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Abstract

Correlations between galaxy properties and environment have been ob-

served in many environments, showing that red, quiescent, early-type galaxies

are found preferentially in dense regimes. This thesis uses a large sample of

SDSS group galaxies to further probe these environmental dependences, with

a focus on determining the properties of galaxies across different halo environ-

ments. We first investigate the mass segregation of galaxies in haloes of groups

covering a wide range of masses. We find significant mass segregation in low-

mass groups with the strength of mass segregation decreasing with increasing

halo mass – to the point where high-mass clusters show no detectable mass seg-

regation. We also find that mass segregation trends are more prominent when

including lower mass galaxies. Similar trends are observed when considering

the fraction of massive galaxies as a function of radius as opposed to mean

galaxy mass. Secondly, we study the star formation and morphology of satellite

galaxies in different halo environments. Specifically, we probe beyond the well

established correlations with stellar and halo mass and investigate the depen-

dence of star-forming and disc fractions on group X-ray luminosity. We show

that galaxies in X-ray underluminous groups have enhanced star-forming and

disc fractions, for a given stellar and halo mass. These observations contribute

to the understanding and interpretation of the environmental dependence of

galaxy properties by providing a framework with which the lack of consen-

sus regarding the presence of mass segregation in groups and clusters can

potentially be reconciled, as well as quantifying new correlations with X-ray

luminosity beyond the established dependences on halo mass.
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Chapter 1

Introduction

1.1 Galaxy evolution

In the first half of the 20th century the “Great Debate” regarding the na-

ture of “spiral nebulae” was beginning to be settled, as distance measurements

to M31 proved it to be a distinct galaxy far beyond the reaches of the Milky

Way (Opik, 1922; Hubble, 1925). Further distance measurements to more of

these “spiral nebulae” revealed a Universe populated with many similarly dis-

tinct galaxies (Hubble, 1926). This opened the door to studying the diverse

population of observed galaxies in the Universe, thus beginning the field of

galaxy evolution studies.

A subsequent breakthrough came with the discovery of the expanding Uni-

verse through the measurement of the velocity-distance relation for a sample of

galaxies (Hubble, 1929; Hubble & Humason, 1931). Using relatively accurate

distance measurements along with observed radial velocities (Slipher, 1917),

Hubble (1929) showed that the recessional velocities of galaxies increased with

distance, indicative of an expanding Universe. The rate of expansion is pa-

1



M.Sc. Thesis ––––– Ian D. Roberts ––––– McMaster University - Physics and Astronomy ––––– 2016

Figure 1.1: Large scale distribution of galaxies from the Sloan Digital Sky
Survey and galaxy analogues from the Bolshoi simulation. Image credit: N.
McCurdy (UC-HIPACC) / R. Kaehler, R. Wechsler (Stanford U.) / M. Busha
(U. Zurich) / SDSS

rameterized by the so-called Hubble constant, H0, where velocity and distance

are related by v = H0 d. Hubble initially overestimated the numerical value

to be H0 = 500 km s−1 Mpc−1 (Hubble, 1929) whereas modern observations

have used similar methods to constrain H0 to be 72 km s−1 Mpc−1 (Freedman

et al., 2001). The discovery of Universal expansion showed the Universe to be

a dynamic and evolving arena allowing the field of cosmology to probe the

initial conditions and subsequent evolution.

With the discovery of the cosmic microwave background radiation (CMB;

Penzias &Wilson 1965) and the subsequent measurement of the detailed power

spectrum (COBE: Mather et al. 1990, WMAP: Hinshaw et al. 2003, Planck:

Planck Collaboration et al. 2014) the era of precision cosmology was initiated.

The emergent picture is one where primordial density fluctuations imprinted

on the CMB provide the seeds from which structure, and eventually galaxies,

grow. The growth of the initial overdensities are well described by a Gaus-

2
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sian random field which grow according to linear theory below some critical

overdensity, δc. The successful Press-Schechter formalism (Press & Schechter,

1974) then posits that regions where the overdensity is above the critical value

(δ > δc) will collapse non-linearly and form virialized haloes. Structure in the

Universe is then built up in a “bottom-up” fashion, where small galaxies col-

lapse first and are then able to merge and coalesce to form larger galaxies,

galaxy groups, and clusters. Insight into the structure of the Universe on the

largest scales has been ascertained from N-body, dark matter only simulations

(e.g. Springel et al., 2005; Klypin et al., 2011). These simulations have shown

that the structure of the Universe on large scales is one of filaments and voids.

Galaxies tend to distribute along large filaments, and galaxy clusters and su-

perclusters are found where filaments intersect. This filamentary structure is

clear in Fig. 1.1 which shows the distribution of galaxies on large scales both

observationally from the Sloan Digital Sky Survey (York et al., 2000), as well

as from the Bolshoi simulation (Klypin et al., 2011).

With large redshift surveys of galaxies, such as the 2dF Galaxy Redshift

Survey (Colless et al., 2001) and the Sloan Digital Sky Survey (York et al.,

2000) in the local Universe as well as the COSMOS (Scoville et al., 2007)

and DEEP2 survey (Newman et al., 2013) at higher redshift, the evolution

of galaxy properties across different environments as well as cosmic time can

now be probed. Seminal papers from the past 40 years have shown that the

population of red, passive, early-type galaxies has increased substantially over

the past ∼ 5 billion years (Butcher & Oemler, 1978), and additionally that

these “red and dead” galaxies are preferentially found in dense environments as

opposed to the more isolated field (Dressler, 1980). These observed trends have

3
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been confirmed by many more recent studies (Dressler et al., 1997; Ellingson

et al., 2001; Postman et al., 2005; Loh et al., 2008; Urquhart et al., 2010; Fasano

et al., 2015), however the balance between different mechanisms driving these

trends in different environments is still not well understood. Section 1.4 &

1.5 will provide more detailed discussions of different mechanisms capable of

driving galaxy transformations.

1.2 Galaxy properties

Galaxies can be classified according to various properties. Colour, star for-

mation, and morphology are three key properties (though this is certainly not

an exhaustive list) which have been explored extensively in galaxy evolution

studies across cosmic time. This section will describe these three properties,

with a focus on how they are measured as well as how they depend on galaxy

mass and redshift.

1.2.1 Colour

Colour is one of the simplest direct observables of galaxy properties. The

colour of a galaxy is defined as the difference between the magnitudes of a

galaxy in two different bands. As an example, the g − r colour for a SDSS

galaxy would be the difference between the galaxy’s g-band magnitude (centred

on 477.0 nm) and r-band magnitude (centred on 623.1 nm). Many studies have

shown the colour distributions of galaxy populations to be well fit by a double-

Gaussian across many environments (Balogh et al., 2004; Baldry et al., 2006).

4
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The two components of the double-Gaussian fit are referred to as the ‘red

sequence’ and the ‘blue cloud’. In Fig. 1.2, I show the g− r colour distribution

for a sample of low-redshift (z < 0.05) SDSS group galaxies, with a double-

Gaussian fit† (black) as well as the two components corresponding to the blue

cloud and the red sequence overlaid. The red sequence peaks at red colours

and has a relatively small dispersion, whereas the blue cloud is a bluer and

broader sub-population.

0.2 0.4 0.6 0.8 1.0

g - r

0.5

1.0

1.5

2.0

D
e
n

si
ty

Blue cloud + red sequence
Blue cloud
Red sequence

Figure 1.2: g−r colour distribution for low-redshift galaxies in SDSS groups.
Circles correspond to the smoothed density distribution of the data, the black
line shows a double-Gaussian fit, and the red and blue lines show the com-
ponents of the double-Gaussian fit corresponding to the red sequence and the
blue cloud.

†The data was fit with the sum of two Gaussian functions using the Python non-linear

least-squares fitting function scipy.optimize.curve_fit
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The overlap region between the red sequence and the blue cloud is known

as the “green valley” and is thought to be a transition region. It has been hy-

pothesized that galaxies evolve from the blue cloud, through the green valley,

onto the red sequence over time (e.g. Trayford et al., 2016). Though the physi-

cal mechanism driving galaxies through the green valley may differ for galaxies

of different morphologies (Schawinski et al., 2014). The notion that galaxies

evolve in colour through time is supported by the so-called Butcher-Oemler

(BO) effect. The BO effect is an observed positive correlation between the

fraction of blue galaxies and redshift within galaxy clusters, first observed by

Butcher & Oemler (1978) and subsequently confirmed by many more recent

studies (e.g. Butcher & Oemler, 1984; Ellingson et al., 2001; Loh et al., 2008;

Urquhart et al., 2010). Therefore it seems that at early times populations of

galaxies in clusters were bluer than they are at present day.

In addition to redshift correlations, galaxy colours also depend strongly on

stellar mass. Both the fraction of red galaxies (Baldry et al., 2006; Bamford

et al., 2009; Kimm et al., 2009; Prescott et al., 2011) as well as the average

colour of galaxies (Cooper et al., 2008; van den Bosch et al., 2008) increase

significantly toward high stellar masses. These stellar mass trends are in place

both in the local Universe as well as at high redshift (Grützbauch et al., 2011).

1.2.2 Morphology

The first systematic classification scheme for the shapes of galaxies was laid

out by Hubble (1926). This classification scheme (see Fig. 1.3), which has since

become known colloquially as Hubble’s tuning fork diagram, broadly divides

6
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the galaxy population into elliptical and spiral galaxies. The class of ellipticals

is further sub-divided by ellipticity, e = 0, 1, 2, ..., 7, where e = 10× (a− b)/a,

with a and b denoting the major and minor axis of the ellipse, respectively.

Ellipticals can then be classified as Ee, where E0 would be perfectly round (in

projection) and E7 would be a highly elongated ellipse. Spiral galaxies are sub-

classified by the brightness of the central region as well as how tightly coiled

their spiral arms are. Spirals denoted as Sa are galaxies with bright central

bulges and tightly wound spiral arms, galaxies denoted as Sc are galaxies

with weak bulges and loosely wound spiral arms, and Sb spirals represent an

intermediate class between the two. Spirals are also divided by the presence

of a bar, or lackthereof, with barred spirals being denoted as SB galaxies. S0

or lenticular galaxies appear to have structure intermediate between ellipticals

and spirals and are characterized by a strong bulge region, as well as the

presence of a disc devoid of spiral arms. Following the nomenclature used by

Hubble, it is commonplace to refer to elliptical and S0 galaxies as “early-types”

and spiral galaxies as “late-types”, due to their positions on the tuning fork

diagram. It is however important to note that this nomenclature refers solely

to the position on the diagram and is agnostic to evolutionary theories.

The first technique used to determine galaxy morphologies was visual clas-

sifications (Hubble 1926; more recently, Nair & Abraham 2010). Visual classi-

fications are able to broadly divide galaxy samples into spirals, ellipticals, or

S0’s, however the time consuming nature of this practice has historically made

it difficult to apply to large data sets. That being said, the onset of citizen

science programs such as the Galaxy Zoo† (Lintott et al., 2008) have made
†https://www.galaxyzoo.org
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Figure 1.3: The Hubble tuning fork classification diagram. Image credit:
Galaxy Zoo.

the application of visual classifications to large data sets increasingly feasible.

As an alternative to visual classifications, modern automated techniques often

rely on photometric measurements of light profiles of galaxies to classify mor-

phology. In particular, two main measures known as the single Sérsic index

(n) and the bulge-to-total ratio (B/T ) are commonly used to quantitatively

determine the morphology of a galaxy.

The Sérsic index, n, is a free parameter of the so-called Sérsic profile (Sersic,

1968) which is often fit to galaxy intensity profiles. Using the Sérsic profile,

the intensity of a galaxy as a function of radius is given by

I(r) = Ie exp{−k[(r/re)
1/n − 1]}, (1.1)
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Figure 1.4: Left: Sérsic index versus stellar mass for a sample of low-redshift
SDSS group galaxies. Right: Sérsic index density distribution for low-redshift
SDSS group galaxies, divided into bins of stellar mass.

where re is the effective radius which encloses half of the total light, Ie is

the intensity at the effective radius, and k is a normalization factor which

depends on the Sérsic index, n. In general, the Sérsic index runs between

1 . n . 8. Disc dominated, spiral galaxies have light profiles which are well fit

by a Sérsic index of n . 2, with n = 1 corresponding to a purely exponential

disc. Elliptical galaxies have more centrally concentrated light profiles, and

are well fit by larger Sérsic indices, n & 2. A commonly used empirical law

to describe the brightness profiles of elliptical galaxies is de Vaucouleurs’ law

which states that the intensity of an elliptical galaxies goes as log I(r) ∝ r1/4,

this is also just a special case of the Sérsic profile with n = 4.

Instead of modelling galaxy light profiles as a single component, bulge +

disc decompositions are used as another method of classifying the morphology

of galaxies. The light profile of the bulge and disc are modelled separately,

often with an n = 4 bulge and an n = 1 disc (e.g. Simard et al., 2002), the

9
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sum of these two components is then the model for the galaxy as a whole. The

fraction of the total light produced in the bulge component is the bulge-to-

total ratio (B/T ) which is used as a morphological discriminator for galaxies.

Pure elliptical galaxies will have B/T → 1, and pure disc galaxies will have

B/T → 0.

Galaxy morphology is also strongly correlated with stellar mass, with high-

mass galaxies showing earlier type morphologies. This trend can be seen in

Fig. 1.4 and has also been confirmed using different probes of morphology,

such as Sérsic index (van der Wel, 2008), bulge-to-total ratio (Bluck et al.,

2014), as well as visual morphological classifications (Bamford et al., 2009).

1.2.3 Star formation rates

The star formation rate (SFR) of a galaxy is defined as the rate at which

a galaxy generates new mass in the form of stars, measured in units of solar-

masses per year (M� yr−1). Being able to accurately determine the SFRs of

galaxies is crucial for the study of galaxy evolution, as many of the evolu-

tionary effects felt by galaxies (both environmental and secular) will influence

star formation. Currently there are multiple methods used to derive SFRs for

galaxies, which rely on emission across a wide range of wavelengths.

Two of the most common methods are to derive SFRs from UV or IR

continuum emission. UV continuum emission directly probes light emitted

from young stars and therefore is an indicator of a galaxies recent SFR. The

largest shortcoming of UV as a SFR indicator is interstellar dust which causes

galaxies to be relatively opaque to UV photons. In fact, approximately half the

10
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Figure 1.5: Left: Star formation rate versus stellar mass for a sample of
low-redshift SDSS group galaxies. Right: Star formation rate per unit mass
(specific star formation rate; SSFR) density distribution for low-redshift SDSS
group galaxies, divided into bins of stellar mass.

emission from stars in the Universe is absorbed and re-emitted by dust in the

infrared (Kennicutt & Evans, 2012). This leads to IR continuum emission from

dust being a useful probe of galaxy SFRs. As mentioned previously, both UV

and IR continuum luminosities can be converted to SFRs using wavelength-

dependent relationships, and often UV and IR observations will be used in

tandem to account for both obscured and unobscured star formation.

