, a@ated in higher density envi-
ronments than bluer spiral galaxies (Bamford et al. 20083t f6rmation depends more
strongly on the environment than morphology (Kauffmannle2@04; Blanton et al.

2005).

Butcher & Oemler (1978) found that clusters at redshift 0.4 contain consider-
ably more blue galaxies than nearby similar clusters. Téushift-dependency has be-
come known as the Butcher-Oemler effect. Besides the l&metion of spirals, Couch
et al. (1994) found that galaxies at these intermediatenitddso show more signs of
interaction than galaxies in nearby clusters. Dresslet. €1899) also found spectral
features typical to poststarburst galaxies in the redshiftje ofz = 0.37 — 0.56. These
results indicate that galaxies in clusters are evolvindp wedshift.

A dependency between the properties of galaxies and theiroement can also
be seen on the supercluster scale. The morphology-demrséiion on the large scale
was first detected by Einasto & Einasto (1987). Skibba et28109) found that the
color of galaxies depends strongly on environment on alesdaom 0.1 to 16~ Mpc.
They detected the color-environment relation both in $@iral elliptical galaxies, but
no correlation between the morphology and environment whercolor was fixed. In
filaments connecting two rich clusters, Porter et al. (2068hd that the star-formation
rate of galaxies increases with the distance from the ckistStar formation peaks at
2-3h~! Mpc from the clusters, suggesting that at this distance éiseofithe cluster may
start to affect the galaxies.

The galaxy populations are also different in rich and pogesciusters: rich super-
clusters contain a higher fraction of passive, red, egghetgalaxies than poor super-
clusters. In the densest cores of rich superclusters theae excess of red galaxies in
groups with equal richness and even among isolated galéhxé¢sio not belong in a
group (Einasto et al. 2007¢, 2008). According to Tempel e(24111), the luminosity
function of elliptical galaxies depends strongly on theéascale environment. These
results suggest that both the local environment (groupustet) and the supercluster-
scale environment may affect galaxy morphology and thairfsirmation activity. The
guestion of effects on different scales on star-formingvagtof galaxies is discussed
in Paper IV. We found indications that the large-scale emritent may affect the star-
forming activity in galaxies independently of the richnedsthe group in which the
galaxy resides.
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Active galactic nuclei

The Third approached the animal,
And happening to take

The squirming trunk within his hands,
Thus boldly up and spake:

"I see," quoth he, "the Elephant

Is very like a snake!"

The Blind Men and the Elephant by John Godfrey Saxe

Active galactic nuclei (AGNSs) are the most luminous objectthe Universe. Their
luminosity comes from the central region of a galaxy, andnttest probable engine of
the activity is the supermassive black hole in the centen@tiost galaxy. The observed
AGNs can be divided into several classes: quasars, Seyrtigs, radio galaxies, and
BL Lacertae objects. On a more general level, AGNs can bsifiles as radio-loud and
radio-quiet AGNSs.

The systematic study of AGNs was started by Carl Seyfert, ddtected emission
lines in spectra of six galaxies (Seyfert 1943). This typeagio-quiet, low-luminosity
AGN was later named Seyfert galaxies. Finding other typeA®N was linked to
the advances in radio astronomy. First radio sources weradfy Reber (1944), and
Bolton et al. (1949) achieved the first optical identificatiof radio sources. A number
of radio sources were found in the third Cambridge survey, Bdje et al. 1959), and
many radio-loud AGNs are therefore known by their 3C numbers

While some of the 3C radio sources could be associated wistxiga, others were
optically point sources. These point-sources with peceliaission lines in their optical
spectra were named quasi-stellar sources or quasars. &tteagmission lines proved
that these sources were at high redshift (Schmidt 1963;rSteia 1963). This finding
was the beginning of quasar research.

The last type of AGN found was the BL Lacertae (BL Lac) obje@shmitt (1968)
identified the “variable star” BL Lacertae with the radio smIVRO 42.22.01. Strittmat-
ter et al. (1972) found that BL Lac and four other objects veimglar to quasars, except
for the fact that they had no spectral emission lines.
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4.1 Different types

4.1.1 Seyfert galaxies

Seyfert galaxies are the least luminous type of AGN. Theyhla& morphology of a nor-
mal spiral galaxy, but have emission lines in their spediteeir typical luminosities are

in the range of-23 < My < —20. They are classified as radio-quiet AGNs, but some
of them emit weakly in the radio regime, with a powerRf, gy, < 10**° WHz 1.

In the nearby universe Seyfert galaxies are the most comypenaf AGN.

Seyfert galaxies can be divided in two subclasses basedeonitith of their emis-
sion lines. Seyfert 1 galaxies have broad emission lings fult-width half maxima of
more than 1 000 km's, while Seyfert 2 type galaxies have only narrow emissioadin
(Khachikian & Weedman 1974). Emission lines often found @éyf8rt galaxies include
Ha, HB, and forbidden lines [Qn], and [N 11]. Intensity-ratios of these lines can also
be used to distinguish between AGNs and star-forming gadeaxs was discussed in sec-
tion 2. Besides the pure Seyfert 1 and 2 galaxies, there soegalaxies with composite
spectra, which are often marked by labels such as Seyfeantl.8.9 (Osterbrock 1981).

4.1.2 Quasars

Quasars belong to the most luminous objects in the Univeride aptical magnitude
My < —23. They can be divided in two subclasses, radio-quiet and+adid quasars.
Approximately 10 % of quasars are radio loud (Kellermannle1@89). The limiting
radio power between radio-quiet and radio-loud quasarsually defined aP’, , gz =
10% W Hz!. Radio-loud quasars can further be divided into two clabssgd on the
shape of their radio continuum. The spectrum is usually riest by a power law with
S o v, whereS is the radio powetry is frequency, and, is the slope of the spectrum.
Steep-spectrum radio quasars have a spectrum with alglppe- 0.5, while the slope
of flat-spectrum quasars j&,.| < 0.5 (Urry & Padovani 1995). Morphology of radio
sources is connected to the steepness of the spectrum:sgteefpum sources are more
compact than those with a flat spectrum.

Quasars have broad emission lines in their spectra, slyntiaSeyfert 1 galaxies.
The higher luminosity is the only characteristic separatedio-quiet quasars from the
Seyfert 1 galaxies.

Quasars are relatively common: the SDSS Data Release 7raqaaalog (Schneider
et al. 2010) contains 105 783 spectroscopically confirmeabaps. Due to their high
luminosity, quasars can be detected at greater distandtsrasshifts even as high as
z = 7.1 (Mortlock et al. 2011). The peak in quasar space-density iedshiftz ~ 2
(Maloney & Petrosian 1999). Star-formation peaks nearlhatsame epoche(~ 1.5;
Madau et al. 1998), indicating a connection between quatiitg and star-formation.

Host galaxies of quasars are difficult to study because tmenlws nucleus domi-
nates over the galaxy. According to a study of 15 radio-gqguetsars by Hyvdnen et al.
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(2007b), the host galaxies of quasars in the redshift rarige: = < 1 are luminous el-
liptical galaxies. Host galaxies of radio-quiet quasaes~ab.5 magnitudes fainter than
those of radio-loud quasars.

4.1.3 Radio galaxies

Radio galaxies are characterized by extended radio emikses that can reach to even
scales of a few Mpc. Optically radio galaxies are giant 8tlgd galaxies. Fanaroff &
Riley (1974) classified radio galaxies into two types basedhe morphology of their
radio emission. FR | radio galaxies have their highest radiission near the nucleus,
while in FR Il radio galaxies the luminosity peaks at the edggtheir lobes.

