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ABSTRACT OF THE DISSERTATION

Evolution of Galaxies in the Cosmic Web

by

Behnam Darvish Sarvestani

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, December 2015

Dr. Bahram Mobasher, Chairperson

We study the effects of environment on the evolution of galaxies, with an emphasis on two

different approaches towards the definition of environment: (1) environment defined based

on the local surface density of galaxies and (2) environment defined based on the major

components of the cosmic web; i.e., filaments, clusters and the field. In the first approach,

surface density field is estimated using a variety of estimators and tested with simulations.

Using the estimated surface densities assigned to galaxies, we observe a strong environmental

dependence on the properties of galaxies (e.g., SFR, sSFR and the quiescent fraction) at

z∼<1. We explore the fractional role of stellar mass and environment in quenching the star-

formation. In the second approach, we use the Multi-scale Morphology Filter algorithm to

disentangle the density field into its component. We apply this method to a sample of star-

forming galaxies for a large-scale structure at z ∼0.84 in the HiZELS-COSMOS field. We

show that the observed median SFR, stellar mass, sSFR, the mean SFR−mass relation and

its scatter for star-forming galaxies do not strongly depend on the cosmic web. However, the

fraction of Hα star-forming galaxies varies with environment and is enhanced in filaments.

Furthermore, we study the physical properties of a spectroscopic sample of star-forming

galaxies in a large filament in the COSMOS field at z ∼0.53, with spectroscopic data taken

v



with the Keck/DEIMOS spectrograph, and compare them with a control sample of field

galaxies. We spectroscopically confirm the presence of a large galaxy filament (∼ 8 Mpc).

We show that within the uncertainties, the ionization parameter, EW, EW versus sSFR

relation, EW versus stellar mass relation, line-of-sight velocity dispersion, dynamical mass,

and stellar-to-dynamical mass ratio are similar for filament and field star-forming galaxies.

However, we show that on average, filament star-forming galaxies are more metal-enriched

(∼ 0.1−0.15 dex) and the electron densities are significantly lower (a factor of ∼17) in

filament star-forming systems compared to those in the field. Our results highlight the

potential role of galaxy filaments and intermediate-density environments on the evolution

of galaxies, which has been poorly investigated.
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Chapter 1

Introduction

The standard model of cosmology is based upon the cosmological principle, the concept of

a spatially homogeneous and isotropic universe when averaged over scales of ∼>100 Mpc.

On smaller scales, the universe is inhomogeneous. Dark matter, gas and galaxies tend to

congregate to form structures in the universe. Galaxies are organized in a complex network

known as the cosmic web (Bond et al., 1996). The cosmic web has a broad dynamical range

of environments: voids that are deprived of matter, planar walls and sheets, filamentary

structures, and dense clusters and groups of galaxies woven together by filaments. This

large-scale picture of the universe has been revealed in numerical simulations and observed

distribution of galaxies in the local universe (Bond et al., 1996; York et al., 2000; Colless

et al., 2001). Galaxies form and evolve in the cosmic web and their evolution is essentially

driven by a combination of internal processes and their location in the cosmic web (external

processes).

Galaxy clusters and dense regions form at the intersection of filamentary structures and

constantly grow their mass through the infall of nearby galaxies and the coalescence of

galaxy groups (Frenk et al., 1996). In the local universe, star-formation activity is a strong

function of the environment. Galaxy clusters and denser environments are mainly populated

by passive, red, quiescent early-type galaxies, whereas active, blue, star-forming late-type

systems are preferentially found in low-density environments (Dressler, 1980; Balogh et al.,
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2004; Kauffmann et al., 2004; Baldry et al., 2006; Bamford et al., 2009; Peng et al., 2010).

The correlations between galaxy properties and their host environment still exist out to

z ∼1. However, these environmental trends often weaken with increasing redshift (Capak

et al., 2007a; Cooper et al., 2007; Peng et al., 2010; Sobral et al., 2011; Muzzin et al., 2012;

Scoville et al., 2013). Comparison between low- and high-z studies has already revealed a

strong galaxy evolution as a function of the environment over the past ∼8 billion years. For

example, the fraction of blue, star-forming galaxies increases with redshift, a relation known

as the Butcher-Oemler effect (Butcher and Oemler, 1978; Couch and Sharples, 1987; Aragon-

Salamanca et al., 1993; Dressler et al., 1994), and the ratio of giant-to-dwarf red-sequence

cluster galaxies increases with redshift (De Lucia et al., 2007; Stott et al., 2007; Gilbank

and Balogh, 2008; Capozzi et al., 2010). These studies indicate that a large population of

star-forming galaxies has truncated the star-formation activity due to the environmental

effects since z ∼1, and has migrated to the quiescent population.

Similar trends are observed with stellar mass of galaxies, that is, on average, more mas-

sive galaxies are redder, less star-forming, and more likely present early-type morphologies

(Baldry et al., 2006; Bamford et al., 2009; Peng et al., 2010). Because stellar mass and

environmental densities are shown to be correlated (Kauffmann et al., 2004; Baldry et al.,

2006), this adds more complexities to the interpretation of the observations. Nevertheless,

recent studies have investigated the fractional role of the environment and stellar mass on

quenching the star-formation activity in galaxies, emphasizing that both are relevant for

truncation of star-formation (Peng et al., 2010; Sobral et al., 2011). Moreover, “environ-

mental quenching” and “mass quenching” seem to independently lead to the cessation of the

star-formation in galaxies. That is, more massive galaxies are more likely to be quenched,

independent of their environment (mass quenching) and galaxies in denser environments

are more likely to be quenched, independent of their stellar mass (Peng et al., 2010).

Finding the exact physical mechanisms of galaxy quenching is still one of the unsolved

problems in galaxy evolution. Many internal (e.g., stellar and AGN feedbacks that are linked

to the mass quenching process) and external (e.g., due to galaxy environment) physical
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drivers are thought to attribute to the quenching process. Several environmental physical

processes that are able to quench galaxies have been proposed. These include ram pressure

stripping (Gunn and Gott, 1972; Abadi et al., 1999), strangulation (Larson et al., 1980;

Balogh et al., 2000; Peng et al., 2015), galaxy−galaxy interactions and harassment (Mihos

et al., 1992; Mihos and Hernquist, 1996; Moore et al., 1998), tidal interaction between the

potential well of the environment and the galaxy (Merritt, 1984; Fujita, 1998), thermal

evaporation (Cowie and Songaila, 1977), and halo quenching (Birnboim and Dekel, 2003;

Dekel and Birnboim, 2006) (also see Boselli and Gavazzi, 2006 for a review). The strength

and quenching timescale of each physical process varies depending on many parameters

such as the properties of the quenching environment (e.g., density, temperature, velocity

dispersion, and dynamical state) and those of the galaxy being quenched (e.g., stellar mass,

satellite versus central dichotomy). However, the ultimate consequence of each effect is to

quickly or gradually remove the gas content/gas reservoir of galaxies and/or heat up the

cold gas so that no further star-formation activity is possible.

Despite the well-established relation between the galaxy environment and its star-

formation activity (presented by e.g., the star-formation rate (SFR), the fraction of star-

forming galaxies, galaxy color, and the SFR−stellar mass relation) in the local universe

and low-z, there is no general consensus at z ∼1 and higher redshifts. Several studies have

retrieved the local universe trends (Patel et al., 2009; Muzzin et al., 2012), whereas others

have observed a flattening of the relation (Grützbauch et al., 2011; Scoville et al., 2013),

and even the reversal of the SF−density relation (higher star-formation activity in higher

density environments, Elbaz et al., 2007; Cooper et al., 2008a). Nonetheless, much of the

discrepancy seems to originate from the way the environment is defined (e.g., galaxy clus-

ters versus the field, local number density of galaxies as a proxy of their environment) and

the scale at which the environmental studies has been performed (e.g., rich clusters,galaxy

groups and intermediate-density environments, Sobral et al., 2011).

There is substantial evidence for the truncation of the atomic and molecular gas content

of cluster galaxies (especially in the outer part of the disk), possibly due to ram pressure
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stripping (Cayatte et al., 1990; Gavazzi et al., 2005; Boselli et al., 2008; Fumagalli et al.,

2009; also see Boselli and Gavazzi, 2014 for a review). If we assume that dust content of

galaxies traces the atomic and molecular gas, in principle, the dust distribution in galaxies

should depend on their host environment, most likely truncated outside-in as galaxies fall

into deeper potential well of denser clusters. There seems to be evidence for this picture.

For example, as part of the Herschel Virgo Cluster Survey, Cortese et al. (2010) showed that

atomic-gas-deficient spiral galaxies in the Virgo cluster also demonstrate signs of deficiency

in their dust content. Similarly, Cortese et al. (2012) found that the total dust content of

atomic-gas-deficient spiral galaxies in Virgo is lower compared to normal field galaxies.

Taken at face value, one might naively expect a continuous decline in the star-formation

and dust content of galaxies from the field to dense core of clusters. However, before

galaxies undergo a full quenching process in dense regions, they may experience a tempo-

rary enhancement in star-formation activity and gas content. For example, ram pressure

stripping can initially compress the gas/dust which is favorable for star-formation and

likely increasing the column density of the gas and dust (Gallazzi et al., 2009). Tidal

galaxy−galaxy interactions can lead to the compression and inflow of the gas in the periph-

ery of galaxies into the central part, feeding and rejuvenating the nuclear activity which

results in a temporary enhancement in star-formation activity (Mihos et al., 1992; Mihos

and Hernquist, 1996; Kewley et al., 2006; Ellison et al., 2008; Sol Alonso et al., 2010;

Rupke et al., 2010; Perez et al., 2011; Ellison et al., 2013) and likely dusty star-formation.

Galaxy−galaxy encounters are more likely to happen when the interacting systems have

lower velocities (in low-velocity-dispersion environments) and closer to each other (denser

regions). Intermediate-density environments such as galaxy groups, infalling regions of clus-

ters, cluster outskirts, substructures of unvirialized, merging clusters and galaxy filaments

provide the ideal conditions for such interactions (Moss, 2006; Perez et al., 2009; Tonnesen

and Cen, 2012). Therefore, one might expect a temporary enhancement in star-formation

activity and dusty star-formation in intermediate-density environments before the galaxies

becomes fully dead/quenched. This has been found in several previous studies, referring
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to the intermediate-density environments as sites of enhanced star-formation rate, star-

forming fraction and obscured star-formation activity (Smail et al., 1999; Best, 2004; Wolf

et al., 2005; Fadda et al., 2008; Porter et al., 2008; Koyama et al., 2008; Gallazzi et al.,

2009; Koyama et al., 2010, 2011; Biviano et al., 2011; Coppin et al., 2012; Pintos-Castro

et al., 2013; Darvish et al., 2014). There is also substantial evidence for the association

of the intermediate-density environments with the most active systems such as AGN and

starburst galaxies (Cappelluti et al., 2005; Gilmour et al., 2007; Kocevski et al., 2009). All

these studies highlight that in order to have a full grasp of the evolution of galaxies with

environment, we should not limit our studies to only galaxy clusters versus field-like envi-

ronments. Thus, it is of great importance to probe a larger-scale environment of galaxies

that covers the intermediate-density environments, such as galaxy filaments as well.

In chapter 2, we define the environment of galaxies, with an emphasis on developing the

tools used to quantify both the small-scale (using the local number density of galaxies) and

large-scale (components of the cosmic web, such as filaments) environment of galaxies. In

chapter 3, we use the local number density of galaxies as a proxy for their environment, and

study its relation and evolution with other galaxy properties, such as stellar mass, SFR,

color, galaxy type, and the fraction of different types of galaxies. We concentrate on the

relation between the cosmic web and star-formation activity in galaxies at z ∼1 in chapter

4. Chapter 5 focuses on a detailed spectroscopic study of galaxies in filaments at z ∼0.5.

Finally, chapter 6 summarizes the most important results.
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Chapter 2

Density Field Estimation and

Cosmic Web of Galaxies

Abstract

It is well-known that galaxy’s environment has a fundamental effect in shaping its prop-

erties. In this chapter, we discuss the methods developed for describing the local, as well

as the large-scale environment of galaxies with an emphasis on two different approaches

towards the definition of environment: (1) environment defined as the local number den-

sity of galaxies and (2) environment defined based on the major components of the cosmic

web; i.e., filaments, clusters and the field. In the first approach, the density field is esti-

mated with different methods (weighted adaptive kernel smoothing, 10th and 5th nearest

neighbors, Voronoi tessellation and Delaunay triangulation). The performance of each es-

timator is evaluated with extensive simulations. We show that overall, there is a good

agreement between the estimated density fields using different methods over ∼2 dex in

overdensity values. However, our simulations show that adaptive kernel and Voronoi tes-

sellation outperform other methods. In the second approach, we develop the 2D version of

the Multi-scale Morphology Filter (MMF) algorithm to disentangle the density field into

its major components such as filaments and clusters. This algorithm describes the local
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geometry of each point in the density field based on the signs and the ratio of eigenvalues of

the Hessian matrix (second order derivative of the density field). Results from this chapter

will be used in the following chapters to study observed properties of galaxies in different

environments.

2.1 Introduction

It is known that the environment where galaxies reside plays a fundamental role in their

evolution. In the local universe, denser environments are dominated by red, passive, early-

type galaxies whereas less dense regions are preferentially populated by blue, star-forming,

late-type systems (Dressler, 1980; Balogh et al., 2004; Kauffmann et al., 2004; Baldry et al.,

2006; Bamford et al., 2009; Peng et al., 2010). These environmental trends still hold at

higher redshifts (Capak et al., 2007a; Cooper et al., 2007; Peng et al., 2010; Sobral et al.,

2011; Muzzin et al., 2012; Scoville et al., 2013), although they usually tend to weaken with

increasing redshift. While it is evident that almost any observable property of a galaxy

demonstrates some association with the environment, there is still a question that needs to

be addressed first. What do we really mean by “environment”?

Recent advances in numerical simulations (Millennium, Springel et al., 2005; Illustris,

Vogelsberger et al., 2014) combined with extensive spectroscopic observations of local galax-

ies (SDSS, York et al., 2000; 2dFGRS, Colless et al., 2001; GAMA, Driver et al., 2011) have

revealed that the universe has a web-like pattern (i.e., the “cosmic web”; Bond et al., 1996),

containing dark matter, gas, and luminous galaxies. Galaxies in the cosmic web are orga-

nized in a network containing dense clusters, sparsely populated voids, planar walls, and

thread-like filamentary structures linking overdense regions. Therefore, the most natural

approach in defining the environment of a galaxy is to locate it within the cosmic web.

However, the complexity and lack of a fully objective method in identifying the major com-

ponents of the cosmic web often limit the environmental studies of galaxies within the comic

web to numerical simulations or large spectroscopic surveys in the local universe.
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The conventional method of defining the environment as two extreme regions in the

density distribution of galaxies (i.e., galaxy cluster and the general field) does not usually

account for the full dynamical range of the density field. For example, there are intermediate

environments such as galaxy groups, outskirts of clusters, and filaments that are equally

important (Fadda et al., 2008; Porter et al., 2008; Tran et al., 2009; Geach et al., 2011;

Coppin et al., 2012; Mahajan et al., 2012; Pintos-Castro et al., 2013; Darvish et al., 2014).

Moreover, the selection of whether galaxies belong to the cluster environment or the general

field is somewhat subjective.

The detection of galaxy clusters through their diffuse X-ray emission (Gioia et al., 1990;

Ebeling et al., 1998, 2001; Böhringer et al., 2000, 2004; Mehrtens et al., 2012), the red

sequence and its variants (Gladders and Yee, 2000; Goto et al., 2002; Gladders and Yee,

2005; Miller et al., 2005; Koester et al., 2007; Hao et al., 2010; Muzzin et al., 2013b), weak

gravitational lensing (Dietrich et al., 2007; Gavazzi and Soucail, 2007; Miyazaki et al., 2007)

and the Sunyaev-Zel’dovich effect (Marriage et al., 2011; Planck Collaboration et al., 2011;

Williamson et al., 2011; Reichardt et al., 2013) adds more assumptions and limitations

in the environmental studies. For example, weak lensing, hot X-ray emission, and the

Sunyaev-Zel’dovich effects are more sensitive to virialized, massive galaxy clusters. The

red-sequence technique, which relies on observations in only two filters, is very successful

and economically efficient in detecting a large sample of galaxy clusters that have a tight

red sequence of quiescent galaxies. However, this technique assumes the existence of a tight

red sequence for clusters, requires modeling the red-sequence, and uses only the quiescent

systems as a proxy of their host cluster environment. Moreover, the quiescent galaxies

become less abundant at higher redshifts, which makes the cluster detection techniques

based on the red sequence (or galaxy color) challenging at high redshift. All these methods

may produce biased environments, which may lead to misinterpretation of the evolutionary

history of galaxies as a function of their host environment.

Another approach in defining the environment is to use the local number density (usually

surface density) of galaxies as a proxy to their host region. Among the most common density
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estimators used in the literature are the nearest neighbor (usually fifth or tenth NN) and

count-in-cell (CC) methods. However, although simple to implement and computationally

fast, the performance of these methods strongly depends on the depth of the data, the

number of neighbors considered in the analysis (in NN method), and the size of the cell

(in CC method). A small value of N (a small cell size for CC method) results in a spiky

density field that makes it vulnerable to unrealistic density values due to Poisson noise and

random clustering of spatially uncorrelated galaxies. A large value of N (a large cell size

for CC method) is prone to underestimation of the surface density and oversmoothing the

details of galaxy distribution. In addition, for the NN method, the sum of the area (volume)

assigned to each galaxy is not equal to the total area (volume) of any survey and it has also

been shown that its integral over all area (volume) diverges.

More importantly, it is still not clear whether the environmental effects depend on the

physical scales at which the environment is estimated. For example, Kauffmann et al. (2004),

Blanton et al. (2006), and Cucciati et al. (2010) find that the effect of the environment on

the star-formation history of galaxies is only effective at the small scales (∼<1 Mpc), whereas

Balogh et al. (2004) find that the equivalent width of Hα (a measure of the specific star-

formation rate (sSFR) in galaxies) is a function of the environment measured on scales of

∼1 and ∼5 Mpc, independent of each other. Scale-dependent density estimators, such as

the NN and CC algorithms, are not able to directly address this issue.

In this chapter, we perform a comprehensive analysis of the (surface) density field us-

ing the weighted versions of the fifth NN, tenth NN, adaptive kernel smoothing, Voronoi

tessellation, and Delaunay triangulation methods. This is done using a Ks-band selected

sample of galaxies in the COSMOS field (Scoville et al., 2007b). The large size of the

COSMOS (∼2 deg2), together with the high accuracy of the photometric redshifts in this

field, enable us to delineate the Large Scale Structure with great accuracy out to z ∼3. In

this analysis, we use the full photo-z probability distribution function (PDF) of individual

galaxies to significantly reduce the projection effect. The performance of each method is

checked with extensive realistic and Monte-Carlo simulations. We then use the estimated
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density field as an input for the 2D version of the Multi-Scale Morphology Filter (MMF)

algorithm (Aragón-Calvo et al., 2007). We describe the MMF algorithm in details that will

be used to extract the cosmic web of galaxies. The methods discussed in this chapter are

extensively used in the following chapters to investigate the role of the local (based on the

local number density of galaxies) and the large (based on the components of the cosmic

web) scale environment of galaxies on their evolution.

The format of this chapter is as follows. In Section 2, we briefly review the data used to

estimate the density field. Section 3 outlines the algorithm used to determine the density

field, followed by the surface density estimation methods in Section 4. Section 5 deals with

the simulations used to check the performance of different density estimators. Comparisons

between different methods are given in Section 6. In Section 7, we describe the cosmic web

extraction using the MMF algorithm and provide some examples of the delineated cosmic

web in the COSMOS field. We give a summary of this chapter in Section 8.

Throughout this chapter, we assume a flat concordance ΛCDM cosmology with H0=70

kms−1 Mpc−1, Ωm=0.3 and ΩΛ=0.7. All magnitudes are expressed in the AB system and

stellar masses are given assuming a Chabrier initial mass function (IMF).

2.2 Data and Sample Selection

In order to examine different density estimation techniques, we select an area of ∼1.8 deg2 in

the COSMOS field (Capak et al., 2007b; Scoville et al., 2007b). Here, we use the COSMOS

UltraVISTA Ks-band selected photometric redshift (photo-z) catalog (McCracken et al.,

2012; Ilbert et al., 2013). The Ks-band selection is equivalent to a stellar mass-selected

sample and enables us to reliably detect galaxies (especially quiescent systems) at inter-

mediate to high redshifts. This catalog consists of ground- and space-based photometric

data in 30 bands, spanning the range UV to mid-IR. Using this extensive data set, accurate

photometric redshifts are measured for galaxies out to z ∼3. Stars, active galactic nuclei

(AGN), and X-ray sources were identified and removed from the sample. The final selection
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criteria used to define the sample are:

1. An area of 149.3< α2000 <150.8 and 1.6< δ2000 <2.8 corresponding to ∼1.8 deg2. The

area is selected to be large enough for the effect of the LSS to be discernible.

2. Redshift within the range 0.05< z <3.2 to allow photometric redshifts with a high

degree of accuracy.

3. Galaxies brighter than Ks <24, because the photo-z uncertainties increase significantly

at Ks∼>24.

The total sample contains 191,151 galaxies.

2.3 Determination of the Large Scale Distribution of Galax-

ies

In any study of the LSS of galaxies, we need the angular position (α,δ) of the galaxies

and a measure of their radial distance (using spectroscopic or photometric redshifts) to

estimate the density field. Here, we use the full photo-z PDF of each individual galaxy to

significantly reduce the projection effect. In summary, the density field estimation involves

the following steps:

1. First, we construct a series of overlapping redshift slices (z-slices) in redshift space.

The widths of these slices are obtained by the photo-z accuracy of the underlying

sample of galaxies at each redshift.

2. For each z-slice, we select a subset of galaxies belonging to that slice. The galaxies in

the subset are selected in such a way that the median of their photo-z PDF is located

within that z-slice. For a given subset, we associate a weight to each galaxy. This

weight shows the likelihood of each galaxy belonging to the z-slice of our interest.

The weight is determined by the photo-z PDF of each galaxy and the boundaries of

the z-slice.
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3. At each z-slice and for its subset of galaxies, we then compute the weighted surface

density field using one of the estimation methods described in Section 2.4.

In the following, we give a detailed description of points 1 and 2. Using this information,

we then apply different density estimators to the data in Section 2.4.

2.3.1 Redshift Slicing

In order to construct the density field of galaxies, one needs a large, homogeneous, and

unbiased sample of galaxies with very accurate redshifts. However, there are serious com-

plications in constructing such samples. First, building a homogeneous sample is difficult.

Second, relying on a purely spectroscopic sample would bias the study because it would

only concentrate on bright objects and mostly those with emission lines (i.e., star-forming

galaxies, which are often less clustered compared to quiescent systems). Spectroscopic sam-

ples also do not usually target enough number of galaxies in dense regions. Thirdly, finding

accurate photometric redshifts requires a homogeneous set of multi-waveband photometric

data. Thanks to the wealth of the photometric data available in the COSMOS field, we

have been able to obtain highly accurate photometric redshifts for a large population of

galaxies in this field (Mobasher et al., 2007; Ilbert et al., 2009, 2013). Figure 2.1 shows

the median of photo-z uncertainty (∆zmed) as a function of (photometric) redshift for the

sample of galaxies used in this study. ∆z for each galaxy is calculated as the (lower and

higher) 68% confidence interval of its photo-z PDF. The median of the photo-z uncertainty

is ∆zmed∼<0.01 out to z ∼1, reaching ∆zmed ∼0.1 at z ∼2. Studying the 3D density estima-

tions solely based on the photo-z of galaxies, without taking their photo-z uncertainties into

account, may result in an erroneous evaluation of the density field. This is mainly due to

the fact that the physical lengths corresponding to even the smallest photo-z uncertainties

are larger than the typical sizes of most physical structures, such as galaxy clusters and

groups (e.g., at z ∼1, the photo-z uncertainty of ∆z ∼0.01 is equivalent to the comoving

radial length of ∼24 Mpc). Here, we limit our analysis to the 2D surface density estimations

by constructing a series of narrow slices in the redshift space. This is done by defining a

12



0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0 0.5 1 1.5 2 2.5 3

∆
z m

ed

photo− z

Figure 2.1: Photo-z uncertainty of galaxies used in this study. The blue solid line shows
the median of the photo-z uncertainty (∆zmed) at each redshift. ∆z for each galaxy is
calculated as the (lower and higher) 68% confidence interval of its photo-z PDF. Note the
accuracy of photo-z values. The median of the photo-z uncertainty is ∆zmed∼<0.01 out to
z ∼1, reaching ∆zmed ∼0.1 at z ∼2.

13



series of overlapping redshift slices (z-slices). The width of each slice is set by the photo-

metric redshift accuracy of the data at any given redshift. The slices overlap to allow proper

contribution from galaxies that reside close to the boundaries of each slice. In practice, we

make sure that approximately half of each z-slice is trespassed into its adjacent z-slices.

The width of each z-slice (δz) at redshift z is defined as twice the median of the photo-z

uncertainty (∆zmed) at that redshift:

δz = 2∆zmed (2.1)

Figure 2.1 shows how ∆zmed changes with redshift. In this study, a total number of 133

overlapping z-slices were used over the redshift range 0.1< z <3.2.

Choosing a much narrower z-slice results in smaller number statistics and decreased

completeness of the underlying sample of galaxies. This subsequently leads to an under-

estimation of the surface density field. On the other side, broadening the z-slice increases

the risk of contamination from foreground and background galaxies, as well as a possible

overestimation of the density field. Thus, our choice is a compromise between both limits.

2.3.2 Photo-z Probability Weights

To estimate the surface density field, we use the full information of the photo-z PDF for

individual galaxies. First, for each z-slice, we select a subset of galaxies. Galaxies in each

subset are selected in such a way that their median photo-z PDF is located within the

boundaries of that z-slice. We assign a weight (wi) to each galaxy in this subset based

upon its photo-z PDF. This probability weight is calculated by measuring what percentage

of the photo-z PDF of each galaxy is contained within the boundaries of the considered

z-slice. This weight represents the likelihood that the galaxy in question resides within that

z-slice. In practice, it is done by intersecting the z-slice of our interest with the photo-z

PDF of each galaxy in the subset. In order to enhance the computational performance, we

assume a Gaussian photo-z PDF for galaxies, except for those that have a second photo-z
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peak with P >5% in their PDF. For the latter, the full photo-z PDF is used in estimating

the weights. Eventually, at each redshift and for each z-slice, we have a subset of galaxies

with associated weights that will later be used as the input for the weighted surface density

estimation methods. Figure 2.2 (a) shows the distribution of galaxies for a z-slice centered

at z=0.92 in the COSMOS. For demonstration, the size of each point is selected to be

proportional to the galaxy weight. This subset of galaxies, and their associated weights, is

used to estimate the weighted surface density field at z=0.92.

We note that the weight introduced in this section can be generalized to other galaxy

properties, such as stellar mass, luminosity, and color, depending on the astrophysics of our

problem.

2.4 Surface Density Estimation: The Methods

Using the information obtained in Section 2.3, we now construct the density field for galaxies

in the COSMOS, using weighted versions of four independent methods: adaptive kernel,

NN, Voronoi tessellation, and Delaunay triangulation (Sections 2.4.1 to 2.4.4). We then

evaluate their performance with simulations in Section 2.5 and compare them with each

other in Section 2.6.

2.4.1 Weighted Adaptive Kernel Estimator

In this method, we use an iterative procedure to compute the surface density field (Darvish

et al., 2014). First, we estimate the surface density associated with the ith galaxy in a

given z-slice, Σ̂i, by summing over all the weighted fixed kernels placed on the positions of

galaxies, j, where i 6= j:

Σ̂i =
1∑N

j=1
j 6=i

wj

N∑
j=1
j 6=i

wjK(ri, rj,h) (2.2)

where N is the number of galaxies in the subset, K(ri, rj,h) is the fixed kernel, ri is the

position of the galaxy for which the initial estimate of surface density is measured, and
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rj is the position of the rest of the galaxies. The width of the kernel is expressed by the

parameter, h, which is a proxy for the degree of smoothing. For the first estimate of the

density, this is taken to be fixed. For the kernel smoothing function, we use a 2D symmetric

Gaussian defined as:

K(ri, rj,h) =
1

2πh2
e−
|ri−rj|2

2h2 (2.3)

A large kernel width (h) results in oversmoothing of the density field which tends to wash

out real features, whereas a small value tends to break up regions into smaller uncorrelated

substructures. Here, we use a fixed physical length of h=0.5 Mpc which corresponds to

the typical value of R200 for X-ray clusters and groups in the COSMOS field (Finoguenov

et al., 2007; George et al., 2011). However, a constant value of h for the whole field has the

problem that it underestimates the surface density in crowded regions while overestimating

in sparsely populated areas. To overcome this problem, we introduce the adaptive smoothing

width, hi, which is a measure of the local surface density associated with each galaxy, Σ̂i.

This is defined as hi=h× λi, where λi is a parameter that is inversely proportional to the

square root of the surface density associated with the ith galaxy, at the position of that

galaxy (Silverman, 1986):

λi = (G/Σ̂(ri))
0.5 (2.4)

where G is the geometric mean of all the Σ̂(ri) values. Having the adaptive kernel, we now

calculate the surface density field, Σ(r), at each location on a fine 2D grid, r=(x,y) as:

Σ(r) =
1∑N
i=1 wi

N∑
i=1

wiK(r, ri, hi) (2.5)

The surface density field is evaluated on a fine grid with a grid size (resolution) of 50 kpc

at each redshift. We note that the surface density field estimated through this method is

almost independent of the type of the kernel function. We examined several other standard

kernels, including exponentially decaying, Epanechnikov (K(r) ∝ (1− r2)) and cosine arch

(K(r) ∝ cos(π2 r)) and did not find any significant difference in the final results. Throughout
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this work, we define overdensity as:

1 + δ =
Σ

Σmedian
(2.6)

where Σmedian is the median of the surface density field at each redshift. Figure 2.2 (b)

shows an example of the surface density field for a z-slice in the COSMOS field centered

at z=0.92, using the weighted adaptive kernel density estimator. Note the wide range

of overdensities and the variety of environments, including dense regions linked together

through thread-like filamentary structures.

2.4.2 Weighted k-Nearest Neighbors (k-NN) estimator

In a regular (non-weighted) k-NN method, the inverse of the area containing the kth nearest

neighbors to each galaxy is used as a proxy for local surface density at the position of that

galaxy. Because the galaxies in our sample are weighted, we incorporate the role of weights

in the density estimation. The surface density at the position of the ith galaxy, Σ(ri), is

estimated as:

Σ(ri) =

∑k
j=1 jwij

π
∑k

j=1 wijd2
ij

(2.7)

where ri is the position of ith galaxy, wij is the photo-z probability weight (Section 2.3.2)

associated with the jth nearest neighbor to the galaxy located at ri , and dij is the distance

between them (the distance between the galaxy positioned at ri and its jth neighbor).

Using the distance to the fifth (k=5) or tenth (k=10) nearest neighbor is very common in

the literature (see for example, Cooper et al. (2005); Sobral et al. (2011)). In this work,

we use the weighted versions of both the fifth (NN5) and tenth (NN10) nearest neighbor

estimators. Figures 2.2 (c) and (d) show examples of the surface density field at z=0.92,

estimated using NN10 and NN5, respectively. The NN5 method gives a larger density value

in very dense regions compared to NN10, as expected. The overall traces of NN5 are seen

in the NN5 plot. However, the NN5-based density field looks spikier and clumpier due to

the smaller physical lengths that the NN5 method spans.
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2.4.3 Weighted Voronoi Tessellation Estimator

In a simple Voronoi tessellation method, we divide the 2D z-slice plane into a number of

regions (Voronoi cells) assigned to each galaxy located at ri. The Voronoi cell of each

galaxy is defined as all points in the z-slice plane that are closer to that galaxy than to any

other galaxy. It is acquired from the intersection of half-planes. Based on this definition,

in more crowded, denser regions the Voronoi cells of galaxies incline toward smaller values.