In addition to continuum emission, emission line strengths can also be used

as star formation indicators, with the Hα line being the most commonly used

emission line SFR indicator for galaxies in the local Universe. At higher redshift

the Hα line is redshifted out of the optical window and the [Oii] doublet is

often used instead. Similar to the UV continuum, the largest shortcoming of

this method is dust attenuation (Kennicutt & Evans, 2012).
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Kennicutt & Evans (2012) provide a compilation of up to date relationships,

across a wide range in wavelength, between SFR and both continuum and

emission line luminosities.

Another common star formation indicator is the 4000 angstrom break

(Dn4000), which refers to the strength of the break at 4000 Å in a galaxy’s

spectrum given by the ratio of the flux in the red continuum (4000− 4100 Å)

to the flux in the blue continuum (3850−3950 Å) (Balogh et al., 1999). Galax-

ies with old stellar populations and little recent star formation will show a

strong Dn4000 break due to strong metal absorption in the atmospheres of old

stars as well as a lack of UV emission from young, hot stars (Hamilton, 1985).

Galaxies with strong recent star formation will show a correspondingly small

break at 4000 Å.

Instead of determining SFRs based upon only a relatively narrow spectral

region, given multiwavelength imaging, one can use spectral energy distribu-

tion (SED) fitting to synthesize the entire UV to IR spectrum. The primary

assumption behind SED fitting is that the galaxy spectrum is simply the sum

of the spectra of individual stars (allowing for the re-processing of stellar light

by gas and dust). Therefore by inputting initial mass functions, stellar pop-

ulations, stellar evolution tracks, dust distributions, etc., one can attempt to

reproduce the observed SED. A successfully fit SED will contain a wealth

of information such as: SFRs, star formation histories, stellar masses, stellar

metallicities, and dust information (Walcher et al., 2011).

Across a wide range of environments galaxies can be divided into two main

subpopulations based on their SFRs, those galaxies which are actively forming
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stars and those quiescent galaxies whose star formation has ceased (Wetzel

et al., 2012). One way to define the population of star-forming galaxies is to

use the “star-forming main sequence” (SFMS). The SFMS is a tight correla-

tion between SFR and stellar mass located in the upper region of SFR −M?

plane. The SFMS for low-redshift galaxies in SDSS groups is easily visible

in Fig. 1.5(a) ranging between ∼ −1 < log SFR < 0. Due to the correlation

between SFR and stellar mass, it is useful to normalize SFR by galaxy stel-

lar mass, known as the specific star formation rate (SSFR = SFR/M?). Like

the distribution of galaxy color, the SSFR distribution for galaxy populations

is also bimodal (see Fig. 1.5(b)). This bimodality in SSFR provides another

method for distinguishing between star-forming and passive galaxies. Recent

observations have shown that across many environments in the local Universe,

the division between the active and quiescent populations (ie. the local mini-

mum in the SSFR distribution) is found at SSFR ' 10−11 yr−1 (Wetzel et al.,

2012).

Star formation activity also depends strongly on redshift. The normaliza-

tion of the SFMS shifts to larger SFRs with increasing redshift (Karim et al.,

2011; Whitaker et al., 2012; Lee et al., 2015; Erfanianfar et al., 2016), star-

forming fractions of galaxies in groups and clusters (at a given stellar mass)

increase with redshift (McGee et al., 2011; Hou et al., 2013; Nantais et al.,

2013), as well the average SSFRs of galaxies increase with redshift as (1 + z)α

where α ∼ 2 − 4 (Oliver et al., 2010; Whitaker et al., 2012), at least out

to z = 2. On larger scales, the star formation rate density in the Universe

has decreased to the present day from its peak at z ' 2 (e.g. Madau et al.,

13



M.Sc. Thesis ––––– Ian D. Roberts ––––– McMaster University - Physics and Astronomy ––––– 2016

Figure 1.6: Cosmic star formation rate density as a function of redshift, using
both IR and UV derived SFRs. Image credit: Madau & Dickinson (2014).

1998; Madau & Dickinson, 2014). Fig. 1.6 shows this in the form of an updated

version of the famous Lilly-Madau plot taken from Madau & Dickinson (2014).

1.3 Galaxy environments

1.3.1 Galaxy groups

Galaxy groups are the most common environment in the local Universe

(Geller & Huchra, 1983; Eke et al., 2005), and are also a regime in which many

processes capable of driving galaxy evolution are efficient. While populations

of galaxies in the isolated field and large clusters are dominated by active,

late-type and passive, early-type galaxies respectively, galaxy groups are an
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intermediate regime where significant numbers of different galaxy types are

present (Wilman et al., 2005; McGee et al., 2011).

Figure 1.7: SDSS image of a galaxy group from the Yang et al. (2007) cat-
alogue with: z ' 0.02, MH ' 1013.6 M�, R200 ' 0.7 Mpc. Image credit: Sloan
Digital Sky Survey.

While no strict definition exists for what constitutes a galaxy group, his-

torically haloes referred to as groups have properties (e.g. halo mass, galaxy

membership, velocity dispersion, virial radius) which lie within broadly de-

fined (albeit, somewhat arbitrary) ranges. Generally speaking, a galaxy group

is a collection of galaxies embedded within a dark matter halo which satisfy

the following criteria (though the following conditions are not all independent)

(Mamon, 2007; Connelly et al., 2012):

• Halo masses between ∼1012 and 1014 M�

• Memberships of bright (&L?) galaxies between ∼3 and 50
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• Velocity dispersions between ∼200 and 800 km s−1

• Virial radii between ∼0.3 and 1 Mpc

Compact groups

An interesting subclass of galaxy groups are known as compact groups. Com-

pact groups were initially defined by Hickson (1982) by the following criteria:

• N(∆m = 3) ≥ 4

• θN ≥ 3 θG

• µe ≤ 26.0 mag arcsec−2

where N(∆m = 3) is the number of galaxies within 3 magnitudes of the

brightest galaxy in the group, µe is the effective surface brightness of the

galaxies, θG is the angular diameter of the smallest circle containing the centres

of all group galaxies, and θN is the angular diameter of the largest circle

containing no galaxies brighter than the surface brightness constraint (Hickson,

1982; McConnachie et al., 2009).

Compact groups have proven to be important probes of galaxy evolution as

due to the close proximity of members many galaxy interactions are favoured.

When comparing the properties of galaxies in compact groups to those in loose

groups (groups which do not satisfy the Hickson criteria) it has been shown

that galaxies in compact groups tend to be more evolved. Namely, they have

higher fractions of red, passive, early-type galaxies as well as older stellar pop-

ulations and lower SSFRs (Coenda et al., 2012, 2015).
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Figure 1.8: Hickson compact group 92, known as Stephan’s Quintet. Image
credit: NASA/Hubble Space Telescope.

Fossil groups

Due to the low velocity dispersions and relatively high galaxy densities in

groups, numerical simulations suggest that most bright group members will

eventually merge and form one dominant elliptical galaxy (e.g. Governato

et al., 1991). While all of the bright galaxies may merge, the extended X-

ray halo will persist due to the long cooling time of the IGM (beyond the

high-density core) (Ponman & Bertram, 1993). Such systems with a dominant

elliptical galaxy (with few, or no, bright companions) embedded within an

extended X-ray halo are known as fossil groups (e.g. Fig 1.9). Fossil groups
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Figure 1.9: Fossil group NGC 4555. The extended X-ray halo is shown on
the left and the optical image is shown on the right. Image credit: X-ray:
NASA/Chandra, Optical: DSS.

are among the oldest and most evolved systems in the Universe, and tens of

fossil groups have now been detected observationally (e.g. Ponman et al., 1994;

Ulmer et al., 2005; Santos et al., 2007; Khosroshahi et al., 2014).

1.3.2 Galaxy clusters

Galaxy clusters are the largest bound structures in the Universe and rep-

resent important probes of both galaxy evolution and cosmology. Like galaxy

groups, the precise definition of a galaxy cluster is somewhat arbitrary, how-

ever clusters can be broadly defined as bound collections of galaxies which

exceed the group criteria given in Section 1.3. Galaxy populations in clusters

are more evolved than field and group galaxies, and are generally dominated

by red, passive, early-type galaxies (Kimm et al., 2009; Wilman & Erwin, 2012;

Wetzel et al., 2012). As a result of hierarchical structure growth, clusters will

be built up both through the accretion of field galaxies as well as the accre-
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tion of smaller galaxy groups. Therefore, some cluster galaxies will have been

quenched prior to infall in a smaller group (known as pre-processing) whereas

others will have been quenched by cluster specific processes. Determining the

relative balance between these two quenching pathways is important for con-

straining the environments in which galaxy transformations are most efficient,

and is an area of active research (McGee et al., 2009; De Lucia et al., 2012;

Bahé et al., 2013; Dressler et al., 2013; Hou et al., 2014; Roberts & Parker,

submitted).

1.3.3 Identifying groups and clusters

The simplest method used to identify galaxy groups observationally is the

so-called Friends-of-Friends (FoF) algorithm (e.g. Huchra & Geller, 1982; Press

& Davis, 1982). The FoF algorithm joins galaxies into groups based upon their

separations in projected distance as well as line-of-sight (LOS) velocity. In

this implementation the algorithm has two free parameters known as “linking

lengths”. Two galaxies are linked if their seperations in projected distance

as well as velocity are both smaller than the corresponding linking lengths.

The process continues as more galaxies are linked together and larger and

larger groups are therefore built up. The algorithm is succinctly summarized

by Press & Davis (1982) in saying that pairs of galaxies are “friends”, and

that “any friend of a friend is a friend”. While attractive in its simplicity as

well as its ability to create unique groups without making any assumptions

regarding group properties, there are weaknesses to generating groups via the

FoF method. One example is that the algorithm does not require a well defined
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group centre. To account for this, the location of the most-massive galaxy, the

luminosity-weighted centre of member galaxies, or the peak of X-ray emission

(given an X-ray bright group), are all used to define a group centre however

there is no guarantee that these different definitions will agree. For example,

George et al. (2012) find that offsets between different centre definitions are

generally between 50 − 100 kpc, with tails extending out to a few hundred

kpc. Another shortcoming lies in the fact that dynamically distinct groups

may be connected given a linking length that is too large, and conversely if

the assumed linking length is too small then subgroups which are physically

associated may not be connected by the algorithm. To attempt to account for

this, linking lengths can be optimized through comparisons to mock catalogues

from simulations (e.g. Nolthenius & White, 1987).

More recent work has been done in order to build off of and improve upon

the simplistic FoF approach. One example is the “halo based” group finding

algorithm from Yang et al. (2005, 2007) which initially seeds groups using the

basic FoF algorithm with very small linking lengths, and then proceeds to

further populate these seed groups based on the assumption that the phase

space distribution of galaxies follows that of dark matter particles – assumed

to be a spherical Navarro-Frenk-White (NFW) profile (Navarro et al., 1997).

Another modern technique of defining galaxy groups from redshift data is

to use a Voronoi tessalation (Marinoni et al., 2002; Gerke et al., 2005, 2012).

This technique uses a Voronoi partition to divide a survey volume into distinct

subvolumes, each containing one galaxy as well as all points in the space which

are closer to that galaxy than any other. These Voronoi cells provide a use-
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ful measure of galaxy density, as those galaxies contained in cells with small

volumes will by definition be located in dense regions. These initial Voronoi

cells act as seeds for potential groups which are built up by linking closly

neighbouring cells together.

At high-redshift, group finding becomes much more difficult. One main

reason for this is that it is difficult to obtain enough spectra, particularly for

low-mass galaxies. A method that has been used is to look for extended X-

ray emission from the hot intragroup medium (IGM), though this method is

biased toward finding groups with rich IGM which may not be representative

of the total group population (Connelly et al., 2012). Even detecting the most

X-ray bright groups at high redshift is difficult as a result of distance, and

deep spectra are still required to confirm group members.

For larger clusters the cluster red sequence (CRS) method is commonly

used (Gladders & Yee, 2000), which allows for cluster identification using only

two filter photometry. This method relies on the fact that all galaxy clusters

display a well defined red sequence in colour-magnitude space, therefore clus-

ters can be identifed by finding galaxy overdensities on the sky which also show

a tight red sequence. As well, the precise colour of the red sequence has been

shown to depend on redshift, therefore providing an efficient redshift estimate

for identified clusters.

A more recent method used to identify galaxy clusters is to use the elec-

tron scattering of CMB photons known as the Sunyaev-Zel’dovich (SZ) effect

(Sunyaev & Zeldovich, 1970; Birkinshaw, 1999). Due to the hot, ionized ICM,

CMB photons passing through large clusters will imprint a relatively strong
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scattering signal on the CMB, thereby allowing the identification of galaxy

clusters (Carlstrom et al., 2002; Planck Collaboration et al., 2011, 2015). The

strongest asset of the SZ technique is the redshift independence of the SZ ef-

fect which makes this method particularly powerful for finding high-redshift

clusters.

1.4 Star formation quenching

It has been well established that populations of galaxies are bimodal in

SFR across essentially all environments (see Fig. 1.5) (e.g. Wetzel et al., 2012),

with galaxies either actively forming stars as part of the blue cloud or evolving

quiescently on the red sequence. An area which has received a lot of focus

is determining which are the dominant mechanism(s) shutting down star for-

mation in galaxies. In particular, it is argued that there are two main classes

of SFR quenching occuring in the Universe: secular or mass-quenching, and

environmental quenching. The dichotomy between these two quenching modes

is outlined in detail by Peng et al. (2010), where it is concluded that low-mass

(. 1010.5 M�) galaxies in the local Universe are primarily quenched by envi-

ronmental mechanisms and that galaxies more massive than ∼ 1010.5 M� are

quenched through internal, secular processes.

1.4.1 Environmental quenching

Significant progess has been made in identifying the processes which can

affect galaxies in different environments, however there is still no consensus
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regarding what the relative balance between these quenching mechanisms is.

This section will outline some of the main environmental mechanisms which

can impact star formation, along with a discussion of the environments in

which different processes will be most efficient and how these quenching mech-

anisms can be constrained observationally.