FR Il galaxies have a higher radio luminosity than FR | gaaxiAn approximate
division between the two types can be made with radio pa¥eig, = 10* WHz !,
However, this is not an exclusive limit: there are more lumnis radio galaxies with FR |
morphology and less luminous FR Il galaxies as well. The palsixies of FR Il galaxies
are usually more luminous than those of FR I, but there is romgtcorrelation between
the radio and optical luminosities (Ledlow & Owen 1996).

High-luminosity radio galaxies usually have optical spgavith strong emission
lines similar to Seyfert galaxies. In low-luminosity radijalaxies the emission lines
are often missing (Hine & Longair 1979). These low-exaitatradio galaxies (LERGS)
also lack X-ray emission, which is typically observed inettypes of AGNs (Hardcastle
et al. 2006). These characteristics hint that LERGs may &ledudifferently from other
AGNSs.

According to Snellen & Best (2001) the local space densitiFRfl radio galaxies
is 170 per Gp¢. FR Il type galaxies are considerably rarer. At higher rétishadio
galaxies are difficult to find. Snellen & Best (2001) found tihR | radio galaxies at
z > 1in the Hubble Deep Field, which covet8 x 10 arcmir? area of sky. This result
suggests that their density at high redshift is higher thdovaredshifts. This implies
evolution in the radio galaxy abundance. By comparing thderlminosity function of
radio galaxies in the redshift ran@el < z < 0.7 to the radio luminosity function of
local population, Sadler et al. (2007) also found clear evag of cosmic evolution in
low-power radio galaxies.

4.1.4 BL Lac objects

BL Lac objects are characterized by a nearly featurelessadgpectrum, high radio and
X-ray luminosity, strong polarization, and high variatyil(Kollgaard 1994). With the
exception of featureless spectrum, these properties soetygical of optical violently
variable (OVV) quasars. Therefore BL Lac objects and OV\ésadiren grouped together
as a class of blazars (Angel & Stockman 1980).

All BL Lac objects are radio loud (Stocke et al. 1990). Theidip structure is
dominated by a luminous core, surrounded by only faint el¢dnemission (Perlman
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& Stocke 1994). Besides radio, BL Lac objects are also stxmgy emitters. Most
BL Lac objects have been found through either radio or X-tayeys. Finding BL Lac
objects through optical surveys is difficult. The lack of &pal lines makes especially
the determination of redshifts difficult. Partly becauséhef difficulties in finding them,
partly because they are unusual, the number of known BL Lpctsbis smaller than the
number of other types of AGN.

Nilsson et al. (2003) studied the host galaxies of 100 BL Uajeds. They found
that the host galaxies of BL Lac objects are elliptical geaxvith average magnitudes
of Mr = —23.9 + 0.8. They are similar to radio galaxies and normal ellipticals.

4.2 Structure and unification

Although the different types of AGN are observed with diéfier properties, it is gen-
erally believed that their fueling mechanisms are esdgnsanilar. The foundations
of a unified scheme between the different types of AGN weretqgether in review
articles by Antonucci (1993) and Urry & Padovani (1995). émicci (1993) defined a
preliminary simple model of two basic types of AGN: radioefland radio loud. Seyfert
galaxies and radio-quiet quasars belong to the radio-guaip, while radio galaxies,
radio-loud quasars, and BL Lac objects make the radio-loodm Urry & Padovani
(1995) further divided the radio-loud subclass in two mgrcally different types based
on their radio luminosity: the high-luminosity sources¢iswas radio-loud quasars and
FR Il radio galaxies, and the low-luminosity sources, suslBh Lac objects and FR |
radio galaxies. With this division, all AGNs belong in onetbfee physically different
types. Differences between AGN in each of these types aredauoy different viewing
angles from which we observe them.

The structure of an AGN is illustrated in Fig. 4.1. The souoesnergy is the
gravitational potential energy of the supermassive blaalk in the center. The black
hole is surrounded by a luminous accretion disk. Above tlvestion disk there are gas
clouds that move rapidly and thus cause the broad-line @nis$he disk is surrounded
by a thick dusty torus that obscures the broad-line regitmeiAGN is viewed side-ways.
The gas clouds farther from the disk move more slowly andyedhe narrow emission
lines. Finally, outflows of energetic particles form coléited jets that are observed as
radio lobes.

The strength and morphology of the radio jet is the main difiee between the
three separate AGN types. Radio-quiet AGNs have an extyewesk jet or no jet at all,
and the radio-loud AGNSs can be divided in two classes basdbenstrength of the jet.
Wilson & Colbert (1995) suggested that the formation of anjety depend on the spin
of the black hole. The jet is also connected to the host gal@ryfert galaxies with no
jet are spiral galaxies, while radio galaxies are elligsica

According to the unified scheme, the differences betweendifferent types of
AGNs within a radio-luminosity based class are caused bgntation of the viewing
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Figure 4.1: The basic structure of a radio-loud AGN from Urry & Padovab®05). The sizes of
the components are not to scale.

angle. Seyfert 2 galaxies are viewed ‘edge on’, so that thestblocks the broad-line
regions from our view. Seyfert 1 galaxies and radio-quietsgus are viewed more ‘face
on’, so that the broad-line regions are visible. The diffieebetween Seyfert 1 galaxies
and quasars is the luminosity: quasars are basically vemnhus Seyfert 1 galaxies.
Because of this, a class of ‘quasar 2', an obscured quaskganis to Seyfert 2 is ex-
pected to exist. They are difficult to find, but some candsl&i@ve been detected using
a selection based on mid-infrared color (Hickox et al. 2007)

The radio-loud unification schemes are based on orientafitre jet. AGNs viewed
perpendicular to the jet are radio galaxies. When the jeigkythey usually have FR |
type morphology, and when the jet is stronger, their morgdls usually characteristic
to the FR Il class. When a radio galaxy is viewed from the dioacof the jet, it should
be observed as a BL Lac object if the jets are weak, or a radid-tjuasar when the jets
are strong.

A summary of properties of the main types of AGN and their as=ill viewing an-
gles are shown in Table 4.1. Since it is not possible to turA@N around and see what
it looks like from another viewing angle, proving the unifisthemes is based on indi-
rect evidence. A test for unification is to study propertie&@N that are independent
of orientation. These properties should be the same forigdilyssimilar objects.

One property that should be independent of orientationdstrrow-line emission.
As Fig. 4.1 presents, the narrow-line regions extend t@adcsts that cannot be obscured
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Table 4.1: Summary of AGN characteristics. Typical radio powers (ouiu2) were adapted

from Woltjer (1990).
Type P, ,gHz W Hz~'] Host galaxy Viewing angle
Radio-quiet quasar < 10% elliptical face on
Seyfert 1 < 10% spiral face on
Seyfert 2 < 10% spiral edge on
FRI 10232 ...10% elliptical ~ perpendicular to the jet
BL Lac > 10235 elliptical parallel to the jet
FRII > 10%° elliptical ~ perpendicular to the jet
Radio-loud quasar > 10% elliptical parallel to the jet

by torus and thus hidden from view. Studies by Jackson & Be(@990) and Hes et al.
(1993) support the unification scheme: they found that wifie types of AGN have
similar narrow-line emission.

Host galaxies of AGNSs are often used for testing the unifacatnodel. Their proper-
ties do not depend on the orientation of the nucleus, anéfibrerthey should be similar
between physically similar AGNs with different orientatio Hyvénen et al. (2007a)
studied a sample of 18 BL Lac host galaxies and compared ¢bkirs to those of 19
guasars by Jahnke et al. (2004) and 50 radio galaxies by Gevah (2000). They
found that the host galaxies of BL Lac objects are similahtwse of quasars and radio
galaxies: elliptical galaxies with slightly bluer colorsan passive elliptical galaxies.
This result is not in conflict with the unification model. Ortbther hand, Best & Heck-
man (2012) found that high-excitation radio galaxies argdub by lower-mass galaxies
than low-excitation radio galaxies. This supports the itted the weakly radio-loud
AGNs are intrinsically different from the high-luminositgdio sources.