Therefore, we can use the inverse of the area of the Voronoi cell of each galaxy as a measure of

the local density at the position of that galaxy (Ebeling and Wiedenmann, 1993; Bernardeau

and van de Weygaert, 1996). This is given by:

Σ(ri) =
1

Ai
(2.8)

Where Σ(ri) is the surface density at the position of the ith galaxy and Ai is the area of its

Voronoi cell.

In order to assimilate the role of galaxy weights, we tried two different approaches. In

the first approach, we modified the metric used for the definition of distance between the

points in the z-slice plane and galaxies. This was done by dividing the Euclidean metric

by the weight of each galaxy. Implementing this approach to the data was not successful

and resulted in unrealistically high-density values for the majority of galaxies (with small

weights) located in sparsely populated regions. Thus, we alternatively use a Monte-Carlo

acceptance−rejection process in order to take the role of weights into consideration. The

steps are as follows:

1. For each galaxy with its corresponding weight wi, we generate a random number Ri

between the minimum and maximum weight values in each z-slice.

2. If wi > Ri, we accept the galaxy (with its associated weight wi) in the density esti-

mation procedure.
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3. We estimate the surface density for the accepted galaxies using a simple Voronoi

tessellation method. This surface density is evaluated at the position of accepted

galaxies only.

4. We interpolate1 the estimated densities into the points of a grid (r) (the grid resolution

is 50 kpc at each redshift) constructed on the z-slice plane. This gives us a Monte-

Carlo estimated surface density field Σ̃(r).

5. We repeat this procedure N times and take the mean of all the Monte-Carlo density

fields as the actual density field Σ(r):

Σ(r) =
1

N

N∑
m=1

Σ̃m(r) (2.9)

Finally, the local surface density of each galaxy is then estimated as that of its closest point in

the grid constructed over the z-slice plane. To save computational time, we useN=10 in step

5. Figure 2.2 (e) shows an example of the surface density field at z=0.92, estimated with the

weighted Voronoi tessellation algorithm. Note the large dynamical range of overdensities.

Unlike the nearest neighbor, Voronoi tessellation is scale-independent and is able to span a

wide range of physical lengths. In addition, it does not make any assumptions about the

geometry and morphology of the structures in the density field. This characteristic makes

it superior to adaptive kernel and NN methods.

2.4.4 Weighted Delaunay Triangulation Estimator

This method relies on segmenting the z-slice plane into triangles whose vertices are defined

by the position of galaxies in the z-slice plane. For each triangle, these three vertices (po-

sition of galaxies) are selected such that their circumcircle does not encompass any other

galaxy. In this method, each galaxy is eventually surrounded by a series of neighboring

triangles whose overall area tend to be smaller in denser regions (Schaap and van de Wey-

gaert, 2000; Platen et al., 2011). For the ith galaxy surrounded by m neighboring triangles,

1 We use the natural neighbor interpolation developed by Sibson.
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the estimated surface density is expressed as the inverse of the sum of the areas of its

neighboring triangles:

Σ(ri) =
1∑m

n=1 an
(2.10)

where Σ(ri) is the surface density at the position of the ith galaxy and an is the area of the

nth triangle neighboring the ith galaxy.

In order to take the weight of galaxies into account, we utilize a Monte-Carlo acceptance-

rejection approach explained in Section 2.4.3. Figure 2.2 (f) shows an example of the surface

density field at z=0.92, estimated with the weighted Delaunay method. When compared

with other estimation methods, this method overestimates the densities in very dense regions

and the resulting density field is clumpier and contains much more substructures.

2.5 Simulations

In order to evaluate the performance of each surface density estimation method, we run two

sets of simulations. The details are given in the following subsections.

2.5.1 Simulation 1

In the first set of simulations, we apply the surface density estimators to a sample of

galaxies that was randomly drawn from some previously known surface density profiles

(Scoville et al., 2007a). Since the simulated surface density values are known, we can

directly compare them with the estimated surface densities that are predicted by each of

our density estimators. Here, we make 30 different simulated structures. These structures

are placed on an area similar to that of the COSMOS field.

The simulated structures and the field contain 5000 galaxies at z=1, similar to the

total number of observed galaxies at that redshift in the COSMOS field. For simplicity,

we assume that all have the same weight (w=1). 2222 of these galaxies are randomly

distributed on an area covering 1.5×1.2 deg2. The rest of them are drawn randomly from

a series of Gaussian profiles. These Gaussian structures have a variety of sizes (0.1-2 Mpc)
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Figure 2.3: (a) Overdensity map for simulated structures. Here, we make 30 different
simulated structures placed on a constant background. They are assumed to be located at
z=1 and cover an area similar to that of the COSMOS field. The structures have Gaussian
profiles with a variety of sizes (0.1-2 Mpc) and the number of galaxies in these structures
ranges from 3 to 300. (b) Distribution of galaxies randomly drawn from the structures. The
simulated structures and the field contain 5000 galaxies. Almost half of them (2778) belong
to the structures while the rest are randomly distributed on an area covering 1.5×1.2 deg2,
which serve like the field. (c) Predicted overdensity maps using the adaptive kernel, (d)
tenth NN, (e) fifth NN, (f) Voronoi tessellation and, (g) Delaunay triangulation. All these
methods perform relatively well when compared to the expected density field, with the
adaptive kernel and Voronoi tessellation performing relatively better than other estimators.
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Figure 2.3: cont. (b)

28



0

0.4

0.8

1.2

0 0.4 0.8 1.2

δ 2
0
0
0
−
1.
6

α2000 − 149.3

(c)

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

3

lo
g
(1

+
δ)

Figure 2.3: cont. (c)
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Figure 2.3: cont. (d)
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Figure 2.3: cont. (e)
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Figure 2.3: cont. (f)
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and the number of galaxies in these structures ranges from 3 to 300. The properties of

these structures are shown in Table 2.1. We apply the density field estimation methods

explained in Section 2.4 to the simulated galaxies to explore how well they can predict

the input density field. Figure 2.3 shows the density field of the simulated structures, the

distribution of galaxies randomly drawn from the structures, and the predicted density

fields using different estimation methods. All these methods perform relatively well when

compared to the expected density field. We stress that some of the difference between the

expected and predicted density fields is caused by the shot noise, which becomes specifically

important when the number of galaxies in simulated structures is small and the width of

the profile is large. In order to quantify the performance of different density estimation

methods, we define the mean squared error (MSE) as:

MSE =
1

N

N∑
i=1

(∆sim
i −∆i)

2 (2.11)

where N is the total number of generated galaxies, ∆sim
i =log(1+δsimi ) is the logarithm of

the overdensity of the ith galaxy in the simulation, and ∆i is a similar quantity, predicted

by one of the density estimator methods. A smaller value of MSE shows a higher similarity

between the simulation and predicted density fields, and is a measure of the performance

of the estimation methods in predicting the true value of the density field. The MSE values

are tabulated in Table 2.2. It is clear that the adaptive kernel, Voronoi tessellation, and

NN10 methods outperform the NN5 and Delaunay triangulation algorithms.

We note that due to the catastrophic failure in estimating the photometric redshifts, the

actual discrepancy between the simulated and predicted density fields can be higher.However,

the catastrophic failure fraction (defined as the fraction of galaxies that satisfy |zphot −

zspec|/(1+zspec)>0.15) for Ks <24 galaxies in the COSMOS field) is relatively small and

estimated to be < 1% for bright sources, reaching ∼<10% for fainter galaxies (Ilbert et al.,

2013). We redo the simulation taking into account the catastrophic failure and estimate

the new MSE statistics. We assume that 10% of the simulated galaxies are affected by the

34



catastrophic failure (i.e., they do not actually belong to the simulated z-slice) and they are

randomly distributed over the area containing the simulated structures (random distribution

is a fair assumption because the catastrophic failure mostly affects fainter galaxies, which

tend to be less clustered). This means that the actual background for the overdensity map

of the simulated structures should have a smaller value. With the new simulation, all den-

sity field estimators perform almost equally worse with catastrophic failure (as predicted).

The MSE statistics are increased by ∼0.01−0.02 (∼3%−6%) for all density estimators. In

this work, we do not correct for the catastrophic failure, but we highlight that it has a small

effect and that the trends are not affected much by it.

2.5.2 Simulation 2

In the previous simulations, although the “true” density values are known (which makes

the comparison with the predicted densities feasible), the complex geometry of the real as-

tronomical density fields and their diverse dynamical range are not fully considered; i.e, the

simulated density profiles have simple mathematical shapes, whereas the real astronomical

data consist of an irregular web of filaments, voids, walls, and clusters with a variety of

physical scales and geometries. Furthermore, the previous simulation greatly suffers from

the shot noise, especially when the number of randomly drawn galaxies is small and/or

the known density profiles have broad, close-to-the-field shapes. In order to consider the

complexity of the cosmic web in the analysis, one can use the numerical simulations that

produce mock galaxy distributions, which resemble the real density maps. Since the “true”

density field is unknown in these quasi-real simulations, we should rely on an estimator

to have an initial guess of the density field. In the second set of simulations, we make a

sample of galaxies that resemble the true distribution of galaxies in the COSMOS. This is

performed using a Monte-Carlo acceptance−rejection approach, which is a method similar

to the one explained in Section 2.4.4, taking the following steps:

1. For each z-slice, we estimate the surface density field for the real data using one of

the density estimators explained in Section 2.4. For simplicity, we assume that all
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Table 2.1: Properties of Simulated Structures

Structure α2000 δ2000 σ N
Right Ascension(deg) Declination(deg) Mpc

1 149.5 1.8 0.1 300
2 149.7 1.8 0.2 300
3 149.9 1.8 0.5 300
4 150.1 1.8 1.0 300
5 150.3 1.8 1.5 300
6 150.5 1.8 2.0 300
7 149.5 2.0 0.1 100
8 149.7 2.0 0.2 100
9 149.9 2.0 0.5 100
10 150.1 2.0 1.0 100
11 150.3 2.0 1.5 100
12 150.5 2.0 2.0 100
13 149.5 2.2 0.1 50
14 149.7 2.2 0.2 50
15 149.9 2.2 0.5 50
16 150.1 2.2 1.0 50
17 150.3 2.2 1.5 50
18 150.5 2.2 2.0 50
19 149.5 2.4 0.1 10
20 149.7 2.4 0.2 10
21 149.9 2.4 0.5 10
22 150.1 2.4 1.0 10
23 150.3 2.4 1.5 10
24 150.5 2.4 2.0 10
25 149.5 2.6 0.1 3
26 149.7 2.6 0.2 3
27 149.9 2.6 0.5 3
28 150.1 2.6 1.0 3
29 150.3 2.6 1.5 3
30 150.5 2.6 2.0 3

The simulated structures have a Gaussian profile with a variety of sizes and number of
galaxies. α2000 is the right ascension of the center of structure, δ2000 is the declination of
the center of structure, σ is the sigma of the Gaussian profile, and N is the number of
galaxies randomly drawn from the Gaussian profile.
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Table 2.2: Comparison Between the Simulation (Simulation 1) and Prediction

Kernel NN10 NN5 Voronoi Delaunay
MSE 0.26 0.28 0.30 0.27 0.34

We use the MSE measure defined in Section 2.5.1 to compare the simulated density field
(simulation 1) with the one predicted by different estimators. A smaller value of MSE
indicates a better performance.

Table 2.3: Comparison Between the Simulation (Simulation 2) and Prediction

Kernel NN10 NN5 Voronoi Delaunay
MSE 0.003 0.035 0.062 0.025 0.158

We use the MSE measure defined in Section 2.5.1 to compare the simulated density field
(simulation 2) with the one predicted by different estimators. A smaller value of MSE
indicates a better performance.

galaxies in the z-slice have the same weight (w=1). The estimated density field gives

us a first order approximation of the shape of the true density field.

2. For each z-slice, we randomly select a position, (x,y)random, in the area covering the

data and assign a random number, Σrandom, between the minimum and the maximum

density values in that z-slice to the point (x,y)random. We also report the density value

at this random position from step 1 and call it Σ̂.

3. If Σ̂ > Σrandom, we accept the point (x,y)random as one of the points in the simulated

data set and consider Σ̂ as its true density.

4. For each z-slice, we repeat steps 1-3 until we have a simulated data set with the same

number of galaxies as the actual data set.

Given the above steps, for each z-slice, we now have a sample of simulated galaxies with

known surface densities. The distribution of these galaxies resembles the actual data in the

COSMOS. We apply our surface density estimation methods to the simulated data with

known densities and compare their expected and predicted densities. Although we now

consider the complexity of the real galaxy distribution, these simulations rely on an initial
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estimator to determine the rough shape of the density field (i.e., step 1). We therefore use

the adaptive kernel density estimator in order to perform the first step of the simulation.

2 Table 2.3 shows the performance of different surface density estimators when compared

with the new set of simulations. Here, we use the MSE measure introduced in Section

2.5.1 to compare the results. According to the new simulations and the results of the MSE

statistics, the adaptive kernel, Voronoi tessellation, and NN10 methods perform better in

estimating the simulated density field. In both sets of simulations, the NN5 and (especially)

the Delaunay tessellation algorithms seem to fall behind compared to other estimators.

2.6 Comparison

Using two sets of simulations, we showed that all density estimation methods perform

relatively well in estimating the density field. However, the adaptive kernel, Voronoi tes-

sellation, and NN10 are found to outperformed the others. In this section, we compare

different estimation methods regardless of their performance. Due to the edge effect, the

surface density of the galaxies located near the edge of the survey and masked areas are

unrealistically underestimated. In order to take this into account, we limit the comparison

to galaxies that are more than 1 Mpc (physical) away from the edge of survey and large

masked areas. Figure 2.4 shows a comparison between different estimation methods using

176,893 galaxies at 0.1< z <3.2. There is a relatively good agreement between different

estimation methods over ∼2 orders of magnitude in overdensity values. However, when we

compare the Delaunay triangulation method with the rest, it overestimates the density val-

ues in dense regions while underestimating the density in sparsely populated regions (field)

when compared with adaptive kernel and NN10 methods.

Each surface density estimator method has its own advantages and disadvantages, as

explored below:

2 This results in a bias in favor of the performance of the adaptive kernel density estimator when we
compare it with the simulations. However, we used other estimators as well to initiate the simulation and
found that the adaptive kernel estimator has an overall relatively good performance in all these simulations.
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Figure 2.4: Comparison between different estimation methods using 176,893 galaxies at
0.1< z <3.2. In order to minimize the edge effect, we limit the comparison to galaxies
that are 1 Mpc away from the edge of the field and large masked regions. There is a good
agreement between different estimation methods over ∼2 orders of magnitude in overdensity
values. However, when we compare the Delaunay triangulation method with the rest,
it overestimates the density values in dense regions while underestimating the density in
sparsely populated areas.
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Figure 2.4: cont. (Kernel-NN5)
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Figure 2.4: cont. (Kernel-Voronoi)
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Figure 2.4: cont. (Kernel-Delaunay)
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Figure 2.4: cont. (NN10-NN5)
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Figure 2.4: cont. (NN10-Voronoi)
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Figure 2.4: cont. (NN10-Delaunay)
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Figure 2.4: cont. (NN5-Voronoi)
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Figure 2.4: cont. (NN5-Delaunay)
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Figure 2.5: Projected overdensity map in the whole COSMOS field at 0.1< z <3.2, using the
weighted Voronoi tessellation method. In constructing this, the overdensity maps from all
the z-slices between z=0.1 and z=3.2 are stacked and normalized to the peak. We compare
it with the stacked overdensity map from Voronoi-based algorithm of Scoville et al. (2013).
The contours used to demonstrate the map from Scoville et al. (2013) are at levels 0.2−1
with 0.05 spacing between them. There is a very good agreement between Scoville et al.
(2013) and our work. We also find a relatively good agreement between the denser regions
in our work and the position of X-ray clusters/groups (Finoguenov et al., 2007; George
et al., 2011), as well as the projected mass map form the weak lensing analysis of Massey
et al. (2007) in the COSMOS.
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1. Adaptive Kernel: we smooth the density field with a suitable kernel function, so this

method is less affected by the shot noise and possible random clustering of foreground

and background sources. Calculation of the global kernel width (h) is motivated based

on some physical scales (e.g., the typical size of galaxy clusters and groups), which

makes it suitable for practical observational situations. We can easily add weights to

the estimator by multiplying the kernel function with a proper weight. This method

conserves the total number of galaxies (i.e, the integral of the surface density field

over the whole area yields the total number of galaxies). However, the selection of

the appropriate kernel size is a serious problem, because a small kernel size tends to

overestimate the sparsely populated regions in the density field whereas a large kernel

size washes out real features. This is partly overcome by adaptively changing the

kernel width, but at the expense of increasing the computational time by adding an

extra step to initially estimate the density field at the position of galaxies. Because we

estimate the surface density at the positions of a grid, an intermediate interpolation

is required to assign the density values from the grid points to the position of the

galaxies. It is also computationally expensive in its adaptive format as it requires

extra steps to determine the local adaptive kernel width.

2. k-NN: it is by far the easiest method to implement and the fastest to perform compu-

tationally. It estimates the surface density directly at the position of galaxies, which

does not require any interpolation. Adding weights to this method is readily done.

However, its performance strongly depends on the number of neighbors considered

in the analysis (k). A small value of k results in a spiky density field that makes it

vulnerable to unrealistic density values due to Poisson noise and random clustering of

spatially uncorrelated galaxies. A large value of k is prone to underestimation of the

surface density and oversmoothing the details of galaxy distribution. The sum of the

area assigned to each galaxy is not equal to the total area of survey. It has also been

shown that its integral over all areas diverges.
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3. Voronoi Tessellation: this method covers a wide dynamical range in densities and is

able to estimate densities in a broad range, from the dense core of clusters to sparse

regions devoid of galaxies. It is a non-parametric and scale-independent method that

makes no prior assumption about the shape of the density field. We directly evaluate

the surface density at the position of the galaxies. However, we cannot assign closed

Voronoi areas to galaxies near the edge of the field. Adding weights to this method is

not straightforward. Here, we used a Monte-Carlo method to take the role of weights

into consideration. However, this comes at the expense of a computationally expensive

process, by making several Monte-Carlo samples. Apart from the computational time,

it is a robust estimator.

4. Delaunay Triangulation: in terms of advantages and disadvantages, it is very similar

to the Voronoi tessellation method. However, we can assign a delaunay area to all

galaxies in the sample, even those that are located at the edge of the field. Also in this

method, the total area assigned to galaxies surpasses the area of the survey. Despite

its similarity to the Voronoi tessellation, this method does not perform well compared

to other estimation methods (at least for the COSMOS field).

Due to the good performance of the Voronoi tessellation method, its large dynamical range,

scale independence, and no prior assumption it makes about the morphology of the struc-

tures, we use it to construct the density field in the COSMOS and compare the estimated

density field with previous studies. Figure 2.5 shows the projected overdensity map in the

whole COSMOS field at 0.1< z <3.2, using the weighted Voronoi tessellation method. In

constructing this, we stack the overdensity maps from all the z-slices between z=0.1 and

z=3.2 and, normalize it to the peak of stacked overdensities. We compare it with the stacked

overdensity map from Voronoi-based algorithm of Scoville et al. (2013). The contours used

to demonstrate the map from Scoville et al. (2013) are at levels 0.2−1 with 0.05 spacing

between them. We see a very good agreement between Scoville et al. (2013) and our work.

We also find a relatively good agreement between the denser regions in our work and the
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position of the X-ray clusters and groups (Finoguenov et al., 2007; George et al., 2011).

When compared with the projected mass map form the weak lensing analysis of Massey

et al. (2007) in the COSMOS field, our projected map agrees with that of Massey et al.

(2007). We are able to recover all the massive structures in the weak lensing map. Our

estimated density field is also consistent quantitatively with the density field of Kovač et al.

(2010), who used zCOSMOS spectroscopic data out to z ∼1, the optical galaxy groups of

(Knobel et al., 2009, 2012) using the zCOSMOS data set, and the protocluster candidates

of Chiang et al. (2014) at 1.6< z <3.1 in the COSMOS field.

2.7 Cosmic Web Extraction

To identify and extract spatial structures such as filaments and clusters in the underlying

galaxy distribution, we utilize the 2D version of the MMF algorithm developed by Aragón-

Calvo et al. (2007). This algorithm is able to assign a filament and a cluster signal to each

point in the surface density field based on the local geometry of the point in question. If

the local geometry of a point in the density field has a greater resemblance to a thread-like

structure (filament) than a circular-like feature (cluster), its filamentary signal surpasses its

cluster signal. The local geometry of each point is calculated based on the signs and ratio of

eigenvalues of the Hessian matrix H(r) which is the second-order derivative of the surface

density field:

H(r) =

∇xxΣ(r) ∇xyΣ(r)

∇yxΣ(r) ∇yyΣ(r)

 (2.12)

where ∇ijs denote the second derivatives in the i and j directions. Since structures have

a variety of physical sizes, this algorithm builds a scale-independent structure map by

smoothing the surface density field over a range of physical scales and eventually selecting

the greatest cluster and filament signal among all the various signal values at different

physical scales. Here, we use a circularly symmetric Gaussian smoothing function with

various physical scales in the range ∼0.125−1.5 Mpc. Ultimately, each point in the density
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Figure 2.6: Filament signal map (top panel) and cluster signal map (bottom panel) for a
z-slice located at z=0.92 in the COSMOS field. The signal maps are constructed using the
2D version of the MMF algorithm (Aragón-Calvo et al., 2007). Note the complex network
of filaments and clusters.
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Figure 2.6: cont. (bottom)
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field has an associated filament-like value between 0 and 1 (filament signal, Sf ) as well

as a cluster-like value between 0 and 1 (cluster signal, Sc) that are interpolated into the

positions of galaxies. Sf and Sc indicate the degree of resemblance of the local environment

of any given point to a filament or cluster, respectively. Figure 2.6 shows the filament

signal map (top panel), along with the cluster signal map (bottom panel) for a z-slice in

the COSMOS field centered at z=0.92. Note the complex network of filamentary structures

and clusters. In Chapters 4 and 5, we will use this algorithm to delineate the cosmic web

for some large-scale structures in the COSMOS field.

2.8 Summary and Conclusion

In this chapter, we used a Ks-band selected sample of galaxies with accurate photometric

redshifts in COSMOS at z=0.1−3.1 in order to estimate the density field. The density

field was determined with the weighted versions of the adaptive kernel smoothing, tenth

and fifth NN, Voronoi tessellation and Delaunay triangulation methods. We evaluated the

performance of each density estimator using extensive realistic and Monte-Carlo simulations.

We found an overall good agreement between the density field estimated with different

methods over ∼2 orders of magnitude. We performed extensive simulations to show that the

adaptive kernel smoothing and Voronoi tessellation outperform other methods in estimating

the density field of galaxies. We recommend using these estimators as a more reliable and

robust substitute for the widely-used NN or count in aperture methods. We introduced the

robust MMF algorithm which was able to disentangle the cosmic web into its components.

The algorithms developed in this chapter will be extensively used in the following chapters

that deal mostly with the effects of environment and cosmic web on properties of galaxies.
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Chapter 3

New Insights into the Evolution of

Galaxies with Environment

Abstract

We study the effects of environment on properties of galaxies using a mass complete sample

of quiescent and star-forming systems in the COSMOS field out to z ∼3. Galaxy environ-

ment is defined based on the local surface density of galaxies estimated with the Voronoi

tessellation method. We show that at z∼<1, the median star-formation rate (SFR) and

specific SFR (sSFR) of all galaxies (quiescent and star-forming) strongly depend on the

environment, and almost independent of it at higher redshifts (z∼>1). However, we find that

for the star-forming galaxies, the median SFR and sSFR does not significantly change with

environment, regardless of the redshift. We show that the fraction of quiescent galaxies

depends on the environment at z∼<1, and it depends on stellar mass at all the redshifts con-

sidered in this study (0.1< z <3.1). Moreover, the quiescent fraction at a fixed environment

depends on stellar mass at all the redshifts (0.1< z <3.1), whereas at a fixed stellar mass, it

depends on the environment only at z∼<1. In addition, we show that the quiescent fraction

growth rate does not change much with environment at look-back time ∼>8 Gyr. However,

at look-back time ∼<8 Gyr, it is higher in denser environments. We show that at a fixed
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stellar mass, the median color of quiescent galaxies does not depend on their host environ-

ment out to z ∼3. We find that the comoving number and stellar mass density of massive

(>1011M�) star-forming galaxies have not significantly changed since z ∼3, regardless of

their environment. However, for massive quiescent systems at lower redshifts (z∼<1.3), we

find a significant evolution in the number and stellar mass densities in denser environments

compared to lower density regions. Our results suggest that environment plays a signifi-

cant role in quenching star-formation activity in galaxies at z∼<1, while stellar mass is the

dominant quenching mechanism at z∼>1.

3.1 Introduction

Galaxy distribution is divided into two relatively distinct populations: (1) a population

of massive, red, passive galaxies with little to no on-going star-formation activity, mostly

occupying what is known as the red sequence, and (2) a population of less-massive, blue,

star-forming galaxies that lie on the blue cloud. In the local universe, passive galaxies

predominantly inhabit denser environments of galaxy clusters, whereas star-forming systems

are mostly found in the field. It has been shown that: (1) the fraction of blue, star-forming

galaxies is higher in higher redshift clusters than those in the low-z and local clusters, an

observation known as the Butcher-Oemler effect (e.g., Butcher and Oemler, 1978; Aragon-

Salamanca et al., 1993), (2) the ratio of more massive (giant) to less massive (dwarf) red

sequence cluster galaxies decreases with cosmic time (e.g., De Lucia et al., 2007; Stott et al.,

2007), (3) there is a significant fraction of post-starburst galaxies (whose star-formation

activity has quickly shut down in the past ∼Gyr prior to the observation) in clusters, and

a higher fraction of them in clusters than the field at intermediate redshifts (e.g., Dressler

and Gunn, 1983; Poggianti et al., 2009), and (4) the fraction of S0 galaxies is significantly

lower at higher redshift clusters (e.g., Dressler et al., 1999; Postman et al., 2005). All these

observations suggest that over the past ∼8 Gyr, a large fraction of blue star-forming galaxies

have truncated their star-formation, and have migrated to the quiescent population that
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dominates denser environments at lower redshifts, possibly due to the environmental effects.

However, any galaxy property that depends on the environment also shows some de-

gree of association with stellar mass. For example, on average, more massive galaxies are

redder, less-star forming and more likely to have early-type morphologies (e.g., Kauffmann

et al., 2004; Baldry et al., 2006; Peng et al., 2010). Therefore, two major (and possibly

distinct) quenching mechanisms are proposed, that are generally known as “environment

quenching” and “mass quenching” (e.g., Peng et al., 2010). These processes seem to sup-

press the star-formation activity independent of each other. In other words, more massive

galaxies are more likely to become quiescent independent of their host environment, and

galaxies in denser regions are more likely to become quenched independent of their stellar

mass. Moreover, environment quenching has been attributed to satellites, whereas mass

quenching is primarily linked to central galaxies (e.g., Peng et al., 2012). Physically, it has

been proposed that both environment and mass quenching can be explained by the “halo

quenching” process (Gabor and Davé, 2015), a physical mechanism which states that the

gas in halos more massive than 1012M� is hindered from cooling as it becomes shock-heated

(Birnboim and Dekel, 2003; Dekel and Birnboim, 2006). Despite all the progress, it is still

not completely clear how these quenching mechanisms affect properties of galaxies at dif-

ferent redshifts, and their fractional role in suppressing the star-formation as a function of

look-back time and galaxy properties.

In this chapter, we apply the Voronoi tessellation algorithm to a mass complete sample

of galaxies in the COSMOS field (Scoville et al., 2007b) to investigate the role of density-

based definition of environment on the rest-frame color, SFR, sSFR, quiescent fraction, and

comoving number and mass density of galaxies out to z∼3. We also study the dependence

of environmental effects on stellar mass and galaxy type and the redshift evolution of the

trends.

The format of this chapter is as follows. In Section 2, we briefly review the data, along

with the selection of quiescent and star-forming galaxies. In Section 3, we present the main

results. A summary of this work is given in Section 4.
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Throughout this chapter, we assume a flat concordance ΛCDM cosmology with H0=70

kms−1 Mpc−1, Ωm=0.3 and ΩΛ=0.7. All magnitudes are expressed in the AB system and

stellar masses are given assuming a Chabrier IMF.

3.2 Data and Sample Selection

The data used in this study is similar to those introduced in Chapter 2. However, the

magnitude cut Ks <24 used in Section 2.2 of Chapter 2 leads to a magnitude-limited sample

whose stellar mass varies with redshift. Therefore, we need to first define a mass complete

sample of galaxies at different redshifts. In the following subsections, we select the mass

complete sample of galaxies and then explain the selection of quiescent and star-forming

galaxies.

Stellar Mass Complete Samples

The magnitude cut Ks <24 introduced in Chapter 2 results in a magnitude-limited sample

whose mass completeness is a function of redshift and stellar mass-to-light ratio M/L. In

order to estimate the mass completeness of our sample, we use the method explained in

Pozzetti et al. (2010) and Ilbert et al. (2013). First, for each galaxy, we calculate the

limiting stellar mass (Mlim), that is, the mass it would have at its redshift, if its apparent

magnitude were equal to the magnitude limit of the sample (Ks=24). This is given by

log(Mlim/M�)=log(M/M�)+0.4(Ks-24), where M is the estimated stellar mass of the galaxy

with apparent magnitude Ks. At each redshift, the stellar mass completeness limit (Mcomp)

corresponds to the mass with 95% of the galaxies having their Mlim below the stellar mass

completeness limit.

This guarantees that only less than 5% of galaxies could be missed in the lower mass

regime of the stellar mass distribution of galaxies. The mass completeness limit also depends

on the stellar M/L ratio and is higher for quiescent galaxies. Therefore, in constructing the

mass complete samples at each redshift, we make sure that we rely on the quiescent galaxies
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Figure 3.1: Mass completeness limit for all the galaxies, along with that of the quiescent
systems as a function of redshift. The mass completeness limit is defined in such a way
that only less than 5% of the galaxies could be missed in the lower mass distribution of the
galaxies. Using the mass completeness limits for the quiescent systems, we define six mass
complete samples at different redshifts, as shown here with labels 1−6.
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Table 3.1: Properties of Mass Complete Samples

Sample Number Redshift Range Mass Completeness Limit Number of Galaxies
log(M�)

1 0.1≤ z <0.5 9.14 9338
2 0.5≤ z <0.8 9.47 11760
3 0.8≤ z <1.1 9.70 13885
4 1.1≤ z <1.5 9.93 13640
5 1.5≤ z <2.0 9.97 12217
6 2.0≤ z <3.1 9.97 12641

to estimate the stellar completeness limit. This minimizes the loss of low-mass quiescent

galaxies, especially at higher redshifts. The selection of quiescent/star-forming galaxies

is explained in Section 3.2. Figure 3.1 shows the stellar mass of galaxies as a function

of redshift for the magnitude-limited sample (Ks <24) defined in Section 2.2. The mass

completeness limits for all the galaxies (quiescent and star-forming) and quiescent systems

are shown in Figure 3.1. As mentioned, only less than 5% of galaxies could be missed in

the lower mass population of galaxies. The mass completeness limit is higher for quiescent

systems. Here, we define six mass complete samples out to z ∼3, as shown in Figure 3.1.

The properties of these mass complete samples are given in Table 3.1.