Ram pressure stripping

A straight forward way to quench the star formation of a galaxy is to directly

remove the cold gas reserves from the disc. A commonly invoked mechanism

to achieve this is the ram pressure stripping of cold gas by the intracluster

medium (ICM). Galaxies will feel a ram pressure force as they move through

the ICM and if this force is enough to overcome the potential well of the gas

then stripping will occur. The ram pressure felt by a galaxy scales with the

density of the ICM as well as the square of the galaxy velocity relative to the

ICM, PRP ∝ ρv2 (Gunn & Gott, 1972), and therefore should be most effective

in the cores of high-mass clusters where both densities and galaxy velocities

are high. One of the characteristic features of ram pressure stripping is the

rapid timescales over which it is able to quench star formation. If ram pressure

stripping is acting efficiently then cold gas can be removed in .1 Gyr (Abadi

et al., 1999; Quilis et al., 2000; Roediger & Hensler, 2005; Steinhauser et al.,

2016). Studies which require short quenching timescales to account for obser-

vational results use this fact to argue that ram pressure stripping is playing

an important role (Muzzin et al., 2014; Fillingham et al., 2015; Wetzel et al.,

2015). Additionally, it is possible to constrain ram pressure stripping by look-

ing for direct evidence. For example, extended Hi distributions in galaxies are
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interpreted as evidence of ram pressure stripping (Kenney et al., 2004; Chung

et al., 2007, 2009; Kenney et al., 2015). It is also important to note that while

ram pressure stripping appears to have a measureable affect on atomic hydro-

gen (at least in high-mass clusters), how effectively it can remove molecular

hydrogen from the disc is still a debated question (Boselli et al., 2002; Boselli

& Gavazzi, 2006; Fumagalli et al., 2009; Sivanandam et al., 2014)

Starvation

As opposed to the removal of cold gas from the disc, starvation (also sometimes

referred to as “strangulation”) prevents the replenishment of cold gas reserves.

This can occur either through the stripping of hot halo gas, or by preventing

the hot halo gas from cooling and accreting onto the galactic disc. Larson et al.

(1980) first proposed that preventing spiral galaxies from accreting new gas

could account for the high fractions of passive S0 galaxies observed in local

clusters. Compared to ram pressure stripping, quenching by starvation will

occur over much longer timescales, on the order of ∼ 2 − 10 Gyr (Wheeler

et al., 2014; Fillingham et al., 2015; Peng et al., 2015; Wetzel et al., 2015).

The precise quenching time will be set by the gas consumption timescale of a

given galaxy, as once a galaxy is cut-off from gas accretion it will only form

stars until it has exhausted its existing cold-gas reserves. Results of previous

works have shown that long quenching times are required to reproduce ob-

servational results (Balogh et al., 2000; Balogh & Morris, 2000; Wetzel et al.,

2013; Wheeler et al., 2014), which tends to be interpretted as evidence for

the importance of starvation as a quenching mechanism. Recently, Peng et al.

(2015) have presented a novel technique for observationally constraining the
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importance of starvation. Peng et al. propose that evidence for starvation can

be gleaned through examining the stellar metallicities of galaxies. If a galaxy

is quenched via starvation then its stellar metallicity should continue to rise as

it exhausts its existing cold-gas reserves, leading to the population of passive

galaxies showing, on average, higher metallicities than the population of star-

forming galaxies (at a given stellar mass). Peng et al. argue that this serves

as a method to distinguish between starvation and ram pressure stripping, as

due to the rapid timescales over which ram pressure stripping removes cold-

gas reserves, the strong metallicity difference between star-forming and passive

galaxies would not be expected.

Galaxy interactions

As opposed to quenching through interactions with surrounding gas, it is possi-

ble that quenching can be driven by more direct interactions between galaxies.

These interactions can be broadly divided into three main categories: major

mergers, minor mergers, and impulsive interactions. Major mergers (mass ra-

tio,M1/M2 . 3−4) have been shown to induce starburst events which can very

quickly exhaust the gas reserves of a galaxy, leaving it quenched (e.g. Mihos &

Hernquist, 1994b). As well, observations of closely paired galaxies show that

paired galaxies of similar mass demonstrate strong enhancements in SFRs with

decreasing seperation, consistent with interaction induced starbursts (Ellison

et al., 2008; Davies et al., 2015). Minor mergers (M1/M2 & 3 − 4) have also

been shown to be capable of inducing starbursts in the primary galaxy (e.g.

Mihos & Hernquist, 1994a), and seeing as minor mergers are significantly more

common than major mergers (Lotz et al., 2011), this plays a potentially im-
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portant role in transforming galaxies. Observations of galaxies in minor pairs

have shown that star formation is enhanced in the higher mass primary, but

suppressed in the secondary galaxy (Davies et al., 2015). As opposed to galaxy

mergers, impulsive interactions are high-speed close encounters between galax-

ies, also referred to as “galaxy harassment” (Moore et al., 1996). Like galaxy

mergers, harassment is capable of inducing bursty star formation as multiple

high-speed encounters can funnel cold gas to the central regions of galaxies and

therefore fuel intense star formation (Fujita, 1998). Tidal interactions between

central galaxies and satellites can also influence gas content, either by directly

stripping gas from the satellite or by transporting gas outwards allowing it to

be more easily stripped by other mechanisms (Mayer et al., 2006; Chung et al.,

2007).

1.4.2 Mass Quenching

While star-forming low-mass galaxies tend to be quenched via environmen-

tal mechanisms, high-mass galaxies seem to be preferentially quenched through

secular processes. The most commonly invoked source of mass quenching is the

feedback from Active Galactic Nuclei (AGN). Jets from and large-scale winds

from AGN can not only displace cold gas from the galactic disc, but also

heat surrounding gas to prevent cooling and subsequent star formation (Ga-

bor et al., 2011). Semi-analytic models as well as hydrodynamic simulations

with subgrid AGN prescriptions have shown that AGN feedback can signifi-

cantly suppress star formation and therefore more closely match observations,

in particular within high-mass galaxies (e.g. Somerville et al., 2008; Dubois
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et al., 2013; Bongiorno et al., 2016). Though there is still no clear consen-

sus observationally as to how strongly AGN affect star formation, with some

studies finding that star-forming AGN galaxies are found preferentially below

the star-forming main sequence (Gürkan et al., 2015; Mullaney et al., 2015;

Ellison et al., 2016), while others find that SFRs of AGN hosts are broadly

consistent, or even slightly enhanced, compared with main sequence galaxies

(Santini et al., 2012; Lanzuisi et al., 2015; Stanley et al., 2015).

It has also been argued that mass quenching could be a result of the hot

gas content of the dark matter haloes of large galaxies. Above a critical mass

(∼1012 M�), haloes should support a hot gas component which has been heated

via virial shock (Birnboim & Dekel, 2003). In a scenario similar to starvation,

this hot gas corona can prevent efficient gas cooling and therefore quench the

galaxy (Cattaneo et al., 2006; Gabor & Davé, 2015). A galaxy halo mass of

∼1012 M� corresponds to a stellar mass of ∼1010.5 M�, which agrees well with

the critical mass above which mass quenching is believed to play an important

role (Peng et al., 2010). It is also worth noting that this picture may still be

intimately linked to AGN, as depending on the cooling time of the hot halo gas,

feedback from sources such as AGN may be required to keep the gas heated

(Cattaneo et al., 2006).

1.5 Morphological evolution

Correlations between galaxy star formation and morphology have been well

established observationally (e.g. Schawinski et al., 2014), where star-forming

galaxies tend to show late-type morphologies and passive galaxies are pref-
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erentially early-type. Therefore it is important to try to understand how the

quenching mechanisms discussed in Section 1.4 affect morphology. Specifically,

whether or not the same mechanisms which shut off star formation also drive

morphological evolution. Taking the B/T as a proxy for the morphology of a

galaxy, there are two ways in which morphologies can evolve to earlier types.

Either the brightness of the disc component fades over time, or the brightness

of the bulge component increases, in both cases driving the B/T to higher

values.

Considering the aforementioned quenching mechanisms. Ram-pressure strip-

ping and starvation could in principle raise the B/T through disc fading. As

star formation is quenched in the disc through either process, the light profile

of the galaxy would naturally evolve to being more bulge-dominated. Obser-

vationally however, previous studies have argued that disc fading alone cannot

account for the morphological transformations seen in galaxies (Christlein &

Zabludoff, 2004; Bundy et al., 2010). Alternatively, the B/T can be increased

through the creation of a stronger bulge component. Galaxy interactions such

as galaxy harrassment and minor mergers are capable of funnelling cold gas to

small galactic radii, and therefore inducing central starbursts, which can in-

crease the brightness of the central bulge. Tidal forces and impulsive heating

during these interactions can also strongly influence morphology and build up

a strong bulge (Moore et al., 1996; Bekki & Couch, 2011). In the most extreme

case, the end product of major mergers tend to be bulge dominated galaxies

with classical, de Vaucoulours profiles (e.g. Barnes, 1989).
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1.6 The environmental dependence of galaxy prop-
erties

There are many ways in which one can characterize the environment of a

galaxy, and previous works have shown that various galaxy properties tend

to correlate with different environmental measures (Dressler, 1980; Ribeiro

et al., 2010; Urquhart et al., 2010; Wilman & Erwin, 2012; Haines et al.,

2015). One of the primary aims of galaxy evolution research is to obtain a

self consistent picture of environmental effects, and in particular to determine

which environmental correlations are strongest and which are secondary in

nature. This section will lay out a number of environmental correlations which

have been explored through observing the properties of galaxies across many

different regimes.

1.6.1 Halo mass

Galaxy groups and clusters span a wide range of halo masses, from ∼

1012 M� for low-mass groups, up to &1015 M� for rich clusters of galaxies. The

properties of galaxies in these groups and clusters depend on their host halo

mass, although there is still debate as to how strong an affect that this is (De

Lucia et al., 2012; Hoyle et al., 2012; Hou et al., 2013). For example, Fig. 1.10

taken from Wetzel et al. (2012), shows that galaxies in high-mass haloes tend

to have large quenched fractions, in particular for low-mass galaxies, when

compared to galaxies in lower mass haloes at the same stellar mass. Other

studies have also found that colour and morphology correlate with halo mass
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(e.g. Kimm et al., 2009; Wilman & Erwin, 2012), with galaxies in high mass

haloes tending to be red and early-type.

Figure 1.10: Galaxy quenched fraction (SSFR < 10−11 yr−1) versus halo mass
for central galaxies (solid points) and satellite galaxies (dashed lines) in bins
of stellar mass. Image credit: Wetzel et al. (2012).

1.6.2 Radial position

On top of correlating with the mass of the host halo, galaxy properties also

show a strong dependence on their group-centric radius. Galaxies at small radii

near the group centre have been shown to have red colours (Blanton & Berlind,

2007; Hansen et al., 2009; Li et al., 2009; Prescott et al., 2011), reduced star

formation (Rasmussen et al., 2012; Wetzel et al., 2012; Haines et al., 2015), and

earlier type morphologies (Whitmore et al., 1993; Goto et al., 2003; Postman

et al., 2005; Fasano et al., 2015). Conversely, galaxies in the outer regions of
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haloes are preferentially blue and star-forming, with late-type morphologies.

Fig. 1.11 shows an example from Li et al. (2009) where a clear anti-correlation

is seen between red fraction and cluster-centric radius for galaxies in clusters

from the Canadian Network for Observational Cosmology (CNOC) Survey. In

addition to considering the projected radial position of a galaxy, recent studies

have used velocity-radius phase space to divide galaxy group and cluster pop-

ulations into three main classes: those infalling onto the halo for the first time,

those virialized at small radii, and those “backsplashing” beyond the virial

radius after a pericentric passage (e.g. Mahajan et al., 2011). The properties

of galaxies have been shown to depend on which of these subclasses they are

a part of. For instance, infalling galaxies have enhanced star formation rates

(Noble et al., 2016), post-starburst galaxies preferentially reside in intermedi-

ate regions of phase space (Muzzin et al., 2014), as well backsplash galaxies

should have lower masses due to tidal mass loss during pericentric passage

(Gill et al., 2005).

Mass segregation

Another important radial measure of galaxy properties in groups is mass seg-

regation. A galaxy group showing strong mass segregation will have a radial

gradient in galaxy mass, where the most massive galaxies are concentrated in

the inner region of the halo. Mass segregation is often predicted as a result

of dynamical friction (Chandrasekhar, 1943), where the drag force associated

with dynamical friction will act most strongly on high-mass galaxies, thereby

driving them to small radii. For the simplistic case of a mass, m, on a circular

orbit in a spherical, isothermal halo, the dynamical friction timescale for the
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Figure 1.11: Red fraction versus cluster-centric radius for galaxies in CNOC
clusters. Colours correspond to three different redshift ranges. Image credit:
Li et al. (2009).

mass to migrate from r = ri to r = 0 is given by the following relation (Mo

et al., 2010)

tdf =
1.17

lnMH/m

(
ri
rH

)2(
MH

m

)
rH
Vc
, (1.2)

where rH is the radius of the halo, MH is the halo mass, and Vc is the circular

velocity. Inserting characteristic values for these parameters one will find that

in this simple case the dynamical friction timescale is smaller than the Hubble

time only for MH/m . 20.

It is important to study the distribution of galaxy mass within haloes in

order to determine whether the large populations of passive, early type galaxies

at low radii are due to specific mechanisms acting in dense central regions, or
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a result of massive galaxies being preferentially found within the inner regions

of the halo. Previous studies have attempted to elucidate the importance of

mass segregation in groups and clusters, however no clear consensus exists,

with some recent studies finding evidence for significant mass segregation (van

den Bosch et al., 2008; Presotto et al., 2012; Balogh et al., 2014; Joshi et al.,

2016) and others finding no strong evidence for a radial gradient in galaxy

mass (von der Linden et al., 2010; Vulcani et al., 2013; Ziparo et al., 2013).

1.6.3 Group dynamical state

Galaxy groups can be broadly classified by their dynamical states. Galaxy

populations of dynamically old, relaxed groups will show line of sight velocity

distributions which are well fit by a Gaussian profile, whereas galaxy popula-

tions in dynamically young, unrelaxed groups will have velocity distributions

which show stronger deviations from normality. The degree to which galaxy

properties correlate with the dynamical state of their host group is still a

question of active research, where no strong consensus has been reached (e.g.

Biviano et al., 2002; Ribeiro et al., 2013b). Previous studies have indicated

that galaxies in Gaussian (G) groups tend to be redder than galaxies in non-

Gaussian (NG) groups (Ribeiro et al., 2010; Carollo et al., 2013; Ribeiro et al.,

2013a). More directly investigating star-forming and morphological properties,

Hou et al. (2013) find no detectable difference between the quiescent fractions

of galaxies in G versus NG groups as a function of redshift. More recently,

Roberts & Parker (submitted) have found that low-mass galaxies in the virial-

ized region of NG groups have enhanced star-forming and disc fractions com-
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pared to galaxies in the same region of G groups, whereas no differences are

detected for infalling galaxies.
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Figure 1.12: Projected velocity distributions for galaxies in a Gaussian (left)
and a non-Gaussian (right) SDSS group. Solid line is the median of 1000
bootstrap resamplings and shaded regions correspond to 68 per cent confidence
intervals, dashed line corresponds to the standard normal distribution.