4.3 Environments of AGNs

The first results on the environments of AGNs were from Bdheiahl. (1969), who
showed that five quasars were associated with clusters aXigal Later several studies
on the nearby environments of different types of AGN havenbreade using the spatial
galaxy-galaxy cross-correlation amplituéigyg (Longair & Seldner 1979). The method
was presented in detail in Sect. 3.1
De Robertis et al. (1998) found that the meagg for Seyfert 1 galaxies i§Bgg) =

28.7 Mpc! ™7, and for Seyfert 2 galaxies 45.4 MpC. The result for Seyfert 2 galaxies
was close to their control sample of nonactive galaxies)enBeyfert 1 galaxies were
less clustered. The difference in the environments of Seffend Seyfert 2 galax-
ies was also found by Dultzin-Hacyan et al. (1999). They sggthat the difference
could be explained by interaction with the neighboring gigls which could drive more



30 CHAPTER 4. ACTIVE GALACTIC NUCLEI

molecular gas toward the center of the galaxy, and thusasarg obscuration.

Environments of quasars have been studied by Yee & Greed)188ingson et al.
(1991), Fisher et al. (1996), and Wold et al. (2000). A typaaironment for quasars is
a small group of galaxies, although some of them may also tnedfin richer clusters.
Radio-loud quasars tend to have higher clustering in thairenment than the radio
quiet quasars. Wold et al. (2000) found a me#gyg) = 107 Mpc! 77 for radio-quiet
quasars andBgg) = 365 Mpc'" for radio-loud quasars. They suggest that this dif-
ference may be due to more efficient fueling for quasars im elavironments, causing
triggering of radio-loud quasars only in rich environments

Radio galaxies are found in high-density environments. el& Dunlop (2001)
found an average ofBgg) = 575 Mpc'"". According to Hill & Lilly (1991), the
environments of radio galaxies depend on their radio powdrradshift. They found
that the redshift dependency is stronger for FR 1l type gatathan for those with FR |
type morphology. At redshift ~ 0, FR | radio galaxies are found in slightly richer
environments than the FR Il. Because sources with higheepoan be detected from a
larger distance, the differences caused by redshift camnseparated from differences
caused by power.

According to Wurtz et al. (1997), a typical environment of BaC objects is a
poor cluster. Their average cross-correlation amplitsdéyg) = 209 Mpc'-7". RGB
1745+398, which we studied in Paper I, is one of the BL Lacsdher environments,
having Bgg ~ 600 Mpc!-7".

Large-scale environments of AGNs provide for a test of théiaation model. The
orientation of the nucleus does not depend on the group ekigsl, or even large-scale
environment in which its host galaxy resides. The enviramaestudies have provided
evidence against the unification model. BL Lac objects hagallenvironments more
typical to FR Il type radio galaxies and radio-loud quashentto FR | radio galaxies.
This suggests that FR | galaxies may not be the parent papulaf BL Lac objects
as the unified scheme predicts. Kharb et al. (2010) also wetetaracteristics more
typical to FR Il radio galaxies in the radio emission of some IBac objects. These
findings included extended luminosities and hot spots treabtien found in radio-loud
guasars. Based on these findings, it is possible that BL Lgcisomay not constitute a
homogeneous population that fits in the simple unified schémséead, BL Lac objects
may have both, FR | and FR |l galaxies as their parent pofulati

More recently the large galaxy surveys have made more exéestidies on AGN
environments possible. Li et al. (2006) analyzed the cltirgieof ~90000 narrow-
line AGN. They found that on scales larger than a few Mpc,eh®SNs are clustered
similarly to the inactive control sample. On scales betwEed kpc and 1 Mpc, AGNs
are clustered more weakly than the control galaxies. CdldMeambas (2006) studied
the environments 0f2000z < 0.2 quasars in the SDSS. They found that quasars
avoid dense regions. They also found that galaxies closadeays (at distance of less
than 1 Mpc) were bluer and had higher star-formation ratas tjalaxies in similar
environments without a nearby quasar. In Paper Il we alsaddbe underdensity in
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the environments of quasars. Quasars have less neighlyaiages on scales of a few
Mpc than luminous nonactive galaxies. On the large scadg; #ne usually located at
the edges of superclusters.

With the increase of data, comparisons between the envientsrof different types
of AGNs have become easier. A large number of each type candied together to find
if their environments are the same or not. Donoso et al. (Rétl@lied the environments
of 14 000 radio-loud AGNSs, including radio galaxies and guasThey calculated cross-
correlation functions between the AGNs and LRGs, and fourad tadio AGNs are
clustered more strongly than quasars, including bothorbalid and radio-quiet quasars.
The difference between radio galaxies and radio-loud gqaasaggests that these types
are likely to be triggered by different physical mechanisms

Differences between the environments of different type®A@GN are partly con-
nected to the types of AGN host galaxies: hosts of radio gedeare red elliptical galax-
ies in dense environments, while Seyfert galaxies arelggataxies in lower densities.
According to Hickox et al. (2009), radio and X-ray selecte@Ms are clustered simi-
larly to their host galaxy populations, but infrared-sesecAGNs are weakly clustered
relative to a matched galaxy sample. These findings suduatdifferent types of AGN
are likely to be triggered in different environments. Werfdithis difference between
the environment of different types of AGN on the large scald®aper lll. Based on
the luminosity-density field we found that a typical envineent for Seyfert galaxies and
guasars is a void or a low-density filament. Radio galaxiesrare likely to be in super-
clusters. BL Lac objects are also often in high-density remrnents, but their fraction
in void environments is higher than that of radio galaxies.

Table 4.2: Small and large-scale environments of AGNs. Small-scafieagrments are expressed
with the averageBgg value. Due to different assumptions in different studiks, t
values may not be fully comparable. The large-scale enwiemts are shown as
the average density of the luminosity-density field in therenment of each type as
found in Paper IIl. References féigg values:(a) Wold et al. (2000)b) De Robertis
et al. (1998),c) McLure & Dunlop (2001)(d) Wurtz et al. (1997).

Type (Bgg) Mpc' ™ (D)
Radio-quiet quasars 107 1.71
Seyfert 1 galaxies 29 1.73
Seyfert 2 galaxies 44 1.65
Radio galaxies 575 3.01
BL Lac objects 209) 2.5
Radio-loud quasars 368 1.8

Table 4.2 summarizes the small and large-scale envirorsn#rdifferent types of
AGN. The small-scale environments are shown as the averalgxyggalaxy cross-
correlation amplitudeéBgg found by Wurtz et al. (1997) for BL Lac objects, De Robertis
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et al. (1998) for Seyfert galaxies, Wold et al. (2000) for spara, and McLure & Dun-
lop (2001) for radio galaxies. Since these studies have based on slightly different
assumptions e.g. on the cosmological parameters, and difidsent redshift ranges
(z < 1in all cases though), the results are comparable only on igafive level. The

large-scale environments are given as average densities fiminosity-density field in
Paper Ill. The values are in units of the mean density of thelevfield.