Selection of Quiescent/Star-forming Systems

The selection of quiescent and star-forming systems can be performed using a single rest-

frame color through the Color−Magnitude Diagram (CMD). However, the single color se-

lection is problematic for several reasons. The existence of dusty, star-forming galaxies that

mimic the color of quiescent systems can significantly contaminate the quiescent population

and tends to unrealistically increase the quiescent fraction and their comoving number den-

sities (Brammer et al., 2009). The larger scatter in the rest-frame color at higher redshifts

(mostly due to photo-z uncertainties) can wash out the red sequence and the disappearance

of the rest-frame color bimodality at z∼>1.5 (Williams et al., 2009). Here, we use rest-frame

two-color NUV−r+ versus r+−J plane in order to select quiescent and star-forming pop-
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Figure 3.2: NUV−r+ versus r+−J color−color plots used to select quiescent and star-
forming populations in our mass complete samples at z=0.1−3.1. Galaxies with their rest-
frame color NUV−r+ > 3.1 and NUV−r+ > 3(r+−J)+1 are selected as quiescent systems
(Ilbert et al., 2013).
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ulations in our mass complete samples. It has been shown that the rest-frame NUV−r+

color is a better indicator of the recent star-formation activity (Martin et al., 2007) and

has a wider dynamical range compared to the more commonly used rest-frame U−V color

(Ilbert et al., 2013). Here, galaxies with a rest-frame color NUV−r+ > 3.1 and NUV−r+

> 3(r+−J)+1 are selected as quiescent systems (Ilbert et al., 2013). Figure 3.2 shows the

rest-frame NUV−r+ versus r+−J distribution of galaxies in the mass complete samples and

the color cuts used to separate quiescent and star-forming systems. Two distinct popula-

tions of galaxies are clearly seen out to z ∼3. We stress that in our two-color selection

technique, adding dust to the star-forming galaxies causes them to move diagonally from

the bottom left to the top right of Figure 3.2, making them separable from the quiescent

systems (Williams et al., 2009; Ilbert et al., 2013).

3.3 Results

Using the surface density field constructed in the COSMOS field with the Voronoi tessella-

tion method, we now study the dependence of the observable parameters of galaxies, such

as SFR and quiescent fraction on their local overdensity. We also investigate the redshift

evolution and the dependence of the environmental trends on stellar mass and galaxy type.

3.3.1 SFR and sSFR Evolution with Environment and Galaxy Type

We now investigate the relation between the SFR (and sSFR) and overdensity and how

this relation evolves with redshift. The SFR is based on the SED template-fitting and was

extracted by (Ilbert et al., 2013). Figure 3.3 (top left) shows the median SFR of galaxies

(star-forming and quiescent) as a function of overdensity for our mass complete samples

at different redshifts. The errorbars incorporate Poisson errors and the cosmic variance

uncertainties. The cosmic variance contribution is estimated using (Moster et al., 2011).

Regardless of the environment, we find that at a fixed overdensity, the median SFR is

higher for higher-z samples compared to those at lower redshifts. This is consistent with
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the continuous decline in the global star formation density of the universe since z ∼2−3

that has been seen in many previous studies (see Madau and Dickinson, 2014 for a review).

However, we clearly see that the amount of decline depends on the environment. At z∼<1, the

median SFR strongly depends on the overdensity and decreases with increasing overdensity,

especially for the overdensity values log(1+δ)∼>0.5. For example, for the 0.1< z <0.5

sample, the median SFR decreases by ∼2 orders of magnitude as the overdensity increases

by almost the same factor. We note again that the decrement in the median SFR starts to

be practically observable at log(1+δ)∼>0.5. However, at higher redshifts (z∼>1), we do not

find a significant relation between the median SFR and overdensity, and the median SFR

becomes almost independent of the environment (overdensity).

Although we find a strong SFR−overdensity anti-correlation for the z∼<1 samples, how-

ever, this correlation depends on the galaxy type. Figure 3.3 (top right) shows the median

SFR of only the star-forming galaxies as a function of overdensity for the mass complete

samples at different redshifts. When we only consider the star-forming galaxies, the median

SFR becomes independent of the environment (overdensity) at all the redshifts considered

for this study (0.1< z <3.1). In other words, when a galaxies becomes star-forming, on av-

erage, its star-formation activity becomes independent of the environment that it occupies

(Figure 3.3 (top right)). Therefore, the SFR−overdensity trends for the z∼<1 samples seen

in Figure 3.3 (top left) is because of the existence of the quiescent galaxies that populate

denser environments. Denser environments increase the likelihood of a galaxy to become

quiescent. However, if it is star-forming, on average, its SFR becomes almost intact by the

environment in which it resides.

We find similar results for the relation between sSFR, overdensity, redshift, and galaxy

type (Figure 3.3 (bottom left and right panels)). At z∼<1, there is a tight anti-correlation be-

tween the median sSFR and the overdensity for all the galaxies, especially for log(1+δ)∼>0.5.

However, for the z∼>1 samples, we find that the sSFR becomes independent of the overden-

sity values. We also find no relation between the sSFR and the environment (overdensity)

for the star-forming galaxies at the redshifts of this study.
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Figure 3.3: Median SFR (top) and sSFR (bottom) as a function of overdensity at different
redshifts for all the galaxies (left) and only the star-forming systems (right). The errorbars
incorporate Poisson errors and cosmic variance uncertainties. At z∼<1, the median SFR and
sSFR strongly depend on the overdensity and they decrease with increasing overdensity.
However, at higher redshifts (z∼>1), the median SFR and sSFR become almost independent
of the environment (overdensity). When we only consider the star-forming galaxies, the
median SFR and sSFR become independent of the environment (overdensity) at all the
redshifts considered for this study (0.1< z <3.1).
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Using a large sample of galaxies in the COSMOS field at z∼<3, Scoville et al. (2013) found

a strong anti-correlation between the median SFR and environmental density percentile for

their low redshift samples. However, at z∼>1.2, Scoville et al. (2013) did not find a strong

relation between environment and the median SFR of the observed galaxies, as shown in

their Figures 15 and 16. They found similar trends between the SF timescale (inverse of

the sSFR) and environmental density percentile, in a sense that at z∼<1.2, the SF timescale

is larger at higher density percentile levels. These results are fully consistent with what we

found in this section, and our results confirm the similar previous studies in the COSMOS

field.

At low-z (z∼<0.2), there are many studies that show a lower SFR or sSFR in denser

regions compared to less-dense, field-like environments (see e.g., Balogh et al., 2004; Kauff-

mann et al., 2004; Baldry et al., 2006), which are in agreement with our result in this section

for our low-z samples. However, at intermediate redshifts (z ∼1), current studies of the

environmental dependence of the SFR in galaxies have led to conflicting results. Some agree

with the relations observed in the local universe (e.g., Patel et al., 2009; Muzzin et al., 2012),

some report no/weak dependence on the environment (e.g., Grützbauch et al., 2011; Scov-

ille et al., 2013), and there are even claims for a reversal of the SF−density relation(higher

star-formation in denser regions,e.g., Elbaz et al., 2007; Cooper et al., 2008a). We clearly

see no reversal of the SF−density relation for our z∼1 sample, and our results follow the

local universe trends, completely consistent with e.g., Patel et al. (2009) and Muzzin et al.

(2012). As already noted by Scoville et al. (2013), the claim of the SF−density reversal by

Cooper et al. (2008a) is hard to judge according to their Figure 19(b). We argue that the

reversal seen in Elbaz et al. (2007) is probably due to the cosmic variance and the small dy-

namical range of the environments considered in their study as they only used the GOODS

fields. Furthermore, later studies in the GOODS fields by Popesso et al. (2011) attributed

this reversal to the AGN contamination, and Ziparo et al. (2014) found no evidence for the

reversal of the star-formation activity at z ∼1 using a similar data set. Sobral et al. (2011)

also showed that at z ∼1, there is an increase of SF activity for star-forming galaxies at
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intermediate densities, likely associated with galaxy groups. This is followed by a decline

for the richest clusters, and that this is probably the reason for discrepancies: some studies

only reach up to poor group environments, while others only probe rich clusters. Sobral

et al. (2011) showed that once the full range of environments is probed and correctly labeled,

all the apparently contradictory results can be reconciled.

Similar to what we found in this section for the star-forming galaxies, several studies in

a broad range of redshifts have shown that, on average, many properties of the star-forming

galaxies that are directly or indirectly linked to star-formation activity (e.g., SFR, sSFR,

emission line EW, main-sequence of star-forming galaxies) are invariant to their environ-

ment (e.g., Peng et al., 2010; Wijesinghe et al., 2012; Muzzin et al., 2012; Koyama et al.,

2013b, 2014; Hayashi et al., 2014; Lin et al., 2014; Darvish et al., 2014, also see chapter

5). Therefore, the main role of environment is argued to set the fraction of quiescent/star-

forming galaxies (e.g., Peng et al., 2010; Sobral et al., 2011; Muzzin et al., 2012; Darvish

et al., 2014). In other word, denser environments increase the likelihood of galaxies to

become quenched. However, as they form stars, on average, their star formation activity

remains largely independent of the environment they occupy. In chapter 5, we discuss the

difference in the SFHs as a possibility for the difference in the fraction of star-forming galax-

ies in different environments. Nevertheless, recent studies show that not all characteristics

of the star-forming galaxies are independent of environment. For example, metallicities and

electron densities have shown to be a function of the environment (e.g., Shimakawa et al.,

2015; Kacprzak et al., 2015; Sobral et al., 2015b, also see chapter 5). In the following sec-

tion, we focus on the fraction of quiescent/star-forming galaxies as a function of overdensity,

stellar mass, and redshift and try to disentangle the partial role of the environment and

stellar mass on the star-formation quenching in galaxies.
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Figure 3.4: Fraction of quiescent galaxies as a function of overdensity (top) and stellar
mass (bottom) and at different redshifts. At z∼<1, we find that the fraction of quiescent
galaxies strongly depends on the overdensity. This increases with overdensity from ∼20%
at log(1+δ)∼<0.5 to ∼60%−80% at log(1+δ)∼1.6. However, at higher redshifts (z∼>1), the
fraction of quiescent galaxies does not significantly change with environment (overdensity).
In addition, we find that at a fixed overdensity, the fraction of quiescent galaxies is higher
at lower redshifts, which is a manifestation of the Butcher-Oemler effect. The fraction of
quiescent galaxies (located at different environments) strongly depends on stellar mass as
well. At all redshifts (for both z <1 and z >1 samples), the fraction of quiescent galaxies
monotonically increases with stellar mass. However, at a fixed stellar mass, this fraction is
higher at lower redshifts compared to higher-z samples. This is an indication of the galaxy
mass-downsizing.
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Figure 3.4: cont. (bottom)
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3.3.2 Evolution of the Quiescent Fraction with Environment and Stellar

Mass

In the previous section, we argued that the main role of environment is to set the fraction

of quiescent/star forming galaxies. We now investigate this by studying the fraction of

quiescent galaxies as a function of overdensity, stellar mass, and redshift. Figure 3.4 (top

panel) shows the fraction of quiescent galaxies (with different stellar masses) as a function

of overdensity and for our mass complete samples at different redshifts. The errorbars are

estimated following Poisson statistics and the uncertainties due to the cosmic variance. At

z∼<1, we find that the fraction of quiescent galaxies depends on the overdensity. This in-

creases with overdensity from ∼20% at log(1+δ)∼<0.5 to ∼60%−80% at log(1+δ)∼1.6. The

increase is specifically sharp at log(1+δ)∼>0.5. However, the fraction of quiescent galax-

ies does not significantly change with environment (overdensity) at z∼>1 (except for the

1.5< z <2.0 sample at the densest regions, although those have large errorbars). For exam-

ple, at 2.0< z <3.1, the fraction of quiescent galaxies as a function of overdensity remains

at ∼10% at all overdensity levels. Additionally, we find that at a fixed overdensity, the

fraction of quiescent galaxies is higher at lower redshifts. This is a clear manifestation of

the Butcher-Oemler effect (Butcher and Oemler, 1978), stating that the fraction of blue

star-forming galaxies is higher for higher-z galaxy clusters compared to their local counter-

parts (see e.g., Butcher and Oemler, 1978; Couch and Sharples, 1987; Aragon-Salamanca

et al., 1993; Dressler et al., 1994).

Figure 3.5 (top panel) shows the quiescent fraction as a function of look-back time for

some fixed overdensity values. We see that at look-back times ∼>8 Gyr, the quiescent fraction

increases with cosmic time almost independent of the environment. However, we find that

at z∼<1 (look-back time ∼< 8 Gyr) the enhancement in the fraction of quiescent galaxies with

cosmic time is larger for galaxies located in denser environments. We quantify the quiescent

fraction growth with cosmic time assuming a linear growth in the quiescent fraction at a

given overdensity. Figure 3.5 (bottom panel) shows the quiescent fraction growth rate as a

function of overdensity for galaxies located at z∼<1.3 and z∼>1.3. At z∼>1.3, the quiescent
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fraction growth rate is almost independent of the environment. However, at z∼<1.3 and at a

given overdensity, the quiescent fraction grows constantly with cosmic time, but the growth

rate increases with density. Galaxies are transferred from the star-forming population to the

quiescent system more rapidly in denser environment compared to less-dense regions.Our

result regarding the growth of the quiescent fraction agrees quantitatively with e.g., Capak

et al. (2007a).

It has been shown that the fraction of quiescent galaxies is also a function of stellar

mass (e.g., Baldry et al., 2006). We investigate the relation between stellar mass and

overdesnity, as shown in Figure 3.4 (bottom panel). According to Figure 3.4 (bottom panel),

the fraction of quiescent galaxies (located at different environments) strongly depends on

stellar mass. At all redshifts (for both z <1 and z >1 samples), the fraction of quiescent

galaxies monotonically increases with increasing stellar mass. However, at a fixed stellar

mass, this fraction is higher at lower redshifts compared to higher-z samples. For example,

at 2.0< z <3.1, the fraction of quiescent galaxies varies from ∼0% for log(M/M�)∼10

systems to ∼20% for log(M/M�)∼11 galaxies. Whereas, at 0.1< z <0.5, log(M/M�)∼10

galaxies comprise ∼30% of quiescent population and this fraction increases to ∼80% for

log(M/M�)∼11 galaxies. In fact, this is another form of galaxy mass-downsizing (Cowie

et al., 1996; Bundy et al., 2006, e.g.,), indicating that higher mass galaxies form and quench

their star-formation activity earlier than less massive systems. According to Figure 3.4

(bottom panel), by 2.0< z <3.1, ∼20% of log(M/M�)∼11 have already assembled and

quenched their star-formation activity, whereas for log(M/M�)∼10, this fraction (∼20%) is

observed at much later times (at 0.8< z <1.1). Using this, we derive the typical time delay

between the quenching of less massive (log(M/M�)∼10) and more massive (log(M/M�)∼11)

galaxies and estimate it to be ∆t ∼3.4±0.9 Gyr.

One major difference that is clearly seen in the top and bottom panels of Figure 3.4 is

that at all redshifts (0.1< z <3.1), the fraction of quiescent galaxies depends on stellar mass,

but this fraction depends on overdensity (environment) only at z ∼1 and not significantly

at higher redshifts. This leads us to the conclusion that environmental quenching is only
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Figure 3.5: (top panel) Fraction of quiescent galaxies as a function of look-back time for
some fixed overdensity values. At look-back times ∼>8 Gyr, the quiescent fraction increases
with cosmic time almost independent of the environment. However, at z∼<1 (look-back time

∼< 8 Gyr), the growth in the fraction of quiescent galaxies with cosmic time is larger for
galaxies located in denser environments. (bottom panel) Quiescent fraction growth rate
(per Gyr) as a function of overdensity for galaxies located at z∼<1.3 and z∼>1.3 samples.
At z∼>1.3, the quiescent fraction growth rate is almost independent of the environment.
However, at z∼<1.3, the growth rate increases with overdensity.
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Figure 3.6: Fraction of quiescent galaxies as a function of overdensity for different stellar
mass bins and at different redshifts. Different colors correspond to different stellar mass bins.
At all the redshifts considered in this study (0.1< z <3.1), the fraction of quiescent galaxies
at a fixed environment strongly depends on stellar mass, i.e., the fraction of quiescent
galaxies at all fixed density levels is always higher for more massive galaxies compared to
less massive systems out to z∼3.
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Figure 3.7: Fraction of quiescent galaxies as a function of stellar mass for different over-
density bins and at different redshifts. Different colors correspond to different overdensity
bins. At a fixed stellar mass, quiescent fraction depends on environment (overdensity) only
at z∼<1 and not significantly at higher redshifts. At a fixed stellar mass and at z∼<1, this
fraction is higher in denser regions.
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effective at z∼<1, whereas mass quenching is the dominant quenching mechanism at z∼>1.

We further investigate this by studying the fraction of quiescent galaxies as a function of

overdensity and redshift for fixed stellar mass bins (Figure 3.6) and the fraction of quiescent

galaxies as a function of stellar mass and redshift for fixed overdensity bins (Figure 3.7).

Figure 3.6 shows the fraction of quiescent galaxies as a function of overdensity for different

stellar mass bins and at different redshifts. Different colors correspond to different stellar

mass bins. According to this figure, at all the redshifts considered (0.1< z <3.1), the

fraction of quiescent galaxies at a fixed environment strongly depends on stellar mass, i.e.,

the fraction of quiescent galaxies at all fixed density levels is always higher for more massive

galaxies compared to less massive systems out to z∼3. However, as shown in Figure 3.7, the

fraction of quiescent galaxies at a fixed stellar mass depends on environment (overdensity)

(shown with different colors) only at z∼<1 and not significantly at higher redshifts. At a

fixed stellar mass and at z∼<1, this fraction is higher in denser regions.

When we combine the results shown in Figures 3.4, 3.6 and 3.7, we conclude that the

quenching of galaxies due to environmental effects (external processes) is practically effective

at lower redshifts (z∼<1), while stellar mass of galaxies (internal processes) is the dominant

quenching mechanism at higher redshifts (z∼>1). Our results in this section are in agreement

with e.g., Peng et al. (2010), Sobral et al. (2011), and Muzzin et al. (2012). Muzzin et al.

(2012) studied the effects of stellar mass and environment on properties of a spectroscopic

sample of galaxies at 0.85< z <1.20. They showed that the sSFR of star-forming galaxies

at fixed environment depends on stellar mass; but at fixed stellar mass, it is independent of

environment. Peng et al. (2010) studied a sample of galaxies in the SDSS and zCOSMOS

(z∼0.7) and showed that for massive galaxies, mass quenching is the primary quenching

mechanism for all environments and at all redshifts, while environmental quenching become

predominantly important at lower redshifts, especially for less massive galaxies. Sobral et al.

(2011) showed that stellar mass is the main predictor of star-formation activity in galaxies

at z ∼1, but the environment is responsible for star-formation quenching in all galaxies

in dense environments. All these results signify the importance of galaxy environment
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in suppressing the star-formation activity at lower redshifts, and they are qualitatively in

agreement with our results in this section.

3.3.3 Evolution of Rest-frame Color with Environment and Stellar Mass

For Quiescent Galaxies

We now investigate the effect of the environment on the rest-frame u∗−BJ color of quiescent

systems with different stellar masses and its evolution with redshift. Here, we define two

environments: the high-density environment (galaxy group and cluster scales) is defined as

regions with overdensity values log(1+δ)≥0.5 and the low-density environment (field-like

environment) is defined as those with log(1+δ)<0.5. The selection of the cut between low-

and high-density environments is somewhat arbitrary. However, it is shown in Sections

3.3.1 and 3.3.2 that the environmental effects (e.g., the increase in the fraction of quiescent

galaxies with overdensity) start to effectively rise at log(1+δ)∼>0.5 in the COSMOS field.

Therefore, we use this cut to separate the density field into low- and high-density environ-

ments. Based on this definition, we study the redshift evolution of the rest-frame u∗-BJ

color as a function of the environment and stellar mass for quiescent galaxies. Figure 3.8

shows the redshift evolution of the median rest-frame u∗−BJ color for quiescent galaxies

with different stellar masses located in high- and low-density environments. For clarity,

the evolution is shown for only a few stellar mass bins (∆M=±0.1 dex around the selected

masses). We choose the center of the redshift bins (Table 3.1) to be the redshift of the given

points. The median color at each given environment, stellar mass and redshift is estimated

using all the quiescent systems in that environment, with their redshift located in the red-

shift range of the mass complete samples and with stellar masses within ∆M±0.1 dex of the

given stellar mass. The color uncertainties are estimated using 10,000 bootstrap resamples

added in quadrature to the median observational uncertainties in color. We assume that

the evolution of the rest-frame u∗−BJ color for quiescent systems is linear with redshift,
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Figure 3.8: Redshift evolution of the median rest-frame u∗−BJ color for quiescent galaxies
with different stellar masses located in high- and low-density environments. For clarity, the
evolution is shown for only a few stellar masses. The color uncertainties are estimated using
10,000 bootstrap resamples added in quadrature to the median observational uncertainties
in color. We assume that the evolution of the rest-frame u∗−BJ color for quiescent sys-
tems is linear with redshift, and fit a straight line to the median colors at any given mass
and environment. At a fixed redshift and stellar mass, the color of quiescent galaxies is
independent of environment. However, at a fixed redshift and environment, the color of
quiescent galaxies depends on stellar mass. Quiescent galaxies become redder with cosmic
time and their evolution is independent of the environment in which they reside. Quiescent
galaxies more massive than log(M/M�)∼>10 become ∼0.2 mag redder in rest-frame u∗−BJ

color since z ∼2.5. Since z ∼1, less massive systems (log(M/M�)∼9.5−10) redden by ∼0.1
mag, regardless of their environment. We also find that more massive quiescent galaxies
(log(M/M�)∼11) are ∼0.1 mag redder in the rest-frame u∗−BJ color compared to less
massive (log(M/M�)∼10) systems, and this color difference is almost independent of the
environment and redshift.
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and fit a straight line to the median colors at any given mass and environment:

(u∗ −BJ)rest(z) = αz + (u∗ −BJ)rest(z = 0) (3.1)

The result of the fit to the median colors for different environments and stellar masses

is given in Table 3.2. According to Figure 3.8 and Table 3.2, quiescent galaxies become

redder with cosmic time and their evolution is independent of the environment in which

they reside. We particularly find that irrespective of environment, quiescent galaxies that

are more massive than log(M/M�)∼>10 become ∼0.2 mag redder since z ∼2.5. This is in

agreement with Kriek et al. (2008) who showed a reddening of ∼0.25 mag in the rest-frame

U−B color for massive (2×1011 M�) red galaxies in the field since z ∼2.3. This reddening

is also seen in less massive quiescent systems (log(M/M�)=10−11) and is independent of

environment since z ∼3. Due to the incompleteness in stellar mass, we can not study

the color evolution of less massive galaxies (log(M/M�)∼<10) at z∼>1. However, at z∼<1,

these systems (log(M/M�)∼9.5−10) redden by ∼0.1 mag, regardless of their environment.

We also see that at any given redshift out to z ∼3, more massive quiescent systems are

redder compared with less massive systems, regardless of their environment. Particularly,

we find that more massive quiescent galaxies (log(M/M�)∼11) are ∼0.1 mag redder in the

rest-frame u∗−BJ color compared with less massive (log(M/M�)∼10) systems and this color

difference is independent of the environment. The fact that more massive quiescent systems

are redder than the less massive ones is a manifestation of the Color−Magnitude Relation

(CMR), because the stellar mass is proportional to the luminosity (magnitude) of galaxies.

The CMR is seen in both the field (less dense) and cluster (dense) quiescent galaxies, and

in the local universe out to higher redshifts (see, e.g., (Bower et al., 1992; Blakeslee et al.,

2003; Bell et al., 2004; Brammer et al., 2009; Mei et al., 2009; Wilson et al., 2009; Papovich

et al., 2010)).

For quiescent galaxies, we find that the rest-frame color at a fixed environment depends

on stellar mass, but at a fixed mass it is independent of environment. At first glance this
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Table 3.2: Parameters of the Linear Fit

M α (u∗-BJ)rest(z=0)
log(M�) High-density Low-density High-density Low-density
11.3 −0.089±0.020 −0.076±0.010 0.969±0.016 0.956±0.012
10.8 −0.082±0.032 −0.076±0.011 0.917±0.026 0.920±0.016
10.5 −0.082±0.023 −0.065±0.016 0.916±0.024 0.882±0.019
10.1 −0.089±0.020 −0.095±0.022 0.882±0.018 0.901±0.018
9.8 −0.178±0.041 −0.151±0.035 0.896±0.025 0.863±0.024
9.6 −0.176 −0.157 0.885 0.853

Parameters of the linear fit ((u∗−BJ)rest(z)=αz+(u∗-BJ)rest(z=0)) of the rest-frame u∗−BJ

color evolution for quiescent galaxies with different stellar masses, presented in Figure 3.8.

seems to contradict the studies showing a tight correlation between color and the local den-

sity of galaxies (e.g., Balogh et al., 2004). However, the stellar mass also depends strongly

on density and color−density relation is actually a manifestation of a more fundamental

color−mass relation. When controlled for the stellar mass (or luminosity), the color−density

relation becomes independent of the environment (overdensity).

The environmental independence of the color−mass relation is consistent with several

previous studies. In the local universe, for example, Balogh et al. (2004) showed that at

a fixed luminosity (equivalent to a fixed stellar mass), the mean rest-frame color of red

galaxies in the SDSS at z <0.08 is nearly independent of their environment. Independently,

Baldry et al. (2006) showed that at z <0.1, the color−mass distribution of galaxies (red

and blue) does not significantly change with environment. The same result is also seen in

Hogg et al. (2004), who found the independence of red bulge-dominated galaxy colors on

the environment in the SDSS at z <0.12. Using the SDSS data, Park et al. (2007) showed

that when morphology and luminosity (equivalent to stellar mass in our study) are fixed,

other physical properties of galaxies, including color, are nearly independent of the local

density of the galaxies. They also showed that more luminous galaxies are redder than less

luminous systems, and this was independent of the environment. This is consistent with

our results. The environmental invariance of color for bright galaxies in the SDSS is also
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seen in Tanaka et al. (2004).

Several studies at higher redshifts are also consistent with our results. For example,

Cassata et al. (2007) showed that at z ∼0.7 in the COSMOS field, the observed CMD for red

and early-type galaxies is independent of the local density of galaxies. Scodeggio et al. (2009)

found that for a sample of galaxies in the VVDS survey at 0.2< z <1.4, color is independent

of the local density of galaxies at a fixed stellar mass. Using the zCOSMOS data out to z ∼1,

Moresco et al. (2010) found that the rest-frame color of red galaxies at a fixed stellar mass

is almost independent of environment, but depends on stellar mass at a fixed environment.

They also found that the average colors of massive red galaxies (log(M/M�)=10.8) are

redder than low-mass galaxies ((log(M/M�)=10) throughout their entire redshift range.

This is entirely consistent with our results in this section. By extending this study to

higher redshifts, we demonstrate that the results hold to z ∼3. Cucciati et al. (2010)

showed that for red massive galaxies ((log(M/M�)∼>10.7) in the zCOSMOS 10k-sample,

the color−density relation is globally flat up to z ∼1, which is consistent with our results.

Recently, Bassett et al. (2013) compared the rest-frame U−B color of the galaxies in a

cluster with those in the field at z=1.6 in the CANDELS-UDS field, and found no difference

between the color of the quiescent galaxies in these two environments. This agrees well with

our results at z >1.

3.3.4 Effect of the Environment on the Comoving Number and Mass

density of Massive Galaxies

In this section, we investigate the evolution of comoving number (n) and mass (ρ) density

for massive (>1011 M�) galaxies (quiescent and star-forming) in different environments

since z ∼3. We start our analysis by studying the evolution of n and ρ for massive (>

1011 M�) quiescent/star-forming systems regardless of the environment. This allows us to

compare n and ρ with previous studies that often do not consider the role of environment

in the analysis. Later, we discuss the role of environment.
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Figure 3.9: Evolution of comoving number (n) and mass (ρ) density for massive (>1011

M�) galaxies (quiescent and star-forming) since z ∼3, along with a comparison with some
previous studies. Error bars for number densities incorporate both Poisson error and uncer-
tainties due to the cosmic variance. Uncertainty in mass density is estimated using 10,000
bootstrap resamples, added in quadrature to the observational uncertainties and those due
to the cosmic variance. The comoving number and mass density of massive quiescent sys-
tems rapidly increase from z ∼3 to z ∼1. However, from z ∼1 to the present time, they
remain almost unchanged within the uncertainties. We find almost no evolution in the co-
moving number and mass density of massive star-forming galaxies since z ∼2. The number
and mass density of the massive star-forming galaxies are slightly increased from z=2.0−3.1
to z=1.5−2.0 (a factor of ∼2) and remain almost unaltered since then.
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Table 3.3: Comoving Number Density, n (in Units of 10−4 Mpc−3) and Mass Density, ρ (in
Units of 107 M� Mpc−3) of Massive (> 1011 M�) Quiescent and Star-forming Galaxies in
Different Redshift Bins

Property Redshift
0.1≤ z <0.5 0.5≤ z <0.8 0.8≤ z <1.1 1.1≤ z <1.5 1.5≤ z <2.0 2.0≤ z <3.1

nQ 2.17±0.37 2.08±0.30 2.68±0.35 1.05±0.13 0.37±0.05 0.15±0.02
nSF 1.22±0.25 0.97±0.15 0.84±0.12 0.91±0.11 0.88±0.11 0.44±0.05
ρQ 4.20±1.17 3.73±1.00 4.57±1.20 1.71±0.44 0.61±0.16 0.23±0.06
ρSF 1.78±0.55 1.40±0.37 1.32±0.35 1.37±0.35 1.31±0.34 0.72±0.18

Figure 3.9 shows the evolution of the comoving number and mass density of massive (>

1011 M�) quiescent and star-forming galaxies since z ∼3, along with a comparison with some

previous studies. Some of these studies use Kroupa IMF to estimate stellar masses. For

those, we modify the mass densities based on the Chabrier IMF (MChab ∼ 0.89 MKroupa).

The redshift of our data points is selected as the center of the redshift bins introduced

for mass complete samples (Table 3.1). Error bars for number densities incorporate both

Poisson error and uncertainties due to the cosmic variance. Uncertainty in mass density

is estimated using 10,000 bootstrap resamples, added in quadrature to the observational

uncertainties and those due to the cosmic variance. For observational uncertainties, we

use the median of the stellar mass uncertainties of the galaxies in each subsample. We

use the cosmic variance calculator of Moster et al. (2011) to estimate the cosmic variance

uncertainties. For the 11<log(M/M�)<11.5 galaxies, the fractional uncertainties due to the

cosmic variance change between ∼15%−10% at ∼ z=0.1−3 in the COSMOS.

Massive Quiescent Galaxies

Figure 3.9 (a) and (b) show a rapid increase in the comoving number and mass density of

massive quiescent systems from z ∼3 to z ∼1. However, we observe a change of pattern at

z ∼1. From z ∼1 to the present time, the number and mass density of massive quiescent

galaxies remain almost unchanged within uncertainties. From z=2−3.1 to z=1.5−2.0, the

number and mass density of massive quiescent galaxies increase by a factor of ∼2.5. From
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z=1.5−2.0 to z=0.8−1.1, the rise in the number and mass density of massive quiescent

galaxies is steeper and they are increased by a factor of ∼6−8.

The lack of evolution (or insignificant evolution) since z ∼1 in the comoving number

and mass density of massive quiescent systems is consistent with several studies. In terms

of sample selection, the closest works to our study are those of Ilbert et al. (2013) and

Muzzin et al. (2013a). Ilbert et al. (2013) did not find any significant evolution in the

number and mass density of high-mass end quiescent galaxies at z <1, which is consistent

with our results. As seen in Figure 3.9 (a) and (b), Muzzin et al. (2013a) data points follow

our observed trends for n and ρ relatively well, within the uncertainties. As seen in Figure

3.9 (a) and (b), for quiescent galaxies at z <1, our result is also in a good agreement with

>1011M� red-sequence galaxies in the COMBO17+4 Survey from Nicol et al. (2011), mas-

sive U−V−J selected quiescent galaxies in the NMBS survey from Brammer et al. (2011),

log(M/M�)=11−11.5 red galaxies in zCOSMOS from Pozzetti et al. (2010), quiescent sys-

tems in the PRIMUS survey from Moustakas et al. (2013), and >1011M� rest-frame (U−V)

selected red galaxies in VIPERS from Davidzon et al. (2013). Several luminosity function

studies at z <1, such as Scarlata et al. (2007b) and Cool et al. (2008), saw almost no evolu-

tion in the number density of very luminous (L∼2.5−3 L∗) red or early-type galaxies since

z ∼1, which is also in agreement with our results.