1.6.4 X-ray luminosity

Galaxy groups and clusters can also be classified according to their X-ray

luminosity, eminating from the hot IGM/ICM. Studies investigating the de-

pendence of galaxy properties on the X-ray luminosity of their host group have

been focused mostly on the higher-mass cluster regime, due to the relative ease

of detecting X-ray bright clusters compared to lower-mass groups. However,

even within the cluster regime, there still lacks strong consensus as to how

strongly colour, star formation, and morphology correlate with X-ray lumi-

nosity. With some previous studies finding little to no correlations (Ellingson

et al., 2001; Balogh et al., 2002a; Fairley et al., 2002; Wake et al., 2005; Lopes

et al., 2014), and others finding evidence for redder galaxies with reduced star
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formation and earlier-type morphologies in clusters with strong X-ray emission

(Balogh et al., 2002b; Postman et al., 2005; Urquhart et al., 2010).

Less work has been done characterizing the properties of galaxies in lower-

mass, X-ray bright groups. Connelly et al. (2012) using a sample of X-ray

groups from the CNOC2 survey, study scaling relations for both X-ray and

optically selected groups. More recently, Wang et al. (2014) have compiled a

large sample of X-ray groups by combining ROSAT All Sky Survey X-ray im-

ages with previously identified SDSS groups (Yang et al., 2005, 2007). Wang

et al. also study scaling relations between X-ray and optical properties, along

with examining the red fractions of galaxies in groups with strong X-ray emis-

sion, compared to those with weak X-ray emission. Finding that galaxies in

high-mass, “X-ray strong” groups have enhanced red fractions – though po-

tential stellar mass dependences were not controlled for. Knowing that galaxy

properties depend strongly on stellar and halo mass, in order to robustly char-

acterize any correlations between X-ray luminosity and galaxy properties, po-

tential stellar and halo mass dependences must both be properly controlled

for.

1.7 Outline of this thesis

In broad terms the goal of this thesis is to further understand the influence

of the group environment on various galaxy properties, across different halo

mass ranges. In particular, this thesis will look to answer two main questions:
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1. Do group galaxies show significant mass segregation, and how does the

strength of mass segregation scale with halo mass?

2. On top of the well established dependences on stellar and halo mass, do

galaxy star formation and morphology correlate with the X-ray luminos-

ity of the host halo?

In Chapter 2, I investigate mass segregation in galaxy groups. In particular,

I will use a sample of galaxies in groups from the SDSS (Yang et al., 2005, 2007)

and determine the mean galaxy stellar mass as a function of group-centric

radius. By dividing the group sample into bins of halo mass I explore how

the strength of mass segregation (ie. the slope of the logM?/M� vs. R/R200

relationship) scales with the mass of the host group. In Chapter 3, I investigate

the dependence of star formation and morphology on the X-ray luminosity of

their host halo. Using a large data set of galaxies in X-ray groups (Wang et al.,

2014), I am able to properly control for stellar and halo mass dependences,

and therefore robustly look for any residual dependence on X-ray luminosity.

Lastly, in Chapter 4 I will summarize the results, discuss future work, and

make concluding statements. Chapters 2 and 3 represent unchanged versions

of papers that have been published (Chapter 2: Roberts et al. 2015, Chapter 3:

Roberts et al. 2016) in the Monthly Notices of the Royal Astronomical Society

Letters and Monthly Notices of the Royal Astronomical Society respectively,

both refereed astronomical journals.
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Chapter 2

Mass segregation trends in SDSS galaxy

groups

This chapter represents an unchanged version of the paper, “Mass-

segregation trends in SDSS galaxy groups”, published in the refereed

journal, Monthly Notices of the Royal Astronomical Society Letters.

The full reference is given below:

Roberts I.D., Parker L.C., Joshi G.D., Evans F.A., 2015,

MNRAS, Volume 448, Issue 1, pp. L1-L5

Department of Physics & Astronomy, McMaster University, Hamilton ON

L8S 4M1, Canada
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Abstract

It has been shown that galaxy properties depend strongly on their host

environment. In order to understand the relevant physical processes driving

galaxy evolution it is important to study the observed properties of galaxies

in different environments. Mass segregation in bound galaxy structures is an

important indicator of evolutionary history and dynamical friction time-scales.

Using group catalogues derived from the Sloan Digital Sky Survey Data Re-

lease 7 (SDSS DR7), we investigate mass-segregation trends in galaxy groups

at low redshift. We investigate average galaxy stellar mass as a function of

group-centric radius and find evidence for weak mass segregation in SDSS

groups. The magnitude of the mass segregation depends on both galaxy stel-

lar mass limits and group halo mass. We show that the inclusion of low-mass

galaxies tends to strengthen mass-segregation trends, and that the strength

of mass segregation tends to decrease with increasing group halo mass. We

find the same trends if we use the fraction of massive galaxies as a function

of group-centric radius as an alternative probe of mass segregation. The mag-

nitude of mass segregation that we measure, particularly in high-mass haloes,

indicates that dynamical friction is not acting efficiently.
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2.1 Introduction

It has been well established that galaxy properties depend strongly on lo-

cal environment (e.g. Oemler, 1974; Hogg et al., 2004; Blanton et al., 2005a;

Tal et al., 2014). Galaxies in dense environments such as clusters tend to

have lower star formation rates (SFRs), while isolated field galaxies are gen-

erally actively forming stars (e.g. Balogh et al., 2000; Ball et al., 2008; Wetzel

et al., 2012). It is also well known that galaxy properties, such as SFR, de-

pend strongly on galaxy mass (e.g. Poggianti et al., 2008). It is critical to

study the distribution of galaxy masses within haloes of different masses in

order to ascertain whether the variations in galaxy properties with environ-

ment are due to physical mechanisms acting in dense environments, or simply

due to the fact that high-density environments contain more high-mass galax-

ies. Intermediate-density environments, galaxy groups, represent not only the

most common environment in the local Universe (Geller & Huchra, 1983; Eke

et al., 2005), but also represent the environment where many physical pro-

cesses are efficient. Galaxy interactions such as mergers and harassment are

favoured in this environment because of the low relative velocities between

galaxies (Zabludoff & Mulchaey, 1998; Brough et al., 2006).

The study of mass segregation in groups can be used to elucidate informa-

tion on physical processes such as dynamical friction, galaxy mergers, and tidal

stripping. Mass segregation in bound structures has generally been predicted

as a result of dynamical friction (Chandrasekhar, 1943). Dynamical friction

acts as a drag force on orbiting bodies and massive galaxies within groups

and clusters are expected to migrate to smaller radii as time progresses. If

59



M.Sc. Thesis ––––– Ian D. Roberts ––––– McMaster University - Physics and Astronomy ––––– 2016

dynamical friction is a dominant factor, then clear mass segregation should be

observed in evolved groups and clusters.

Galaxy groups are not static systems, but are constantly being replenished

by infalling galaxies from the field. Infalling galaxies are preferentially found at

large radii (Wetzel et al., 2013) and the difference in stellar mass distributions

between evolved group members and infalling galaxies could affect the strength

of mass segregation.

If significant mass segregation is not found, then this implies that either:

the time-scale associated with dynamical friction is greater than the age of

the group/cluster, or that there are other physical processes, such as merging,

tidal stripping, or pre-processing, which are playing a more important role

than dynamical friction.

Recent work has shown conflicting results with regards to the presence of

mass segregation in groups and clusters. Ziparo et al. (2013) find no evidence

for strong mass segregation in X-ray selected groups out to z = 1.6, for a

sample of galaxies withMstar > 1010.3 M�. von der Linden et al. (2010) examine

Sloan Digital Sky Survey (SDSS) galaxy clusters and find no evidence for mass

segregation in four different redshift bins at z < 0.1. von der Linden et al. make

redshift-dependent stellar mass cuts ranging from 109.6 to 1010.5 M�. Vulcani

et al. (2013) use mass-limited samples at 0.3 ≤ z ≤ 0.8 from the IMACS

Cluster Building Survey and the ESO Distant Cluster Survey, with stellar

mass cuts at Mstar > 1010.5 M� and Mstar > 1010.2 M�, respectively, to study

galaxy stellar mass functions in different environments. Vulcani et al. find no
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statistical differences between mass functions of galaxies located at different

cluster-centric distances.

Conversely, Balogh et al. (2014) find evidence for mass segregation in Group

Environment Evolution Collaboration 2 (GEEC2) groups at 0.8 < z < 1, using

a stellar-mass-limited sample with Mstar > 1010.3 M�. Using a volume limited

sample of zCOSMOS groups, Presotto et al. (2012) find evidence for mass

segregation in their whole sample at both 0.2 ≤ z ≤ 0.45 and 0.45 ≤ z ≤ 0.8.

Presotto et al. also break their sample into rich and poor groups at 0.2 ≤

z ≤ 0.45, and find evidence for mass segregation within rich groups but find

no evidence for mass segregation within poor groups. Using a Vmax-weighted

sample with a stellar mass cut at 109.0 M�, van den Bosch et al. (2008) find

evidence for mass segregation in SDSS groups.

It is clear that there is no consensus regarding the strength of mass segre-

gation in groups and clusters or its halo mass dependence.

In this Letter, we present evidence of the presence of a small, but sig-

nificant, amount of mass segregation in SDSS galaxy groups. We show that

the detection of mass segregation is dependent on stellar mass completeness,

with completeness cuts at relatively high stellar masses potentially masking

underlying mass segregation trends. We also show that the strength of mass

segregation scales inversely with halo mass, with cluster-sized haloes showing

little to no observable mass segregation. In Section 2.2, we briefly describe our

data set, in Section 2.3 we present our results from this work, in Section 2.4

we provide a discussion of our results, and in Section 2.5 we give a summary

of the results and make concluding statements.
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In this Letter, we assume a flat Λ cold dark matter cosmology with ΩM =

0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1.

2.2 Data

The results presented in this Letter utilize the group catalogue of Yang

et al. (2007). This catalogue is contructed by applying the halo-based group

finder of Yang et al. (2005, 2007) to the New York University Value-Added

Galaxy Catalogue (NYU-VAGC; Blanton et al. 2005b), which is based on the

SDSS Data Release 7 (DR7; Abazajian et al. 2009). Stellar masses are obtained

from the NYU-VAGC and are computed using the methodology of Blanton &

Roweis (2007), assuming a Chabrier (2003) initial mass function. Halo masses

are determined using the ranking of the characteristic stellar mass,M?,grp, and

assuming a relationship between Mhalo and M?,grp (Yang et al., 2007). M?,grp

is defined by Yang et al. as

M?,grp =
1

g(L19.5, Llim)

∑
i

Mstar,i

Ci
, (2.1)

where Mstar,i is the stellar mass of the ith member galaxy, Ci is the com-

pleteness of the survey at the position of that galaxy, and g(L19.5, Llim) is

a correction factor which accounts for galaxies missed due to the magnitude

limit of the survey.

Halo-centric distance for each galaxy is not given explicitly in the Yang

catalogue; however, we calculate it using the redshift of the group and the

angular separation of the galaxy and halo centre on the sky. We measure
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group-centric radius from the luminosity-weighted centre of each group, and

normalize our group-centric radii by R200. We use the definition for R200 as

given in Carlberg et al. (1997)

R200 =

√
3σ

10H(z)
, (2.2)

where the Hubble parameter, H(z), is defined as

H(z) = H0

√
ΩM(1 + z)3 + ΩΛ, (2.3)

and we calculate the velocity dispersion, σ, as

σ = 397.9 km s−1

(
Mhalo

1014 h−1 M�

)0.3214

, (2.4)

where the above is a fitting function given in Yang et al. (2007).

For our analysis we select group galaxies with redshift, z < 0.1, that are

within two virial radii of the group centre, and groups with a minimum of

three galaxy members – although our results are not sensitive to these specific

cuts. For our sample over 95 per cent of group galaxies reside within two

virial radii of the group centre. We also subtract the most massive galaxy

(MMG) from each group, to ensure that any underlying radial mass trend is

not contaminated by the MMG.

This sample is not volume limited, therefore, the sample will suffer from

the Malmquist bias. This leads to a bias towards objects of higher luminosity

and stellar mass, with increasing redshift. To account for this bias we weight
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our sample by 1/Vmax, where Vmax is the comoving volume of the Universe

out to a comoving radius at which the galaxy would have met the selection

criteria for the sample. For our Vmax weights we apply the values presented in

the catalogue of Simard et al. (2011) to our sample.

In order to investigate the effect of stellar mass limits on the detection

of mass segregation, we use samples corresponding to various stellar mass

cuts. We perform our analysis on an unweighted sample with two mass cuts

corresponding toMstar > 1010.5 M� (4152 galaxies in 1970 groups) andMstar >

1010.0 M� (26 774 galaxies in 4534 groups); and a Vmax-weighted sample with

mass cuts at Mstar > 109.0 M� (56 957 galaxies in 7217 groups) and Mstar >

108.5 M� (59 791 galaxies in 7289 groups). The unweighted sample is stellar

mass complete down to Mstar > 1010.0 M�. Therefore, for both the weighted

and unweighted sample, we have two different stellar mass cuts, giving us four

separate samples in total.

2.3 Results

2.3.1 Mass segregation in SDSS groups

In Fig. 2.1 we plot mean stellar mass as a function of radial distance from

the group centre for various halo mass bins. Fig 2.1(a) corresponds to our

high-mass cut, unweighted sample; Fig 2.1(b) corresponds to our low-mass

cut, unweighted sample; Fig 2.1(c) corresponds to our high-mass cut, weighted

sample; and Fig 2.1(d) corresponds to our low-mass cut, weighted sample.
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Figure 2.1: All panels show mean mass as a function of normalized distance
for various halo mass bins, with error bars corresponding to 1σ statistical
errors. The solid lines correspond to weighted least-squares fits for each halo
mass bin. Top left: unweighted sample, for galaxies with log(Mstar/M�) > 10.5.
Top right: unweighted sample, for galaxies with log(Mstar/M�) > 10.0. Bottom
left: Vmax-weighted sample, for galaxies with log(Mstar/M�) > 9.0. Bottom
right: Vmax-weighted sample, for galaxies with log(Mstar/M�) > 8.5. Note
that different mass scales are used in each panel. There are more halo mass
bins in the bottom row due to the increased number of low-mass galaxies as a
result of Vmax weighting.
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For all halo mass bins, and regardless of the mass cut, the unweighted

sample shows statistically significant mass segregation with a weighted linear

least-squares fit. The Vmax-weighted sample shows statistically significant mass

segregation for the five lower halo mass bins, whereas the highest halo mass

bin has a best-fitting slope consistent with zero – this trend hold for both mass

cuts. For both the weighted and unweighted samples there is a clear trend of

the slope with halo mass – more massive haloes show weaker mass segregation.