As Table 4.2 shows, on both scales radio-quiet quasars aterSgalaxies are found
in low-density environments, while radio galaxies and Blclabjects are located in
richer regions. For radio-loud quasars the local enviramneerich, but the large-scale
density quite low. When interpreting results on radio-louésars, one must remember
that they are rare objects. The study by Wold et al. (2000n&et on 21 radio-loud
guasars, and the result on the large scale in Paper Il on [2Z6.r&duces the reliability
of the results because of random variation. A more reliatldysof radio-loud quasars
is the one by Donoso et al. (2010), who had a sample of 307-tadtbquasars. Their
result shows clearly that there is no significant differeimcelustering strength between
radio-loud and radio quiet quasars, and both types are lesteied than radio galaxies.
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Structure formation

The Fourth reached out his eager hand,
And felt about the knee.

"What most this wondrous beast is like
Is mighty plain," quoth he,

"Tis clear enough the Elephant

Is very like a tree!"

The Blind Men and the Elephant by John Godfrey Saxe

5.1 Cosmological background

Currently the most popular theories for structure formatoee based on th& cold dark
matter ACDM) cosmology.A refers to the cosmological constant, the vacuum energy of
space, or dark energy. It was first introduced by Einsteid )% keep the cosmology
model static. When the Universe was found to be expandimgedsmological constant
was not needed anymore. It was taken back to the models aftes Rt al. (1998)
and Perlmutter et al. (1999) found using type la supernolraethe expansion of the
Universe is speeding up.

The standard cosmology starts with the assumption of camyiwal principle that
the universe is homogeneous and isotropic at sufficientbelacales. Under this as-
sumption the geometry of the four-dimensional space-teadd to the Robertson-Walker
form of the space-time metric

ds® = dt® — a?(t) [drz/(l — kr?) 4+ r2d#? + 7% sin? quﬂ , (5.2)

wherer, 6, and¢ are the co-moving spatial coordinates and time. The expansion
is described by the cosmic scale facidt), andk is the curvature of three-dimensional
space:—1 for negative, O for flat, or 1 for positive curvature.

Redshift of light emitted at time,,, can be defined as = A\ps/Aen — 1 =
1/a(tem)—1. Time s related to the redshift by & —dz/H (z)(1+z), whereH = a/a
is the Hubble parameter.

The connection between the geometry and the physical dootehe universe is
given by the Einstein equations. Together with Roberts@tkey metric (Eq. 5.1), Ein-
steins equations lead to the Friedmann equations

2:87er_k: A

H A
3 a2+37

(5.2)
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and Q ArG A
a ™
-—= - 3P) + — 5.3
wherep is the total density of the Universe aitlis the total pressure.
Time dependency of pressure and density fluctuations irbatitaprocesses can be

described by the fluid equation
€+ 3H (e + g) =0, (5.4)

wheree is the energy density anl is the pressure. If we assume tlfat= we, wherew
is a constant, the fluid equation has a solution

c_ <g> e (5.5)

€0 ao

This solution gives the energy density as a functiommofThe radiation pressure of
photons derived from blackbody radiation distributionAs= pc?/3. Therefore, for
a universe with only radiationpy = 1/3 ande a—*. Non-relativistic matter can
be approximated pressureless, making= 0 ande o a~3. If the universe is dom-
inated by vacuum energy\j, w = —1, which keeps the energy density constant. In
reality, all these components work together, but the eimiutan be approximated by
using the dominant component only. In the beginning, ramhatiominates until the
matter-radiation equality at redshift ~ 3233, after which matter becomes dominant.
At recombination £ ~ 1100) the radiation can escape from the matter, and the radiation
of this epoch is seen as the cosmic microwave backgroundlai¢s phase of the evo-
lution of the universe is the domination of the vacuum enevgyich starts at redshift
z ~ 0.85.

If £ =0, densityp is the critical density

3H?
.= ——. 5.6
Pe= g G (5.6)
Using the critical density, the matter density parameterlimdefined as
_p _ 8nGp
Q= PRV IER (5.7

This includes both, dark matter and baryonic matter. Sigilae can define the density
parametef?, for the vacuum energy:

_ 8nGppr Ac?
AT T3H? T 3HY

The total density parameter consists of the different corepts of energyf) = Qx +
Q... The density parameter determines the geometry of the thaivdf Q) < 1, the

(5.8)
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Universe is negatively curved or open{if= 1, the Universe is flat, and i > 1, the
Universe is positively curved or a closed universe.

The density parameters can be determined with a combinafiobservational re-
sults. Supernova la’s tell us that the expansion of the us#vis accelerating, providing
evidence for theA term (Riess et al. 1998; Perimutter et al. 1999). Based orsimas
to-light ratios of clusters of galaxies, Bahcall et al. (3p%uggested that the matter
density paramete®,,, is between 0.2 and 0.3. From the results of Wilkinson Micnmeva
Anisotropy Probe (WMAP) (Jarosik et al. 2011) we know tha biggest temperature
differences in the cosmic microwave background (CMB) apassted by approximately
1°. This implies that the universe is flat.

These observations together lead to the curle@DM concordance cosmology
model, where the value of the total density parametér is 1.080"0 >3, the dark en-
ergy density2, = 0.734 + 0.029, and the matter density,,, = 0.258 + 0.030 (Jarosik
etal. 2011).

The CMB radiation is very uniform on the large scale (moranttfg. Currently the
temperature of the CMB corresponds to 2.725 K black bodyatemti spectrum (Mather
et al. 1999). On smaller scales, however, the CMB is chaiaetk by tiny fluctuations
of 107° K (Smoot et al. 1992). The anisotropic structure of the CMBsi@med at
the epoch of recombination, at redshiit{ 1100). Before the recombination, photons
were constantly scattered because of the presence of theléetrons through Thomson
scattering. At the recombination, protons and electroargext to form neutral hydrogen,
letting the previously bound photons move freely. The baiyonatter, which had pre-
viously been oscillating with the photons, could now starfioilow the structure growth
of dark matter.

The observed anisotropy of the CMB gives a picture of theainitensity perturba-
tions. Figure 5.1 shows the foreground-reduced internakli combination map based
on the five year WMAP data (Hinshaw et al. 2009). The densittdilations can be seen
on different colors in the Figure. These density fluctuatiprovide seeds for structure
growth.

5.2 Initial structure formation

According to the currenhCDM model the density fluctuations seen in the CMB are the
seeds of the formation of structure of the Universe. The kitnatuations can grow due
to gravitational instability, and finally collapse into tfiest stars and galaxies. In the
‘bottom up’ scheme of galaxy and cluster formation, smallctures are formed first
and later they gather together to form larger structureshérearly universe, where the
perturbations are small, the linear perturbation theoscdees the structure formation.
Perturbations are adiabatic, and therefore they affeattuhgber densities of matter and
radiation similarly.
In the early Universe, the growth of the density perturbegias linear. The cos-
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Figure 5.1: The foreground-reduced Internal Linear Combination (ILl@3p based on the five
year WMAP data. Image from Hinshaw et al. (2009).

mological expansion can be described assuming that thedawld matter is an ideal
pressure-less fluid, with baryonic matter having a presgu(Barkana & Loeb 2001,
Mo et al. 2010). The relative density perturbation at a cadmg positionx is

i(x) = @ -1, (5.9)

P
wherer is the fixed coordinate that correspondst@andp is the mean density. Linear
theory is valid while the density perturbations are smak 1. Moreover, the Newto-
nian perturbation theory can be used on sub-horizon scalgs Bhe fluid can then be
described in co-moving coordinates using the continuityagign

00 1
Z LIV (1 +68v] = 5.10
5 TV AoV =0, (5.10)
and Euler equation
ov 1 1 VP
— 4+ Hv+ =(v- = V- ——— . A1
ot HHvE a(v Vv av¢ ap(1+9) ®-11)
The gravitational potentiab can be given by the Poisson equation
V2¢ = 4nGpa®s. (5.12)