The sharp rise in the comoving number and mass density of massive quiescent systems

from z=3-1 is also in agreement with some previous studies. For example, Ilbert et al.

(2013) found that the comoving number and mass density of 1011 M� quiescent galaxies

increase by factors of 25 and 13, respectively, between 2.5< z <3 and 0.8< z <1.1. This is

similar to our result, which showed an increase of ∼15−20 in n and ρ from z ∼3 to z ∼1

for massive quiescent systems. Our results also agree qualitatively and quantitatively with

Brammer et al. (2011), Domı́nguez Sánchez et al. (2011), Nicol et al. (2011), and Muzzin

et al. (2013a).
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Figure 3.10: (a) The ratio of the comoving number density in high-density environments
to low-density environments (nhd/nld) for massive (> 1011 M�) quiescent and star-forming
galaxies as a function of redshift. (b) The ratio of the stellar mass density in high-density
environments to low-density environments (ρhd/ρld) for massive (> 1011 M�) quiescent and
star-forming galaxies as a function of redshift. Both number and mass density ratios do not
significantly change with redshift for massive star-forming galaxies. For massive quiescent
systems, these ratios significantly change at lower redshifts, indicating the prevalence of
massive quiescent galaxies in denser environments at lower redshifts.
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Massive Star-forming Galaxies

The situation is different for massive (>1011 M�) star-forming systems. According to Figure

3.9 (c) and (d), we find almost no evolution in the comoving number and mass density of

star-forming galaxies since z ∼2. The number and mass density of massive star-forming

galaxies are slightly increased from z=2.0−3.1 to z=1.5−2.0 (a factor of ∼2) and remain

almost unaltered since then. This slight (insignificant) increase is seen in Brammer et al.

(2011) from z ∼2.5−2.0, followed by a decline since z ∼2. In our study we do not find

any sign of decline in the comoving number and mass density of the massive star-forming

systems since z ∼2.3. Our result also agrees well with Pozzetti et al. (2010), Davidzon

et al. (2013), Ilbert et al. (2013), Muzzin et al. (2013a), and Sobral et al. (2014). However,

Moustakas et al. (2013) found that the number (and mass) density of massive star-forming

galaxies are decreased slightly by a factor of ∼2 since z ∼1 (Figure 3.9 (c) and (d)). Within

the uncertainties, we do not find a significant disagreement between our result and that of

Moustakas et al. (2013), although we detect no evolution in n and ρ for massive star-forming

galaxies. We argue that even in the presence of a real evolution in number and mass density

of massive star-forming systems since z ∼1, we would not be able to observe it due to the

larger error bars in our study compared with Moustakas et al. (2013).

The comoving number and mass density values for massive (> 1011 M�) quiescent and

star-forming populations are given in Table 3.3.

Massive Quiescent/Star-forming Systems in Different Environments

Now, we investigate the role of the environment in shaping the number and mass density

of massive quiescent and star-forming galaxies. In order to estimate comoving number

and mass densities in different environments, one needs to determine what fraction of the

density field is occupied by massive galaxies in different environments. Practically, this

is not straightforward because the definition of environment and the selection of low- and

3 Brammer et al. (2011) state in their paper that the comoving number density evolution of >1011 M�
star-forming galaxies is nearly flat out to z=2.0
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high-density regions are arbitrary. We highlight that we only wish to relatively compare

the number and mass densities in different environments, rather than determine the exact

values in these regions. If there are any systematic errors in determining the number and

mass densities in different environments, they would likely be cancelled out because we take

the ratio of these in low- and high-density regions. We define the ratio of the comoving

number density of massive (> 1011 M�) galaxies in high-density (nhd) to low-density (nld)

environments as:

nhd
nld

=

∑
i 1/V hd

i∑
j 1/V ld

j

(3.2)

where V hd
i and V ld

j are the volumes associated with the ith and jth massive galaxy in

high- and low-density environments, respectively. The volume assigned to each galaxy is

estimated using its Voronoi area (A) and the radial comoving length (∆l) that corresponds

to its z-slice; i.e. Vi=Ai∆li. Similarly, we define the ratio of the mass density of massive

(> 1011 M�) galaxies in high-density (ρhd) to low-density (ρld) environments as:

ρhd
ρld

=

∑
iM

hd
i /V hd

i∑
jM

ld
j /V

ld
j

(3.3)

where Mhd
i and Mld

j are the stellar masses associated with the ith and jth massive galaxy

in high- and low-density environments, respectively.

Figure 3.10 shows the redshift evolution of nhd/nld and ρhd/ρld for massive quiescent

and star-forming galaxies. Uncertainties in number density ratios incorporate both Pois-

son error and the cosmic variance. The error bars for mass density ratios are estimated

using 10,000 bootstrap resamples added in quadrature to the observational uncertainties in

stellar mass and those due to the cosmic variance. For massive (> 1011 M�) star-forming

systems, the number and mass densities in different environments remain almost the same,

and we find almost no evolution in the comoving number and mass density ratios in dif-

ferent environments with cosmic time. Massive star-forming galaxies populate dense and

less-dense regions almost equally, regardless of their redshift. The situation is different for

massive quiescent galaxies. At z∼>1.3, there is no significant evolution in the comoving
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number and mass density ratios in different environments. At these redshifts, the number

and mass density ratios for massive quiescent galaxies are almost equal to those of massive

star-forming systems. However, at lower redshifts (z∼<1.3), we find a significant evolution in

the comoving number and mass density ratios for massive quiescent systems in different en-

vironments. These ratios for massive quiescent galaxies monotonically increase with cosmic

time at z∼<1.3. At z∼<0.5, the number and mass density of massive quiescent galaxies are ∼1

dex higher in denser regions compared with less-dense environments. Dense environments

at low redshifts are populated by massive quiescent galaxies.

It is challenging to make a direct, quantitative comparison between our results in this

section and similar studies in the literature, due to the differences in sample selections,

the definition of environment, and the classification of low- and high-density regions. How-

ever, we qualitatively compare our results in this section with some similar studies. Using

zCOSMOS data at z <1, Bolzonella et al. (2010) studied the galaxy stellar mass function

(SMF) as a function of galaxy type and environment. They found that massive galaxies are

preferentially located in high-density environments, which are characterised on average by

a higher M∗ and that the spectral-type selected early-type galaxies dominate the high-mass

(log(M/M�)∼>10.7) end of the SMF. In other words, massive red galaxies are preferentially

reside in high-density regions at z∼<1, which is in agreement with our results for massive

quiescent galaxies in dense environments. Recently, Mortlock et al. (2015) studied the SMF

of galaxies in the UKIDSS/UDS and CANDELS fields, and found that at higher redshifts

(z >1), the SMF parameters for galaxies in low and high densities are almost the same.

However, at z <1, they found evidence that (1) the high-mass end of the galaxy SMF is

more dominated by galaxies in dense environments, (2) The high-mass end of the Sérsic

index > 2.5 SMF is dominated by quiescent galaxies, and (3) on average, φ∗ and M∗ values

of the SMF are larger for red galaxies in denser regions compared with those in less-dense

environments (At z ∼0.5, φ∗ is ∼1 dex larger for red galaxies in denser regions, which is

similar to our result in this section). Combining these results, we conclude that at lower

redshifts, high-density environments cause the build-up of high-mass, quiescent galaxies.
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This is completely consistent with our results in this section regarding the higher number

and mass densities in denser regions for massive, quiescent systems at lower redshifts, as

well as the lack of any significant differences at higher redshifts.

We stress that our results here rely on the density field estimation based on the flux-

limited sample (Ks <24) introduced in Section 2.2. However, as we already discussed in

Section 3.2, this magnitude cut results in a sample with varying stellar mass as a function

of redshift. In other words, the “typical” galaxies defining the environment change with

redshift, with less massive galaxies defining the low-z and more massive systems defining

the high-z environments. Because there is some degree of correlation between the galaxy

stellar mass and environment (Kauffmann et al., 2004; Baldry et al., 2006), our results in

this section may be affected by the selection of galaxies used to estimate the density field

(environment). However, in the appendix, we investigate the role of different samples used

for density estimation on the results, and will show that the results do not change (they

even become stronger) and we recover the same trends discussed in this section.

We conclude that the comoving number and mass density of massive, star-forming sys-

tems do not evolve much with redshift, regardless of their environment. This scenario is also

true for massive, quiescent galaxies at higher redshifts (z∼>1.3). However, at lower redshifts,

the comoving number and mass density of massive, quiescent galaxies are greater in high-

density environments compared with less-dense regions. This highlights the significant role

of the environment in quenching the star-formation activity in galaxies at lower redshifts.

We stress that the lack of environmental effects on the properties of galaxies at higher

redshifts (z∼>1) may be partly due to the growth of the large-scale structure with cosmic time

and the cosmic variance. As time progresses, less-dense environments eventually coalesce to

assemble more massive, denser regions. Therefore the absence of the environmental effects

does not necessarily mean that the environment at higher redshifts is not able to quench the

star-formation activity in galaxies as effectively as it does at lower redshifts. The likelihood

of finding massive halos that are able to suppress the star-formation activity at higher

redshifts is low, given the small size of the COSMOS field and the rarity of massive halos at
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higher redshifts. If we could numerously find such dense massive halos at higher redshifts

in our survey, we might be able to see similar environmental trends to those we observe in

lower redshifts and the local universe.

3.4 Summary and Conclusions

In this chapter, we studied the effects of the environment on a mass complete sample of

quiescent and star-forming galaxies out to z∼3 in the COSMOS field. The rest-frame

NUV−r+−J color-color plots were used to separate the galaxy population into quiescent

and star-forming systems. We investigated the median SFR, sSFR, quiescent fraction, rest-

frame color, and the comoving number and mass density of galaxies as a function of their

environment (overdensity), stellar mass, galaxy type, and redshift. Our main results are:

1. The median SFR and sSFR of galaxies are strong functions of environment at z∼<1,

in a sense that they both decrease with increasing overdensity at z∼<1. However, at

z∼>1, they are almost independent of the environment.

2. When we only consider the star-forming galaxies, their median SFR and sSFR do

not significantly change with environment out to z ∼3. In other words, if a galaxy

is star-forming, on average, its SFR and sSFR are unaltered by its host environment.

However, denser environments increase the chance of a galaxy to become quiescent.

Hence, the role of environment seems to control the fraction of star-forming and

quiescent galaxies.

3. At a given overdensity, the median SFR and sSFR of galaxies (quiescent and star-

forming) are higher at higher redshifts compared to lower-z samples, indicating an

overall decline in the global star-formation activity in galaxies since z ∼2-3.

4. The fraction of quiescent galaxies significantly changes with environment (overdensity)

at z∼<1, and it is higher in denser regions. However, at z∼>1, it is almost independent
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of the environment. At a given overdensity, the fraction of quiescent galaxies is always

higher at lower redshifts. This is an indication of the Butcher-Oemler effect.

5. The quiescent fraction growth rate is almost independent of environment at look-back

time ∼>8 Gyr. However, at lower redshifts (look-back time ∼<8 Gyr), it increases with

increasing overdensity. Galaxies become quenched more rapidly in denser environ-

ments compared to less-dense regions.

6. The fraction of quiescent galaxies depends on stellar mass at all the redshifts con-

sidered in this study (0.1< z <3.1), and it is higher for more massive systems. At

a given stellar mass, the fraction of quiescent galaxies is higher at lower redshifts.

This is another manifestation of the galaxy mass-downsizing. We estimate the typical

time delay between the quenching of less massive (log(M/M�)∼10) and more massive

(log(M/M�)∼11) galaxies to be ∆t ∼3.4±0.9 Gyr.

7. At all the redshifts considered in this study (0.1< z <3.1), the fraction of quiescent

galaxies at a fixed environment strongly depends on stellar mass, i.e., the fraction

of quiescent galaxies at all fixed density levels is always higher for more massive

galaxies compared to less massive systems out to z∼3. However, at a fixed stellar

mass, quiescent fraction depends on environment (overdensity) only at z∼<1 and not

significantly at higher redshifts. At a fixed stellar mass and at z∼<1, this fraction is

higher in denser regions. All these results suggest that environmental quenching is

practically important at z∼<1, whereas mass quenching is the major factor of star-

formation truncation in galaxies at z∼>1.

8. At a given stellar mass, the median rest-frame u∗-BJ color of quiescent galaxies is

independent of the environment in which they reside. Quiescent galaxies become

redder with cosmic time and their color evolution is independent of their environment.

Since z ∼3, more massive quiescent galaxies (log(M/M�)∼>10) have become ∼0.2 mag

redder in rest-frame u∗-BJ , whereas less massive quiescent systems have reddened by

∼0.1 mag since z ∼1.
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9. On average, more massive quiescent galaxies are redder compared to less massive

ones at any given redshift, regardless of their environment. The lack of a correlation

between color and environment at fixed stellar mass for quiescent galaxies suggests

that the relation between stellar mass and the local density of the galaxies is more

fundamental than the color−density relation.

10. The average comoving number and mass density of massive (log(M/M�)>11) star-

forming galaxies have not evolved much since z ∼3. However, for massive quiescent

galaxies, number and mass densities rise sharply from z ∼3 to z ∼1 and remain almost

unchanged since then.

11. The evolution of the comoving number and mass density of massive star-forming

galaxies do not depend on their environment. They remain almost unchanged since

z ∼3, regardless of their host environment. The situation is different for massive

quiescent galaxies. The comoving number and mass density of massive quiescent

galaxies do not change much with environment and redshift from z ∼3 to z ∼1.3, which

is similar to those of star-forming galaxies. However, at lower redshifts (z∼<1.3), we find

a significant evolution in the number and mass density of massive quiescent galaxies in

denser environments compared with less-dense regions. Dense environments at lower

redshifts are populated with massive quiescent galaxies, which signifies the role of the

environment in quenching the star-formation activity in galaxies at lower redshifts.
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Chapter 4

Cosmic Web and Star Formation

Activity in Galaxies

Abstract

In this chapter, we investigate the role of the delineated cosmic web/filaments on star-

formation activity by exploring a sample of 425 narrow-band selected Hα emitters, as well

as 2846 color−color selected underlying star-forming galaxies for a large-scale structure at

z=0.84 in the COSMOS field from the HiZELS survey. Using the scale-independent Multi-

scale Morphology Filter algorithm, we are able to quantitatively describe the density field

and disentangle it into its major components: fields, filaments, and clusters. We show that

the observed median star-formation rate (SFR), stellar mass, specific star-formation rate

(sSFR), the mean SFR−mass relation, and its scatter for both Hα emitters and underlying

star-forming galaxies do not strongly depend on different classes of environment, in agree-

ment with previous studies. However, the fraction of Hα emitters varies with environment

and is enhanced in filamentary structures at z ∼1. We propose mild galaxy−galaxy inter-

actions as the possible physical agent for the elevation of the fraction of Hα star-forming

galaxies in filaments. Our results show that filaments are the likely physical environments

that are often classed as the “intermediate” densities, and that the cosmic web likely plays
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a major role in galaxy formation and evolution which has so far been poorly investigated.

4.1 Introduction

It is well known that the properties of galaxies are directly affected by their host environ-

ment. In the local universe, red, passive, early-type galaxies reign over-densities and galaxy

clusters while blue, star-forming, late-type galaxies are preferentially found in less-dense,

field environments (e.g., Dressler, 1980; Kauffmann et al., 2004; Balogh et al., 2004). The

same trends are seen with stellar mass; i.e., on average, more massive galaxies are redder

(e.g., Baldry et al., 2006), less star-forming (e.g., Peng et al., 2010) and more likely have

early-type morphologies (e.g., Bamford et al., 2009). Since both environment and stellar

mass influence the observable properties of galaxies, it is important to consider the effects

of both and their fractional role on the evolution of galaxies.

For example, a tight relation has been recently found between the SFR and stellar mass

of star-forming galaxies (i.e., the “main sequence”), showing that more massive star-forming

galaxies are more actively forming stars (Brinchmann et al., 2004; Daddi et al., 2007; Elbaz

et al., 2007; Noeske et al., 2007b; Karim et al., 2011; Reddy et al., 2012 see also Speagle

et al., 2014 for a full list of references). The role of the environment on this SFR−mass

relation, along with its slope, intercept and intrinsic scatter, and the evolution of all these

parameters with look-back time can impose strong constraints on scenarios of formation

and evolution of galaxies (Noeske et al., 2007a; Daddi et al., 2007; Whitaker et al., 2012).

As a result, an increasing number of studies are now focused on the role of environment on

the SFR−mass relation, with rather controversial results especially at z∼>1 (e.g. Koyama

et al., 2013b; Zeimann et al., 2013).

Current studies of the environmental dependence of the SFR in galaxies at z∼>1 have led

to conflicting results. Some agree with the relations observed in the local universe (Patel

et al., 2009), some report no/weak dependence on the environment (Grützbauch et al., 2011;

Scoville et al., 2013), and there are even claims for a reversal of the SF−density relation
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(higher star-formation in denser regions Elbaz et al., 2007; Cooper et al., 2008a; Tran et al.,

2010). Sobral et al. (2011) also showed that at z ∼1, there is an increase of SF activity

for star-forming galaxies at intermediate densities, likely associated with galaxy groups,

followed by a decline for the richest clusters and that this is the reason for discrepancies:

some studies only reach up to poor group environments, while others only probe rich clusters.

Sobral et al. (2011) showed that once the full range of environments is probed and correctly

labeled, all the apparently contradictory results can be fully reconciled.

Studies of the effect of large-scale structure on properties of galaxies have so far been

mostly confined to field versus cluster environments. However, there are intermediate en-

vironments such as galaxy groups, outskirts of clusters, and filaments which are equally

important (e.g., see Kodama et al., 2001). Thus, a rising number of studies now high-

light the importance of intermediate environments, revealing an enhancement of mean SFR

(Porter and Raychaudhury, 2007; Porter et al., 2008; Sobral et al., 2011; Coppin et al., 2012)

or the fraction of star-forming galaxies (see Section 4.4.1 for more references) in medium

environments. However, the environment in these studies is often loosely defined as the

excess number of galaxies or visual inspection of overdensities. Indeed, a density-based def-

inition of environment cannot differentiate between regions with intermediate densities such

as filaments, groups, and periphery of clusters. These could have the same local number

density but host different physical processes (e.g., Aragón-Calvo et al., 2010 showed that

a pure density-based structural identification does not provide an accurate description of

reality given the overlap among different parts of the LSS and that environment defined

only in terms of density fails to incorporate the intrinsic dynamics of the LSS).

The explicit role of the geometry and dynamics of the “cosmic web” (Bond et al., 1996)—

a web-like structure containing dense clusters, sparsely populated voids, planar walls, and

thread-like filamentary structures linking overdense regions—in the formation and evolution

of galaxies is relatively unexplored. The geometry and dynamics of the cosmic web, as

revealed by numerical simulations such as the Millennium simulation (Springel et al., 2005;

Boylan-Kolchin et al., 2009) and large spectroscopic surveys in the local universe such
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as 2dFGRS (Colless et al., 2001) and SDSS (York et al., 2000), can be approximated by

collapse of a primordial gas cloud along its three main axes through successive stages, first

leading to the formation of a wall, subsequently a filament, and finally a cluster (Zel’dovich,

1970; Shandarin and Zeldovich, 1989). The difficulty of this natural approach toward the

definition of environment lies in the limitation to numerical simulations (Colberg et al.,

2005; Stoica et al., 2005; Aragón-Calvo et al., 2007) or spectroscopic surveys in the local

universe (Tempel et al., 2014).

In this chapter, we study the star-formation activity in a super-structure (∼10×15 Mpc)

at z ∼0.8−0.9 in the Cosmic Evolution Survey (COSMOS) field (Scoville et al., 2007b)

by identifying a striking filamentary structure linking clusters and groups, which is also

traced by the distribution of narrow-band selected star-forming galaxies at this redshift

(Sobral et al., 2011, 2013a). Here, the cosmic web is robustly described by the Multi-scale

Morphology Filter (MMF) algorithm (Chapter 1) in a consistent and homogeneous manner.

The Hα emission line is used as diagnostic of SF activity. The multi-waveband capabilities,

as well as the wealth of ancillary information in the COSMOS field including accurate

photometric redshifts (photo-z) (∆z ∼0.01 out to z ∼1) and stellar masses (∆M∼0.1 dex)

also equip us with a reliable distribution of the underlying control sample of galaxies at

z ∼0.85.

The format of this chapter is as follows. In Section 2, we briefly review the data,

explain stellar mass and star-formation rate measurements, and discuss completeness and

contamination in the data. Section 3 presents the methods used to identify the LSS. The

main results of this work, along with comparison with other studies are given in Section 4

and discussed in Section 5. We give a summary of this chapter in Section 6.

Throughout this chapter, we assume a flat concordance ΛCDM cosmology with H0=70

kms−1 Mpc−1, Ωm=0.3 and ΩΛ=0.7. All magnitudes are expressed in the AB system and

stellar masses and star-formation rates are given assuming a Chabrier initial mass function

(IMF).
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4.2 The Data

For this study, we use a sample of narrow-band selected star-forming galaxies and an un-

derlying control sample (star-forming and quiescent) selected to the same magnitude and

mass limits and with the same areal coverage. The star-forming sample is based on Hα

emission line which directly originates from HII regions in star-forming galaxies and is an

excellent tracer of the SFR. The star-forming sample is mainly used as a robust indicator of

star-formation activity for which environmental effects will be studied. The control sample

here is primarily used to identify the LSS (Section 4.3) and to determine the fraction of Hα

star-forming galaxies associated with the LSS (Section 4.4.1). The star-forming galaxies

in the control sample are also used to double-check the validity of results based on the

Hα selected star-forming sample and to investigate the role of different SFR estimators on

the results. In the following subsections, we describe each of these samples in more detail,

along with their stellar mass and SFR estimations and their corresponding completeness

and contamination.

4.2.1 The Star-forming Sample

This consists of a complete sample of Hα emitting star-forming galaxies at z=0.845, selected

through narrow-band near-infrared (J filter) observations, performed as a part of the High-

z Emission Line Survey (HiZELS) (Geach et al., 2008; Sobral et al., 2009, 2012, 2013a),

covering an area of ∼0.8 deg2 in the COSMOS field (Scoville et al., 2007b). The sample

includes a total of 425 galaxies with K<23 and log(M/M�)≥9, located in a narrow redshift

slice of ∆z=0.03 centered at z=0.845 (0.83≤ z ≤0.86). This sample is flux limited (∼

8 × 10−17 ergs−1cm−2 which is equivalent to the SFR limit of ∼ 1.5 M�yr−1 at z ∼0.84)

and is selected homogeneously down to the rest-frame Hα+[NII] equivalent width limit of

∼ 25 Å. For more properties of this sample, see, e.g., Sobral et al. (2011) and Sobral et al.

(2014).
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4.2.2 The Control Sample

The control sample is based on the COSMOS UltraVISTA Ks-band selected photometric

redshift catalog (Ilbert et al., 2013; McCracken et al., 2012). The Ks-band selected catalog

consists of ground- and space-based imaging data in 30 bands. Due to the large number of

filters covering a broad wavelength range, the photometric redshifts are very secure. It has

been shown that at z <1.5, the photo-z accuracy is better than 1% with less than 1% of

catastrophic failure (Ilbert et al., 2013). At the redshift of this study, the median redshift

uncertainty is ∆z ∼0.01. Galaxies in the control sample have the same magnitude, mass,

and areal coverage as the Hα sample and have more than 10% probability of belonging

(Plimit=0.1) to the redshift slice of Hα emitters (0.83≤ z ≤0.86). This probability weight

is calculated by measuring what percentage of the photo-z probability distribution func-

tion (PDF) for each galaxy lies within the redshift slice defined by the narrow-band Hα

sample. This results in a Ks-band selected sample containing 3920 galaxies. Increasing the

Plimit results in a control sample less contaminated by foreground and background sources.

However, this also has an increasing risk of losing sources; i.e., a less complete sample at

z ∼0.84 (see Section 4.2.4). Here, we use a 10% cut as a trade-off between contamination

and completeness. Nevertheless, we scrutinized a variety of probability limits (0.05, 0.2,

0.3, 0.4, and 0.5) and were able to retrieve the same results.

The underlying galaxies were later divided into quiescent and star-forming systems based

on their rest-frame two-color NUV−r+ versus r+−J plot. Previous studies show that the

rest-frame NUV−r+ color is a better indicator of the recent star-formation activity (Martin

et al., 2007) and has a wider dynamical range compared to the rest-frame U−V color

(Ilbert et al., 2013). Here, galaxies with rest-frame color NUV−r+ > 3.1 and NUV−r+ >

3(r+−J)+1 are selected as quiescent systems. Figure 4.1 shows the rest-frame NUV−r+

versus r+−J distribution of galaxies in the control sample and the color cuts used to separate

quiescent and star-forming systems. We clearly see two populations of galaxies. We stress

that adding dust to the star-forming galaxies causes them to move diagonally from the

bottom left to the top right of Figure 4.1, making them separable from the quiescent systems
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(Ilbert et al., 2013). The star-forming galaxies in the control sample will later be used, along

with the Hα sample, to study the effects of different SFR estimators on the results.

4.2.3 Mass and SFR Estimation

Mass and SFR for the Star-forming Sample

For the Hα sample, the stellar masses were estimated by SED template fitting using rest-

frame UV, optical, near-, and mid-IR data available in 18 bands as explained in Sobral

et al. (2011) and Sobral et al. (2014). The synthetic templates were generated using Bruzual

(2007) models, assuming a Chabrier IMF, five different metallicities, an exponentially de-

clining SFH with different e-folding time scales (τ=0.1−10 Gyr), and Calzetti et al. (2000)

dust extinction. Stellar masses here are based on the median of the stellar mass PDF,

marginalized over all other parameters. The Hα sample is complete to log(M/M�)∼9−9.5

at z=0.84 and the stellar mass has a typical observational uncertainty of ∆M∼0.1 dex.

Hα fluxes are obtained by computing the emission line flux within the narrow-band J

filter, after removing the contribution from the [NII] line. The [NII] contribution is esti-

mated using the relation between [NII]/Hα line ratio and the rest-frame Hα+[NII] equivalent

width from SDSS (Villar et al., 2008). This relation seems to hold true at the redshift of

our study (Stott et al., 2013). Hα luminosities are based on 2
′′

diameter aperture pho-

tometry (∼16 kpc physical diameter at z ∼0.84). Since we miss ∼23% of the total flux

in the 2
′′

aperture (Sobral et al., 2014), a correction factor of 1.3 is applied to the mea-

sured luminosities. Dust-corrected Hα star-formation rates were obtained using aperture

corrected Hα luminosities and the relation from Kennicutt (1998), modified for a Chabrier

IMF: SFR(M�yr−1)=4.4×10−42LHα(ergs−1). Dust correction was performed based on the

empirical relation between median stellar mass and median dust extinction presented in

Garn and Best (2010). This relation is shown to be applicable to star-forming galaxies at

least up to z ∼1.5 without evolution (Sobral et al., 2012; later confirmed by Ibar et al.,

2013, Domı́nguez et al., 2013, and Price et al., 2014). The typical observational uncertainty

in the SFR is dominated by the uncertainty in the dust correction (∆SFR∼0.2 dex).
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Figure 4.1: Rest-frame NUV−r+ versus r+−J color distribution of galaxies in the control
sample. Two populations of galaxies are seen here. The black solid line shows the cut we
used to separate the quiescent galaxies from the star-forming systems.
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Mass and SFR for the Control Sample

Stellar masses for galaxies in the control sample were derived as explained in Ilbert et al.

(2013). This was performed by generating a library of synthetic spectra using BC03 (Bruzual

and Charlot, 2003) with a Chabrier IMF, three different metallicities, an exponentially

declining SFH with different e-folding time scales (τ=0.1−30 Gyr), and a Calzetti et al.

(2000) extinction law. Contributions from nebular emission lines were included. These

synthetic spectra were fitted to the rest-frame multi-color photometry from UV to mid-IR

using the “Le Phare” code (Arnouts et al., 2002; Ilbert et al., 2006). The stellar mass for

the control sample corresponds to the median of the stellar mass PDF, marginalized over

all other parameters. At z ∼1, we detect galaxies with masses as low as log(M/M�)∼8.9

given a sample selected at Ks <23. We estimate the mass completeness limit following

the procedure explained in Ilbert et al. (2013) and Pozzetti et al. (2010). The typical

observational uncertainty of stellar mass for the control sample is ∆M∼0.1 dex. These

stellar masses are also available for the majority of Hα emitters.

Dust-corrected star-formation rates are derived from the rest-frame NUV continuum

(NUV corresponds to the GALEX filter centered on 0.23 µm) and the Spitzer 24 µm

flux (for galaxies with 24 µm detections). Rest-frame observed and extinction-corrected

NUV flux were calculated in Ilbert et al. (2013). GALEX NUV flux values were estimated

from the BC03 best-fit photo-z SED templates using the NUV magnitudes computed by

Zamojski et al. (2007). The Spitzer 24 µm flux is extracted from the available catalogs as

part of the S-COSMOS survey (Sanders et al., 2007). MIPS 24 µm total flux was computed

by Aussel and Le Floc’h (Le Floc’h et al., 2009) assuming a 10,000 K blackbody as the

underlying spectrum. The SFRs are estimated in one of the two ways explained below:

1. For galaxies with no 24 µm detection, we use the equation given in Kennicutt (1998),

modified for the Chabrier IMF, in order to estimate SFR based on the dust-corrected

NUV continuum flux (LcorrNUV ): SFR(M�yr−1)=0.786×10−28LcorrNUV (ergs−1Hz−1).

2. For galaxies with available 24 µm flux, the SFR is estimated based on the observed 24
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µm flux density using the relation given in Rieke et al. (2009): log(SFR(M�yr−1))=

A(z)+B(z)(log(4π D2
Lfobs)-53), where A(z) and B(z) are redshift- and wavelength-

dependent constants, DL is the luminosity distance in cm, and fobs is the observed 24

µm flux density in Jy. Here, we use A24(z=0.8)=0.445 and B24(z=0.8)=1.381 (Rieke

et al., 2009).

The typical uncertainty in the SFR for the control sample is ∆SFR∼0.1 dex.

4.2.4 Completeness and Contamination

In order to estimate the completeness and contamination in both the Hα and the underlying

control samples, we use the VLT-VIMOS zCOSMOS spectroscopic survey (Lilly et al., 2007)

selected as i+ <22.5. Here, only the highly reliable spectroscopic redshifts are considered

(Classes 3 and 4 with spectroscopic reliability > 99.5%). Using the spectroscopic data, we

estimate the completeness as the ratio of the number of underlying galaxies in the control

sample that have spectroscopic redshifts within the Hα redshift slice (0.83≤ z ≤0.86) to

the total number of galaxies with spectroscopic redshifts in the same slice. Contamination

is computed as the fraction of galaxies in the underlying control sample with spectroscopic

redshifts located outside the Hα redshift slice. Previous studies show the Hα sample to

be < 4% contaminated and > 96% complete (see Sobral et al., 2010 and Sobral et al.,

2013a). For the control sample, we estimate the contamination and completeness to be

64% and 74%, respectively (Figure 4.2). As explained in Section 4.2.3, a probability limit

of 10% (Plimit=0.1) was used to select galaxies in the control sample; i.e., galaxies have a

likelihood of > 10% belonging to the redshift slice 0.83≤ z ≤0.86 set by the Hα sample.