This result will be discussed in Section 2.4.

We find that our highest halo mass sample (Mhalo > 1014.5 M�) has a large

number of low-mass galaxies when compared to the high-halo-mass samples,

which leads to a smaller mean stellar mass in the Vmax-weighted results shown

in Figs 2.1(c) and (d). While this introduces a shift in normalization, it does

not affect the mass segregation trend and therefore does not change the key

result that mass segregation depends on halo mass.

2.3.2 Massive galaxy fraction

An alternative way to investigate galaxy populations within the group sam-

ple is to study the fraction of ‘massive’ galaxies at various group-centric radii.

In Fig. 2.2, we plot the fraction of massive galaxies as a function of radial

distance for two different definitions of what constitutes a massive galaxy. We

calculate the massive fraction for each radial bin as

fm(Mcut) =
# galaxies with Mstar > Mcut

# galaxies with Mstar > 1010 M�
, (2.5)
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Figure 2.2: Fraction of massive galaxies with respect to normalized radial
distance. Error bars are given by a 1σ binomial confidence interval, calculated
using the beta distribution as outlined in Cameron (2011). The solid lines
correspond to weighted least-squares fits for each halo mass bin. Left-hand
panel: the fraction of galaxies with log(Mstar/M�) > 10.25 as a function of
radial distance, for the unweighted sample with Mstar > 1010 M�. Right-hand
panel: the fraction of galaxies with log(Mstar/M�) > 10.5 as a function of
radial distance, for the unweighted sample with Mstar > 1010 M�.

where Mcut is a stellar mass cut-off above which we define a massive galaxy.

We initially apply a high-mass galaxy cut, Mcut, at 1010.25 M�, corresponding

to the median stellar mass of the unweighted sample (with the low-mass cut at

1010 M�). Comparing Figs 2.1(b) and 2.2(a) we see essentially identical trends.

We observe the same trends of mass segregation whether we look at the average

galaxy mass at a given radius, or consider the fraction of massive galaxies.

To confirm that this trend is robust regardless of the mass cut-off used to

define a massive galaxy, we make the same plot but now useMcut = 1010.5 M�.

Comparing Figs 2.2(a) and (b) we see that while the overall fractions of massive

galaxies decrease with increasing the stellar mass cut, the trend essentially

stays the same. There is clear evidence for mass segregation and the strength

of mass segregation depends on halo mass.
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2.4 Discussion

2.4.1 Effect of including low-mass galaxies

The results in Fig. 2.1 show that mass segregation generally increases when

lower mass galaxies are included. To quantify this effect we can compare the

best-fitting slopes corresponding to the high-mass and the low-mass cut sam-

ples.

For a given halo mass, the low-mass cut sample displays larger slopes than

the high-mass cut sample for two of the halo mass bins. The slopes correspond-

ing to the other two halo mass bins are consistent with being equal. For the

weighted samples we find similar results with the low-mass cut sample showing

larger slopes for three of the halo mass bins, and the other three halo mass

bins showing slopes consistent with being equal.

This suggests that the inclusion of low-mass galaxies has a measurable

effect on the observation of mass-segregation. Studies which make mass cuts

at moderate to high-stellar mass, are potentially missing a mass segregation

contribution from low-mass galaxies. The observation of mild mass segregation

is consistent with the low redshift sample of Ziparo et al. (2013); however, they

see similar mass-radius relations regardless of the stellar mass cut applied.

2.4.2 Halo mass dependence

Figs 2.1 and 2.2 clearly indicate that the highest halo mass bins show

the least mass segregation. This trend is consistent in all cases, regardless of
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stellar mass cut or whether the sample had Vmax weights applied. Our observed

dependence on halo mass is consistent with results finding no measurable mass

segregation in galaxy clusters (Pracy et al., 2005; von der Linden et al., 2010;

Vulcani et al., 2013)

It has been shown through N -body simulations that the dynamical friction

time-scale scales with Mh/Ms (e.g. Taffoni et al., 2003; Conroy et al., 2007;

Boylan-Kolchin et al., 2008), where Ms is the initial satellite mass and Mh

is the mass of the host halo. For a given satellite mass, this implies a longer

dynamical friction time-scale for larger haloes, which is consistent with our

result. This can be interpreted as an increase in tidal stripping efficiency as

Mh/Ms increases (Taffoni et al., 2003). Gan et al. (2010) have shown that for

an infalling satellite the dynamical friction time-scale increases with a stronger

tidal field. This is due to tidal stripping retarding the decay of satellite angular

momentum, which increases the dynamical friction time-scale.

It should be noted that the merger time-scale scales with Ms/Mh (Jiang

et al., 2008), which implies a higher merger efficiency in low-mass haloes, for a

given satellite mass. The build-up of massive objects through galaxy mergers

could enhance mass segregation in low-mass haloes, in accordance with our

results.

There has been evidence of cluster galaxies having their star formation

quenched in lower mass groups (∼ 1013 M�) prior to accretion into the cluster

environment (e.g. Zabludoff & Mulchaey, 1998; McGee et al., 2009; De Lucia

et al., 2012; Hou et al., 2014). This pre-processing could potentially provide an

explanation of our observed mass segregation trends with halo mass. If mass
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segregation is present in the group environment as a result of pre-processing,

the recent accretion of multiple pre-processed groups to form a galaxy cluster

could result in little to no observed mass segregation in the cluster as a whole.

In other words, if the cluster environment consists of multiple subhaloes at

various cluster-centric radii, while individual subhaloes may show mass segre-

gation, the total effect of these subhaloes together may leave the cluster with

a relatively uniform radial mass distribution.

Vulcani et al. (2014) apply semi-analytic models to the Millenium Simu-

lation (Springel et al., 2005) to study galaxy mass functions in different envi-

ronments. Vulcani et al. simulate galaxy mass functions for three halo masses,

log(Mhalo/M�) = {13.4, 14.1, 15.1}, as a function of cluster-centric radius. In

the lowest mass halo they find the mass function depends slightly on cluster-

centric radius, with the innermost regions showing flatter mass functions at

low and intermediate masses. This trend persists, but is not as strong at in-

termediate halo mass. The highest halo mass bin shows virtually identical

mass function shapes for all cluster-centric radii. This result is indicative of

measurable mass segregation for the low- and intermediate-mass haloes, with

the strength of mass segregation decreasing with increasing halo mass. These

simulation trends show excellent agreement with our observed dependence of

mass segregation on halo mass.

2.4.3 Reconciling previous results

In Section 2.1, we mention previous literature results which present evi-

dence both for and against the presence of mass segregation in groups and
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clusters. We argue that the majority of these results can be reconciled with

our two main findings.

(i) Mass segregation is enhanced with the inclusion of low-mass galaxies in

a sample.

(ii) Mass segregation decreases with increasing halo mass, with high-mass

haloes showing little to no mass segregation.

Of the studies mentioned in Section 2.1, those which observe no evidence for

mass segregation either: make a mass completeness cut at intermediate to high

stellar mass, or observe this lack of mass segregation only in high-mass haloes.

Therefore, the lack of observed mass segregation can potentially be explained

through the lack of low-mass galaxies in the study survey, or the study being

limited to high-halo-mass environments.

2.5 Conclusion

In this Letter, we examine mass segregation trends in the Yang et al. (2007)

SDSS DR7 groups for various stellar and halo mass cuts. We show that a

small, but significant, amount of mass segregation is present in these groups.

This mass segregation shows consistent trends, with lower stellar mass samples

showing stronger mass segregation, and galaxies in large haloes showing little

to no mass segregation.

The magnitude of mass segregation we measure, especially in high-mass

haloes, is potentially indicative of dynamical friction not acting efficiently. We
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discuss previous literature to provide possible explanations for the observed

trends, showing that our observed trends with halo mass agree with prior re-

sults. Further work with hydrodynamic simulations would be helpful to further

constrain the important mechanisms responsible for our observed mass trends

and the lack of mass segregation in high-mass haloes.
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Chapter 3

Comparing galaxy morphology and star

formation properties in X-ray bright and

faint groups and clusters

This chapter represents an unchanged version of the paper, “Com-

paring galaxy morphology and star formation properties in X-ray

bright and faint groups and clusters”, published in the refereed jour-

nal, Monthly Notices of the Royal Astronomical Society. The full

reference is given below:

Roberts I.D., Parker L.C., Karunakaran A., 2016, MNRAS,

Volume 455, Issue 4, pp. 3628-3639

Department of Physics & Astronomy, McMaster University, Hamilton ON

L8S 4M1, Canada
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Abstract

Galaxy morphologies and star formation rates depend on environment.

Galaxies in underdense regions are generally star-forming and discy whereas

galaxies in overdense regions tend to be early-type and not actively form-

ing stars. The mechanism(s) responsible for star formation quenching and

morphological transformation remain unclear, although many processes have

been proposed. We study the dependence of star formation and morphology

on X-ray luminosity for galaxies in Sloan Digital Sky Survey Data Release 7

(SDSS-DR7) groups and clusters. While controlling for stellar and halo mass

dependences, we find that galaxies in X-ray strong groups and clusters have

preferentially low star-forming and disc fractions - with the differences being

strongest at low stellar masses. The trends that we observe do not change

when considering only galaxies found within or outside of the X-ray radius of

the host group. When considering central and satellite galaxies separately we

find that this dependence on X-ray luminosity is only present for satellites,

and we show that our results are consistent with ‘galaxy strangulation’ as a

mechanism for quenching these satellites. We investigate the dynamics of the

groups and clusters in the sample, and find that the velocity distributions of

galaxies beyond the virial radius in low X-ray luminosity haloes tend to be

less Gaussian in nature than the rest of the data set. This may be indicative

of low X-ray luminosity groups and clusters having enhanced populations of

star-forming and disc galaxies as a result of recent accretion.
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3.1 Introduction

Numerous studies have shown a strong environmental dependence on the

star-forming and morphological properties of galaxies (e.g. Butcher & Oemler,

1978; Dressler, 1980; Postman & Geller, 1984; Dressler et al., 1999; Blan-

ton et al., 2005a; Wetzel et al., 2012). Low-density regimes tend to be dom-

inated by star-forming, late-type galaxies whereas high-density areas, such

as galaxy clusters, tend to be primarily populated by quiescent, early-type

galaxies. Within individual clusters, galaxy morphologies tend to distribute as

a function of local density (or equivalently cluster-centric radius), with high

fractions of late-type galaxies being found at large radii and the regions near

the cluster core being dominated by early-types (e.g. Dressler, 1980; Postman

& Geller, 1984; Postman et al., 2005). This effect has become known as the

morphology-density relation. While galaxies distribute based on their star-

forming and morphological properties, the mechanism(s) responsible for the

quenching of star formation and morphological transformations in galaxies are

not well constrained – although many have been proposed. Both mergers and

impulsive galaxy-galaxy interactions (‘harassment’) (e.g. Moore et al., 1996)

can induce starburst events in galaxies leading to rapid consumption of gas

reserves and star formation quenching. Within the virial radius of a group or

cluster the stripping of gas from galaxies becomes efficient. Both the stripping

of hot halo gas (‘strangulation’) (e.g. Kawata & Mulchaey, 2008) and cold gas

stripping due to a dense intracluster medium (‘ram-pressure’) (e.g. Gunn &

Gott, 1972) can quench star formation. As well, tidal interactions can affect

gas reservoirs by transporting gas from the galactic halo outwards which sub-
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sequently allows it to more easily be stripped from the galaxy (Chung et al.,

2007).

On top of these environmental quenching mechanisms, previous authors

have found that secular processes, which depend on galaxy mass, appear to

play a significant role in star formation quenching (Balogh et al., 2004; Muzzin

et al., 2012). The emergent picture for star formation quenching appears to

be some combination of environmental quenching mechanisms and internal,

secular processes. In particular, Peng et al. (2010) suggest that in the low-

redshift Universe, environmental quenching is dominant for galaxies withM? .

1010.5 M�, whereas for galaxies with M? & 1010.5 M� mass quenching plays the

more important role.

While environmental and mass quenching within individual haloes are

seemingly strong effects, it is important to realize that groups and clusters are

not isolated structures. In particular, galaxies can be pre-quenched in group

haloes prior to infall into a larger cluster. This ‘pre-processing’ suggests that

many galaxies may already be quenched upon cluster infall. Simulations have

shown that between ∼ 25 and 45 per cent of infalling cluster galaxies may

have been pre-processed (McGee et al., 2009; De Lucia et al., 2012). Obser-

vationally, Hou et al. (2014) find that ∼ 25 per cent of the infall population

reside in subhaloes for massive clusters (MH & 1014.5 M�). This pre-quenching

of galaxies in groups could potentially be driven by galaxy interactions and

mergers which are favoured in the group regime as a result of lower relative

velocities between member galaxies (Barnes, 1985; Brough et al., 2006).
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An important method for studying the quenching mechanisms in groups

and clusters is to study the dependence of the star formation and morphological

properties of galaxies on the conditions of their host halo (e.g. halo mass, X-

ray luminosity, etc.). In particular, if quenching mechanisms depend on the

density of the intra-group/cluster medium (IGM/ICM) – for example, ram-

pressure stripping of cold gas – then one would expect to see galaxy populations

which are preferentially passive in haloes with high X-ray luminosities. Such

correlations have been looked for in previous studies, primarily within cluster

environments.

In particular, Ellingson et al. (2001) find no positive correlation between the

fraction of old galaxies and X-ray gas density. Balogh et al. (2002a) conclude

that the level of star formation found in their ‘low-LX ’ sample is consistent

with the levels seen in their CNOC1 sample consisting of higher mass clusters.

Fairley et al. (2002) and Wake et al. (2005) both study the fractions of blue

galaxies at intermediate redshifts and find no discernible trend between blue

fraction and X-ray luminosity. Using multivariate regression Popesso et al.

(2007b) find that cluster star formation depends on cluster richness but find

no additional dependence on X-ray luminosity. In addition, they find no signif-

icant correlation between star-forming fraction and any global cluster property

(M200, σv, Ngal, and LX). Lopes et al. (2014) find no dependence of blue frac-

tion on X-ray luminosity and the only slight dependence they find between disc

fraction and X-ray luminosity is within the central and most dense regions.