Since the perturbatiofi and velocityv are small, the nonlinear terms can be neglected,
and the fluid equations can be combined to get

0%5 0 kP
@4‘2[‘1& —5(47TG/)+7) ) (5.13)
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wherec; is the sound speed aridis the wave number. The second term on the left-
hand side of this equation is the Hubble drag term, which mgges the growth of
perturbations due to the expansion of the Universe. Thetéinst on the right-hand side
is the gravitational term, which causes the dark matteupeation growth. The second
term on the right-hand side is a pressure term, which deschib effect of baryonic
matter. Eq. 5.13 has two solutions, and one of them grows tivite. The limiting
wavelength for structure growth is the Jeans length

A (5.14)
kg

A
J Go

The corresponding mass is the Jeans mass

4 AJ 3
M;=— — | . 1
7 3PO<2> (5.15)

Fluctuations with mass higher than the Jeans mass can fougiwses. Before the
recombination baryonic matter fluctuates with radiation.thAs point the sound speed
is relativistic, and the Jeans mass very hight> M. The mass of a sub-horizon-sized
density fluctuation is always less than the Jeans mass, amwbtcBorm structures. At
recombination the baryonic component behaves like a mtomia gas. The Jeans mass
drops to~10° M, and fluctuations on small scales start growing. The Jeass atahis
epoch corresponds closely to the mass of globular clustdrish are among the oldest
objects in the Universe. Since dark matter does not inteviht radiation, its density
fluctuations have been growing before recombination. Bayan then fall into the
potential wells of dark matter.

5.3 Nonlinear evolution

While growth of small fluctuations can be described by a lirtbaory, at later phase
the growth turns non-linear. Non-linear growth cannot Heesbanalytically. However,
growth can be approximated by several models, such as trezisphtop-hat model,
the Press-Schechter formalism, and the Zel'dovich appration. The most realistic
description of the later phases of structure formation caolitained by cosmological
simulations.

5.3.1 Spherical top-hat model

For a simple model, we can assume a spherical over-densmeolBecause the grav-
itational force inside a sphere depends only on the mattédenthe over-dense region
behaves like a small closed universe. Solution for Friedmeguations (Egs. 5.2 and
5.3) shows that a closed universe would first expand, thenatound, start to shrink,
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and finally collapse. Because the perturbations are notlgxguherical, this collapse
does not happen, but instead the perturbation virializes.

The model provides a prediction of the over-density of thkapsed sphere com-
pared to the background universe. In a matter-dominatecersg at the time of the
turnaround the over-density &tmax) ~ 4.55. Virialization is expected to happen
halfway between the turnaround and collapse, when the demsity isi(t;,) ~ 147.

It is possible that this time is not enough for virializatidmut it is eventually achieved at
the collapse time (Peacock 1999). In this case the densitlyasi becomes: 178.

The spherical model is naturally only an approximation: dbasity perturbations in
the early universe are not always spherical as we assumedt Mppens after virializa-
tion is even more complicated. The newly formed body cortime attract matter by its
gravity. Spherical approximations of this phase have baahed e.g. by Gunn & Gott
(1972) and Bertschinger (1985), but a more realistic madetan be achieved by using
numerical simulations. In cosmological simulations daiktter halos are often defined
using the over-density of 178 (possibly rounded up to 208) tras obtained from the
spherical model as the limit.

5.3.2 Press-Schechter formalism

Press & Schechter (1974) developed a model that is based eargnuniverse that is
described by a Gaussian random field of density perturlmtidrhe fraction of mass
in massive halos is assumed to be related to the fractioneofr@bume in which the
smoothed initial density field is above some threshold dgndilost commonly the
threshold is taken from the spherical top-hat model. At ttitical density contrast, the
region is assumed to collapse rapidly and independentlisdurroundings. After the
collapse, the internal structure of the clump is lost, antheroutside the region behaves
like a single body of enclosed mass. This simplification nsak@ossible to use linear
equations to describe the further evolution.

The Press-Schechter formalism gives an estimate of massdarof the collapsed
objects. However, this mass function predicts too manyroass (Peacock & Heavens
1990) and too few high mass objects.

5.3.3 Zel'dovich approximation

The Zel'dovich approximation (Zel'dovich 1970) descrilie beginning of non-linear
evolution, or the “mildly non-linear regime”. The approxation can be used on scales
much smaller than the size of horizon during the matter-dated era.

The basic assumption is that the density contrasts arédittd on a Gaussian field.
Particles in this Gaussian distribution have initial peuVelocities, which they main-
tain while they follow straight paths through space. Thdapse happens first along
one direction, and the first non-linear structures that farmtherefore two-dimensional
sheets, Zel'dovich pancakes. This approximation leadbdoneb-like structure of the
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Universe as described in Sect. 3.2. After these first stresfuihe approximation is no
longer valid, and other methods must be used. The Zel'doaproximation can be
used as the initial setup for simulations.

5.3.4 Cosmological simulations

The only way to study the nonlinear structure formation saly is through numeri-

cal simulation. Cosmological simulations are based on anragtion that the dominant
mass component is the cold dark matter (CDM). CDM is assumbd thade of elemen-
tary particles that interact only through gravitation. Thetter particles are collisionless
and can be represented by a set of discrete point partigem{@l et al. 2005b).

Since the first simulations used for modeling formation aralwgion of galaxies and
clusters (e.g. Holmberg 1941; Peebles 1970; Press & Saret®i4), the methods and
computing power have been greatly improved. Currently thstrwidely used cosmo-
logical simulation is the Millennium Run. The first resultem® obtained by following
21602 particles in a cubic region of 500~ 'Mpc on a side starting from redshift= 127
(Springel et al. 2005b). The simulation was further expdnito the Millennium-II
Simulation (MS-1I), which was smaller in size (180 Mpc box), but had an improved
mass and spatial resolution (Boylan-Kolchin et al. 200%)e Tost recent cosmological
simulation is the Bolshoi simulation, which us#si8? particles in a box of 250~ Mpc
(Klypin et al. 2011). The improvement compared to the Milem Simulations is the
use of more accurate and up to date cosmological parameters.

Dark matter halos were found during the simulations usirgftlends-of-friends
(FoF) algorithm often defined using the virialization ariéefound from spherical col-
lapse model. Subsequently, galaxy sized gravitationadynbl subhalos are extracted
from the FoF halos. Figure 5.2 shows the evolution of theglsirgalo in the MS-Il. The
progenitor of the halo is shown on three co-moving scalesatrfdur redshifts. The
figure shows a web-like large-scale structure very simiathie observed large-scale
structure discussed in Sect. 3.2.

While dark matter simulations are generally in agreemeitih Wie mass function
found from observations, baryonic processes that detergaaxy properties are much
more complicated to model.  Hydrodynamical simulationsvigle a useful tool to
study these processes, but unfortunately such calcutasiomtoo costly for computing
in cosmological scales with high mass resolution. Zoomtimutations of individual
objects are required to study galaxy formation in detag.(@ohansson et al. 2012).

The OverWhelmingly Large Simulations (OWLS) project conds a number of
hydrodynamical simulations with varying box sizes and k&sans. Each simulation
is repeated many times, changing the numerical parameteeséry run to determine
which processes are dominant in galaxy evolution (Schagé 2010).