A higher probability limit results in a more reliable and less contaminated control sample.

However, this also leads to a less complete and statistically smaller sample. Figure 4.2

shows completeness and contamination fractions in the control sample as a function of the

probability limit (Plimit) used to define it. Completeness declines with increasing probability

limit faster than contamination decreases.
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Figure 4.2: Completeness and contamination functions for the control sample as a function
of the probability limit, Plimit. The probability limit is defined as the minimum probability
of galaxies in the control sample to belong to the redshift slice defined by the Hα narrow-
band selected sample (0.83≤ z ≤0.86). Error bars are estimated assuming Poisson statistics.
We estimate the completeness by counting the number of underlying galaxies in the control
sample that have spectroscopic redshifts within the Hα redshift slice, compared to the total
number of galaxies with spectroscopic redshifts in the same slice. Contamination is defined
as the fraction of galaxies in the underlying sample with spectroscopic redshifts located
outside the Hα redshift slice. Choosing a larger Plimit results in a less contaminated but
simultaneously less complete and statistically smaller control sample. The control sample
here is selected to have a probability limit Plimit=0.1, demonstrated by the dashed line in
the figure.
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In estimating the contamination and completeness for the control sample, we assume

that they are independent of the apparent magnitude and we can extrapolate the results

from bright (i+ <22.5) to faint galaxies. This is a valid assumption given that (1) at

i+ <24, a comparison between the photometric and spectroscopic data shows that the

photo-z accuracy is ∼0.01 (Ilbert et al., 2009), smaller than the redshift slice defined by

the Hα sample (∼0.03) and (2) the majority of galaxies in the control sample (∼93%) are

brighter than i+ <24.

We also stress that since massive red galaxies which dominate denser environments will

have sharply peaked photo-z PDFs compared to less massive blue systems, they will be more

complete and less contaminated. As a result, the completeness/contamination might be a

function of the environment. We investigate the environmental dependence of complete-

ness/contamination and find that although the completeness and contamination functions

vary with the environment (highest completeness/lowest contamination in clusters), the

correction factor (used in Sections 4.3.1 and 4.4.1) is almost independent of the environ-

ment (the higher completeness is accompanied by a lower contamination which leaves the

correction factor almost intact) and this will not affect our results.

4.3 Large Scale Structure Identification

In this section, we use the underlying distribution of galaxies in the control sample to

estimate the local surface density field of galaxies from which the cosmic web (filaments

and clusters) is extracted.

4.3.1 Local Surface Density

In order to identify and extract the LSS (filaments and clusters) in the underlying galaxy

distribution, first we need to estimate the surface density field within the redshift slice de-

fined by our narrow-band Hα survey (0.83≤ z ≤0.86). The surface density field is evaluated

using the weighted adaptive kernel density estimator described in detail in Chapter 1.
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Figure 4.3: Overdensity map constructed from the Ks-band selected control sample, using
the weighted adaptive kernel density estimator for the redshift slice 0.83≤ z ≤0.86 in the
HiZELS area of the COSMOS field. Overdensity is defined as the surface density normalized
to the mean surface density at that redshift. Black contours are extracted from Scoville
et al. (2013) Voronoi tessellation density estimator for the redshift slice 0.83∼<z∼<0.85. For
clarity, only three contour levels are demonstrated and these are at 1/2, 1/4, and 1/8 of
the overdensity peak. White circles also show the R200 region of the X-ray clusters/groups
in the redshift range 0.82≤ z ≤0.87 over the same area. There is a very good consistency
between our density estimation and that of Scoville et al. (2013). Note the super-structure
in the lower left side of the map.
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Figure 4.4: Filament signal map constructed from the Ks-band selected underlying distri-
bution of galaxies using the MMF algorithm for the redshift slice 0.83≤ z ≤0.86 in the
HiZELS area of the COSMOS field. The white contours are extracted from the cluster
signal map for the same underlying galaxies as explained in the text. Black circles show
the R200 region of the X-ray clusters/groups in the redshift range 0.82≤ z ≤0.87 over the
same area. Blue circles show the distribution of Hα emitters overlaid on the filament signal
map. Note the filamentary structure with a great filamentary signal value connecting the
overdensities and clusters in the lower left side of this map and its corresponding thread-like
distribution of Hα emitters tracing the same region.
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Here, for the global kernel width, we use a physical length of h=0.5 Mpc which cor-

responds to the typical value of R200 for X-ray clusters and groups in the COSMOS field

(Finoguenov et al., 2007; George et al., 2011). The surface density field is evaluated on

a 300×240 grid with a grid size (resolution) of 0.005 deg (corresponding to ∼0.125 Mpc

physical size at z ∼0.85). The estimated surface density field needs to be corrected for

incompleteness and contamination in the control sample since the incompleteness tends to

underestimate the density values whereas the contamination has a tendency to overestimate

them. Thus, we introduce a correction factor, η, simply defined as:

η =
(1− contamination)

completeness
(4.1)

The surface density field corrected for completeness and contamination, Σc(r), becomes:

Σc(r) = ηΣ(r) (4.2)

The density field corresponding to the underlying galaxies near the edge of the field covering

Hα emitters is biased toward the smaller values, affecting the surface densities near the edge

of the field. To minimize this edge effect, we make use of a larger underlying galaxy sample

distributed well beyond the Hα coverage to estimate densities. Later, we limit our analysis

to the area of Hα emitters.

We stress that since we use galaxy weights, wis, to estimate the surface density field

(Chapter 1), our method is immune to spurious structures due to possible random clustering

of foreground and background galaxies. These contaminating galaxies would have smaller

weights (because only the tail of their photo-z PDF would overlap the redshift slice associ-

ated with the Hα sample) and therefore, they contribute only marginally to the estimated

density field.

We confirm the robustness of the estimated density field in this section by comparing it

with the X-ray clusters/groups (Finoguenov et al., 2007; George et al., 2011) and Voronoi

tessellation-based density field of Scoville et al. (2013). This is presented in Figure 4.3
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where we find a very good agreement between our weighted adaptive kernel estimator and

the independent estimation based on voronoi tessellation (Scoville et al., 2013). There

is also a good consistency between the overdense regions and the position of the X-ray

clusters/groups.

4.3.2 Filament, Cluster and Field Selection

To identify and extract spatial structures such as filaments and clusters in the underlying

galaxy distribution, we utilize the 2D version of the MMF algorithm introduced in Chapter

1. In this chapter, three environments are defined: clusters as regions with a cluster signal

greater than 0.5 and also greater than or equal to that of a filament (Sc >0.5 and Sc ≥ Sf ),

filaments as regions with filament signals greater than 0.5 and greater than that of a cluster

(Sf >0.5 and Sf > Sc), and the remaining regions with both cluster and filament signals

less than or equal to 0.5 (Sc ≤0.5 and Sf ≤0.5) as part of the general field. The structures

identified over the area covered by the Hα narrow-band survey are shown in Figure 4.4. We

demonstrate the filament signal values as a heat map whereas the cluster signal values are

shown as contours. We have confirmed the resulting structures in Figure 4.4 by comparing

them with the structures depicted from X-ray observations. The X-ray groups and clusters

in the redshift range 0.82≤ z ≤0.87 (Finoguenov et al., 2007; George et al., 2011) are

overlaid on our predicted structures in Figure 4.4 and show close agreement.

Using the defined environments, we estimate the average number density of Hα emitters

to be δHα=1.53±0.29, 0.45±0.09, and 0.13±0.01 arcmin−2 in clusters, filaments, and the

field, respectively. The errors are estimated assuming Poisson statistics. δHα values clearly

show that dense, intermediate, and sparse environments are respectively occupied by clus-

ters, filaments, and the field. A better representation of the density in different classes of

environment is seen in Figure 4.5. A normalized distribution of overdensity values of the sur-

face density field (estimated in Section 4.3.1) within regions defined as clusters, filaments,

and the field is shown in Figure 4.5. Although they inhabit relatively distinct values of

overdensity, there is a substantial degree of overlap which means that a pure density-based
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definition of environment is not fully adequate to identify different structures. Intermediate

densities do correspond mostly to filaments (even though only our analysis actually disen-

tangles them from clusters and the field). Throughout this work, we use the environment

defined based on the MMF algorithm as a robust indicator of the cosmic web.

We also note that ideally, one wishes to select clusters and filaments with the highest

signal value but practically, this leads to a statistically smaller sample size (especially for

Hα emitters). The selection cut here (0.5) is due to a trade-off between the sample size and

the reality (significance) of clusters and filaments. Nevertheless, we fine-tuned around the

selection cut and examined some other values (0.3, 0.4, and 0.6) and found no significant

change in the results.

4.4 Results and Comparison with Other Studies

4.4.1 Fraction of Star-forming Galaxies in the Cosmic Web

Using the structures identified in Section 4.3.2, we now study the fraction of star-forming Hα

emitters (the ratio of the number of Hα emitters to the total number of underlying galaxies

in the control sample) in filaments, clusters, and the field. This fraction is corrected for

contamination and incompleteness. In order to examine the effect of photometric selection

on our result, we perform this on both our original Ks-band and i+-band selected control

samples in the COSMOS (the i+-band selected catalog is from Capak et al., 2007b). The

correction factor, η, is 0.49 and 0.47 for the Ks and i+-band samples, respectively. An

increase in the fraction of Hα emitters is seen in the filaments relative to both the cluster

and the field environments (Figure 4.6). This trend is not influenced by the photometric

selection wavelength (i+-band versus Ks-band) in the underlying galaxy population. The

error bars in Figure 4.6 are evaluated assuming Poisson statistics. As noted by Ilbert et al.

(2013), the longer wavelength selection (Ks-band here) can more reliably detect galaxies at

intermediate to high redshifts and we mention that the results based on the Ks-band are

likely more robust.
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Figure 4.5: Normalized distribution of overdensity values within regions defined as clusters,
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mostly to filaments (even though only our analysis actually disentangles them from clusters,
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The enhancement in the fraction of Hα emitters in filaments (i.e., intermediate densi-

ties) is consistent with previous studies, depicting the importance of intermediate environ-

ments,i.e., galaxy groups, the outskirts of galaxy clusters, and filaments, in the evolution of

galaxies. These results hold at low-z (z∼<0.5, Fadda et al., 2008; Tran et al., 2009; Biviano

et al., 2011; Geach et al., 2011; Koyama et al., 2011; Mahajan et al., 2012), intermediate-z

(z ∼1, Koyama et al., 2008, 2010; Sobral et al., 2011; Pintos-Castro et al., 2013), and high-z

(z∼>1.5, Koyama et al., 2014; Santos et al., 2014).

At z ∼1, the closest work to our study in terms of sample selection is that of Sobral et al.

(2011) who showed that at z ∼0.85, the fraction of Hα emitters from both COSMOS- and

UDS-HiZELS surveys, when compared to the underlying population of galaxies at the same

redshift, peaks at intermediate environments, in agreement with our result. Pintos-Castro

et al. (2013) performed a thorough IR study of a super-structure at z ∼0.85 and showed that

although the average star-formation does not show any clear environmental dependence (cf.

Section 4.4.2), the fraction of star-forming galaxies indicates that intermediate densities

are preferred. They showed that the enhancement in the fraction of star-forming far-IR

emitters in medium densities is seen for both optically red and blue far-IR emitters and also

in different mass-binned samples. This is also consistent with our results here regarding

the enhancement in the fraction of Hα emitters in filaments, although they used far-IR

emitters as indicators of star-forming galaxies and number density of galaxies as a measure

of environment. A combined narrow-band Hα and AKARI mid-IR imaging survey of a

z=0.81 super-structure by Koyama et al. (2010) revealed that the red Hα emitters and

mid-IR galaxies are more commonly found in medium density environments such as cluster

outskirts, groups, and filaments. This reinforced the results of a similar study of the same

structure by Koyama et al. (2008), which showed that the fraction of both red and blue

15 µm selected galaxies is highest in medium density environments. Both of these studies

by Koyama et al. (2008) and Koyama et al. (2010) at z ∼0.8 agree with our results in this

section but we note that we are explicitly identifying filamentary structures as the drivers

of such enhancement.
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At lower redshift (z∼<0.5), there are several studies consistent with our results. For ex-

ample, Geach et al. (2011) analyzed a super-structure at z=0.55, comprising several dense

regions connected by a filamentary structure, using GALEX NUV and Spitzer MIPS 24

µm data and showed that although on average, there is no significant difference between the

SFRs of star-forming galaxies in the super-structure and the randomly selected field (Com-

pare with Section 4.4.2), there are intermediate-scale regions within the super-structure

where the probability of a galaxy undergoing star-formation is enhanced. This increased

probability is analogous to our results here regarding the elevation in the fraction of star-

forming galaxies in filaments. At z ∼0.2, Fadda et al. (2008) discovered two galaxy fila-

ments associated with a cluster (Abell 1763) and found that starburst galaxies preferentially

inhabit the two filaments compared to the cluster core and the outer regions excluding fil-

aments. A more recent study of the same supercluster by Biviano et al. (2011) confirmed

the previous results, showing that the filament contains the highest fraction of IR-emitting

galaxies. These agree with our results although they used a different prescription to identify

filaments and a redshift different from our sample. Studies on galaxy group scales at z ∼0.4

by Tran et al. (2009) and Koyama et al. (2011) also show an overall good agreement with our

results in filaments. Recently, Stroe et al. (2014) found that the LF of Hα galaxies around

the shock-induced radio relics of a cluster at z ∼0.2 is significantly boosted compared to the

field. We argue that such enhancement could be driven by collapsing filamentary structures

when two very massive clusters merge.

The enhancement in the fraction of star-forming galaxies at intermediate environments

is also seen at higher redshifts. For example, Koyama et al. (2014) showed that for a rich

cluster at z ∼1.5, Hα-emitting galaxies are preferentially located in the cluster outskirts and

Santos et al. (2014) found a huge excess of star-forming fraction relative to the corresponding

passive fraction in a 1−3 Mpc distance from the center of a massive cluster compared to

the cluster core and the field. Smail et al. (2014) also found no significant variation in mean

SFR with environment for a structure at z ∼1.6—consistent with our results in Section

4.4.2— and that the highest density regions of this structure are devoid of the most actively
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star-forming galaxies (far-IR, submillimeter, MIPS, and radio sources), which instead are

preferentially found in intermediate density environments.

In our study, we used a robust quantitative technique to identify structures with a

special emphasis on filaments as locations with intermediate environments. Although the

techniques used to identify the structures are different, our results are in close qualitative

agreement with previous studies at different redshifts that were discussed above. We con-

clude that star-forming galaxies are more commonly found in intermediate density regimes

at least out to z ∼1.5, regardless of how they are selected (Hα, IR, etc.) or how their

environments are defined. For this study, it seems that filaments are likely responsible for

this enhancement.

The boost in the star-formation activity at intermediate environments is not confined to

only an elevation in the star-forming fraction. For example, some studies have shown that

the rise in the star-formation activity at medium environments is a result of an increase

in the mean SFR of galaxies (e.g., Coppin et al., 2012; Porter and Raychaudhury, 2007;

Porter et al., 2008) or due to an enhancement in both the SFR of galaxies and their fraction

at intermediate density regimes (e.g., Fadda et al., 2008; Sobral et al., 2011). Here, we

showed that filaments lead to an observed enhancement in the star-formation fraction. In

the following section, we will investigate whether this enhancement is a consequence of an

increase in the SFR of many galaxies in filaments or merely due to some galaxies having

their star-formation switched on by filaments.

4.4.2 The SFR and Stellar Mass in the Cosmic Web

We now investigate the observed distribution of SFR, stellar mass, and sSFR in different

environments. For the star-forming galaxies in the Hα sample, the median SFR, stellar

mass, and sSFR are independent of the environment (Table 4.1). The same is true for the

underlying star-forming galaxies in the control sample (Table 4.2). The uncertainties in the

median values are estimated from 10,000 bootstrap trials.
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Figure 4.7: Normalized stellar mass, SFR, and sSFR distribution of Hα emitters in clusters,
filaments, and the field at z ∼0.8−0.9. These observed distributions are similar in different
environments. Using the K-S test we show that it is statistically unlikely that the above-
mentioned distributions are drawn from different parent populations. The K-S test p-value
is > 0.01 in all cases.
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Figure 4.8: Same as Figure 4.7 but for star-forming galaxies in the control sample.
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Table 4.1: Median SFR (Based on Hα Line), Stellar Mass and sSFR in the Cosmic Web at
z∼0.8−0.9 for the Hα Sample

Cosmic Structure SFR Stellar Mass sSFR
M�yr−1 log(M�) log(yr−1)

Cluster 4.47±1.15 10.20±0.24 −9.45±0.22
Filament 4.50±0.73 9.85±0.10 −9.32±0.13
Field 3.58±0.14 10.01±0.06 −9.43±0.04

The errors are estimated by bootstrap resampling from 10,000 trials.

Table 4.2: Median SFR (form UV Flux), Stellar Mass and sSFR in the Cosmic Web at
z∼0.8−0.9 for the Star-forming Control Sample

Cosmic Structure SFR Stellar Mass sSFR
M�yr−1 log(M�) log(yr−1)

Cluster 9.57±1.41 9.76±0.04 −8.81±0.05
Filament 11.13±1.62 9.79±0.06 −8.64±0.05
Field 8.97±0.30 9.68±0.01 −8.67±0.02

The errors are estimated by bootstrap resampling from 10,000 trials.

A comparison between the observed distribution of Hα-based SFRs in different environ-

ments reveals similarities (Figure 4.7), showing that the environment does not significantly

affect the SFR of selected star-forming galaxies. The observed distribution of the stellar

mass and the sSFR is also found to be independent of the environment for the Hα sample

(Figure 4.7). These results also hold true for the selected star-forming galaxies in the control

sample (Figure 4.8).

Table 4.3: Results of the K-S Test for Distributions of Hα SFR, Stellar Mass, and sSFR
from the Hα Sample in Different Cosmic Structures

Cosmic Structures p-value p-value p-value
(log(SFR) distributions) (log(Mass) distributions) (log(sSFR) distributions)

Cluster and Filament 0.22 0.05 0.22
Cluster and Field 0.02 0.08 0.44
Filament and Field 0.14 0.24 0.18

The p-values are the probabilities that the two distributions are drawn from the same parent
population.
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Table 4.4: Results of the K-S Test for Distributions of UV SFR, Stellar Mass, and sSFR
from the Star-forming Galaxies in the Control Sample in Different Cosmic Structures

Cosmic Structures p-value p-value p-value
(log(SFR) distributions) (log(Mass) distributions) (logs(SFR) distributions)

Cluster and Filament 0.62 0.46 0.09
Cluster and Field 0.66 0.02 0.03
Filament and Field 0.19 0.12 0.44

The p-values are the probabilities that the two distributions are drawn from the same parent
population.

We perform K-S tests to compare distribution of SFRs, stellar Masses, and sSFRs in

different environments and the results are tabulated in Tables 4.3 and 4.4 for both the

Hα emitters and the star-forming galaxies in the control sample. Here, the p-value is the

probability that the two considered distributions are drawn from the same underlying parent

population. It is unlikely that the observed distributions of SFRs, stellar masses, and sSFRs

in different environments are extracted from different parent populations, with an evaluated

p-value > 0.01 in all cases.

The results in this section are consistent with other independent studies at different

redshifts (Peng et al., 2010; Geach et al., 2011; Wijesinghe et al., 2012; Koyama et al., 2010,

2013b,a, 2014; Feruglio et al., 2010; Ideue et al., 2012; Muzzin et al., 2012; Pintos-Castro

et al., 2013; Bouché and Lowenthal, 2005; Grützbauch et al., 2011; Brodwin et al., 2013;

Hayashi et al., 2014; Santos et al., 2014; Smail et al., 2014). Here, we found no significant

evidence that the cosmic web affects the stellar mass, SFR, and sSFR of the observed star-

forming galaxies at z ∼1; a result that might be partially explained by selection biases.

To further investigate this, we study the environmental (filament, cluster, and field) de-

pendence of the SFR−mass relation—often known as the “main-sequence” of star-forming

galaxies—for the Hα emitting galaxies and the star-forming galaxies in the control sample.

The mean SFR−mass relation for the Hα sample appears to be independent of the envi-

ronment (Figure 4.9). Using the nonlinear least-squares Marquardt−Levenberg algorithm,

we perform a linear fit (log(SFR)=alog(Mass)+b) to the log(SFR)−log(Mass) relation for

Hα emitters in filaments, clusters, and the field, separately. For clusters and filaments, the
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slope of the linear fit is fixed to the slope of the best-fitting line for the field Hα sample.

The slope of the best-fitting line is a=0.27±0.02 with the intercept being b=−1.99±0.04,

−2.04±0.05, and −2.13±0.17 for cluster, filament, and the field Hα emitters, respectively.

The intercepts are consistent within the uncertainties. We also evaluate the observed scatter

around the mean SFR−mass relation in different environments. The observed scatter for

the Hα sample is found to be ∼<0.2 dex, independent of the environment. It is worth men-

tioning that the typical observational uncertainty in the Hα SFR (Section 4.2.3) is greater

than the observed scatter around the mean SFR−mass relation. It is noteworthy that a

slight increase in the median Hα SFR is seen in clusters compared to the field. However,

this enhancement is not significant and is within the uncertainties.

In another attempt to quantify the environmental dependence of the SFR−mass rela-

tion, we use the generalized two-dimensional K-S test (Fasano and Franceschini, 1987) to

determine the probability that the populations of cluster, filament, and field Hα emitters on

the log(SFR)−log(Mass) plane are drawn from the same parent distribution. The derived

p-value is 0.09 (cluster versus filament), 0.06 (cluster versus field), and 0.12 (filament versus

field), implying that they are unlikely to be drawn from different parent populations on the

log(SFR)−log(Mass) plane (The p-value is > 0.01 in all cases).

The environmental independence of the median SFR and the mean SFR−mass relation

for the Hα star-forming galaxies might be effected by the selection biases in the data. In

other words, the median SFR of star-forming galaxies might be intrinsically different in

different environments but due to selection effects, this difference does not mirror itself into

the observed median SFR and/or the mean SFR−mass relation.

Since the Hα selected sample is flux limited (i.e., SFR limited), the SFR−mass rela-

tion could be entirely driven by the fixed Hα SFR limit, the shape of the Hα luminosity

function, and the mass-dependent dust correction we use in this work. Due to the shape of

the luminosity function and the SFR limit of the Hα sample (∼ 1.5 M�yr−1), the majority

of galaxies tend to crowd near the selection limit which defines a relatively narrow hori-

zontal strip in the SFR−mass plane. A mass-dependent dust correction to the Hα sample
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then introduces a slope in the relation. Since these selection biases apply equally to all

environments, this leads all environments to give the same results.

In order to check this, we perform a simulation. We select a mock sample of galaxies with

the stellar mass randomly drawn from 9<log(M/M�)<11 and their SFR randomly drawn

from the Hα luminosity function based on the HiZELS survey (L∗=42.25 ergs−1, α=−1.56).

We emphasize that in randomly selecting these galaxies, no assumption about an intrinsic

correlation between SFR and stellar mass is made. We dust-redden the sample using the

mass-dependent dust correction equation used in this work (Section 4.2.3) and apply the

HiZELS Hα SFR limit (1.5 M�yr−1) to mimic the observational selection of the HiZELS

survey. We later undo the dust extinction on the galaxies that passed the SFR selection

limit. Figure 4.10 (blue symbols) shows the SFR−mass relation for these simulated galaxies

considering the selection effects. This resembles what we observe in Figure 4.9, despite the

fact that we initially introduced no intrinsic relation between SFR and stellar mass a priori.

The slope of the SFR−mass relation for these simulated galaxies is a=0.22±0.02, similar

to that of Figure 4.9, within errors.

To further investigate the selection effects on the results, we double the intrinsic SFR

of every galaxy and assume that they happen to be located in filaments. This means that

more galaxies will pass the Hα selection limit due to the shape of the luminosity function.

The fraction of galaxies that now pass the selection limit is increased by a factor of ∼2.2

(cf. Figure 4.6). However, the median SFR and the mean SFR−mass relation do not

change significantly. Figure 4.10 (red symbols) shows the SFR−mass relation for the new

simulated galaxies (in filaments) with twice the intrinsic SFR. This SFR−mass relation

looks similar to that of blue symbols although the intrinsic SFR of each individual galaxy

is doubled. The median SFR for detected galaxies is only slightly increased from 5.30±0.22

M�yr−1 to 5.91±0.19 M�yr−1. The slope and intercept values are now a=0.22±0.02 and

b=−1.38±0.17, respectively, and remain almost the same within the uncertainties (these

values are a=0.22±0.02 and b=−1.36±0.20 for blue symbols).

We conclude that the environmental invariance of the median SFR and the mean SFR-
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Figure 4.9: SFR−mass relation for Hα emitters in clusters, filaments, and the field. The
best-fit lines for clusters, filaments, and the field data are displayed with dot-dash (red),
dashed (green), and solid (blue) lines, respectively. The results of the best-fit parameters
are given on the top left corner of the figure. The observed SFR−mass relation does not
depend on the environment. A careful 2D K-S test also shows that it is statistically unlikely
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selection limit. Note the large envelope of galaxies near the selection limit.
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mass relation for the Hα star-forming galaxies is partly due to selection biases. In other

words, the intrinsic SFR of star-forming galaxies might be a function of the environment

but is not completely seen in the observed SFR−mass relation or the median SFR due to

selection effects. The intrinsic enhancement of SFR of Hα emitters in filaments, together

with the selection biases, has the same effect of elevating the observed fraction of Hα star-

forming galaxies in filaments (results in Section 4.4.1), while leaving the observed median

SFR and the mean SFR−mass relation almost intact. Therefore, from the Hα sample

alone, the selection biases are sufficiently strong that we cannot conclude whether it is the

average SFR of all galaxies that increases in filaments, or whether some galaxies have their

star-formation switched on by filaments that lead to an enhancement in the star-forming

fraction.

We find similar results for the SFR−mass relation based on the rest-frame NUV−r+

versus r+−J selected star-forming galaxies in the control sample (Figure 4.11); i.e., the

mean SFR−mass relation for selected star-forming galaxies in the control sample is found

to be independent of the environment. As explained in Section 4.2.3, the SFR of the control

sample is based on the UV continuum and IR flux (where available). A linear fit to the

log(SFR)−Log(Mass) data results in a slope of a=0.46±0.02 and intercepts b=−3.52±0.04,

−3.45±0.04, and −3.50±0.18 for cluster, filament, and field star-forming galaxies in the

control sample, respectively (the slope is fixed to that for the field sample). We evaluate

the intrinsic scatter around the mean SFR−mass relation in different environments after

subtracting in quadrature the typical observational uncertainty in SFR (Section 4.2.3) from

the observed scatter. The intrinsic scatter for the star-forming galaxies in the control sample

is ∼0.4 dex, regardless of the environment. Also, similar to the results from the Hα sample,

the 2D K-S test exhibits that the environmental discrepancies are insignificant, with p=0.43,

0.05, and 0.11 for cluster and filament, cluster and field, and filament and field, respectively.

We stress that the estimated SFRs for the Hα emitters and the underlying star-forming

galaxies have different origins, calculated based on different recipes, and are based on dif-

ferent diagnostics. We apply the K-S test to the distribution of log(Hα SFR/UV SFR)
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for the Hα emitters with available UV SFR in three different environments. The K-S test

p-value is p=0.59, 0.12, and 0.53 for cluster and filament, cluster and field, and filament

and field, respectively, indicating that the result is insensitive to the SFR estimators used

in this analysis. We emphasize that our main purpose here was to investigate whether the

environment affects the SF activity in star-forming galaxies and not to compare different

SFR diagnostics.

Similar to the Hα selected sample, the results based on the star-forming galaxies in the

control sample are not completely free from selection biases. It is more difficult to model the

effect of the selection bias for the star-forming galaxies in the control sample. However, they

might be affected by similar potential biases. The selection of these star-forming galaxies

is based on some color−color cuts and if their SFRs were to increase, then some galaxies

that did not initially pass the color selection criteria would now do so, probably leading to

the same bias.

The environmental independence of the SFR−mass relation for the Hα sample, as well

as the star-forming galaxies in the control sample, is in agreement with previous studies at

low-z (z∼<0.5, Peng et al., 2010; Biviano et al., 2011; Wijesinghe et al., 2012; Koyama et al.,

2013b; Lin et al., 2014), intermediate-z (z ∼1, Koyama et al., 2010; Peng et al., 2010; Ideue

et al., 2012; Muzzin et al., 2012; Koyama et al., 2013b; Lin et al., 2014), and high-z (z∼>1.5,

Hayashi et al., 2011; Grützbauch et al., 2011; Koyama et al., 2013b, 2014).

These studies cover a wide redshift range (0.05∼<z∼<3) with their galaxy samples selected

differently from a variety of surveys (SDSS, COSMOS, zCOSMOS, GAMA, GCLASS, Pan-

STARRS1, GOODS-NICMOS, and some specifically targeted structures). They have used

different proxies for the definition of environment (the majority of them are based on the

local number density of galaxies) and the SFR was estimated with different indicators.

This includes dust-corrected Hα-based SFR (Peng et al., 2010; Koyama et al., 2010, 2013b,

2014), [OII]λ3727 (Hayashi et al., 2011; Ideue et al., 2012; Muzzin et al., 2012), total IR

luminosity (Biviano et al., 2011), extinction-corrected Hα EW (Wijesinghe et al., 2012),

SED template-fitting (Peng et al., 2010), rest-frame UV flux (Grützbauch et al., 2011), and
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Figure 4.11: Same as Figure 4.9 but for star-forming galaxies in the control sample.
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rest-frame U and B magnitudes (Lin et al., 2014). They all have shown that for star-forming

galaxies, the SFR−mass or sSFR−mass relation is almost independent of the environment,

consistent with our results.

We found that the SFR−mass relation for star-forming galaxies does not depend on the

environment, regardless of the methods used to define environment or to estimate SFR.

However, it is important to note that the environmental independence of the SFR−mass

relation, as seen in this work and some similar studies, might be partially due to selection

effects.

4.5 Discussion

We have shown that the fraction of star-forming galaxies varies with environment and is

enhanced in filamentary structures. We have also shown that the observed properties of the

star-forming galaxies (such as their SFR−mass relation) are independent of the cosmic web.

However, due to selection biases in the current data, we are unable to discriminate between

two scenarios: (1) the observed enhancement in the fraction of star-forming galaxies in

filaments is the result of an elevation in the SFR of star-forming galaxies and (2) there is a

real intrinsic enhancement of star-forming galaxies in filaments with respect to clusters and

the field.

It is possible to disentangle these two scenarios with a significantly deeper (and/or wider)

Hα sample. This would equip us with a mass-dependent luminosity function and a signif-

icantly broader range of intrinsic SFRs in different environments. Indeed, a deeper/wider

sample would introduce less selection biases in the results.

The enhancement of star-formation activity in filaments compared to denser regions

like clusters could be attributed to a milder galaxy−galaxy harassment and interaction

(Lavery and Henry, 1988; Moore et al., 1996; see also Coppin et al., 2012) in the former.

The environment of filaments is not hot compared to clusters (the typical temperature of

filaments is ∼105−107 K; e.g., see Cen and Ostriker, 2006; Werner et al., 2008; Zappacosta
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et al., 2002; Nicastro et al., 2005b). Therefore, galaxies in filaments can still hold their

gas content to form stars. Ram-pressure stripping (Gunn and Gott, 1972; Abadi et al.,

1999) is practically not effective in suppressing the star-formation in filaments compared

to clusters, given the fact that (1) the IGM within filaments is less dense, (2) galaxies in

filaments, on average, have a smaller velocity dispersion with respect to the background

gaseous medium, and (3) the timescale of SF events in galaxies is shorter than the effective

timescale for ram-pressure stripping (∼Gyr). Notice, however, that this argument depends

on the galaxy mass. In dwarf galaxies, their shallow potential wells can provide a relatively

small restoring force from the ram-pressure force of the IGM in filaments, with the end

result of significant gas stripping in low mass galaxies due to the cosmic web at typical

gas densities and velocities (e.g., Beńıtez-Llambay et al., 2013). Instead, for galaxies in the

mass range studied here, the restoring force of the dark matter halo + baryons can be more

than three orders of magnitude larger than the inner regions of dwarfs, making ram-pressure

stripping from filaments largely inefficient.