Conversely, Balogh et al. (2002b) find that galaxies in their ‘low-LX ’ sample

have preferentially high disc fractions compared to galaxies in their ‘high-
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LX ’ sample. Postman et al. (2005) find that the bulge-dominated fraction for

galaxies in high X-ray luminosity clusters is higher than for those in low X-ray

luminosity clusters. In contrast with their star formation results, Popesso et al.

(2007b) do find a significant anticorrelation between blue fraction and X-ray

luminosity. Finally, Urquhart et al. (2010) find an anticorrelation between blue

fraction and X-ray temperature for galaxies in intermediate redshift clusters.

In this paper we revisit the dependence of galaxy star formation and mor-

phological properties on the X-ray luminosity of the host halo. Specifically, as

a result of the large SDSS X-ray sample presented in Wang et al. (2014), we

are able to control for stellar mass, halo mass, and radial dependences through

fine-binning of the data set. This allows us to more directly investigate the

effect of X-ray luminosity on galaxies in different environments.

The results of this study are presented as follows. In Section 3.2 we briefly

describe the SDSS group catalogues utilized in this work, as well as the star

formation and morphology catalogues which we match to the group data set.

In Section 3.3 we present the primary results of this paper, specifically, the

differences between star-forming and morphological trends in environments

with different X-ray luminosities. In Section 3.4 we provide a discussion of the

results presented in this paper. Finally, in Section 3.5 we provide a summary

of the key results and make concluding statements.

In this paper we assume a Λ cold dark matter cosmology with ΩM = 0.3,

ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1.
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3.2 Data

3.2.1 Yang group catalogue

This work relies heavily on the group catalogue of Yang et al. (2007). The

Yang group catalogue is constructed by applying the iterative halo-based group

finder of Yang et al. (2005, 2007) to the New York University Value-Added

Galaxy Catalogue (NYU-VAGC; Blanton et al. 2005b), which is based on the

Sloan Digital Sky Survey Data Release 7 (SDSS-DR7; Abazajian et al. 2009).

The Yang group catalogue has a wide range of halo masses, spanning from

∼ 1012 M� to ∼ 1015 M�. The catalogue contains both objects which would

be classified as groups (1012 . MH . 1014) and as clusters (MH & 1014 M�),

however for brevity we will refer to all systems as groups regardless of mass.

Groups are initially populated using the traditional friends-of-friends (FOF)

algorithm (e.g. Huchra & Geller, 1982), as well as assigning galaxies not yet

linked to FOF groups as the centres of potential groups. Next, the characteris-

tic luminosity, L19.5, defined as the combined luminosity of all group members

with 0.1Mr − 5 log h ≤ −19.5, is calculated for each group. Using the value of

L19.5 along with an assumption for the group mass-to-light ratio, MH/L19.5, a

tentative halo mass is assigned on a group-by-group basis. The tentative halo

mass is used to calculate a virial radius and velocity dispersion for each group,

which are then used to add or remove galaxies from the system. Galaxies are

assigned to groups under the assumption that the distribution of galaxies in

phase space follows that of dark matter particles – the distribution of which is
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assumed to follow a spherical NFW profile (Navarro et al., 1997). This process

is iterated until the group memberships no longer change.

Final halo masses given in the Yang group catalogue are determined using

the ranking of the characteristic stellar mass, M?,grp, and assuming a relation-

ship between MH and M?,grp (Yang et al., 2007). M?,grp is defined by Yang et

al. as

M?,grp =
1

g(L19.5, Llim)

∑
i

M?,i

Ci
, (3.1)

whereM?,i is the stellar mass of the ith member galaxy, Ci is the completeness

of the survey at the position of that galaxy, and g(L19.5, Llim) is a correction

factor which accounts for galaxies missed due to the magnitude limit of the

survey. The statistical error in MH is on the order of 0.3 dex and mostly inde-

pendent of halo mass (Yang et al., 2007).

3.2.2 SDSS X-ray catalogue

To study the X-ray properties of the group sample, we utilize the SDSS

X-ray catalogue of Wang et al. (2014), which combines ROSAT All Sky Sur-

vey (RASS) X-ray images in conjunction with optical groups identified from

SDSS-DR7 (Yang et al., 2007) to estimate X-ray luminosities around ∼ 65 000

spectroscopic groups.

To identify X-ray luminosities for individual groups, the algorithm of Shen

et al. (2008) is employed. Beginning from an optical group, the most massive

galaxies (MMGs) of that group are identifed – up to four MMGs are kept.

86



M.Sc. Thesis ––––– Ian D. Roberts ––––– McMaster University - Physics and Astronomy ––––– 2016

The RASS field in which the MMGs reside are then identified, and an X-ray

source catalogue is generated in the 0.5−2.0 keV band (Wang et al., 2014). The

maximum X-ray emission density point is used to identify the X-ray centre of

the group, and any X-ray sources not associated with the group (e.g. point

source quasars or stellar object cross-matched from RASS and SDSS-DR7),

within one virial radius, are masked out. Values for the X-ray background,

centred on the X-ray centre, are determined and subtracted off and the X-ray

luminosity, LX , is calculated by integrating the source count profile within the

X-ray radius.

Determining X-ray luminosities in this manner is susceptible to ‘source con-

fusion’. Due to projection it is possible for more than one group to contribute

to the X-ray emission within the X-ray radius, leading to an overestimation of

the X-ray luminosity for a given group. To account for this effect Wang et al.

(2014) calculate the ‘expected’ average X-ray flux, FX,i, for each group using

the average LX −MH relation taken from Mantz et al. (2010). They then cal-

culate the sum of the expected fluxes from each group for multigroup systems

and determine the contribution fraction, fmult,i, for each group defined as

fmult,i = FX,i/ΣiFX,i. (3.2)

The contribution factor will approximate the fraction of the observed X-ray

luminosity intrinsic to the individual group in question, therefore applying this

fraction to each group will act to debias the measured X-ray luminosity from

source confusion contamination.
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Figure 3.1: Density contours for log X-ray luminosity versus log halo mass.
Dashed line corresponds to the linear least-squares best-fitting relationship.

Within the Wang catalogue 817 groups have S/N > 3, compared to the

total of 34 522 groups with positive detections (positive count rates after back-

ground subtraction) and S/N > 0. We run our analysis for groups with S/N > 3

as well as groups with S/N > 0 and find that our choice of signal-to-noise cut

does not change the trends that we observe, therefore we focus on the total

sample (S/N > 0) to ensure a sample size which is large enough to finely bin

the data in various properties simultaneously.

3.2.3 Final data set

To obtain the final data set, we match the Wang SDSS X-ray catalogue

to the Yang SDSS group catalogue, giving us both optical and X-ray group
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properties for the sample. To obtain individual galaxy properties we further

match the data set to various public SDSS catalogues as follows.

We utilize stellar masses given in the NYU-VAGC, which are computed

following the methodology of Blanton & Roweis (2007).

To obtain star formation rates (SFRs) and specific star formation rates

(SSFR = SFR/M?) we match the catalogue of Brinchmann et al. (2004) to

the sample. SFRs given by Brinchmann et al. are determined using emission

line fluxes whenever possible; however, in the case of no clear emission lines or

contamination from active galactic nuclei (AGNs), SFRs are determined using

the strength of the 4000 Å break (Dn4000) (Brinchmann et al., 2004).

We obtain galaxy morphologies from the catalogue of Simard et al. (2011).

Simard et al. perform two-dimensional bulge + disc decompositions for over

one million galaxies from the Legacy area of the SDSS-DR7, using three dif-

ferent fitting models: a pure Sérsic model, a bulge + disc model with a de

Vaucouleurs (nb = 4) bulge, and a bulge + disc model with a free nb. To

distinguish between discy and elliptical galaxies we utilize the galaxy Sérsic

index, ng, from the pure Sérsic decomposition. We also use the Vmax weights

given by Simard et al. to correct for the incompleteness of our sample.

We calculate group-centric distances for each galaxy using the redshift of

the group and the angular separation between the galaxy and the luminosity-

weighted centre of its host group. We normalize all of the galaxy radii by the

virial radius of the host group, R180, which we calculate as in Yang et al. (2007)
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R180 = 1.26h−1 Mpc

(
MH

1014 h−1 M�

)1/3

(1 + zg)
−1, (3.3)

where zg is the redshift of the group centre.

The final data set includes groups with halo masses ranging between 1013−

1015 M�, and galaxies with stellar masses ranging from 109−1011.3 M�. Group

X-ray luminosities in the data set are between 1039.6 − 1046.4 erg s−1, with a

median value of 1043.9 erg s−1, and are strongly correlated with halo mass (see

Fig. 3.1). We do not make an explicit radial cut, however over 99 per cent of

member galaxies fall within 1.5 virial radii. Our final sample contains 3 902

low-redshift (z < 0.1) groups hosting 41 173 galaxies. The catalogue of Wang

et al. (2014) contains ∼ 35 000 groups. The fact that the final sample in this

work is significantly smaller than the original catalogue is twofold. First, we

restrict our sample to redshifts smaller than 0.1 which reduces the number of

groups from ∼ 35 000 at z < 0.2 to ∼ 18 000 at z < 0.1. The second important

cut is that we require 1013 < MH < 1015 M� and a number of groups in the

Wang catalogue have halo masses, MH < 1013 M� (where halo masses have

been obtained from the catalogue of Yang et al. 2007). This cut reduces the

remaining number of groups from ∼ 18 000 to ∼ 3 900. It should be noted

that the majority of the MH < 1013 M� groups removed from the data set are

groups with very low membership.

To determine the effect of X-ray luminosity on star formation and mor-

phology we consider two X-ray luminosity samples for the majority of our

analysis, which we refer to as the X-ray weak (XRW) and X-ray strong (XRS)

samples. Similar to Wang et al. (2014), we define the XRS sample to con-
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Figure 3.2: Smoothed distributions for halo mass and X-ray luminosity within
the sample. Distributions are shown for both the X-ray strong (red, dashed)
and the X-ray weak (blue, solid) samples. Shaded regions correspond to 2σ
confidence intervals obtained from random bootstrap resampling.
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sist of all galaxies found above the logMH − logLX trend line (see Fig. 3.1),

and correspondingly the XRW sample consists of all galaxies found below the

logMH − logLX trend line. This leads to an approximately equal number of

galaxies within the XRW and XRS samples. We also performed our analysis

with a cut between the two X-ray samples at the median X-ray luminosity of

the data set, as well as defining the two samples using the first and the fourth

quartiles, however these alternative definitions of the two X-ray samples do

not change the trends that we observe.

Smoothed distributions for halo mass and X-ray luminosity are shown in

Fig. 3.2 for both X-ray luminosity samples. Density distributions are calculated

using the density {stats} function in the statistical computing language R

(R Core Team, 2013)† using a Gaussian kernel.

We study the dependence of star formation rates and morphology on stellar

mass by binning the data by stellar mass and calculating the disc and star-

forming fractions for each bin. Binning by stellar mass is important to account

for the systematic dependence of star formation and morphology on stellar

mass (e.g. Brinchmann et al., 2004; Whitaker et al., 2012). Additionally, as

the relative balance between environmental and mass quenching is not well

understood, it is important to investigate the effects of environment at a given

stellar mass.

We define the star-forming fraction, fSF , as the fraction of galaxies in each

bin with log SSFR > −11. Wetzel et al. (2012) show that at low redshift the

division between the red sequence and the blue cloud is found at log SSFR '
†http://www.R-project.org/
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−11 across a wide range of halo masses. For each stellar mass bin the star-

forming fraction is given by

fSF =
Vmax weighted no. of galaxies with log SSFR > −11

Vmax weighted total no. of galaxies
. (3.4)

Similarly we define the disc fraction, fD, as the fraction of galaxies in each bin

with Sérsic index, n < 1.5. For each stellar mass bin this is given by

fD =
Vmax weighted no. of galaxies with n < 1.5

Vmax weighted total no. of galaxies
. (3.5)

We also ran our analysis using a dividing cut at Sérsic indices of n = 1.0 and

n = 2.0 to define a disc galaxy, however using these alternative definitions for

a disc galaxy does not alter the trends that we observe.

3.3 Results

3.3.1 Star-forming and morphology trends in strong and weak LX

samples

To investigate the effect of X-ray luminosity on galaxy properties, in Fig. 3.3

we show star-forming and disc fractions, as a function of stellar mass, for sub-

samples corresponding to the four X-ray luminosity quartiles of the data set.

Examination of Figs 3.3(a) and (b) show that star-forming and disc fractions

follow a consistent marching order with respect to X-ray luminosity. The disc

and star-forming fractions decrease as X-ray luminosity increases.

93



M.Sc. Thesis ––––– Ian D. Roberts ––––– McMaster University - Physics and Astronomy ––––– 2016

9.0 9.5 10.0 10.5 11.0

log M /M¯

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

S
F

 F
ra

ct
io

n

log LX<43.5

43.5 log LX<43.9

43.9 log LX<44.5

log LX≥44.5

(a)

9.0 9.5 10.0 10.5 11.0

log M /M¯

0.1

0.2

0.3

0.4

0.5

0.6

D
is

k
 F

ra
ct

io
n

(b)

Figure 3.3: Left: star-forming fraction versus stellar mass for the four X-ray
luminosity quartiles of the data sample. Right: disc fraction versus stellar mass
for the four X-ray luminosity quartiles of the sample. Error bars correspond
to 1σ Bayesian binomial confidence intervals given in Cameron (2011).

We note that the results in Fig. 3.3 consider all halo masses in the sample,

however it has been found that galaxy morphology and star formation depend

on local density and halo mass (Dressler, 1980; Balogh et al., 2004; Wetzel

et al., 2012; Lackner & Gunn, 2013) (however also see: De Lucia et al. 2012;

Hoyle et al. 2012; Hou et al. 2013). As shown in Fig. 3.1 the data show a

strong correlation between X-ray luminosity and halo mass, therefore we must

determine if differences shown in Fig. 3.3 are simply a result of galaxies in

higher LX environments being housed in preferentially high-mass haloes.

To control for any potential halo mass effect, we further bin the data into

narrow halo mass bins and re-examine the dependence of galaxy properties on

X-ray luminosity, considering now the XRW and XRS samples from Fig. 3.1.

Fig. 3.4 shows star-forming (solid) and disc (dashed) fractions as a function of

stellar mass for four different halo mass bins – ranging from 1013 to 1015 M�

with bin widths of 0.5 dex. Data are binned according to stellar mass and
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Figure 3.4: Star-forming (solid lines) and disc (dashed lines) fractions versus
stellar mass, for different halo mass bins and the XRW (blue) and XRS (red)
samples. Error bars correspond to 1σ Bayesian binomial confidence intervals
given in Cameron (2011).
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markers are plotted at the median bin values. For each halo mass bin we show

star-forming and disc fractions from the X-ray strong and X-ray weak samples.