One way to overcome the problem of limited computing powdpisise the halo
occupation model (HOD) to populate the dark matter halok gatlaxies. In this model
halo assembly depends only on the mass of the halo, not it®ament. Another widely
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Figure 5.2: Time evolution of a dark matter halo in the MS-II. The halohiswn on three co-
moving scales: 100, 40, and &5 'Mpc, with slice thickness 15, 10, an&6'Mpc
respectively. Figure from Boylan-Kolchin et al. (2009).

used method to study galaxy evolution on cosmological ssaesemi-analytic models
(SAM).
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Galaxy evolution

The Fifth, who chanced to touch the ear,
Said: "E’en the blindest man

Can tell what this resembles most;
Deny the fact who can,

This marvel of an Elephant

Is very like a fan!"

The Blind Men and the Elephant by John Godfrey Saxe

6.1 Semi-analytic models

Galaxy evolution is usually studied using cosmologicakdaatter simulations, together
with semi-analytic models. White & Rees (1978) first suggggshat galaxy formation

would be driven by the formation of dark matter halos throggavitational collapse.

Galaxies form in dark matter halos following the radiativakng of baryons. White

& Frenk (1991) added models for physical processes affgdtie evolution, such as
star-formation, stellar populations, and cooling of gas.

Semi-analytic models are applied in a simulation, whereftinmation history of
each dark matter halo is known in the form of a merger tree. afliyestages of galaxy
formation, baryonic matter is assumed to be in the form oftigashas the same spatial
distribution as the dark matter. As the dark matter gathelslos, the gas falls into the
gravitational potential of the dark halo. While fallingetigas is heated by shocks. This
process forms a hot gas halo.

Gas in the hot gas halo cools primarily by two mechanisms:ssignm of photons
following transitions between energy levels and brembkiray radiation as electrons
are accelerated in an ionized plasma (Baugh 2006). Coalimgydan be estimated as

3 pgadilyir

2 pmpy >/<paas/\(Tvir7Zga§)7 (6.1)

tcool(r) = (
wherepgasis the gas density andl is the cooling function, which is a function of the
temperature and metallicitygas The cooling model can further be modified by taking
into account effects like the suppression of cooling by &gemund of photo-ionizing
radiation in low mass halos. In massive halos cooling canuppressed by heating of
the gas through supernova explosions, by thermal conduofienergy from the outer
to the inner parts of the halo, and by energy released froradbeetion of material onto
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a central black hole. When the gas cools, it settles in theece the halo and forms a
rotating disk. As a result of conservation of angular momenin the disk, the rotation
curves become flat (Fall & Efstathiou 1980). This slow prgceka collapse of a gas
cloud leads to the formation of disk galaxies.

Cold gas is needed for star formation. Based on observatitstar formation in the
nearby universe, we know that stars form in clouds of verg cmblecular gas. However,
a detailed theory of star formation has not yet been foundaBsge of this, the approach
used in semi-analytical models is a simple estimate:

M,
N, = —cold, (6.2)

T

where, is the star-formation rate that depends on the amount ofgasd/|q and
the star-formation timescate (Okamoto 2008).

Mergers of dark matter halos are the driving force of stmectiormation. These
mergers also affect the galaxies and the baryonic mattéeimalos. The hot gas halos
follow the dark matter and form a new hot gas halo immediaédlgr a merger. On
the other hand, galaxies take a longer time to merge: Therassive galaxy becomes a
satellite of the more massive one. It will orbit the centraley with an orbit that decays
due to dynamical friction. A simplified equation for the fertrom dynamical friction
has the form
G?M?p

va,
where M is the mass of the satellite galaxy ang is its velocity. Density of the sur-
rounding material i andC' is a function that depends on the velocity of the satellite
compared to the velocity dispersion of the surrounding omadiAs the friction force de-
pends ony~2, objects that move slowly experience more dynamical fricthan objects
that move fast. Since galaxies in groups move more slowlyg tedaxies in clusters,
dynamical friction is more efficient in groups. Finally, whéhe dynamical friction
has reduced the orbit enough, the satellite may merge toethieat galaxy (Binney &
Tremaine 1987).

Mergers of galaxies can be divided into minor mergers, whezesatellite galaxy is
considerably less massive than the central galaxy, andrmegager, where two galaxies
of approximately equal mass merge. The division betweemmajd minor mergers
is usually drawn at a mass ratio of 3:1. Major mergers alterdynamics in galaxies
dramatically, and often cause gas inflows and trigger starlactivity (Mihos & Hern-
quist 1996). The role of mergers in galaxy evolution will hecdissed in more detail in
Sect. 6.2.1.

In their basic model of galaxy evolution White & Rees (197&)rid that the lumi-
nosity function for modeled galaxies gets steeper in therttags end than the observed
luminosity function. This can be corrected by adapting best processes that affect
the evolution of galaxies. Feedback processes includewsphysical phenomena that

fd:C’

(6.3)
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affect heating and cooling the gas in a galaxy. The most itapbfeedback process is
the effect of supernovae, which heat the gas and drive it biliteogalaxy in a galactic

wind (Larson 1974; Dekel & Silk 1986). Besides the supern@eback, low-mass
galaxies may also be affected by UV heating by photoioromati This heats the gas
enough to expel it into the intergalactic medium (Finlatbale2011).

The UV and supernova feedback may correct the low-mass etitedtiminosity
function, but they do not affect the excess of massive gataiBenson et al. 2003).
Another type of feedback is needed to correct the high-mads &his can be done
with an AGN feedback (Croton et al. 2006). AGN feedback in shasgalaxies will be
discussed in Sect. 6.2.2.

6.2 The role of AGNs

6.2.1 Mergers and quasar activity

The tight correlation between the mass of a galaxy and the miathe supermassive
black hole in its center has lead to a conclusion that thexgadad the black hole co-
evolve. The importance of mergers in galaxy evolution, am ¢ther hand, raises a
guestion of what happens to the black holes when their hdetiga merge. Kauffmann
& Haehnelt (2000) suggested that quasars can be triggeretafpyr mergers. Springel
et al. (2005a) modeled star formation and black hole aaereti hydrodynamical sim-
ulations of merging galaxies. They found that in major mesgef gas-rich galaxies
the black hole can expel gas from the center in a powerful@autflThe tidal interac-
tion in the merger triggers intense nuclear inflows of gadciwkeads to starbursts and
AGNSs. When the accreting black hole has grown to a criticad, sieedback terminates
its growth and expels gas from the central region of the gal@krough this method,
the black hole can be responsible for quenching star foomatnd moving the galaxy
into the red sequence. Johansson et al. (2009) compare@nmmevgh different mass
ratios and found that the star formation can be terminatednmajor merger, but not in
minor mergers, where the mass ratio is 3:1 or higher.

Figure 6.1 shows a merger simulation by Hopkins et al. (20@&&)ch panel shows
a snapshot of the simulation at a certain time, and coloey tefthe gas fraction. As
outlined by Hopkins et al. (2008), the process starts frosk dalaxies in small groups.
Galactic disks grow quiescently through secular evolutidseudobulges and bars may
form, and low-luminosity AGN activity is also possible e.gprough disk instabilities.
When a merger between two gas-rich disk galaxies begingjalexies first affect the
dynamics of each others by tidal torques (tiffie= 0.39 Gyr in Fig. 6.1). These may
excite some enhanced star formation and black hole acerdiig the effect is weak,
and they usually do not trigger AGNSs.