Another possibility for the enhancement in the fraction of star-forming galaxies in fila-

ments might be due to a more efficient gas accretion rate in filamentary structures. A more

efficient gas accretion rate in filaments is able to increase the availability of cold gas for

galaxies which, in turn, enhances the intrinsic SFR of galaxies in filaments and would affect

their SFR−mass relation. However, if the selection biases turned out to be a minor issue

and the SFR−mass relation was indeed independent of the environment, the gas accretion

rate, as the main driver of the SFR−mass relation (Dutton et al., 2010), would become

independent of the environment and could not possibly account for the increased fraction

of star-forming galaxies in filaments.

As galaxies move along filaments toward the central region of galaxy clusters, it is likely

that a fraction of them survive their passage through the cluster core and are flung back

out into less dense filamentary structures. It is unlikely that these backsplash galaxies (Gill

et al., 2005; Pimbblet, 2011) significantly influence our results. Since these systems have

already entered the cluster environment, their star-formation was likely truncated due to
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ram pressure stripping and the gravitational tidal field of the cluster well before they return

to filaments. Moreover, backsplash galaxies become important within ∼ 1−2 virial radii of

clusters (Pimbblet, 2011; Mamon et al., 2004), a region that does not cover a significant

portion of the filaments in this study.

Here, we argue that the higher number density of galaxies in filaments compared to

the field and their lower velocity dispersion compared to those in clusters, increase the

chance of gravitational interaction between galaxies, which, in turn, results in a higher

chance of star-forming galaxies to be found in filaments (and/or a higher SF activity in

filaments). Our results are consistent with a physical process that might be related to

mild galaxy−galaxy interactions, as numerical simulations have shown that interactions

can trigger star-formation due to tides and compression of the gas (e.g., Barnes, 1991;

Springel, 2000; Cox et al., 2008). The scenario proposed here could induce several other

observational signatures, such as a larger fraction of irregular morphologies, close galaxy

pairs, and AGN (interaction-induced) associated with filaments than in clusters/field.

To further support this idea, we investigated the morphology of the Hα sample using the

available ZEST catalog (Scarlata et al., 2007a). Interestingly, we find that the fraction of

irregular morphologies is higher in filaments compared to that of clusters and the field. The

fraction of irregular Hα emitters is 32%±12%, 8%±5%, and 19%±2% in filaments, clusters,

and the field, respectively (see also Sobral et al., 2009 for an overall number of irregulars).

However, we mention that the uncertainties in the fraction of irregular Hα emitters is

relatively large and we need larger number statistics to robustly constrain it. Another piece

of evidence arises from the fraction of galaxy pairs in different environments. We find that

the fraction of close galaxy pairs (projected distance < 20 kpc) in the control sample is

7.7%±2.2%, 5.4%±1.4%, and 2.7%±0.3% in filaments, clusters, and the field, respectively,

higher in filaments and clusters compared to the field. We also inspected the fraction of

AGN in different environments but due to very small number statistics, we cannot make

any conclusions with the AGN. We mention that all of the above-mentioned observational

signatures can be constrained vigorously with a larger sample, a possibility that we would
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like to explore in the near future.

4.6 Conclusions

1. Our results improve previous studies based on intermediate environments and agree

quantitatively and qualitatively with them, but show that what are often called “in-

termediate” densities and/or “group” environments are likely to be filaments.

2. Our results show that the observed fraction of star-forming galaxies is enhanced in

filaments, relative to the field and cluster environments at z ∼0.8−0.9. This enhance-

ment in the fraction of star-forming galaxies in filaments is either intrinsic and/or due

to a boost in the SFR of star-forming galaxies in filaments when combined with the se-

lection biases. A possible physical interpretation for this trend is mild galaxy−galaxy

interactions.

3. We also find that —in agreement with other studies— the observed SFR−mass rela-

tion and its intrinsic scatter, median SFR, stellar mass, and sSFR is mostly indepen-

dent of environment for selected Hα emitters and underlying star-forming galaxies at

z ∼0.8−0.9. However, we mention that the environmental independence of the median

SFR and the SFR−mass relation for star-forming galaxies is affected by the selection

biases, i.e., the intrinsic SFR of star-forming galaxies might vary with environment

without being observed in the median values or the SFR−mass relation, as a result of

selection effects. Indeed, if the environmental invariance of SFR−mass relation turns

out to be real (and not much affected by the selection biases), this means that the en-

vironment is most relevant to set the star-forming fraction, or to determine if a galaxy

is actively forming stars or not (but when it forms stars, on average, it lies on the

same relation across environments). This implies that the physical processes involved

in triggering/quenching star-formation should act on a relatively short timescale (as-

suming the SFR−mass relation is actually independent of environment and not much

affected by selection biases).
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4. Since our analysis is limited to a narrow redshift slice (∆z=0.03, equivalent to a

comoving radial length of ∼80 Mpc at z ∼0.84), we discriminate against filaments

oriented radially and we miss possible sub-structures along the line of sight. However,

this is a limitation to all other similar photo-z-based studies. A better understanding

of the geometry of structures can be achieved by 3D reconstruction of them using a

large spectroscopic sample.
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Chapter 5

Spectroscopic Study of

Star-forming Galaxies in Filaments

and the Field

Abstract

We study the physical properties of a spectroscopic sample of 28 star-forming galaxies in a

large filamentary structure in the COSMOS field at z ∼0.53, with spectroscopic data taken

with the Keck/DEIMOS spectrograph, and compare them with a control sample of 30 field

galaxies. We spectroscopically confirm the presence of a large galaxy filament (∼ 8 Mpc),

along which five confirmed X-ray groups exist. We show that within the uncertainties, the

ionization parameter, equivalent width (EW), EW versus specific star-formation rate (sSFR)

relation, EW versus stellar mass relation, line-of-sight velocity dispersion, dynamical mass,

and stellar-to-dynamical mass ratio are similar for filament and field star-forming galaxies.

However, we show that on average, filament star-forming galaxies are more metal-enriched

(∼ 0.1−0.15 dex), possibly due to the inflow of the already enriched intrafilamentary gas into

filament galaxies. Moreover, we show that electron densities are significantly lower (a factor

of ∼17) in filament star-forming systems compared to those in the field, possibly because of
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a longer star-formation timescale for filament star-forming galaxies. Our results highlight

the potential pre-processing role of galaxy filaments and intermediate-density environments

on the evolution of galaxies, which has been highly underestimated.

5.1 Introduction

Metal enrichment in galaxies is one of the most important aspects of galaxy evolution

as it incorporates the fundamental quantities affecting their evolution such as inflows of

cold gas, feedback processes and outflows (stellar winds, supernovae and AGN activity),

stellar mass, gas fraction, star-formation rate (SFR), and environment. A relatively tight

correlation between metallicity and stellar mass (the mass-metallicity relation) has been

investigated, with a redshift evolution reflecting the metal enrichment of galaxies over cosmic

time (Tremonti et al., 2004; Erb et al., 2006; Maiolino et al., 2008; Xia et al., 2012; Foster

et al., 2012; Sánchez et al., 2013; Henry et al., 2013; Zahid et al., 2013; Yabe et al., 2014;

Steidel et al., 2014; Masters et al., 2014; Sanders et al., 2015; Maier et al., 2015). It has

been shown that this mass-metallicity relation originates from a more fundamental mass,

metallicity, SFR relation (the fundamental metallicity relation), forming a tight surface in

this 3D space (Mannucci et al., 2010; Lara-López et al., 2013a; Stott et al., 2013; Bothwell

et al., 2013; Maier et al., 2014; Nakajima and Ouchi, 2014; de los Reyes et al., 2015). The

mass-metallicity evolution is therefore attributed mostly to the selection of galaxies with

higher SFRs at higher redshifts (Mannucci et al., 2010). Simulations and physical models

suggest that the metal content of galaxies is the result of a balance between inflows and

outflows set by the mass outflow rate, whereas the gas content is regulated by the gas inflow

rate and the gas consumption timescale within the galaxy, governed by the star-formation

law (Davé et al., 2011; Lilly et al., 2013).

Several studies have scrutinized the potential role of environment in the evolution of the

mass-metallicity relation, showing that environment has a second-order, insignificant effect

in the mass-metallicity relation, with the majority of studies indicating a slight metallicity
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enhancement in denser environments (Mouhcine et al., 2007; Cooper et al., 2008b; Ellison

et al., 2009; Hughes et al., 2013; Sobral et al., 2013b; Kulas et al., 2013; Shimakawa et al.,

2015; Kacprzak et al., 2015; Sobral et al., 2015b; Valentino et al., 2015). However, these

studies focus mostly on the cluster versus field as two extreme regions in the distribution

of galaxies or rely on the local number density of galaxies as a proxy for their environment.

The distribution of galaxies is not just limited to clusters and the field as they naturally

belong to the complex network of the cosmic web, comprising clusters, groups, filaments,

walls, and voids. Using local number density of galaxies as a probe of their environment

has its own drawbacks as well. For example, regions with similar local densities such as

galaxy groups, the outskirts of clusters, and galaxy filaments might host different physical

processes. As an example of complexities that may arise by focusing only on clusters or

local densities, Ellison et al. (2009) have shown that cluster galaxies are on average more

metal enriched than the field, but this enhancement is primarily driven by local overdensity

of galaxies and not merely cluster membership. Therefore, a better understanding of the

evolution of galaxies can be achieved by considering a broader range of environments, e.g.,

by including galaxy filaments in studies.

Filamentary structures are among the most interesting objects in astronomy. On galactic

and circumgalactic scales, galaxies are primarily cold-gas fed through narrow filamentary

streams as shown in simulations (Dekel et al., 2009a). Recent observations are starting

to reveal the existence of such feeding filaments (Cantalupo et al., 2014; Martin et al.,

2014b,a), with sizes up to a few hundred kpc. The smooth versus clumpy nature of these

filamentary streams has a significant effect on the formation and evolution of disk- and bulge-

dominated galaxies (Dekel et al., 2009a,b). Optical emission line filaments with typical sizes

of a few tens of kpc are observed in many cooling flow galaxy clusters, often extending from

the central brightest cluster galaxy that is accreting the cooling gas (Ford and Butcher,

1979; Cowie et al., 1983; Hu et al., 1985; Heckman et al., 1989; Crawford et al., 1999;

McDonald and Veilleux, 2009; McDonald et al., 2010, 2011). On larger scales (a few to

several Mpc), filaments make the backbone of the cosmic web of galaxies (Bond et al.,
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1996), linking clusters, groups, and denser regions in the density field. Although they are

expected to occupy ∼< 10% of the volume of the cosmic web, simulations have shown that

galaxy filaments contain most of the mass in the universe (∼ 40%, Aragón-Calvo et al.,

2010) and host a significant fraction of baryons in the form of a warm-hot intergalactic

medium gas in the temperature range 105-107 K (Cen and Ostriker, 1999; Davé et al., 2001;

Cen and Ostriker, 2006; Davé et al., 2010; Klar and Mücket, 2012). Filaments are seen in the

optical wavelengths as the large-scale thread-like concentration of galaxies (e.g., Pimbblet

et al., 2004; Scoville et al., 2007a; Kovač et al., 2010; Guzzo and The Vipers Team, 2013;

Scoville et al., 2013; Alpaslan et al., 2014; Tempel et al., 2014; Darvish et al., 2014, 2015),

in X-ray as a warm-hot gas in emission and absorption (e.g., Scharf et al., 2000; Zappacosta

et al., 2002; Kaastra et al., 2003; Finoguenov et al., 2003; Nicastro et al., 2005b,a; Werner

et al., 2008; Danforth et al., 2010; Zappacosta et al., 2010; Nicastro et al., 2010), in the

infrared as possible sites of enhanced star-formation activity, linking clusters (e.g., Koyama

et al., 2008; Biviano et al., 2011; Coppin et al., 2012; Pintos-Castro et al., 2013), and in the

weak-lensing studies as a bridging distribution of dark matter, connecting galaxy clusters

(e.g., Jauzac et al., 2012; Dietrich et al., 2012; Higuchi et al., 2015).

Despite the significant importance of filaments, their observational aspect is still poorly

investigated or often ignored (see e.g., Kodama et al., 2001; Ebeling et al., 2004 for some

earlier studies on filaments). Nevertheless, the limited number of studies in this field has

already highlighted the importance of filaments as regions with an enhanced fraction of star

forming galaxies and/or star-formation activity (Porter and Raychaudhury, 2007; Porter

et al., 2008; Koyama et al., 2008; Fadda et al., 2008; Biviano et al., 2011; Coppin et al.,

2012; Pintos-Castro et al., 2013; Darvish et al., 2014). There are also some systematic sur-

veys/works trying to expand galaxy evolution studies beyond the cluster realm by probing

the much larger scale structures (of the order of ∼ 10 Mpc and beyond) around massive

galaxy cluster candidates (see e.g., Kodama et al., 2005; Kartaltepe et al., 2008; Lubin et al.,

2009; Sobral et al., 2011). In an attempt to study the role of filaments in galaxy evolution,

Darvish et al. (2014) investigated the star-formation activity in a large-scale structure (LSS,
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∼10 × 15 Mpc) at z ∼0.84 in the COSMOS field (Scoville et al., 2007b) by identifying a

prominent filamentary structure, traced by the distribution of narrow-band selected Hα

star-forming galaxies (Sobral et al., 2011). They showed that although, on average, the

SFR, SFR−mass relation, and specific star-formation rate for star-forming galaxies show

similar trends in different environments, the fraction of Hα emitting galaxies is enhanced

in filaments compared to clusters and the field, possibly due to mild galaxy−galaxy inter-

actions. However, a thorough grasp of the role of filaments in galaxy evolution can only

be obtained through a detailed spectroscopic study of galaxies in different environments

including filaments.

In this chapter, we focus on the spectroscopic study of galaxies in a significantly large

filament (∼ 8 Mpc) at z ∼0.53 in the COSMOS field and compare it with a control sam-

ple of field galaxies at the same redshift. We will investigate the physical properties of

galaxies such as electron density, metallicity, ionization parameter, equivalent width (EW),

velocity dispersion, and dynamical mass in these two environments and investigate possible

differences.

The format of this chapter is as follows. In Section 2, we briefly describe the methods

used to extract the LSS and the filament. Section 3 deals with the spectroscopic observa-

tions. Section 4 presents the star-forming emission-line galaxies selected for the spectro-

scopic analysis. Our results are given in Section 5 and discussed in Section 6. We provide

a summary of the results in Section 7.

Throughout this chapter, we assume a flat ΛCDM cosmology with H0=70 kms−1 Mpc−1,

Ωm=0.3 and ΩΛ=0.7. All magnitudes are expressed in the AB system and stellar masses and

star-formation rates are given assuming a Chabrier initial mass function (IMF) (Chabrier,

2003).
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Figure 5.1: Top: Significance map of the density field in the COSMOS at z=0.52-0.54,
estimated via the weighted adaptive kernel density estimator of Darvish et al. (2015). A
large-scale structure (∼ 8 Mpc) with a filament-like morphology is clearly seen in the lower
left. There are at least five confirmed X-ray groups (Finoguenov et al., 2007; George et al.,
2011) lying along, or in the vicinity of this filamentary structure (white crosses). Bottom:
Filamentary signal map, constructed using the MMF algorithm (Aragón-Calvo et al., 2007;
Darvish et al., 2014) at z=0.52-0.54, reveals a large filamentary signal values (> 0.5) in the
region covering the LSS, further supporting the reality of the filament.
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Figure 5.1: cont. (bottom)
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5.2 Motivation and the LSS Extraction

We use the estimated density field in the COSMOS field introduced in Chapter 2 to search

for large overdensities of galaxies that have a filamentary morphology. The surface density

field was estimated in narrow z-slices, using a Ks < 24 (McCracken et al., 2012) sample

of galaxies with accurate photometric redshifts (photo-z uncertainty ∆z∼<0.01 at z ∼0.5,

Ilbert et al., 2013), with the aid of the robust weighted adaptive kernel density estimator.

The photo-z probability distribution function (PDF) of individual galaxies were carefully

incorporated into the density field estimation in order to minimize the projection effect. At

z ∼0.53, we find a filament-like, significant overdensity of galaxies. Figure 5.1 (top panel),

shows the estimated density field in the COSMOS field at z ∼0.52-0.54. A large-scale

structure with a thread-like morphology is evidently seen in the lower left side of Figure

5.1, with a significance of σ ∼8−18 1. The same structure can also be seen in the density

maps produced by Scoville et al. (2013) at z ∼0.53.

To further investigate the reality of this structure, we used the 2D version of the Multi-

Scale Morphology Filter (MMF) algorithm introduced in Chapter 2, which is able to disen-

tangle the cosmic web into its components such as filaments and clusters. This algorithm

describes the local geometry of each point in the density field based on the signs and the

ratio of eigenvalues of the Hessian matrix (second order derivative of the density field). For

example, if the local geometry of a point resembles a thread-like structure, this algorithm

results in a large filamentary signal for the point. The filamentary signal value (a value be-

tween 0 and 1) shows the degree of resemblance to a filament, with higher values indicating

more resemblance. We apply the MMF algorithm to our density field at z ∼0.53, which

results in large filamentary signal values (> 0.5) in the region covering the LSS (Figure 5.1,

bottom panel).

The reality of this filamentary structure is further supported by the X-ray group catalogs

of Finoguenov et al. (2007) and George et al. (2011) in the COSMOS field. There are at least

1 Significance is defined as σ=(Σ − Σbg)/σbg, where Σ is the estimated surface density, Σbg is the mean
surface density, and σbg is the standard deviation around the mean surface density values.

138



five confirmed intermediate-density X-ray groups lying along, or in the proximity of this

filamentary structure, in agreement with the expectations from the cosmic web simulations

that galaxy groups/clusters are connected through the network of filaments (Bond et al.,

1996). The X-ray groups are in the redshift range δz=0.527−0.530, with virial masses

M200=1.8−4.6×1013 M� (George et al., 2011). This filamentary structure has a physical

length of ∼ 8 Mpc and it might be even longer as it is located near the edge of the COSMOS

field. According to simulations (Aragón-Calvo et al., 2010), such long filaments have < 10%

chance of being found in the density field, making them unique targets for the studies of

the cosmic web and the LSS.

5.3 Spectroscopic Observations

5.3.1 Target Selection for Spectroscopy

In selecting the sources for spectroscopy, we define two samples. The first sample comprises

the potential filament members and the second is a control sample of field galaxies at the

same redshift. The main filament targets are selected to be in the vicinity of the filament,

brighter than i+ < 22.5 and to have > 50% of their photo-z PDF lying within the redshift

slice ∆z ∼0.52−0.54 centered at z=0.53. The width of the redshift slice is ∼2 times the

median photo-z uncertainty at z ∼0.5. The main field targets are selected similarly to

those in the filament, except that they are located in a random point in the COSMOS field

with no sign of overdensities. We also consider fillers as we design multi-object masks for

spectroscopy. The filler sources on the filament mask are selected to be in the vicinity of

the filament, brighter than i+ < 22.5, with their photo-z in the range ∆z=0.41−0.52 or

∆z=0.54−0.65. The filler sources on the field mask are chosen in a similar way as that of

the filament fillers except that they are located in the random position of the field mask. In

selecting the sources (main targets and fillers, in filament and the field), we discard those

flagged as potential AGN, based on the publicly available catalog of AGN candidates in the

COSMOS field (Trump et al., 2007). Therefore, we expect little to no AGN contamination.
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Figure 5.2: Some examples of the observed Keck/DEIMOS spectra, including quiescent and
star-forming galaxies, in the filament and the field masks in the wavelength range 5400−8500
Å. The labels show the extracted redshift of the samples. Note the quality (high S/N) of
the spectra.
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Table 5.1: Observing Log and Spectroscopic Mask Properties

Mask Name Date R.A. Dec. Position Angle Exp. Time Number of Sources
J2000 J2000 deg ks

Filament 28 Dec. 2014 10:00:59.36 +1:47:04.4 −42.0 5.4 52 targets, 46 fillers
Field 29 Dec. 2014 10:01:35.78 +2:32:08.0 +27.0 2.8 17 targets, 50 fillers

5.3.2 Observational Strategy

Spectroscopic observations were made on 28 and 29 December 2014 with the DEIMOS spec-

trograph on the Keck II telescope under clear conditions. We used a 600 line/mm diffraction

grating (0.65 Å/px dipersion) with a spectral span of ∼5300 Å and a GG455 order blocking

filter. Slit width is set to 0.75” for all sources. We select the central wavelength of λc=7200

Å which gives us an observed wavelength coverage ∼4550−9850 Å. Since the majority of

the targets are expected to be at z ∼0.53, we achieve the rest-frame wavelength coverage

∼3000−6400 Å, given that all the slits are located at the center of the mask. This enables

us to cover major spectroscopic features that can be potentially used to estimate SFR (e.g.

[OII]λ3727, Hβ), metallicity ([OII]λ3727, [OIII]λ4959, [OIII]λ5007, Hβ), electron density

([OII]λλ3726,3729 doublet), and ionization parameter ([OII]λ3727, [OIII]λλ4959,5007) for

the main targets. We designed two masks, one containing the filament targets and fillers

and the other containing the control sample of field galaxies (targets and fillers). The masks

were designed in such a manner to maximize the number of main targets.

The filament mask consisted of 52 main targets and 46 fillers and the field mask contained

17 main sources and 50 fillers 2. The filament mask was observed on December 28 for 5.4

ks exposure time (4 individual exposures of 1.2 ks and one exposure of 0.6 ks), with the

midpoint airmass of ∼1.1 and an average seeing of ∼0.5”. We observed the field mask on

December 29 for ∼2.8 ks total exposure time, with the midpoint airmass of ∼1.05 and an

average seeing of ∼0.7”. We note that after the spectroscopic redshift extraction, some

fillers may turn out to be filament members or some fillers might be used as field galaxies.

2 There is also one Lyman-α candidate in the filament and one in the field mask. The spectroscopic
confirmation and analysis of these Lyman-α targets are presented in Matthee et al. (2015) and Sobral et al.
(2015a).
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We will use these extra possible sources to increase the sample size for our analysis. Table

5.3 summarizes the observing log.

5.3.3 Data Reduction and Calibration

In order to reduce the DEIMOS data, we use the spec2d package (Cooper et al., 2012;

Newman et al., 2013). The reduction process involves flat fielding, cosmic ray removal, sky

subtraction and wavelength calibration on a slit-by-slit basis. We used standard Kr, Xe,

Ar, and Ne arc lamps for wavelength calibration. No dithering pattern was used for sky

subtraction. The pipeline also extracts the 1D spectrum from the reduced 2D one per slit

using the extraction algorithm of Horne (1986), which relies on the sum of fluxes at each

wavelength in an optimised window around the 2D spectrum. We flux-calibrate the 1D

spectra using the standard stars Feige34 and Hz44. The half-light radius of the sources

is in the range ∼0.2−0.9”. Therefore, we lose some flux at the 0.75” slit width due to the

larger angular size of some of the sources and primarily, due to the seeing. We correct the

flux-calibrated spectrum of each source (for the slit-loss) by scaling it with the observed

photometry of the source. This is performed by integrating the spectra over the Subaru

filter response profiles in broad (r and i+), intermediate (IB574, IB624, IB679, IB709,

IB738, IB767 and IB827), and narrow (NB711 and NB816) band filters and finding

the required slit-loss correction term at each waveband. The median (estimated with the

Hodges−Lehmann estimator) of the slit-loss correction scaling terms at these bands for

each individual source is used as its slit-loss correction term. The Subaru multi-waveband

magnitudes are extracted from the publicly available optical catalog of the COSMOS field

(Capak et al., 2007b). Figure 5.2 shows examples of selected spectra in the filament and

the field.

5.3.4 Spectroscopic completeness

The overall spectroscopic completeness for the main targets in the filamentary structure and

the field are ∼74% and ∼77%, respectively. The spectroscopic completeness varies slightly
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with magnitude. For the main targets with i+ ≤21.5, we obtain a spectroscopic completeness

of ∼76% (filament) and ∼73% (field). At i+ >21.5, the spectroscopic completeness becomes

∼72% (filament) and ∼82% (field). We obtain a spectroscopic success rate of ∼94% (89%

for fillers) and 100% for the main targets in the filament and the field, respectively. The

spectroscopic completeness is generally a function of position as well. However, due to the

small sample size, we do not try to quantify it. We note that it is relatively uniform over

the filament and the field regions.

5.3.5 Filament Spectroscopic Confirmation

We visually extract the spectroscopic redshifts using the SpecPro code (Masters and Capak,

2011). The main filament targets yield spectroscopic redshifts in the range zspec=0.5067-

0.5582 with a very sharp peak at z ∼0.53 (see Figure 5.3). The filament fillers are spread in

the range zspec=0.4085−0.7797. Figure 5.3 shows the spectroscopic redshift distribution in

the range 0.50≤ z ≤0.59 for all the sources (main targets and fillers) in the filament mask

(dashed blue line), as well as the main filament targets only (dashed red line). We clearly

see a peak at z ∼0.53, confirming the presence of the filamentary structure. The average

spectroscopic redshift for the filament main targets is zavg=0.5279, with standard deviation

σz=0.0073. We fit a Gaussian function to the obtained redshift distribution of the main

targets (solid green line). The Gaussian fit results in a peak redshift of zpeak=0.5283, with

standard deviation σ=0.0015.

There is evidence for at least two individual nearby peaks centered at z1 ∼0.528 and

z2 ∼0.526, as seen in the inner plot of Figure 5.3, indicating the existence of substructures

along the filament. Fitting a double peaked Gaussian to the distribution of filament main

targets yields redshifts z1=0.5258±0.0008 and z2=0.5287±0.0004 for these substructures.

Note that there are only 4 (∼8%) main filament targets that yield spectroscopic redshifts

outside the range 0.52< z <0.54 originally adopted for main target selection, indicating a

successful target selection process and a robust LSS extraction (Darvish et al., 2015).
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Figure 5.3: Spectroscopic redshift distribution in the range 0.50≤ z ≤0.59 for sources in
the filament mask. Dashed blue line shows all the sources (main targets and fillers) in the
filament mask, whereas the dashed red line indicates the main filament targets only. A peak
at z ∼0.53 is seen, confirming the presence of the filament. Solid green line shows a Gaus-
sian fit to the obtained redshift distribution of the main targets, peaking at zpeak=0.5283,
with standard deviation σ=0.0015. The inner plot shows two individual nearby peaks at
z1=0.5258±0.0008 and z2=0.5287±0.0004, showing the existence of possible substructures
along the filament.
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5.4 Selection of Star-forming, Emission-line Galaxies

In this work, we compare physical, chemical and dynamical properties of galaxies in the

filament and the field that rely on strong emission lines. Therefore, we need to define a

sample of star-forming emission line galaxies. We carefully investigate the obtained spectra

and select those that visually have clear star-forming features, high quality, high Signal-

to-Noise [OII], [OIII], and Hβ emission lines. We also make sure that filament sources

have spectroscopic redshifts in the range zspec=0.52−0.54 and field sources in the range

zspec=0.47−0.59. As we already mentioned in Section 5.3.2, after the spectroscopic redshift

extraction of the sources, some fillers turned out to be filament members and some fillers

can be used as field galaxies. We use these extra sources to increase the sample size of

star-forming emission line galaxies. The final star-forming sample comprises 28 galaxies in

the filament and 31 galaxies in the field 3.

5.4.1 Stellar Mass Estimation

Stellar masses were derived by Ilbert et al. (2013), using SED template fitting to the UV, op-

tical, and mid-IR photometry. The synthetic templates were generated using BC03 (Bruzual

and Charlot, 2003), assuming a Chabrier IMF, three different metallicities, an exponentially

declining SFH with different e-folding time scales (τ=0.1−30 Gyr), and the Calzetti et al.

(2000) extinction law. Contributions from nebular emission lines were included. Stellar

masses are based on the median of the stellar mass PDF, marginalized over all other pa-

rameters.

The magnitude cut of i+ < 22.5 used for sample selection, introduces a varying stellar

mass completeness limit at different redshifts. We use the method developed by Pozzetti

et al. (2010) to estimate the stellar mass completeness (see also Ilbert et al., 2013; Darvish

et al., 2015). At z ∼0.5, we estimate the mass completeness to be ∼70%, 90%, and 95%

at log(M/M�)∼9.3, 9.6, and 9.7 respectively. In the low-mass bin (log(M/M�)=9−9.5)

3 We later discard one of the field sources as an AGN (Section 5.4.3), reducing the field sample size to 30
sources.
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of our star-forming sample, the weighted average of the stellar mass is log(M/M�)∼9.3.

Therefore, in the lower mass range, our sample is ∼70% complete in stellar mass, while at

higher mass bins, we achieve a completeness of > 95%.

5.4.2 SFR Estimation

We estimate the SFR based on Hβ and [OII] luminosities. We convert dust-corrected

Hβ luminosity (LHβ) to star-formation rate using the theoretical value of LHα/LHβ=2.86

for case B recombination (temperature T=10,000 K and electron density Ne=102 cm−3,

Osterbrock, 1989) and the relation between Hα dust-corrected luminosity and SFR given

in Kennicutt (1998), modified for the Chabrier IMF:

SFRHβ(M�yr−1) = 1.27× 10−41LHβ(ergs−1) (5.1)

The Hβ line is also affected by the Balmer continuum stellar absorption. For brighter

galaxies with clear Balmer absorption feature in their spectrum, we correct the Hβ flux by

directly fitting a Gaussian function to the the Balmer absorption and adding the missing

flux to the Hβ line. For fainter sources where the stellar absorption is not clearly seen, we

take the median EW of the Balmer absorption of brighter galaxies and use it to correct

for fainter galaxies. The median EW of the Hβ Balmer absoprtion feature is ∼0.8 Å, in

agreement with Zahid et al. (2011). Nevertheless, the Hβ stellar absorption only results in

a 5%−10% correction to the Hβ flux, which is smaller or of the order of the uncertainty of

the measured line flux itself.

The [OII] star-formation rate not only depends on dust-corrected [OII] luminosity but

also on metallicity and ionisation state of the gas. Here, we use the metallicity-dependent

equation given in Kewley et al. (2004), modified for the Chabrier IMF:

SFR[OII](M�yr
−1) =

4.44 × 10−42L[OII](ergs
−1)

(−1.75 ± 0.25)[12 + log(O/H)] + 16.73 ± 2.23
(5.2)
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Figure 5.4: Dust-corrected [OII] versus Hβ SFRs for filament (red) and field (blue) star-
forming galaxies. There is a good agreement between the estimated SFRs. The median
SFR[OII] and SFRHβ are consistent to within ∼0.01 dex (filament) and ∼0.03 dex (field)
and the median absolute deviation between the two SFR indicators is only 0.03 dex.
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where 12+log(O/H) is the oxygen abundance metallicity (Section 5.5.2), estimated based

on the R23 diagnostic, via the R23-metallicity relation of Zaritsky et al. (1994):

12 + log(O/H) = 9.265 − 0.33R23 − 0.202R2
23 − 0.207R3

23 − 0.333R4
23 (5.3)

where R23 metallicity diagnostic is defined as R23=([OII]λ3727+[OIII]λ4959+[OIII]λ5007)/Hβ.