For both star-forming and disc fractions we continue to see a residual trend

with X-ray luminosity, even after controlling for any halo mass dependence:

star-forming and disc fractions are systematically higher in the XRW sample.

We see the strongest trends in the intermediate and high-mass haloes. The

difference between the strong (red) and weak (blue) X-ray luminosity samples

is clearest at low stellar mass, and in all haloes the two samples converge at

moderate to high stellar mass.

3.3.2 Radial dependence of star-forming and morphology trends

Within host groups X-ray emission is concentrated at relatively small group-

centric radii, with X-ray emission generally extending out to half a virial radius

(Wang et al., 2014). If the trends we are observing are a result of increased gas

density, we would expect to see enhanced trends (i.e. a larger difference be-

tween the XRS and XRW samples) at small group-centric radii and suppressed

trends at large radii. To test this we further divide the data into subsets cor-

responding to those galaxies that lie within the X-ray emission radius (using

the X-ray radius, RXray, given in Wang et al. 2014) and those galaxies that lie

outside of the X-ray radius. We again plot star-forming/disc fraction versus

stellar mass, in narrow halo mass bins, for the large and small radius sub-

samples. The results of this analysis are shown in Figs 3.5 and 3.6, where the

two figures correspond to disc fraction and star-forming fraction trends for the

large and small radius subsamples, respectively.
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Figure 3.5: Star-forming (solid lines) and disc (dashed lines) fractions versus
stellar mass, for galaxies outside of their host X-ray radius and for different
halo mass bins and the two LX samples. Error bars correspond to 1σ Bayesian
binomial confidence intervals given in Cameron (2011).
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Figure 3.6: Same as Fig. 3.5 for galaxies inside of their host X-ray radius.
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Figure 3.7: SF and disc excess versus stellar mass for both galaxies within
(purple, solid) and outside (green, dashed) of the X-ray radius. Panels a-d
show SF excess for four halo mass bins and panels e-h show disc excess for
four halo mass bins. Shaded regions represent 1σ confidence intervals.

Examination of Figs 3.5 and 3.6 shows that for both galaxies found within

their host halo’s X-ray radius and those found outside, we still see an increase

in star-forming and disc fractions in the XRW sample – as before this effect

is strongest in the intermediate-to high-mass haloes and at low stellar mass.

Also the disc and star-forming fractions tend to be higher at large radii, which

is consistent with the morphology-density relation.

To further investigate if the increase in star-forming and disc fractions in

the XRW sample compared to the XRS sample – which we will refer to as the

‘SF excess’ and the ‘disc excess’ – depends on whether you consider galaxies

within or outside of the X-ray radius, we show SF and disc excess versus stellar

mass in Fig. 3.7. We quantitatively define SF and disc excess as
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SF excess = fSF (XRW)− fSF (XRS) (3.6)

Disc excess = fD(XRW)− fD(XRS) (3.7)

where fSF (XRW) and fSF (XRS) are the star-forming fractions in the XRW

and XRS samples respectively, and analogously for fD(XRW) and fD(XRS).

We find no radial dependence for SF and disc excess as the two radial

subsamples in Fig. 3.7 show overlap for all halo and stellar masses. With the

exception in Fig. 3.7(c) where the SF excess, for low-mass galaxies, is stronger

for galaxies within the X-ray radius.

3.4 Discussion

We find that star-forming and disc fractions are systematically lower in

the XRS sample than galaxies in XRW environments. This trend persists even

upon controlling for any halo mass dependence, however the observed differ-

ence between the XRS and the XRW sample is not enhanced when considering

only those galaxies within the X-ray radius of the host halo.

There are two major observed effects which have been found to impact the

distributions of early-type and late-type galaxies within cluster environments.

The so called ‘Butcher-Oemler’ (BO) effect is the observational trend that the

blue fraction of cluster galaxies are positively correlated with redshift (e.g.

Butcher & Oemler, 1984; Ellingson et al., 2001; Loh et al., 2008; Urquhart

et al., 2010). However, it should be noted that there is still debate when it

comes to the physical nature of the BO effect (for example, see: Andreon &
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Figure 3.8: Smoothed radial distributions of galaxies in the XRW (blue, solid)
and XRS (red, dashed) samples. Shaded regions correspond to 2σ confidence
intervals obtained from random bootstrap resampling.
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Ettori 1999; Andreon et al. 2004, 2006). Since we are only considering low-

redshift (z < 0.1) galaxies the BO effect should be negligible.

The second major effect is the previously mentioned morphology-density

relationship. In order to determine if the morphology-density relation is affect-

ing the trends we observe, we must check if there are significant differences in

the radial distributions of the XRS and the XRW samples. For instance, if the

XRW sample is found at systematically high group-centric radii compared to

the XRS sample, then the morphology-density relation could explain why we

find systematically larger star-forming and disc fractions in the XRW sample.

In Fig. 3.8 we plot the smoothed radial distributions for both the XRS and the

XRW samples. We see no systematic difference between the two distributions,

in fact they are nearly indistinguishable from one another, and therefore any

observed differences between the XRS and XRW samples are not being driven

by difffering radial distributions.

3.4.1 AGN contamination

When considering X-ray properties of galaxy groups it is important to

ensure that the observed X-ray emission is due to the hot IGM and not due to

contamination from AGN or other X-ray sources. In Wang et al. (2014) bright

point sources, such as stars and quasars, are masked out, however it is still

important to ensure that our results are not being contaminated by galaxies

housing non-point source AGN.

In Fig. 3.9 we plot AGN fraction versus stellar mass for the XRW and

XRS samples. We use AGN classified by Kauffmann et al. (2003), which are
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Figure 3.9: BPT identified AGN fraction versus stellar mass for the XRW
and XRS samples. Error bars correspond to 1σ Bayesian binomial confidence
intervals given in Cameron (2011).
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identified using the location of galaxies on the BPT diagram (Baldwin et al.,

1981). It should be noted that Trouille & Barger (2010) show that between

20 and 50 per cent (depending on the dividing line between AGN and star-

forming galaxies used) of X-ray identified AGN fail to be classified as AGN on

the BPT diagram.

We see that the AGN fraction tends to be larger within the XRS sample,

however at all stellar masses the number of AGN galaxies is a modest fraction

(less than 5 per cent) of the total sample, for both XRS and XRW galaxies.

Most relevant is the fact that at low stellar mass the AGN fraction is con-

sistently below one per cent, for both the XRW and XRS samples, whereas

the trends we observe with X-ray luminosity are exclusively seen at low stellar

mass (e.g. Fig. 3.4). We examined disc and star-forming fractions for a sub-

sample of the data with galaxies identified as AGN removed and found that

removing AGN galaxies from the sample does not change the observed trends.

Furthermore, we examined trends after removing all groups that house galaxies

identified as AGN and again found no change in the observed trends. There-

fore we conclude that AGN are not a significant contributor to the observed

trends in star-forming and disc fractions.

3.4.2 Implications for star formation quenching

The relative importance of various galaxy quenching mechanisms is an im-

portant, open question. Galaxy populations in groups can be classified as ei-

ther ‘central’ (located at the centre of the group dark matter halo) or ‘satellite’

galaxies. These two populations are expected to evolve differently (e.g. van den
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Figure 3.10: SF and disc excess versus stellar mass for both centrals (gold,
solid) and satellites (grey, dashed). Shaded regions correspond to 1σ confidence
intervals.
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Bosch et al., 2008), and therefore when attempting to elucidate information on

the quenching of galaxies it is important to consider centrals and satellites as

distinct populations. In Fig. 3.10 we plot SF and disc excess (equations 3.6 and

3.7) versus stellar mass, considering separately central and satellite galaxies.

Central galaxies are defined as the most massive group galaxies and satellite

galaxies are defined as all galaxies which have not been classified as centrals.

When considering satellite galaxies in Fig. 3.10(a) we find that galaxies

within the XRW sample have consistently larger star-forming fractions at low

stellar mass (SF excess > 0), while at large stellar mass the XRW and XRS

samples are indistinguishable. When considering only central galaxies we find

that there is no difference between the XRW and XRS samples (SF excess ≈

0) when considering star-forming fraction. We observe qualitatively similar

trends for disc excess in Fig. 3.10(b). This implies that whatever effect X-ray

luminosity has on star-forming and morphological properties it only affects

satellite galaxies, central galaxies are insensitive to the group X-ray properties.

This is not surprising given that central galaxies are massive, and we see no

difference between the XRS and XRW at large stellar mass.

One interpretation of the differences we observe between the XRW and XRS

samples would be to invoke the ram-pressure stripping of satellite galaxies.

The rate at which galaxies will lose gas through ram-pressure stripping will

increase in proportion to LX (Fairley et al., 2002). Therefore if ram-pressure

is an important mechanism when it comes to the quenching of galaxies, a

decrease in star-forming fraction should be observed with increasing X-ray

luminosity. It should be noted that although we observe very similar trends for
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star-forming and disc fractions, it is not clear whether ram-pressure stripping

can efficiently drive galaxy morphology transformations from late to early

type (Christlein & Zabludoff, 2004). Prior studies (e.g. Gavazzi et al., 2003;

Kenney et al., 2004; Muzzin et al., 2014) have found evidence of ram-pressure

stripping. We note as well that other studies (e.g. Balogh et al., 2002a; Fairley

et al., 2002; Wake et al., 2005; Lopes et al., 2014) have found no clear trend

between star-forming or blue fractions and X-ray luminosity. At first glance

the results shown in Fig. 3.4 are consistent with ram-pressure stripping; at

low stellar masses there are lower star-forming fractions in the XRS sample.

One difference between the results we observe and previous studies is that we

narrowly bin our data in stellar mass. Since star-forming and morphological

properties depend strongly on stellar mass, any residual dependence on X-ray

luminosity may be lost without controlling for stellar mass. In addition our

sample size is significantly larger than most previous studies, so it may be

that trends with X-ray luminosity are subtle enough to be missed without

large statistics.

If the trends we detect are driven by ram-pressure we would expect a

radial dependence of our trends with X-ray luminosity. The efficiency of ram-

pressure stripping is proportional to ρv2 (Wake et al., 2005; Popesso et al.,

2007b), where ρ is the IGM density and v is the speed of the member galaxies.

Since the IGM density is highest at small group-centric radii, the efficiency

of ram-pressure stripping should increase towards small radii. In Fig. 3.7 we

showed that the observed SF excess does not strongly depend on radius. We

conclude that this lack of radial dependence is inconsistent with the ram-

pressure stripping scenario.
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Figure 3.11: Mean stellar metallicity versus stellar mass for star-forming
(blue, dashed) and passive (red, solid) galaxies, divided by galaxies in the XRS
(top) and XRW (bottom) samples. Shaded regions correspond to 1σ confidence
intervals obtained from random bootstrap resampling.
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Another often-envoked mechanism for regulating star formation is ‘galaxy

strangulation’ (Larson et al., 1980; Balogh et al., 2000; Kawata & Mulchaey,

2008; Peng et al., 2015). Strangulation is a mechanism in which the replenish-

ment of cold gas onto galaxies is halted, which in turn leads to galaxy quenching

once the galaxy has exhausted its existing cold gas reservoirs. The time-scales

over which a galaxy will be quenched by strangulation are longer than the

times associated with the direct stripping of cold gas reserves (ram-pressure).

Recently, Peng et al. (2015) have argued that it is possible to differentiate

between strangulation and direct stripping using metallicity differences be-

tween star-forming and quiescent galaxy populations. We direct the reader to

Peng et al. (2015) for a more complete discussion, however the main idea is

that quenching by strangulation will result in higher metallicities for passive

galaxies compared to star-forming galaxies. This is a result of star formation

continuing even after the gas supply has been halted which will increase stellar

metallicity until the cold gas reserves have been exhausted and the galaxy has

therefore been quenched. This trend in metallicity is not expected from direct

stripping, where star formation shuts off quickly after the removal of cold gas.

To investigate the effect of strangulation on the galaxy sample in this study

we follow Peng et al. (2015) and calculate mean stellar metallicity versus stel-

lar mass considering star-forming and passive galaxies separately, for galaxies

within our XRW sample as well as our XRS sample. Metallicities are matched

to our sample from the catalogue of Gallazzi et al. (2005), and mean metal-

licities are calculated in stellar mass bins with widths of 0.15 dex. Not all of

the galaxies within this sample have measured metallicities, and our XRW and
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XRS samples are reduced to 10 939 (52 per cent of total sample) and 8 851 (44

per cent of total sample) member galaxies respectively.

In Fig. 3.11 we see higher stellar metallicities for passive galaxies compared

to star-formers, which we interpret as evidence for strangulation playing a

significant role in star formation quenching. Of particular interest for this

work is the behaviour at low stellar mass which is where the dependence of

star formation and morphology on X-ray luminosity is observed (see Fig. 3.4).

We see a somewhat stronger strangulation signal (ie. difference between passive

and star-former metallicity) for galaxies in the XRS sample compared to the

XRW sample, at low stellar mass.

In light of this observed difference, it is important to note that compiling

this subsample of galaxies with measured metallicities does not affect all stel-

lar masses equally. Specifically, low-mass galaxies are preferentially removed

from the sample when matching to the metallicity catalogue. In particular, 69

per cent of low-mass (M? < 109.5 M�) galaxies in the XRS sample do not have

measured metallicities, whereas in the XRW sample 75 per cent of low-mass

galaxies do not have measured metallicities. Not only are low-mass galaxies

being preferentially lost, but the fraction of low-mass galaxies being lost is

slightly different between the two X-ray samples. Therefore, although the re-

sults in Fig. 3.11 are consistent with strangulation – and more specifically,

somewhat stronger strangulation at the low-mass end of the XRS sample – we

suggest that this trend be interpreted with caution as completeness differences

could be playing some role.
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3.4.3 Group evolutionary/dynamical state

The dynamical state of galaxy groups is an important evolutionary indica-

tor and can potentially influence galaxy properties. Trends with X-ray lumi-

nosity may reflect that the XRW and XRS samples have different dynamical

properties as it is expected that more evolved groups with relaxed dynamics

would be more X-ray luminous (Popesso et al., 2007a).