When the galaxies reach the point of the final merger, masgsiesvs of gas trigger
starbursts. The merging galaxies can be observed as uitiadus infrared galaxies
(ULIRG). This phase corresponds to approximately tirles- 1.11 to 7" = 1.30 Gyr
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Figure 6.1: Time sequence of a merger simulation. Colors indicate trefigaction from 20 %
(blue) to 5% (red), and brightness gives the projectedateliass density. Nuclear
point sources (possible AGNs) are showrfat=1.03, 1.39, and 1.48. Figure from
Hopkins et al. (2006).

in Fig. 6.1. The black hole grows, but a large amount of gasdarstl obscure the AGN
from view. The starburst consumes gas, and the feedbacktfrerhlack hole starts to
expel the rest of it. In this short blowout phase the obsgunraterial is removed, and
an optical quasar becomes visible £ 1.48 Gyr in Fig. 6.1). At this point the merger
is complete and the spheroid has formed. During the quasaepkhe black hole keeps
growing by accreting gas. When the gas is consumed and deshehe activity declines.
The remaining galaxy is an elliptical with little gas andrgtamation.

This picture of quasars triggered by mergers is simplified still requires more
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studies for confirmation. As Hopkins et al. (2008) points especially the low-luminosity
guasars and Seyfert galaxies are more likely to be triggémedigh secular processes.
This means that gas starts to accrete onto the black holeghriastabilities in the disk
or the bar of the galaxy. Some of the observational evidefst gisagrees with the
merger scheme: Szomoru et al. (2012) found that the densifilgs of massive early
type galaxies are not as disturbed as they were if majorighs¥yrergers had contributed
significantly to their evolution after ~ 2. Furthermore, Cisternas et al. (2011) found
no sign of mergers in AGN host galaxies at redshifts:of 0.3—1.0. Based on this
result, they conclude that at least for the last 7.5 Gyr, magerging has not been the
most relevant mechanism in the triggering of AGNs.

6.2.2 Radio mode feedback in elliptical galaxies

Without an appropriate feedback process, semi-analyticadels tend to produce an
excess of massive galaxies (Benson et al. 2003). Croton €2@06) suggested that
a suitable feedback mechanism can be provided by radio emuné/hile the ‘quasar
mode’ AGNs are triggered through mergers of galaxies and Wwgrexpelling gas from

the central regions of the galaxy so that it is no longer atdl for cooling, the ‘radio

mode’ is activated as a result of a continual and quiescdrgdsoaccretion onto the black
hole. The feedback energy from the radio-mode black hole keats the surrounding
gas and prevents it from cooling.

In the radio mode feedback, energy is transferred by jets are radio luminous
because of the synchrotron radiation from electrons tleahecelerated in shocks. Com-
pared to accretion disks, jets produce relatively low lussities. In the radio mode
feedback, the accretion rates are lower than in the quasde.nfn accretion disk may
not be formed at all, and the accreting material can be chaig by the jets. Because
of this, jets can be considered a radiatively inefficient @chanical feedback method.
Despite the inefficiency, radio jets are important for egemgput of their host galaxies
because the energy is deposited locally in the galaxy,adsté being driven away. The
way the energy released in a radio mode AGN affects the gataiyat the radiation
heats the surrounding gas (Cattaneo & Best 2009). Therdfweadio mode feedback
suppresses cooling in massive halos, and thus regulategtiogith.

To summarize the role of AGNSs in galaxy evolution, quasaestaggered by major
mergers of gas-rich galaxies, and they are responsiblexjuglleng the gas, and thus
terminating star formation. They are responsible for tngrgalaxies from the blue cloud
to the red sequence. Radio galaxies, on the other hand, get #wrough a steady
inflow of gas onto the black hole. Their jets provide mechalnfeedback that warms
the surrounding gas. Through this feedback process radioggulate the masses of old
red galaxies.
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6.3 Galaxies and their environment

Red and blue galaxies have different environments. Redigalare located in denser
regions than the blue ones (Gémez et al. 2003). The same caadmewith AGN:
radio galaxies tend to be more clustered than quasars (seedatails in Chapters 3
and 4). This dependency between the galaxy type and theoanvemt suggests that the
environment may also affect the evolution of galaxies.

There are several ways through which the environment cactatfie evolution of
a galaxy. Galaxy mergers depend on the environment. Meggersnost efficient in
small groups of galaxies because in rich clusters the wesodf galaxies are too high
for merging (Hopkins et al. 2008). This is due to the dynairiGetion, which is pro-
portional tov—2, and therefore more efficient when the velocities are lownReessure
stripping may remove gas from a galaxy that moves in a clukreugh intra-cluster
medium (Gunn & Gott 1972). Morphology of galaxies may be $farmed through
galaxy harassment in high speed galaxy encounters (Moaide ¥296).

A usual assumption in semi-analytic models is to ignoreatations between differ-
ent spatial scales. This means that there should be no a&iiorebetween halo forma-
tion and its large-scale environment (Sheth & Tormen 20B4)vever, Sheth & Tormen
(2004) found that the environment does have an effect on dle gopulation. Close
pairs of halos form at higher redshifts than more widely sajea halo pairs, indicating
that halos in dense regions form at earlier times than hdlibesame mass in less dense
regions. The significance of the environment was suppornyatidresults of Gao et al.
(2005), who found that the oldest 10 % of halos are more thanifives more strongly
correlated than the youngest 10 % with the same mass, imdjcah assembly bias in
halo formation. This means that galaxies in dense envirotsrevolve to a certain stage
earlier than galaxies in low-density environments.

If old halos are more clustered than the young, it is expetiedhe galaxies in
dense environments to be older. Since red elliptical gatagnd radio galaxies are at
a later phase of galaxy evolution than star-forming gakvaed quasars, they can be
considered older. This could explain the denser enviromsnefred galaxies at low
redshifts. Galaxies in dense environments may have evadvdte quasar phase earlier,
and have ended their star formation at that time. This is cueg by observations:
Porciani et al. (2004) calculated a projected correlatimncfion of quasars to study
their clustering. They found that quasars at redshiff = 1.89 are considerably more
clustered than quasars at redshiff = 1.47.

Using semi-analytic models, Cen (2011) found that whileléinge halos form, gas
in them is heated. As a result, the entropy of gas in highitlensgions gets too high
to cool to feed galaxies. This leads to cold gas starvatiateise regions earlier than in
low-density regions. At the present epoch, star-formaisosuppressed in high-density
environments but still efficient in low-density regions.

Hickox et al. (2009) summarize the environment-dependealugon scenario as
shown in Fig. 6.2. If the initial halo mass was high, the gglatlow redshift is observed
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in a dense environment. Because in high-mass halos galkewidge to a certain phase
earlier, these galaxies become quasars at higher redfafisgalaxies initially in low-
mass halos. A typical halo mass at the quasar pha$e4so 10'3 M. Galaxies in halos
with initially low mass are observed as quasars at low régsbr still as star-forming
galaxies. Galaxies in halos with high initial masses haweive red, passive galaxies or
radio galaxies by the present time. This is consistent wittresults in Papers Il and III.
At low redshifts quasars are in low-density environmentadiB galaxies, on the other
hand, are found in denser regions. We concluded that the #irecnumber of quasars
has declined from the peak at= 2, the ones at low redshifts are among the “slowest”
to evolve.

Initial halo mass (and clustering bias) =
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Figure 6.2: Schematic for a simple picture of AGN and host galaxy evarutEvolution is shown
for three classes of initial halo mass. Colors in the figuneresent the colors of the
host galaxy. Figure from Hickox et al. (2009).
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Summary of the papers

The Sixth no sooner had begun
About the beast to grope,

Then, seizing on the swinging tail
That fell within his scope,

"l see," quoth he, "the Elephant
Is very like a rope!"

The Blind Men and the Elephant by John Godfrey Saxe

In the papers in this thesis we studied the environments tbfeagalaxies at low
redshifts on different scales. A general aim has been tactenize the environmental
density on the group and the supercluster scales. Paperddtaded study of one BL
Lac object on cluster scale. In Paper Il we studied the enmilents of quasars compared
to luminous non-active galaxies. Paper Ill compares thgelacale environments of
different types of AGN. In paper 1V, the point of view is exterd from AGN to star-
forming and passive galaxies. We study the group and thedupter scales together to
see which of these scales is more important for determitiagtoperties of galaxies.