We dust-correct the emission line fluxes ([OII], [OIII], Hβ) using the relation between the

reddening of the ionized gas (E(B−V )gas) and that of the stellar continuum (E(B−V )star)

presented in Calzetti et al. (2000):

E(B − V )gas = 2.27E(B − V )star (5.4)

The stellar continuum is estimated in the SED Template-fitting procedure (Section 5.4.1),

assuming the Calzetti et al. (2000) attenuation curve. Therefore, the dust-corrected, intrin-

sic emission line flux (Fint) is:

Fint = Fobs × 100.4kλE(B−V )gas (5.5)

where kλ is the reddening curve. The relation between stellar and gas extinction is quite

uncertain at higher redshifts. While some studies nearly agree with the local universe

relation (see e.g., Price et al., 2014 for z ∼1.5 galaxies), others have shown that the E(B −

V )gas=E(B−V )star relation is preferable (see e.g., Shivaei et al., 2015 for z ∼2 galaxies and

Reddy et al., 2015 for z ∼1.4−2.6 systems). However, choosing this new relation does not

significantly affect many galaxy properties such as metallicity, ionization parameter, electron

density, and gas velocity dispersion presented in Section 5.5. Moreover, at the redshift of

our study (z ∼0.5), Ly et al. (2012) have shown that assuming E(B−V )gas ∼ 2E(B−V )star

for star-forming galaxies results in a better agreement between SED-based and Hα SFRs.

Figure 5.4 shows the comparison between dust-corrected [OII] and Hβ SFRs for filament
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and field samples, exhibiting a very good agreement. The median SFR[OII] and SFRHβ are

consistent to within ∼0.01 dex (filament) and ∼0.03 dex (field) and the median absolute

deviation between the two SFR indicators is only 0.03 dex (filament and field).

We also compare the [OII] and SED-based SFRs (not shown here). This shows a larger

dispersion of the order ∼0.3 dex. However, this is consistent with e.g., Steidel et al. (2014)

(∼0.2 dex, Hα versus SED SFRs at z ∼2−3) and Ciardullo et al. (2013) (∼0.3 dex, [OII]

versus UV SFRs at z∼<0.5). The source of discrepancy might be due to the stochasticity

of the star-formation activity and the difference between the UV and [OII] star-formation

timescales (< 20 Myr for [OII] and ∼ 100 Myr for UV, Kennicutt, 1998), as the UV SFR

is averaged out over a longer timescale.

5.4.3 AGN Contamination

As we discussed in Section 5.3.1, we originally discarded the potential AGN from the samples

selected for spectroscopy (Trump et al., 2007). However, we check if the spectroscopic

sample is contaminated by any remaining AGN using the available line ratios. Here, we use

the [OIII]λ5007/Hβ versus [OII]λ3727/Hβ plot, as well as O32 versus R23 (O32 and R23 are

defined in Section 5.5) plot to separate AGN from star-forming galaxies (Lamareille et al.,

2004). Figure 5.5 shows the line ratios and the line separating star-forming galaxies from

AGN. The separating curve is extracted from Lamareille et al. (2004) and the dashed lines

are ±0.15 dex (±0.1 dex) uncertainties in the [OIII]λ5007/Hβ versus [OII]λ3727/Hβ (O32-

R23) separation curve. According to Figure 5.5, all of our sources lie within the star-forming

locus except one source. We jettison this source from our analysis in the following sections.

We note that there are a few other sources in the field that lie close to the uncertainty

curves. These sources do not change the results of this study.

5.4.4 Stacking Procedure

In order to obtain an average value of the physical quantities presented in Section 5.5,

we stack the individual spectra in different environments, as well as stellar mass, SFR,
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sSFR, and µ0.32 bins (defined in Section 5.5.2). We first shift each flux calibrated spectrum

to the rest-frame and normalize it to the flux of the Hβ line at the vacuum wavelength of

λHβ=4862.7 Å. We then take the weighted mean of each individual, normalized, rest-framed,

flux-calibrated spectrum (Fi(λ)) by summing them up using:

Fstack(λ) =

N∑
i=1

wi(λ)Fi(λ)

N∑
i=1

wi(λ)

(5.6)

where wi(λ) is the inverse variance of the normalized, rest-framed flux. We define three

mass bins (log(M/M�)=9−9.5, log(M/M�)=9.5−10, and log(M/M�)> 10), two SFR bins

(log([OII] SFR)≤0.75 and (log([OII] SFR)> 0.75), two sSFR bins (log(sSFR)≤ −9 and

log(sSFR)> −9), and two µ0.32 bins (µ0.32 ≤9.5 and µ0.32 >9.5) and will use them in the

following section for the analysis of the results.

5.5 Results

5.5.1 Electron Density

The average electron density (Ne) in a nebula can be estimated using the ratio of two

lines of the same ion, emitted by different energy levels with almost the same excitation

energy. Here, we use [OII]λ3726/λ3729 line ratio to estimate the average electron density

(Osterbrock, 1989). Since the [OII]λ3726 and [OII]λ3729 lines are not fully separated in

our stacked spectra, we fit a double Gaussian function of the following form to the [OII]

doublet line flux:

fλ = (
a1√
2πσ1

e
− (λ−λ1)2

2σ21 +
a2√
2πσ2

e
− (λ−λ2)2

2σ22 ) + f0 (5.7)

We fix the parameters λ1 and λ2 to the vacuum wavelength of [OII] doublet lines, i.e.,

λ1=3727.09 Å and λ2=3729.88 Å. The [OII]λ3726/λ3729 flux ratio is therefore determined

by the ratio of the normalization parameters, a1/a2. We estimate errors of a1 and a2

using a Monte-Carlo simulation. We assume that the true flux at each wavelength follows
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a Gaussian distribution with a sigma equal to the flux uncertainty. We fit the function

fλ to the flux values that are randomly selected from their Gaussian distribution at each

wavelength. We perform the fitting procedure 100 times and the error of each free parameter

is the standard deviation of the 100 estimated values. The [OII]λ3726/λ3729 flux ratio is

converted to electron density using the TEMDEN task of the IRAF package (De Robertis

et al., 1987; Shaw and Dufour, 1995). We assume an electron temperature of Te=10,000 K

as a typical temperature of star-forming regions with near-normal abundances (Osterbrock,

1989).

We find that the average electron density is significantly lower for star-forming galaxies in

the filament compared to that of the field galaxies. The [OII] line ratio is [OII]λ3726/λ3729=

0.6909±0.0044 for the stacked spectra of filament star-forming galaxies, whereas for field

star-forming systems, this ratio is [OII]λ3726/λ3729=1.0050±0.0104. These ratios corre-

spond to the average electron densities of Ne=22±4 and 367±13 cm−3 for filament and field

galaxies, respectively. The average electron density of the field star-forming galaxies is ∼>17

times that of star-forming systems in the filament.

We divide the sample into stellar mass, SFR, and sSFR bins and stack the spectra in

each bin. We find that at each given mass, SFR, and sSFR bin, the average electron density

of the stacked spectra for the filament galaxies is also significantly lower than that of the

field galaxies. For example, in the mass range of log(M/M�)=9−9.5, the average electron

density is Ne=58±5 (filament) and 201±10 (field) cm−3. For log(sSFR)> −9, the average

electron density is Ne=15±4 (filament) and 405±15 (field) cm−3, a factor of ∼27 larger for

field galaxies. In other words, our result regarding the lower average electron density of

star-forming galaxies in filament compared to the field does not change if the comparison

is performed at fixed stellar mass, SFR, and sSFR bins in these two environments. Figure

5.6 shows the stacked [OII] intensity normalized to that of Hβ at λHβ=4862.7 Å in filament

and the field and in stellar mass, SFR, and sSFR bins (dotted lines). For comparison, the

double Gaussian fits are also shown (solid lines). The difference is evident. Depending on

the bin selected, electron densities vary in the range ∼ <10−75 cm−3 for filament galaxies

153



0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

3710 3720 3730 3740 3750

I
/I

H
β

Rest− frame Wavelength (Å)
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Figure 5.6: Stacked [OII] intensity normalized to that of Hβ at λHβ=4862.7 Å in filament
(red dotted line) and the field (blue dotted line) and in stellar mass, SFR, and sSFR
bins. We fit the [OII] doublet with double Gaussian functions shown as solid lines. The
difference between filament and field galaxies is evident. The [OII]λ3726/[OII]λ3729 ratios
are converted to electron densities, assuming Te=10,000 K. Depending on the bin selected,
electron densities vary in the range ∼ <10−75 cm−3 for filament galaxies and in the range
∼ 200−740 cm−3 for galaxies in the field, significantly lower for filament galaxies.
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and in the range ∼ 200−740 cm−3 for galaxies in the field. The [OII] line ratios, as well as

the estimated electron densities in different environments and for different mass, SFR, and

sSFR bins of galaxies are given in Table 5.2.

Using [SII]λ6716/[SII]λ6761 line ratio, Sobral et al. (2015b) found that for a massive

post-merger cluster at z ∼0.2 (Dawson et al., 2015; Stroe et al., 2015), electron densities are

extremely low (< 5 cm−3) for cluster star-forming galaxies, much smaller than star-forming

galaxies in the outskirts and outside of the cluster. They also found that this is primarily

driven by star-forming galaxies in the hottest regions of the cluster, thus likely caused by

environmental effects. This is consistent with our result in this section (low to extremely

low electron densities for filament galaxies) if we assume that the environment affects the

electron densities in the sense that regions with higher local densities host galaxies with

lower electron densities.

5.5.2 Metallicity

In order to estimate metallicities for filament and field star-forming galaxies, we use the

R23 index defined as R23=([OII]λ3727+[OIII]λ4959+[OIII]λ5007)/Hβ (McGaugh, 1991;

Tremonti et al., 2004; Kewley and Ellison, 2008). Here, we use the upper branch of the

double-valued R23-metallicity relation given by Tremonti et al. (2004):

12 + log(O/H) = 9.185− 0.313x− 0.264x2 − 0.321x3 (5.8)

where x=log(R23).

Using equation 5.8, we evaluate the average metallicity for the stacked spectra of star-

forming galaxies in the filament and the field. The metallicity of the stacked spectra in

the filament is 12+log(O/H)=8.766±0.004, about 0.13 dex larger than that of the field

galaxies (12+log(O/H)=8.639± 0.007). It is known that the metallicity is also a function of

stellar mass and star-formation rate (Tremonti et al., 2004; Mannucci et al., 2010) and the

metallicity difference between average filament and field star-forming galaxies might be due
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to different mass and/or SFR of galaxies in these two environments. In order to check this,

we divide the star-forming galaxies into mass and SFR bins and stack their spectra. We

find that at a given stellar mass bin, star-forming galaxies in the filament are more metal-

enriched (by ∼0.1−0.15 dex) compared to those in the field (Figure 5.7). For example, at

log(M/M�)=9−9.5 mass bin, metallicities are 12+log(O/H)=8.708±0.004 and 8.541±0.007

in the filament and the field, respectively. Similar results are obtained at fixed SFR bins.

That is, at fixed SFR bins, star-forming galaxies in the filament are more metal-enriched.

For example, for log(SFR)≤0.75, star-forming galaxies in the filament are ∼0.16 dex more

enriched in metals than their field counterparts. Table 5.2 gives the metallicities of the

stacked spectra for different subsamples.

Figure 5.7 shows the mass-metallicity relation for individual galaxies (red and blue

empty points), as well as their stacked results in filament and the field (red and blue filled

points). For comparison, we also show the local universe mass-metallicity relation from

Tremonti et al. (2004) (modified for stellar masses based on the Chabrier IMF) and that

of the Erb et al. (2006) at z ∼2 (−0.56 dex below the z ∼0 trend). Our obtained mass-

metallicity relation at z ∼ 0.5 lies between z ∼0 and z ∼2 trends. For filament galaxies,

it lies ∼0.06−0.13 dex below the local universe trend, whereas for galaxies in the field, the

difference is ∼0.21−0.23 dex. We fit the metallicity of individual data points in the filament

and the field with a function of the form:

12 + log(O/H) = c(t−m0)2 + z0 (5.9)

where t=log(M/M�). We fix the parameter c to that of Tremonti et al. (2004) relation

(c=−0.08026). The fitting is performed using the robust nonlinear least-squares Marquardt-

Levenberg algorithm. The estimated parameters arem0=11.192±0.339 and z0=8.955±0.094

in the filament and m0=10.639±0.236 and z0=8.698±0.041 in the field. The intrinsic metal-

licity scatter (after subtracting in quadrature the median observational uncertainties in

measured metallicities) around the mean mass-metallicity relation is ∼0.17 dex (filament)
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Figure 5.7: Mass-metallicity relation for filament (red empty points) and field (blue empty
points) galaxies, along with mass-stacked and SFR-stacked spectra in the filament (red solid
points) and the field (blue solid points). Red and blue solid lines represent the fit to the
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the field at a fixed stellar mass bin.
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and ∼0.13 dex (field). The results of the fits are shown in Figure 5.7. The fits to individual

data points also show difference (∼ 0.1−0.2 dex) between metallicities in filament and the

field at a given stellar mass, although the dispersion around the fitted lines is large.

In another attempt to quantify the environmental dependence of the mass-metallicity

relation, we use the generalized two-dimensional K-S test (Fasano and Franceschini, 1987)

to determine the probability that the populations of filament and field star-forming galaxies

on the mass-metallicity plane are drawn from the same parent distribution. The derived

p-value is p=0.04, implying that it is < 4% probable that the difference in mass-metallicity

distributions in different environments is due to chance. In addition, we perform the one-

dimensional K-S test for stellar mass and metallicity distributions in different environments.

The derived p-value for the K-S test of stellar mass distributions in filament and the field is

p=0.27, whereas it is p=0.03 for metallicity distributions. This indicates that it is unlikely

that the stellar masses in filament and the field are drawn from a different parent distribution

while there is a more significant difference between metallicity distributions.

As we already mentioned, the mass-metallicity relation is due to a more general mass-

metallicity-SFR relation (the fundamental metallicity relation, Mannucci et al., 2010). As

shown in Mannucci et al. (2010), by introducing the quantity µ0.32=log(M)−0.32log(SFR)

that minimizes the dispersion of the projected fundamental metallicity relation, all galaxies

out to z ∼2.5 should follow the same µ0.32-metallicity relation. We define µ0.32=log(M/M�)-

0.32log([OII] SFR) and investigate the µ0.32-metallicity relation for filament and field galax-

ies. Figure 5.8 shows the relation between metallicity and µ0.32 for individual filament and

field galaxies, along with stacked points. For comparison, the polynomial best fit from Man-

nucci et al. (2010) is also shown. Both filament and field galaxies nearly follow the Mannucci

et al. (2010) trend. However, at a fixed µ0.32, filament galaxies are more metal-enriched.

For example, at µ0.32 > 9.5, the stacked spectra in the filament are about ∼0.07 dex more

metal-enhanced and at µ0.32 < 9.5, filament galaxies show a metallicity enhancement of ∼

0.16 dex compared to the field galaxies. The metallicities for the stacked spectra in different

environments are presented in Table 5.2.
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Our result regarding a deficit of metallicity in both filament (∼0.06−0.13 dex) and

field (∼0.21−0.23 dex) galaxies at intermediate redshifts (z ∼0.5) compared to z ∼0, is in

an overall qualitative agreement with Savaglio et al. (2005) (at least 0.1 dex at z ∼0.7),

Cowie and Barger (2008) (∼0.2 dex at z ∼0.77 for log(M/M�)=10−11 galaxies), Maiolino

et al. (2008) (∼0.1−0.2 dex at z ∼0.7 for log(M/M�)=9−10 galaxies), Lamareille et al.

(2009) (∼0.2 dex at z ∼0.59), Moustakas et al. (2011) (∼0.16 dex at 0.45< z <0.55

for log(M/M�)=10.1−10.3 galaxies), Zahid et al. (2011) (up to ∼0.15 dex at z ∼0.8 for

log(M/M�) < 10.5 galaxies), Lara-López et al. (2013a) (∼0.1 dex at z ∼0.36), and Pérez-

Montero et al. (2013) (0.14 dex at 0.4< z <0.6). Qualitatively, our filament mass-metallicity

relation evolution for stacked spectra resembles that of Moustakas et al. (2011) and Zahid

et al. (2011), whereas for field galaxies, it is similar to that of Lamareille et al. (2009).

The metallicity enhancement (∼0.1−0.15 dex) in filament star-forming galaxies with

respect to those in the field is consistent with several studies at low-z (z∼<0.2, Shields et al.,

1991; Skillman et al., 1996; Mouhcine et al., 2007; Cooper et al., 2008b; Ellison et al.,

2009; Scudder et al., 2012a; Petropoulou et al., 2012; Hughes et al., 2013; Alpaslan et al.,

2015; Sobral et al., 2015b), intermediate-z (z∼1, Sobral et al., 2013b), and high-z (z∼2,

Kulas et al., 2013; Shimakawa et al., 2015; Kacprzak et al., 2015), showing no or at best

a small metallicity enrichment (∼ 0.05−0.2 dex) of galaxies in clusters relative to the field

or galaxies in higher local densities with respect to those in low-density environments. Our

result, together with these studies suggest that the internal processes are the primary driver

of the chemical evolution of star-forming galaxies and the environment has a secondary role

in the metallicity evolution of galaxies. However, we stress that some studies have found

opposite environmental trends in the mass-metallicity relation. We will discuss it later in

Section 5.6.

5.5.3 Ionization Parameter

The ionization parameter (q) —a measure of the number of H-ionizing photons per H

atom— can be estimated using the O32 index defined as the [OIII]/[OII] line ratio (Kewley
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and Dopita, 2002; Nakajima et al., 2013). The [OIII]/[OII] ratio also depends strongly on

metallicity (and stellar mass according to the mass-metallicity relation). Here, in order to

estimate the ionization parameter, we use the equation given by Kobulnicky and Kewley

(2004) (see also Nakajima and Ouchi, 2014) based on the photoionization model of Kewley

and Dopita (2002):

log(q) =
A(O32, 12 + log(O/H))

B(O32, 12 + log(O/H))

A = 32.81− 1.153y2

+ (12 + log(O/H))(−3.396− 0.025y + 0.1444y2)

B = 4.603− 0.3119y − 1.163y2

+ (12 + log(O/H))(−0.48 + 0.0271y + 0.02037y2) (5.10)

where y=log(O32), O32 is the [OIII]/[OII] line ratio, i.e., O32=([OIII]λ4959+[OIII]λ5007)/

[OII]λ3727, and 12+log(O/H) is the gas phase oxygen abundance (metallicity). 12+log(O/H)

metallicity is estimated in Section 5.5.2 using the R23 index and the equation given in

Tremonti et al. (2004). The error of ionization parameter is estimated using the Monte-

Carlo approach explained in Section 5.5.1, based on the uncertainties in estimated metal-

licity and the [OII] and [OIII] line fluxes. Line fluxes are estimated by fitting Gaussian

functions to the line profiles. We note that the [OII] line is double-peaked and a better

estimate of the flux can be achieved by fitting a double-peaked Gaussian function similar

to Section 5.5.1. However, we found the difference between the flux estimated from single

and double Gaussian functions to be negligible and use the single Gaussian fit to the [OII]

line in this section.

Within the uncertainties, we do not find a significant difference between the average

ionization parameter of the star-forming galaxies in the filament compared to that of the

field galaxies. The ionization parameter is estimated to be q=7.352±0.086 and 7.397±0.099

cms−1 for stacked filament and field star-forming galaxies, respectively. We find that the
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ionization parameter is a function of stellar mass (or metallicity) and decreases with increas-

ing stellar mass (metallicity). However, at a fixed stellar mass, we do not find a significant

difference between the average ionization parameter of galaxies in the filament and the field

(Figure 5.9). The O32 values and the ionisation parameters for different environments and

stellar mass bins are given in Table 5.2.

Recently, Sobral et al. (2015b) studied a merging cluster at z ∼0.2 and did not find a

significant difference between ionisation parameter of Hα star-forming galaxies in the field,

the core, and the outskirts of the cluster at a fixed metallicity. Kewley et al. (2015) also

compared the ISM of a sample of field and cluster star-forming galaxies at z ∼2 and found

no significant difference between their ionisation parameter. These are consistent with what

we found in this section for our filament and field star-forming galaxies.

5.5.4 Line Equivalent Width

In this section, we study the equivalent width (EW) of [OII]λ3727, as well as that of Hβ in

the filament and the field to investigate any environmental dependence. We also investigate

the relation between EW, stellar mass, and sSFR and their dependence on environment.

We do not find a significant difference between EW distributions in different environ-

ments. The median [OII] EW for filament star-forming galaxies is EW[OII]=29.9 Å, fully

consistent with that of the field galaxies (EW[OII]=29.1 Å). For the stacked spectra, we ob-

tain EW[OII]=30.4±0.7 Å in the filament and EW[OII]=27.6±0.7 Å in the field. We obtain

the same results based on other emission lines. For example, EWHβ has a median value of

EWHβ=6.0 and 8.2 Å in filament and the field (corrected for Balmer stellar absorption, see

Section 5.4.2), correspondingly, with typically larger EW uncertainties compared to those

of EW[OII]. We perform K-S test to compare the distribution of EWs in different environ-

ments. The p-value is p=0.62 ([OII]) and p=0.40 (Hβ), meaning that it is unlikely that the

distribution of EWs in filament and the field are drawn from different parent distributions.

The EW of an emission line is a measure of its intensity with respect to the stellar

continuum. Since the flux of the emitting line is related to the recent star-formation activity
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Figure 5.9: Ionization parameter estimated with O32 index for filament (red) and field
(blue) galaxies as a function of stellar mass. Ionization parameter decreases with increasing
stellar mass. However, within the uncertainties, there is no significant difference between
ionization parameter of filament and field galaxies.
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in galaxies and the stellar mass of a galaxy is predominantly determined by the overall

mass of continuum stars, the EW of strong emission lines is a measure of the specific

star-formation rate (sSFR) in galaxies (Fumagalli et al., 2012). Here, we investigate the

environmental dependence of the relation between EW[OII] and [OII] specific star-formation

rate (sSFR[OII]). Figure 5.10 shows log(EW[OII]) versus log(sSFR[OII]) for filament and field

galaxies and the sSFR-stacked spectra. We find that sSFR[OII] increases with EW[OII] for

both filament and field star-forming galaxies. The EW[OII]-sSFR[OII] relation appears to be

independent of environment. We perform a linear fit (log(EW[OII])=a[log(sSFR[OII])]+b)

to the log(EW[OII])-log(sSFR[OII]) relation for filament and field star-forming galaxies.

Parameters of the best fit are a=0.285±0.064 and b=4.078±0.528 for filament star-forming

galaxies, consistent with the field parameters (a=0.387±0.042 and b=5.001±0.364). The

K-S test on the 2D distribution of galaxies in log(EW[OII])-log(sSFR[OII]) plane shows

similarities between filament and field galaxies (p-value=0.13).

Many studies have shown a relatively tight correlation (typical dispersion of ∼0.2 dex)

between SFR and stellar mass (Main-Sequence of star-forming galaxies), or equivalently

between sSFR and stellar mass out to z ∼6 (Brinchmann et al., 2004; Salim et al., 2007;

Daddi et al., 2007; Elbaz et al., 2007; Noeske et al., 2007a; Karim et al., 2011; Whitaker

et al., 2012; Reddy et al., 2012; Sobral et al., 2014; Salmon et al., 2015). Since we found

that EW[OII] and sSFR[OII] are related, we expect to see a relation between EW[OII] and

stellar mass. We investigate the environmental dependence of the EW[OII] and stellar mass

for individual galaxies and our mass-stacked spectra, as shown in Figure 5.11. We see

that EW[OII] decreases with increasing stellar mass. However, this trend looks similar for

star-forming galaxies in the filament and the field. We linearly parameterize this relation

(log(EW[OII])=c[log(M)]+d) by fitting the stacked spectra, showing that the parameters

are the same for filament (c=−0.473±0.055 and d=5.949±0.547) and the field galaxies

(c=−0.462±0.064 and d=5.921±0.638), within the uncertainties.

The EW[OII]-mass anti-correlation found here is consistent with other similar studies

(Fumagalli et al., 2012; Sobral et al., 2014; Bridge et al., 2015). Using a sample of [OII]
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Figure 5.10: Relation between log(EW[OII]) and log(sSFR[OII]) for filament (red empty
points) and field (blue empty points) galaxies and the sSFR-stacked spectra (solid points).
Solid lines show the linear fit to the filament (red line) and field (blue line) data points. The
sSFR[OII] increases with EW[OII] for both filament and field star-forming galaxies. However,
the EW[OII]-sSFR[OII] relation is independent of environment, within the uncertainties.
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emitters at z∼<0.6, Bridge et al. (2015) found a factor of ∼3 decline in the EW[OII] between

their lowest and highest mass bin. Here, we find a factor of ∼2.5 decline between our

lowest and highest mass bin, consistent with Bridge et al. (2015) given their wider mass

range at z ∼0.5. Fumagalli et al. (2012) also found that galaxies in the lowest mass bin

of their data, have on average, an EWHα which is five times higher than those in their

highest mass bin. Given their broader mass range compared to our study, it is qualitatively

in agreement with our result. Sobral et al. (2014) found a slope of ∼ −0.25 between

log(EWHα+[NII]) and log(M), shallower than what we found. However, this might be due

to differences in selection functions and EWHα+[NII] versus EW[OII]. Nonetheless, our

work agrees qualitatively with that of Sobral et al. (2014). We highlight that we found

that the EW[OII]-mass anti-correlation is independent of environment and it is another

manifestation of the environmental invariance of the SFR−mass relation for star-forming

galaxies, consistent with Darvish et al. (2014).

The environmental invariance of EW[OII]-sSFR[OII] and EW[OII]-mass relations found

here is consistent with several studies showing that on average, many properties of star-

forming galaxies that are related to star-formation activity (such as color, SFR, sSFR

and SFR−mass relation) are independent of their host environment, a result that appears

to hold regardless of the redshift, the method used to define environment, and the star-

formation activity indicator (Peng et al., 2010; Wijesinghe et al., 2012; Muzzin et al., 2012;

Koyama et al., 2013b, 2014; Hayashi et al., 2014; Lin et al., 2014; Darvish et al., 2014).

Hence, it has been argued that the major role of environment is to control the fraction of

quiescent and star-forming systems (Peng et al., 2010; Sobral et al., 2011; Muzzin et al.,

2012; Darvish et al., 2014), that is, it is more likely for galaxies to become quenched in

denser environments. However, when they form stars, on average, their star-formation

activity becomes independent of their host environment. In Section 5.6, we will discuss the

possible role of star-formation histories in determining the fraction of star-forming galaxies

in different environments.
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Figure 5.11: EW[OII]-mass anti-correlation for individual filament (red empty points) and
field (blue empty points) galaxies and the stellar mass-stacked spectra (solid points). Solid
lines show the linear fit to the filament (red line) and field (blue line) data. The EW[OII] de-
creases with increasing stellar mass. However, this trend is similar for star-forming galaxies
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5.5.5 Velocity Dispersion and Dynamical Mass

In order to estimate the line-of-sight gas velocity dispersion, we use the sigma of the fitted

Gaussian functions to Hβ and [OIII]λ5007 line profiles. We need to subtract in quadra-

ture the instrument velocity dispersion (σinst). The line-of-sight gas velocity dispersion is

therefore:

σ =
√
σ2
t − σ2

inst (5.11)

where σ is the line-of-sight gas velocity dispersion (Hβ or [OIII]λ5007), σt is the directly

measured (total) velocity dispersion from the spectra (using the sigma of the Gaussian fit to

the line profiles), and σinst is the instrument velocity dispersion, measured from the width

of the Arc lines. For the DEIMOS instrument (slit width 0.75”, central wavelength λc=7200

Å), we achieve a resolution of ∼1.5 Å, which is equivalent to σinst=62 kms−1. For galaxies

with σt < σinst, we use the instrument velocity dispersion as an upper limit for the velocity

dispersion. We note that the velocity dispersions measured from the line width have some

other contributions, such as the thermal broadening due to temperature of star-forming

regions (at T∼104 K, it is ∼<10 kms−1 for Hβ and much smaller for [OIII]λ5007), mergers,

and turbulent gas motions inside the HII regions (typically ∼ 20 kms−1, Shields, 1990).

We do not subtract these smaller effects from the measured velocity dispersion and the

measured values are a combination of these.

Figure 5.12 shows a comparison between estimated Hβ and [OIII]λ5007 velocity disper-

sions for star-forming galaxies in the filament and the field. There is a very good agreement

between the estimated velocity dispersions. The median σHβ and median σ[OIII]λ5007 are

consistent to within ∼5 (10) kms−1 for filament (field) galaxies, which are smaller than the

median observational uncertainties of Hβ velocity dispersion (∆σHβ ∼10 (20) kms−1 for fil-

ament (field) galaxies) and that of [OIII]λ5007 (∆σ[OIII]λ5007 ∼25 (15) kms−1 for filament

(field) galaxies). The two velocity dispersion measurements also have a median absolute

deviation of ∼ 5 (15) kms−1, smaller than the typical velocity dispersion uncertainties.

We do not find a significant difference between velocity dispersions in filament and the
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Figure 5.12: [OIII]λ5007 versus Hβ line-of-sight velocity dispersions for star-forming galax-
ies in the filament (red points) and the field (blue points). There is a very good agreement
between the estimated velocity dispersions. The two velocity dispersion measurements have
a median absolute deviation of ∼ 5 (15) kms−1 in filament (field), smaller than the typical
velocity dispersion uncertainties. We do not find a significant difference between velocity
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field. For example, the median Hβ velocity dispersion is σHβ ∼90 kms−1 in the filament,

whereas it is σHβ ∼95 kms−1 in the field, consistent within the uncertainties. The K-S

test p-values also show that it is unlikely that the distribution of σHβ (p=0.47), σ[OIII]λ5007

(p=0.43), and σHβ − σ[OIII]λ5007 2D distribution (p=0.43) in filament and the field are

drawn from different parent distributions.

We compared our estimated velocity dispersions with that of Weiner et al. (2006) and

found a relatively good agreement, within the uncertainties. We limited the sample of

Weiner et al. (2006) to typical redshift (z ∼0.5) and magnitude (i+ ∼21) of our own sample

and found a velocity dispersion of ∼75 kms−1, comparable to our estimated value of ∼90

kms−1 within our typical uncertainties (∼10−15 km−1). Our derived σ values also agree

very well with those from Forbes et al. (1996) at ∼0.5 (∼90 kms−1).

Given the velocity dispersion and the half-light radius of galaxies, we can estimate their

dynamical mass (Mdyn) via:

Mdyn =
βReσ

2

G
(5.12)

where β is a constant that depends on the mass distribution in a galaxy, Re is the effective

half-light radius, and G is the gravitational constant. The β value varies between ∼2−6

(Rix et al., 1997; Pettini et al., 2001; Erb et al., 2003; Cappellari et al., 2006; Toft et al.,

2012; Maseda et al., 2013; Erb et al., 2014; Rhoads et al., 2014; Beifiori et al., 2014) and is

our major source of systematic uncertainty in dynamical mass measurements. Here, we use

β=2 corresponding to the singular isothermal sphere mass profile (Keeton, 2001; Binney

and Tremaine, 2008). However, we note that this could be as large as ∼6. Therefore, our

dynamical masses are lower limits and could become higher by a factor ∼3. Half-light radii

are extracted from the publicly available catalog of Leauthaud et al. (2007) in the COSMOS

field, derived by running Sextractor (Bertin and Arnouts, 1996) on the HST/ACS F814W

images 4. We use the Hβ velocity dispersion for dynamical mass measurements because the

4 We also tried the public ZEST catalog (Scarlata et al., 2007a) which extracts structural parameters
(including effective radii) from HST/ACS F814W images, using Simard (1998) GIM2D IRAF package.
We found a relatively good agreement between the estimated effective radii from these two catalogs. Here,
we only use the Leauthaud et al. (2007) values.
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typical uncertainties in Hβ velocity dispersion is smaller than that of the [OIII]λ5007 line.

We find no significant evidence for different dynamical mass distributions for filament

and field galaxies. The median dynamical mass is log(Mdyn/M�)∼10.12 in filament while in

the field, we have median log(Mdyn/M�)∼10.06, with a median absolute deviation of ∼0.12

dex in both environments. Dynamical masses are in the range log(Mdyn/M�)∼9.8−10.4

for filament galaxies and in the range log(Mdyn/M�)∼9.4−10.8 for galaxies in the field.

Dynamical masses for field galaxies have a slightly broader range. However, this might be

due to a slightly wider stellar mass range in the field.

We also investigate the stellar-to-dynamical mass ratios (Mstar/Mdyn) of star-forming

galaxies in different environments and do not find a significant difference between them

(Figure 5.13). For star-forming galaxies in the filament, the median stellar-to-dynamical

mass ratio is Mstar/Mdyn ∼0.45 with a median absolute deviation ∼0.31. The median ratio

is Mstar/Mdyn ∼0.30 in the field with a median standard deviation of ∼0.18. Given the

relatively large absolute deviations, the stellar-to-dynamical mass ratios in filament and the

field are consistent with each other.

Stellar-to-dynamical mass ratios in the filament are in the range Mstar/Mdyn ∼0.08−3.88,

and Mstar/Mdyn ∼0.08−4.42 for field galaxies. ∼20% of star-forming galaxies in the fila-

ment and ∼15% in the field have unphysical Mstar/Mdyn >1 (Figure 5.13). There might

be several reasons for these unphysical values. Firstly, the uncertainties in the estimated

Mstar/Mdyn are quite large and the lower limit of their estimated Mstar/Mdyn lies within

the reasonable range for the majority of these sources. Secondly, we assumed a value of β=2

in estimating the dynamical masses. These sources might have a larger β value. Choosing

β ∼5−6 brings all (except one with large error bar) the Stellar-to-dynamical mass ratios to

the safe zone. Thirdly, the nebular gas dynamics may not be a complete representative of

the total mass as the star-forming regions are mostly localized to inner regions of the disk.

In fact, if we discard the seemingly unphysical Mstar/Mdyn >1 from our analysis, we find

a much better agreement between stellar-to-dynamical mass ratios in filament and the field.

The median stellar-to-dynamical mass ratio becomes Mstar/Mdyn ∼0.28 (median absolute
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Figure 5.13: Stellar-to-dynamical mass ratio (Mstar/Mdyn) as a function of dynamical mass
for filament (red points) and the field (blue points) star-forming galaxies. We do not find a
significant difference between them. After discarding the unphysical Mstar/Mdyn >1 data
from our analysis, we find that for star-forming galaxies in the filament, the median stellar-
to-dynamical mass ratio is Mstar/Mdyn ∼0.28 with a median absolute deviation ∼0.15, fully
consistent with the field star-forming galaxies with median Mstar/Mdyn ∼0.27 and median
absolute deviation 0.15.
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deviation ∼ 0.15) for filament star-forming galaxies, fully consistent with the field star-

forming galaxies with median Mstar/Mdyn ∼0.27 and median absolute deviation 0.15. We

also perform K-S test for the distributions of Mstar/Mdyn in filament and the field, showing

that it is unlikely (p-value=0.47) they are drawn from different parent distributions.

The estimated stellar-to-dynamical mass ratios in the filament and the field are consis-

tent with each other (Mstar/Mdyn=0.27−0.28) and with some previous studies, although

these studies may cover a different stellar mass range, galaxy type, redshift, and selection

function when compared to our study. For example, Maseda et al. (2013) found that for a

sample of extreme emission line galaxies at z ∼2 with stellar masses log(M/M�)∼8−9, the

stellar-to-dynamical mass ratio is Mstar/Mdyn ∼0.27 (assuming β=3), in good agreement

with our result. Using a sample of massive quiescent galaxies at z >1 and in the SDSS,

Belli et al. (2014) showed that the average log(Mstar/Mdyn) is −0.13 for z >1 and −0.12 for

the SDSS samples, assuming β=5. Adopting our value of β=2 in Belli et al. (2014) leads

to the average value of Mstar/Mdyn ∼0.30 for SDSS and z >1 samples, fully consistent with

our median value of (0.27−0.28) at z ∼0.5.

Moreover, many studies of the Tully-Fisher relation out to z ∼1 have shown no or at best

very weak (for S0 galaxies and fainter systems) environmental dependence of its character-

istics (Sakai et al., 2000; Nakamura et al., 2006; Pizagno et al., 2007; Jaffé et al., 2011; Mocz

et al., 2012; Bösch et al., 2013; Rawle et al., 2013; Sobral et al., 2013b). Since maximum

rotational velocity is related to velocity dispersion and absolute magnitude is proportional

to stellar mass, the environmental invariance of stellar mass and velocity dispersion seen in

our work is indirectly related to the environmental independence of the Tully-Fisher relation

seen in these studies and obliquely agrees with them.

5.6 Discussion

In Section 5.5, we showed that some of the observable properties of filament and field

star-forming galaxies such as their EW, EW-sSFR relation, velocity dispersion, dynamical
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mass, and ionization parameter are the same within the uncertainties. However, we found

an enhancement of metallicity and a significant reduction of electron density for filament

galaxies. What might be the cause of these differences?

We first need to discuss that the environmental dependence of the metallicity of star-

forming galaxies may depend on the scale at which the environment is defined. At small

scales (a few tens of kpc), there is substantial evidence from observations and simulations

for a decrement of metallicity and an enhancement of star-formation activity in galaxy

close pairs, merging, and interacting systems compared to isolated, field galaxies, mostly

attributed to the interaction-induced inflow of metal-poor gas from the periphery of in-

teracting galaxies to the center, diluting their metal content, and increasing their gas fuel

for star-formation (Mihos and Hernquist, 1996; Kewley et al., 2006; Michel-Dansac et al.,

2008; Ellison et al., 2008; Sol Alonso et al., 2010; Rupke et al., 2010; Perez et al., 2011;

Scudder et al., 2012b; Ellison et al., 2013; Ly et al., 2014). At intermediate group scales

where galaxy interactions are more common compared to cluster and field environments

(Perez et al., 2009; Tonnesen and Cen, 2012) (due to a combination of (1) a lower velocity

dispersion of group galaxies relative to their cluster counterparts and (2) a higher number

density of group galaxies compared to the field systems, which provide an ideal condition

for interactions), there is also evidence for a deficit of metals in group galaxies compared

to control samples in the field (Lara-López et al., 2013b), possibly due to a higher fraction

of interacting galaxies. At larger filamentary and cluster scales, the slight metal enhance-

ment of galaxies relative to the field might be due to (1) the inflow of already enriched

interafilamentary or interacluster gas into galaxies as observations and simulations have

shown a more metal enriched IGM in cluster and filament environments compared to the

field (Arnaud et al., 1994; Aracil et al., 2006; Stocke et al., 2006, 2007; Sato et al., 2007;

Davé et al., 2011; Cen and Chisari, 2011; Oppenheimer et al., 2012), (2) the environmental

strangulation (Larson et al., 1980; Peng et al., 2015) of low-metallicity diluting gas falling

from the surrounding LSS cosmic web into galaxies, (3) the environmental ram pressure

stripping (Gunn and Gott, 1972; Abadi et al., 1999) of the metal-poor diluting gas in the
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periphery of galaxies, and (4) trapping and recycling of metal-enriched outflows due to the

hotter environment of filaments and clusters (Cen and Ostriker, 2006; Aracil et al., 2006;

Werner et al., 2008) compared to the field.

However, among all the possibilities considered above, the inflow of the metal-enriched

intrafilamentary gas into filament galaxies can better describe our observations in this work.

Strangulation and ram pressure stripping would affect the gas content of filament galaxies

which would eventually result in a reduced gas reservoir for galaxies, leading to a reduction

of SFR in filament galaxies. However, we showed in Section 5.5.4 that the EW[OII]-sSFR

relation which is related to star-formation activity in galaxies is invariant to filament and

field star-forming galaxies. Moreover, ram pressure stripping is practically effective for dwarf

galaxies in denser environments of massive clusters with large velocity dispersions. Given

the mass range of our sample galaxies and the environment of our filament, it is unlikely that

ram pressure stripping would significantly affect the gas content of our filament galaxies.

The small environmental dependence of galaxy metallicity seen in this work and similar

studies might be due to the selection of mostly brighter, central galaxies as highlighted by

Peng and Maiolino (2014). Using a sample of galaxies in the SDSS, Peng and Maiolino

(2014) showed that once central and satellites are carefully separated, there is a strong

relation between overdensity and metallicity for satellite star-forming galaxies, whereas for

central system, no such correlation was found. They attributed this correlation to the inflow

of more metal-enriched gas in denser environments to satellite galaxies. Similarly, Pasquali

et al. (2012) found that satellites have higher metallicities than equally massive centrals in

the SDSS dataset.

We showed that on average, the ionization parameter is almost the same for filament

and field galaxies, whereas the electron density is much lower for filament galaxies. The

ionization parameter is defined as:

q =
Q(H0)

4πr2NH
(5.13)
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where Q(H0) is the number of Hydrogen photoionizing photons per second, passing through

the surface area of 4πr2 with the Strömgren radius r, and NH is the number density of

Hydrogen atoms. Assuming ionization equilibrium, the photoioization rate is balanced out

by the recombination rate:

Q(H0) ∝ r3N2
Hε (5.14)

where ε is the filling factor. Inserting equation 5.14 into 5.13 gives:

q ∝ rNHε (5.15)

If the number density of hydrogen atoms is related to electron density, given the lower

electron density in filament galaxies and similar ionization parameter between field and

filament systems, the Strömgren radius and/or the filling factor of filament galaxies should

change in such a way that leave the ionization parameter intact, according to equation 5.15.

In other words, on average, filament galaxies might have bigger HII star-forming regions

assuming ε is fixed, or the filling factor is larger for filament galaxies compared to the field

assuming that r is the same in these two environments, or a combination of these.

Different star-formation histories between filament and field star-forming galaxies can

explain some of the differences seen in this study. A longer, more constant star-formation

timescale for filament star-forming galaxies compared to a shorter, burstier star-formation

history for field star-forming galaxies is capable of sustaining a bigger HII region for a

longer time. A bigger HII region reduces the pressure inside the region which leads to a

lower electron density. A longer star-formation timescale for filament star-forming galaxies

also suggests that at the time of observation, it is more likely to find a higher fraction of star-

forming galaxies in filaments compared to the field. This is consistent with e.g., Darvish

et al. (2014) who found a higher fraction of Hα star-forming galaxies in a filamentary

structure at z ∼0.84. It is still not clear what environmental effects (if any) might cause the

difference in electron density, Strömgren radius, filling factor, and star-formation histories
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between filament and field galaxies. Whatever they are, they alter the ISM of galaxies in

such a manner that affect the electron densities and leave the ionization parameter almost

unchanged.

Since electron density measurements originate from HII regions with sizes up to a few

hundred pc, a full understanding of them in different environments at intermediate and

high redshifts requires sub-kpc resolution. Current space-based telescopes such as HST

and ground-based integral field units (IFU) equipped with adaptive optics (AO) are able

to provide information on kpc-scale star-forming regions in intermediate and high redshift

galaxies (see e.g., Swinbank et al., 2012; Wuyts et al., 2013; Hemmati et al., 2014). However,

with the next generation of telescopes such as TMT and E-ELT, sub-kpc resolution for

intermediate- and high-z galaxies can be achieved through AO systems, enabling us to have

a grasp of the properties of HII-regions in these galaxies located in different environments.

5.7 Summary and Conclusion

In this chapter, we spectroscopically confirm the presence of a large filamentary structure

(∼ 8 Mpc) in the COSMOS field at z ∼0.53. We extensively study the physical properties

of the star-forming emission-line galaxies in this filament and compare them with a control

sample of field galaxies at the same redshift. Our main results are:

1. We estimate the average electron density for filament and field star-forming galaxies

using [OII]λ3726/λ3729 line ratio. We show that the average electron density is

significantly lower (a factor of ∼ 17) for filament star-forming galaxies compared to

that of the field systems. We obtain the same result if we perform the comparison

in fixed stellar mass, SFR, and sSFR bins. Depending on the bin selected, electron

densities vary in the range ∼ <10−75 cm−3 for filament star-forming galaxies and

in the range ∼ 200−740 cm−3 for star-forming galaxies in the field. The decrement

of the electron densities in filament star-forming galaxies might be due to a longer

star-formation timescale for filament star-forming systems.
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2. We estimate the oxygen abundance metallicity using the R23 index. We show that

our mass-metallicity relation at z ∼0.5 for filament and field star-forming galaxies

lies in between mass-metallicity relations at z ∼0 and z ∼2. We also show that our

µ0.32-metallicity relation for filament and field star-forming galaxies nearly follows the

Mannucci et al. (2010) trend at z ∼0.

3. We show that at a fixed stellar mass, SFR, and µ0.32, filament star-forming galaxies

are more metal-enriched (∼0.1−0.15 dex) compared to their field counterparts. The

metallicity enhancement for filament star-forming galaxies compared to the field might

be due to the inflow of the already enriched intrafilamentary gas into filament galaxies.

The metallicity enhancement in denser environments suggests that environment has

a secondary effect in the metal enrichment of galaxies and internal processes are the

major driver of the chemical evolution in galaxies.

4. We estimate the average ionisation parameter of filament and field star-forming galax-

ies using the O32 index. Ionisation parameter depends on stellar mass and decreases

with increasing stellar mass for both filament and field star-forming galaxies. However,

within the uncertainties, we find insignificant difference between ionisation parameter

of filament and field star-forming systems.

5. We show that EW[OII] correlates with sSFR and anti-correlates with stellar mass for

filament and field star-forming galaxies. However, we show that within the uncertain-

ties, EW[OII]-sSFR and EW[OII]-mass relations are the same for filament and field

star-forming systems. The environmental independence of the EW[OII]-mass anti-

correlation is another manifestation of the environmental invariance of the SFR−mass

relation for star-forming galaxies, seen in previous studies.

6. We estimate the line-of-sight velocity dispersion and dynamical masses for filament

and field star-forming systems. We show that, on average, velocity dispersion, dy-
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namical mass, and stellar-to-dynamical mass ratio are similar for filament and field

star-forming galaxies.

Assuming ionisation equilibrium within HII star-forming regions, we can show that the

ionisation parameter directly depends on the electron density, the diameter of the HII

region, and the volume filling factor. Since we showed that, on average, the ionisation

parameter is similar for filament and field star-forming galaxies and the electron density

is much lower for filament star-forming systems, this suggests that, on average, filament

star-forming galaxies might have larger HII regions compared to their field counterparts if

we assume that the filling factor is the same for them. However, HII regions have sub-kpc

sizes and a full understanding of their sizes in different environments at higher redshifts

requires the next generation of telescopes such as TMT that are equipped with the IFU

systems and assisted by the AO technology.
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Chapter 6

Summary and Conclusions

Summary of Chapter 2

We used a Ks-band selected sample of galaxies with accurate photometric redshifts in the

COSMOS field at z=0.1−3.1 in order to estimate the density field. The density field was

determined with the weighted versions of the adaptive kernel smoothing, tenth and fifth NN,

Voronoi tessellation and Delaunay triangulation methods. We evaluated the performance

of each density estimator using extensive realistic and Monte-Carlo simulations. We found

an overall good agreement between the density field estimated with different methods over

∼2 orders of magnitude. We performed extensive simulations to show that the adaptive

kernel smoothing and Voronoi tessellation outperformed other methods in estimating the

density field of galaxies. We recommend using these estimators as a more reliable and

robust substitute for the widely-used NN or count in aperture methods. We introduced the

robust MMF algorithm which was able to disentangle the cosmic web into its components.

The algorithms developed in this chapter were extensively used in other chapters that dealt

mostly with the effects of environment on properties of galaxies.

Summary of Chapter 3

In this chapter, we studied the effects of the environment on a mass complete sample of

quiescent and star-forming galaxies out to z∼3 in the COSMOS field. The rest-frame
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NUV−r+−J color-color plots were used to separate the galaxy population into quiescent

and star-forming systems. We investigated the median SFR, sSFR, quiescent fraction, rest-

frame color, and the comoving number and mass density of galaxies as a function of their

environment (overdensity), stellar mass, galaxy type, and redshift. Our main results are:

1. The median SFR and sSFR of galaxies are strong functions of environment at z∼<1,

in a sense that they both decrease with increasing overdensity at z∼<1. However, at

z∼>1, they are almost independent of the environment.

2. When we only consider the star-forming galaxies, their median SFR and sSFR do

not significantly change with environment out to z ∼3. In other words, if a galaxy

is star-forming, on average, its SFR and sSFR are unaltered by its host environment.

However, denser environments increase the chance of a galaxy to become quiescent.

Hence, the role of environment seems to control the fraction of star-forming and

quiescent galaxies.

3. At a given overdensity, the median SFR and sSFR of galaxies (quiescent and star-

forming) are higher at higher redshifts compared to lower-z samples, indicating an

overall decline in the global star-formation activity in galaxies since z ∼2-3.

4. The fraction of quiescent galaxies significantly changes with environment (overdensity)

at z∼<1, and it is higher in denser regions. However, at z∼>1, it is almost independent

of the environment. At a given overdensity, the fraction of quiescent galaxies is always

higher at lower redshifts. This is an indication of the Butcher-Oemler effect.

5. The quiescent fraction growth rate is almost independent of environment at look-back

time ∼>8 Gyr. However, at lower redshifts (look-back time ∼<8 Gyr), it increases with

increasing overdensity. Galaxies become quenched more rapidly in denser environ-

ments compared to less-dense regions.

6. The fraction of quiescent galaxies depends on stellar mass at all the redshifts con-

sidered in this study (0.1< z <3.1), and it is higher for more massive systems. At
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a given stellar mass, the fraction of quiescent galaxies is higher at lower redshifts.

This is another manifestation of the galaxy mass-downsizing. We estimate the typical

time delay between the quenching of less massive (log(M/M�)∼10) and more massive

(log(M/M�)∼11) galaxies to be ∆t ∼3.4±0.9 Gyr.

7. At all the redshifts considered in this study (0.1< z <3.1), the fraction of quiescent

galaxies at a fixed environment strongly depends on stellar mass, i.e., the fraction

of quiescent galaxies at all fixed density levels is always higher for more massive

galaxies compared to less massive systems out to z∼3. However, at a fixed stellar

mass, quiescent fraction depends on environment (overdensity) only at z∼<1 and not

significantly at higher redshifts. At a fixed stellar mass and at z∼<1, this fraction is

higher in denser regions. All these results suggest that environmental quenching is

practically important at z∼<1, whereas mass quenching is the major factor of star-

formation truncation in galaxies at z∼>1.

8. At a given stellar mass, the median rest-frame u∗-BJ color of quiescent galaxies is

independent of the environment in which they reside. Quiescent galaxies become

redder with cosmic time and their color evolution is independent of their environment.

Since z ∼3, more massive quiescent galaxies (log(M/M�)∼>10) have become ∼0.2 mag

redder in rest-frame u∗-BJ , whereas less massive quiescent systems have reddened by

∼0.1 mag since z ∼1.

9. On average, more massive quiescent galaxies are redder compared to less massive

ones at any given redshift, regardless of their environment. The lack of a correlation

between color and environment at fixed stellar mass for quiescent galaxies suggests

that the relation between stellar mass and the local density of the galaxies is more

fundamental than the color−density relation.

10. The average comoving number and mass density of massive (log(M/M�)>11) star-

forming galaxies have not evolved much since z ∼3. However, for massive quiescent
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galaxies, number and mass densities rise sharply from z ∼3 to z ∼1 and remain almost

unchanged since then.

11. The evolution of the comoving number and mass density of massive star-forming

galaxies do not depend on their environment. They remain almost unchanged since

z ∼3, regardless of their host environment. The situation is different for massive

quiescent galaxies. The comoving number and mass density of massive quiescent

galaxies do not change much with environment and redshift from z ∼3 to z ∼1.3, which

is similar to those of star-forming galaxies. However, at lower redshifts (z∼<1.3), we find

a significant evolution in the number and mass density of massive quiescent galaxies in

denser environments compared with less-dense regions. Dense environments at lower

redshifts are populated with massive quiescent galaxies, which signifies the role of the

environment in quenching the star-formation activity in galaxies at lower redshifts.

Summary of Chapter 4

1. Our results improve previous studies based on intermediate environments and agree

quantitatively and qualitatively with them, but show that what are often called “in-

termediate” densities and/or “group” environments are likely to be filaments.

2. Our results show that the observed fraction of star-forming galaxies is enhanced in

filaments, relative to the field and cluster environments at z ∼0.8−0.9. This enhance-

ment in the fraction of star-forming galaxies in filaments is either intrinsic and/or due

to a boost in the SFR of star-forming galaxies in filaments when combined with the se-

lection biases. A possible physical interpretation for this trend is mild galaxy−galaxy

interactions.

3. We also find that —in agreement with other studies— the observed SFR−mass rela-

tion and its intrinsic scatter, median SFR, stellar mass, and sSFR is mostly indepen-

dent of environment for selected Hα emitters and underlying star-forming galaxies at

z ∼0.8−0.9. However, we mention that the environmental independence of the median
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SFR and the SFR−mass relation for star-forming galaxies is affected by the selection

biases, i.e., the intrinsic SFR of star-forming galaxies might vary with environment

without being observed in the median values or the SFR−mass relation, as a result of

selection effects. Indeed, if the environmental invariance of SFR−mass relation turns

out to be real (and not much affected by the selection biases), this means that the en-

vironment is most relevant to set the star-forming fraction, or to determine if a galaxy

is actively forming stars or not (but when it forms stars, on average, it lies on the

same relation across environments). This implies that the physical processes involved

in triggering/quenching star-formation should act on a relatively short timescale (as-

suming the SFR−mass relation is actually independent of environment and not much

affected by selection biases).

4. Since our analysis is limited to a narrow redshift slice (∆z=0.03, equivalent to a

comoving radial length of ∼80 Mpc at z ∼0.84), we discriminate against filaments

oriented radially and we miss possible sub-structures along the line of sight. However,

this is a limitation to all other similar photo-z-based studies. A better understanding

of the geometry of structures can be achieved by 3D reconstruction of them using a

large spectroscopic sample.

Summary of Chapter 5

We spectroscopically confirmed the presence of a large filamentary structure (∼ 8 Mpc) in

the COSMOS field at z ∼0.53. We extensively studied the physical properties of the star-

forming emission-line galaxies in this filament and compared them with a control sample of

field galaxies at the same redshift. Our main results are:

1. We estimate the average electron density for filament and field star-forming galaxies

using [OII]λ3726/λ3729 line ratio. We show that the average electron density is

significantly lower (a factor of ∼ 17) for filament star-forming galaxies compared to

that of the field systems. We obtain the same result if we perform the comparison
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in fixed stellar mass, SFR, and sSFR bins. Depending on the bin selected, electron

densities vary in the range ∼ <10−75 cm−3 for filament star-forming galaxies and

in the range ∼ 200−740 cm−3 for star-forming galaxies in the field. The decrement

of the electron densities in filament star-forming galaxies might be due to a longer

star-formation timescale for filament star-forming systems.

2. We estimate the oxygen abundance metallicity using the R23 index. We show that

our mass-metallicity relation at z ∼0.5 for filament and field star-forming galaxies

lies in between mass-metallicity relations at z ∼0 and z ∼2. We also show that our

µ0.32-metallicity relation for filament and field star-forming galaxies nearly follows the

Mannucci et al. (2010) trend at z ∼0.

3. We show that at a fixed stellar mass, SFR, and µ0.32, filament star-forming galaxies

are more metal-enriched (∼0.1−0.15 dex) compared to their field counterparts. The

metallicity enhancement for filament star-forming galaxies compared to the field might

be due to the inflow of the already enriched intrafilamentary gas into filament galaxies.

The metallicity enhancement in denser environments suggests that environment has

a secondary effect in the metal enrichment of galaxies and internal processes are the

major driver of the chemical evolution in galaxies.

4. We estimate the average ionisation parameter of filament and field star-forming galax-

ies using the O32 index. Ionisation parameter depends on stellar mass and decreases

with increasing stellar mass for both filament and field star-forming galaxies. However,

within the uncertainties, we find insignificant difference between ionisation parameter

of filament and field star-forming systems.

5. We show that EW[OII] correlates with sSFR and anti-correlates with stellar mass for

filament and field star-forming galaxies. However, we show that within the uncertain-

ties, EW[OII]-sSFR and EW[OII]-mass relations are the same for filament and field

star-forming systems. The environmental independence of the EW[OII]-mass anti-
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correlation is another manifestation of the environmental invariance of the SFR−mass

relation for star-forming galaxies, seen in previous studies.

6. We estimate the line-of-sight velocity dispersion and dynamical masses for filament

and field star-forming systems. We show that, on average, velocity dispersion, dy-

namical mass, and stellar-to-dynamical mass ratio are similar for filament and field

star-forming galaxies.

Assuming ionisation equilibrium within HII star-forming regions, we can show that the

ionisation parameter directly depends on the electron density, the diameter of the HII

region, and the volume filling factor. Since we showed that, on average, the ionisation

parameter is similar for filament and field star-forming galaxies and the electron density

is much lower for filament star-forming systems, this suggests that, on average, filament

star-forming galaxies might have larger HII regions compared to their field counterparts if

we assume that the filling factor is the same for them. However, HII regions have sub-kpc

sizes and a full understanding of their sizes in different environments at higher redshifts

requires the next generation of telescopes such as TMT that are equipped with the IFU

systems and assisted by the AO technology.
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Ž., Brinkmann, J., Hennessy, G. S., Szokoly, G. P., and Tucker, D. L.: 2002, The
Astronomical Journal 123, 1807
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J. F., Le Brun, V., Fèvre, O. L., Lilly, S., Looper, D., Maier, C., Mainieri, V., Mellier,
Y., Mignoli, M., Murayama, T., Pellò, R., Peng, Y., Pérez-Montero, E., Renzini, A.,
Ricciardelli, E., Schiminovich, D., Scodeggio, M., Shioya, Y., Silverman, J., Surace, J.,
Tanaka, M., Tasca, L., Tresse, L., Vergani, D., and Zucca, E.: 2009, ApJ 690, 1236
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Capak, P., Contini, T., Kneib, J.-P., Le Fèvre, O., Mainieri, V., Renzini, A., Bardelli, S.,
Bongiorno, A., Coppa, G., de la Torre, S., de Ravel, L., Franzetti, P., Garilli, B., Guzzo,
L., Kampczyk, P., Lamareille, F., Le Borgne, J.-F., Le Brun, V., Maier, C., Mignoli, M.,
Pello, R., Perez Montero, E., Ricciardelli, E., Tanaka, M., Tresse, L., Zucca, E., Abbas,
U., Bottini, D., Cappi, A., Cassata, P., Cimatti, A., Fumana, M., Koekemoer, A. M.,
Maccagni, D., Marinoni, C., McCracken, H. J., Memeo, P., Meneux, B., and Scaramella,
R.: 2010, ApJ 708, 505

Koyama, Y., Kodama, T., Nakata, F., Shimasaku, K., and Okamura, S.: 2011, ApJ 734,
66

Koyama, Y., Kodama, T., Shimasaku, K., Hayashi, M., Okamura, S., Tanaka, I., and
Tokoku, C.: 2010, MNRAS 403, 1611

Koyama, Y., Kodama, T., Shimasaku, K., Okamura, S., Tanaka, M., Lee, H. M., Im, M.,
Matsuhara, H., Takagi, T., Wada, T., and Oyabu, S.: 2008, MNRAS 391, 1758

Koyama, Y., Kodama, T., Tadaki, K.-i., Hayashi, M., Tanaka, I., and Shimakawa, R.: 2014,

204



ApJ 789, 18

Koyama, Y., Kodama, T., Tadaki, K.-i., Hayashi, M., Tanaka, M., Smail, I., Tanaka, I.,
and Kurk, J.: 2013a, MNRAS 428, 1551

Koyama, Y., Smail, I., Kurk, J., Geach, J. E., Sobral, D., Kodama, T., Nakata, F., Swin-
bank, A. M., Best, P. N., Hayashi, M., and Tadaki, K.-i.: 2013b, MNRAS 434, 423

Kriek, M., van der Wel, A., van Dokkum, P. G., Franx, M., and Illingworth, G. D.: 2008,
ApJ 682, 896

Kulas, K. R., McLean, I. S., Shapley, A. E., Steidel, C. C., Konidaris, N. P., Matthews, K.,
Mace, G. N., Rudie, G. C., Trainor, R. F., and Reddy, N. A.: 2013, ApJ 774, 130

Lamareille, F., Brinchmann, J., Contini, T., Walcher, C. J., Charlot, S., Pérez-Montero,
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Pettini, M., Shapley, A. E., Steidel, C. C., Cuby, J.-G., Dickinson, M., Moorwood, A. F. M.,
Adelberger, K. L., and Giavalisco, M.: 2001, ApJ 554, 981

Pimbblet, K. A.: 2011, MNRAS 411, 2637

Pimbblet, K. A., Drinkwater, M. J., and Hawkrigg, M. C.: 2004, MNRAS 354, L61

Pintos-Castro, I., Sánchez-Portal, M., Cepa, J., Santos, J. S., Altieri, B., Pérez Mart́ınez, R.,
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Marino, R. A., Walcher, C. J., Husemann, B., Mast, D., Monreal-Ibero, A., Cid Fer-
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Appendix

A1 Effect of Density Field Estimation based on Different

Sample Selections

In Chapter 3 Section 2.2, we used a flux-limited (Ks <24) sample of galaxies in order to

estimate the density field. All the main results presented in Chapter 3 Section 3.3 were

based on this flux-limited sample used for density estimation. Here, we try two other

samples of galaxies to estimate the density field and investigate their effects on the results

presented in Chapter 3 Section 3.3. Just as before, we use the Voronoi tessellation method

as the density estimator and the definition of low- and high-density environments given in

Chapter 3 Section 3.3. These new samples are defined as follows:

1. In addition to the conditions given in Chapter 3 Section 2.2, we select all galaxies that

are more massive than the stellar mass completeness limit of the samples defined in

Chapter 3 Section 3.2 and Chapter 3 Table 3.1 (Ks <24 and M>Mcomp).

2. In addition to the conditions given in Chapter 3 Section 2.2, we select all galaxies

that are more massive than the stellar mass completeness limit of the highest red-

shift sample defined in Chapter 3 Section 3.2 and Chapter 3 Table 3.1 (Ks <24 and

log(M/M�)>9.97). This is similar to a volume-limited sample of galaxies.

Using these new samples, we re-estimate the density fields and reinvestigate the results in

Chapter 3 Section 3.3. Figure 6.1 is similar to Figure 3.10, but it also shows the results
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Figure 6.1: Similar to Figure 3.10 but the results are shown for the different samples used
to estimate the density field of galaxies. Filled circles, empty squares, and empty triangles
show the trends based on a flux-limited sample (Ks <24, same results in Figure 3.10), a
sample of galaxies with (Ks <24 and M>Mcomp), and a sample of galaxies with Ks <24
and log(M/M�)>9.97 (which is similar to a volume-limited sample), respectively (see the
appendix). We see the same trends obtained in Chapter 3 Section 3.3. Our results are not
significantly influenced by the selection of the samples used to estimate the density field of
galaxies.
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based on the new samples used to estimate the density field. According to Figure 6.1, we

are able to retrieve the main trends obtained in Chapter 3 Section 3.3 for quiescent (Q)

and star-forming (SF) galaxies. However, we mention that for massive quiescent galaxies,

the number and mass density trends become even more amplified at z <1 when we use

the new samples for density estimation. This is expected because the new samples target

more massive galaxies in order to estimate the density field, which tend to be more strongly

clustered compared with less massive systems. We highlight that our results in Chapter 3

Section 3.3 are not significantly affected by the selection of the samples we used for density

field estimation.
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