7.1 Paperl

In this paper we studied the environment of BL Lac object RGB5t+398. The target
was selected for a closer study because its host galaxy tetiteal galaxy of a cluster
working as a strong gravitational lens. This made it posdibistudy the cluster in detalil
and get an accurate estimate for its mass.

We used optical spectra of nine galaxies belonging to thstetuo measure the
velocity dispersion of the cluster. The redshift of the tduss 0.268, and its velocity
dispersion(47071}5) kms™1. Using gravitational lensing we found that the mass of
the cluster isMso = (473) x 101 Mo, indicating a massive cluster. To measure the
richness of the cluster, we calculated the galaxy-BL Ladiabaovariance function
amplitude, Bgp, = (600 & 200) Mpc!-77. Richness is consistent with the mass and
velocity dispersion of the cluster.

This is the most detailed study made of the cluster-scaleamment of a BL Lac
object. The rarity of strong gravitational lenses limite thass determination for other
clusters with AGNs. However, the other methods used in thjgep spectroscopy of
cluster member galaxies and richness estimates, can befarsether clusters with
AGNs as well. A possible future project could be to study tyeaiics of groups
or clusters with AGNs in more detail.
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7.2 Paperll

With the SDSS, it has now become possible to study the mosbyemasars together
with a large number of galaxies. The complete volume and madgilimited galaxy
catalogs based on the SDSS reach redshift 0.2 corresponding to a distance of
500 Mpc. Inside this upper limit, the SDSS fifth data releasasar catalog contained
174 quasars. We studied the environments of these quaskerscales.

We found that compared to luminous non-active galaxiessapsehad less neighbor-
ing galaxies on scales of a few Mpc. Quasars were typicatisitbd 10 to 15 Mpc from
rich groups of galaxies, groups closer to quasars beinggpamd less massive. Clusters
in the environments of quasars were later studied by Ha204%), who found that at
redshifts0.2 < z < 0.4 quasars lie closer to rich clusters than quasars in our gsampl
This issue may need further studies to confirm whether ttierdifice between our result
and theirs is an evolutionary effect or caused by selecftif@tts.

Finally, we used a luminosity-density field to study the esrinents on supercluster
scale. We found that quasars are typically located at thesd§ superclusters or in
filaments. The average environmental density of a quasa2 wWdsnes the mean density,
which is considerably lower than supercluster densitied.( times the mean density).
No guasars were found in supercluster core regions withitiesisnore than ten times
the mean density. We concluded that the low-redshift qgasary be in the low-density
environments because galaxies in these environmentseeladbr. These galaxies have
therefore only recently evolved to the phase where triggeof quasars is likely.

7.3 Paperlll

We continued the work done in Paper Il by extending the volafn@ur analysis using
luminous red galaxies (LRGS) as our control sample instéadl galaxies. LRGs are
the most luminous galaxies, and therefore, they can bewixd¢w a larger distance than
normal galaxies. We constructed a luminosity-density fixdlded on the LRGs to study
the large-scale environments of AGN at redshik 0.4.

The larger volume increased our quasar sample to more thdd @@asars. We
could now also study other types of AGN: Seyfert galaxiediorgalaxies, and BL Lac
objects. We found that quasars and Seyfert galaxies ardynosated in low-density
environments, while radio galaxies are more likely to benfibin superclusters. BL Lac
objects are found both in void regions and in superclusters.

Our results show that the environments of AGN are differantte supercluster
scale. Earlier results on smaller scale (e.g. Hickox etGf192 have shown similar differ-
ences between quasars and radio galaxies: radio galagiesrazher groups or clusters.
The agreement of the group-scale and the superclusteris@tpected, since superclus-
ters are made of groups, and groups in dense large-scal®mménts are richer than
groups in emptier regions. The result supports the modehbtsxg evolution, where



50 CHAPTER 7. SUMMARY OF THE PAPERS

guasars make an earlier phase of galaxy evolution than gadiixies. If the dense areas
evolve faster to the epoch of radio galaxies, we are moréyltkefind low-redshift radio
galaxies in denser environments than quasars or Seyfertigal

7.4 Paper |V

The results of Paper lll raised a question of the significasfadifferent scales of envi-
ronments. The differences between radio and quasar-type, A& well as passive and
star-forming galaxies, can be seen both on group scale asdpmrcluster scale. In this
paper we studied these two scales together to see whichsef fleales is more important
for galaxy evolution.

We divided the galaxies in the SDSS galaxy catalog in differm@tegories based
on their morphology and spectral properties. Our sampleidied spiral and elliptical
galaxies based on morphology, and passive, star-formidgA&N galaxies divided by
their spectral properties. We studied the fractions ofdhiiierent types of galaxies in
groups with different richnesses and in different largaless@nvironments.

We found that galaxies in equally rich groups are more likelyoe passive ellip-
ticals if they are in supercluster environments than if they in lower-density envi-
ronments. When the large-scale density is the same, thiofrawmf star-forming and
passive galaxies depend on the group richness in groupslesihthan approximately
ten galaxies. The group richness at which the passive galdsacome more numerous
than star-forming galaxies depends on the large-scalecgmaent. This means that the
large-scale environment affects galaxies independemtlyeogroup richness.

This study suggests that the large-scale environment isritaupt for galaxy evolu-
tion. The result supports the theory that dense regionyeearlier than the low-density
areas. We can conclude that the observed differences betiveenvironments of dif-
ferent types of galaxies and different types of AGN are alte$uhe halo assembly that
affects the large-scale density, and not only a result allgooup-scale variation.
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Conclusions

Recent theoretical and observational studies have nowedtss provide a more com-
plete picture of galaxies and their evolution. The resultthis dissertation advance our
knowledge on this issue by connecting two important fachffiecting galaxy evolution:
nuclear activity and the large-scale environment.

Different types of AGN are believed to be typically triggerat different phases
of galaxy evolution. Quasar activity is usually found in ygugalaxies, while radio
galaxies are typically old. Because of this, AGN could bensg®indicators of galaxy
populations of a certain evolutionary phase. On the othedhgalaxies in different
environments evolve differently. In dense environmentieygas are more often red
ellipticals with little star formation.

In Papers Il and Il we found that at low redshifts, quasaesusmually found in low-
density large-scale environments. Radio galaxies are nwreentrated in high-density
environments. The results in Paper IV suggest that the nuoflgalaxies that are star-
forming is affected by the large-scale environment, andnbyt by the local, group scale
environment.

The large-scale density reflects the initial mass of the daakter halos in which
the galaxies evolve. The difference in galaxy and AGN pamnia in high and low-
density large-scale environments can be interpreted agemdency of galaxy evolution
on the initial halo mass. If a galaxy reaches a certain phibeeotution earlier in a more
massive halo, the galaxies we observe at low redshifts isedenvironments are more
likely to have evolved to a more mature phase than galaxieswtensity environments.

A possible future project would be to study the small anddesgale environments
of simulated galaxies in cosmological simulations. With imulations we could study
the evolutionary paths leading to different galaxies aredhs®v they depend on the halo
mass. Another possibility would be to study the effects clbiscale environments on
galaxies using deep spectroscopical observations. Thiswgacould get more accurate
information on groups and clusters of galaxies than by u#iegSDSS data, which is
limited to the most luminous galaxies. The studies preskintahis dissertation have
given support for the importance of the large-scale enwiremt for the evolution of
activity in galaxies. The results set a background for metaited studies in the future.
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