Theoretically the velocity distribution of galaxies within a group in dynam-

ical equilibrium should have a characteristic Gaussian shape. Groups lacking

this Gaussian distribution can therefore be considered as being unevolved,

dynamically young systems. To investigate the dependence on the dynamical

state of the groups in our data set we follow the procedure of Hou et al. (2009)

and apply the Anderson-Darling normality (ADN) test to the velocity distri-

butions of the galaxies in the group sample. The ADN test is a non-parametric

test which compares the cumulative distribution function (CDF) of the data to

the CDF of a normal distribution to determine the probability (p-value) that

the difference between the distribution of the data and that of a Gaussian is

as large as observed (or larger), under the assumption that the data is in fact

normally distributed. For our dynamical analysis we use a subset of the data

consisting of only those groups with eight or more members (31 820 galaxies in

1 456 groups), in order to ensure reasonable statistics when applying the ADN

test. To obtain values for the ADN statistic for each of our groups we employ

the ad.test {nortest} function in the statistical computing language R (R

Core Team, 2013) – large values of the ADN statistic are indicative of less

Gaussian distributions.
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Initially, we examine the dynamical states of galaxies within the XRW and

XRS samples globally (ie. no radial cuts) and we find no systematic differ-

ences between the dynamical states of XRW and XRS galaxies. Popesso et al.

(2007a) study the difference between X-ray underluminous Abell (AXU) clus-

ters and normal Abell clusters. They find that while both AXU and normal

Abell clusters show Gaussian velocity distributions within the virialized re-

gion (R < 1.5 R200), within the exterior regions (1.5 ≤ R ≤ 3.5 r200) the AXU

cluster show sharply peaked, non-Gaussian velocity distributions. The authors

interpret these leptokurtic velocity distributions in the outer cluster regions as

evidence that AXU clusters have experienced recent accretion/merging. If the

XRW groups have experienced more recent accretion of galaxies from the field

and smaller groups than the XRS groups, then this could contribute to the

dependence we observe between star-forming and disc fractions on X-ray lumi-

nosity. Galaxies in underdense regions (the field, low-mass groups) have been

found to be preferentially star- forming with late-type morphologies. Accord-

ingly, groups experiencing recent accretion may contain more star-forming,

late-type, galaxies when compared to groups which are dynamically older.

To investigate this possibility we study the dynamical states of groups in

both the XRW and XRS samples, and divide member galaxies into two ra-

dial subsamples: those found in the inner regions (R < R180) of their host

group, and those found in the outer regions (R ≥ R180) of their host group.

This is similar to the analysis performed by Popesso et al. (2007a). Instead of

making an arbitrary, discrete cut to define Gaussian and non-Gaussian groups

we treat the AD statistic values as continuous and compare the distributions

of ADN statistics from the four subsamples (XRW inner, XRW outer, XRS
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inner, XRS outer) to determine whether there are any significant differences

in dynamical state. To quantitatively compare the distributions we utilize the

two-sample Anderson-Darling (AD2) test. The AD2 test is similar to the ADN

test, however instead of comparing observed data to the normal distribution, it

compares the CDFs of two data samples to determine whether they are drawn

from the same underlying distribution. We apply the AD2 test to the distri-

butions of ADN statistic values for the XRW and XRS samples to determine

if the dynamical states vary between the inner and the outer regions. To per-

form the AD2 test between the subsamples we use the ad.test {kSamples}

function in the statistical computing language R (R Core Team, 2013).

We find no evidence (p− value = 0.38) for different dynamical states in

the inner and outer regions of the XRS sample, however for the XRW sample

we find strong evidence (p− value = 3 × 10−7) that the dynamical state of

galaxies in the outer region is different from those in the inner region. When

we examine the distributions of ADN statistics for the four subsamples we find

that the ADN statistic values for the XRW outer subsample are systematically

higher than for the other three subsamples. This suggests that the velocity

distributions for galaxies outside of the virial radius in the XRW sample are

less Gaussian than the rest of the data set.

This result is consistent with Popesso et al. (2007a), who find non-Gaussian

velocity distributions for galaxies in the outer regions of X-ray underluminous

Abell clusters. This result supports the notion that the increased number of

star-forming and late-type galaxies we observe in the XRW sample can poten-

tially be explained by underluminous X-ray groups experiencing recent accre-
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tion of field galaxies and small galaxy groups, as this recent accretion can give

rise to less Gaussian velocity distributions in the exteriors of these groups.

We do note that it remains difficult to simultaneously explain the dynam-

ical results together with the fact that we observe no dependence of SF and

disc excess on radius (Fig. 3.7).

3.5 Summary & Conclusions

We have used a sample of galaxies taken from X-ray emitting groups and

clusters in the SDSS to study the effect of X-ray luminosity on galaxy star

formation and morphological properties. Using a data set spanning a large

range in stellar mass (109− 1011.3 M�), halo mass (1013− 1015 M�), and X-ray

luminosity (1039.6− 1046.4erg s−1) we have investigated the differences between

disc and star-forming fractions within different X-ray environments. The main

results of this paper are as follows.

(i) Star-forming and disc fractions are preferentially lower within the X-ray

strong sample when compared to galaxies within the X-ray weak sample

– this trend remains after controlling for any halo mass dependence.

(ii) This difference between the X-ray strong and X-ray weak samples is most

apparent at intermediate to high halo mass and at low stellar mass.

(iii) The differences we observe between the X-ray weak and X-ray strong

samples do not depend on whether we consider galaxies inside of, or

outside their host halo’s X-ray radius.
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(iv) The enhancement of star-forming and disc fractions we observe in the X-

ray weak sample is present for satellites but not central galaxies, which

is not surprising given that the difference between X-ray samples is only

seen at low stellar mass.

(v) Our results are consistent with quenching by strangulation, in particu-

lar we see a somewhat stronger strangulation signal at low stellar mass

within the XRS sample.
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Chapter 4

Summary & Conclusions

The field of galaxy evolution is a broad one with many areas of research

focus, however one of the most fundamental questions involves determining

which mechanisms are driving the tranformations of blue, active, late-type

galaxies to red, passive, early-type galaxies, and additionally what the relative

balance is between different mechanisms across varying environments. Dense

environments such as galaxy groups or clusters seem to efficiently drive these

galaxy transformations, for low-mass galaxies especially, whereas high-mass

galaxies appear to evolve more agnostically with respect to their environment

(Peng et al., 2010).

In this thesis we have probed the dependence of galaxy properties on their

environment to further elucidate the regimes in which galaxy evolution occurs.

By taking advantage of a large sample of SDSS galaxies in groups (Yang et al.,

2005, 2007) we have investigated trends in galaxy mass as well as star-forming

and disc fractions across a wide range of halo environments, considering not

only haloes of different masses, but also those which show relatively strong

and weak X-ray emission (Wang et al., 2014).
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In Chapter 2 we investigate the presence of mass segregation, or lackthereof,

in galaxy groups and clusters. It is important to understand the role of mass

segregation in dense environments in order to correctly interpret star formation

and morphology trends with radius in groups and clusters. Specifically, radial

trends in star formation and morphology (Goto et al., 2003; Postman et al.,

2005; Rasmussen et al., 2012; Wetzel et al., 2012; Fasano et al., 2015; Haines

et al., 2015) could be driven, at least in part, by mass segregation effects.

For example, high-mass galaxies are preferentially passive and early-type and

therefore mass segregation would drive an excess of passive early-type galaxies

at small radii irrespective of environmental effects.

We explore the mean galaxy mass as a function of radius for galaxies in

groups and clusters across a wide range in halo mass, reaching two main con-

clusions regarding the nature of the mass segregation of galaxies. First, we find

that the strength of mass segregation depends on host halo mass. Significant

mass segregation is measured for lower mass groups but not for large clus-

ters, the strength of mass segregation decreases toward higher halo masses in

a clear marching order. Second, we find that the strength of mass segregation

generally increases with the inclusion of lower mass galaxies, therefore surveys

which are only complete to relatively high stellar masses may miss intrinsic

mass segregation trends. These two conclusions can be used to explain why

recent observations (van den Bosch et al., 2008; von der Linden et al., 2010;

Presotto et al., 2012; Vulcani et al., 2013; Ziparo et al., 2013; Balogh et al.,

2014) have come to seemingly contradictory conclusions regarding the presence

of mass segregation in dense structures.
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In addition to previous studies, more recent studies published after Roberts

et al. (2015) have investigated mass segregation in groups and clusters using

simulations. Contini & Kang (2015) use semi-analytic models to explore mass

segregation of galaxies in groups and clusters, finding that within the virial

radius the strength of mass segregation decreases with increasing halo mass,

consistent with the results of this thesis. However, Contini & Kang also see

an upturn (i.e. a positive correlation) in the stellar mass - radius relationship

beyond the virial radius which is not seen observationally in this work. van

den Bosch et al. (2016) use N-body simulations from the Bolshoi and Chin-

chilla simulations to study the segregation of many different subhalo proper-

ties. Relevant to this work, they study the segregation of both subhalo mass

at accretion as well as present day subhalo mass, finding that subhalo mass

at accretion shows an anti-correlation with radius whereas radial trends in

present day mass are more complex. Present day stellar mass has been shown

to trace mass at accretion (e.g. Conroy et al., 2006) therefore trends with mass

at accretion should correspond more closely to observations. van den Bosch et

al. find that trends with present day mass are very sensitive to selection effects

and can show a positive or a negative correlation with radius depending on

which subhalos are included. In this work we also find that selection effects

can influence observed mass segregation, with stronger mass segregation gen-

erally being observed when lower mass galaxies are included. Most recently,

Joshi et al. (2016) have performed N-body simulations using the ChaNGa code

to study the mass segregation of galaxy analogues across different host halo

and galaxy analogue masses. Joshi et al. detect mass segregation of galaxy

analogues, at least within 0.5 Rvir, and find stronger mass segregation trends
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when including lower mass analogues and for galaxy analogues in lower mass

haloes, in agreement with the two main conclusions of this work. We note that

Joshi et al. do see a mild positive correlation between average mass and radius

beyond Rvir which is not observed in this work.

Interpreting mass segregation trends requires understanding the compli-

cated balance between accretion history, dynamical friction, and tidal mass

loss in group haloes. While observationally it is difficult to disentangle these

various effects, simulations provide an important tool to break these potential

degeneracies. As well, the fact that we do not see strong segregation when

considering massive galaxies suggests that dynamical friction may not be the

dominant effect.

In Chapter 3 we explore beyond the well established dependences of ob-

served galaxy properties on stellar and halo mass to determine if star-forming

and disc fractions of group galaxies display any residual trends with the X-ray

luminosity of their host halo. Since the X-ray luminosity of a halo is driven

by the hot IGM/ICM, this provides a method to probe connections between

galaxy transformations and the halo content.

To accomplish this we split the group sample into groups which, for a given

halo mass, show enhanced or suppressed X-ray emission – referred to as X-

ray strong (XRS) and X-ray weak (XRW). We show that for a given stellar

and halo mass, low-mass galaxies in XRW groups show enhanced star-forming

and disc fractions. By applying the Anderson-Darling (AD) test to the LOS

velocity profiles of member galaxies, we then explore the dynamical states of

the inner and outer regions of X-ray strong and X-ray weak groups. Fig. 4.1
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Figure 4.1: Cumulative distribution functions of Anderson-Darling statistics
for velocity profiles of XRS and XRW galaxies, both in the inner and outer
regions of the halo.
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shows the distribution of AD statistics for both the XRS and XRW samples,

separately for galaxies in the inner and outer regions of the halo. We see that

velocity profiles of galaxies in the outer regions of XRW groups show stronger

deviations from normality (high AD statistics), perhaps signifying recently

formed, dynamically young systems which could drive the observed excess of

star-forming, late-type galaxies. Using the novel technique presented by Peng

et al. (2015), we also find evidence for starvation as a quenching mechanism for

both XRW and XRS groups. When comparing the strength of the starvation

signal between XRW and XRS groups we find that starvation is potentially

more efficient in XRS groups, however this result is marginal and requires

further work to determine its robustness. Other methods which could constrain

the timescales/efficiency of starvation could involve determining estimates for

quenching times either using observations at different redshifts, or through

fitting observational trends with simple quenching models.

Comparing to previous results, the dependence on X-ray luminosity we

observe for low-mass galaxies is consistent with the established notion that

low-mass galaxies are quenched primarily environmentally whereas high-mass

galaxies are quenched more through secular processes (Peng et al., 2010). In

particular, the mass at which we no longer see a dependence on X-ray lumi-

nosity is &1010 M� which is in broad agreement with the expected transition

mass between environmental and mass quenching. The quenching mechanism

favoured in this work is quenching by starvation. Starvation is a mechanism

which has also been invoked by many previous studies in order to account

for observational trends (Balogh et al., 2000; Balogh & Morris, 2000; Wet-

zel et al., 2013; Wheeler et al., 2014; Peng et al., 2015). In this work we see
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a marginally stronger starvation signal for low-mass galaxies in XRS groups

compared to XRW groups. Should this prove robust, it indicates a connection

between the efficiency of starvation and the X-ray luminosity of a host halo.

This may be expected, given that a dense/hot IGM/ICM (i.e. a high X-ray

luminosity) should be able to more efficiently strip hot halo gas and prevent

cold gas accretion, thereby quenching via starvation. It is also possible that

our results are being driven by the fact that our XRW groups could represent

younger, more unevolved systems. If this is the case then the enhanced star-

forming and disc fractions in XRW groups could be simply a result of galaxies

in these systems being exposed to dense environments for less time. This is

consistent with the fact that we find the velocity profiles of galaxies in XRW

groups to show stronger deviations from normality than XRS systems. Future

work examining the X-ray morphologies of these groups could help further

constrain the connection between X-ray luminosity and dynamical state, as

unrelaxed groups should show X-ray profiles which are more irregular in na-

ture. Detailed studies of the X-ray morphologies of the groups in this work are

somewhat limited by the low resolution of ROSAT maps, however more de-

tailed follow-ups with the higher resolution Chandra X-ray Observatory could

make a significant addition.

Our results find similar trends when considering either star-forming or disc

fraction, begging the question whether or not the same mechanism drives both

changes in star formation and morphology. Recent work has tended to favour

starvation and/or ram pressure stripping as the dominant environmental mech-

anisms for quenching star formation (Muzzin et al., 2014; Peng et al., 2015;

Fillingham et al., 2015; Weisz et al., 2015; Wetzel et al., 2015). These mecha-
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nisms could potentially drive morphological transformations through disc fad-

ing, however this is at odds with results suggesting that an enhancement to

the bulge luminosity is required to reproduce observed morphological trends

(Christlein & Zabludoff, 2004; Bundy et al., 2010). If morphological trans-

formations are therefore driven by building up a strong bulge then galaxy

interactions such as harassment or mergers are more likely candidates. If star

formation quenching and morphological transformations are being driven by

different mechanisms, then it is important to understand the balance which

gives rise to the tight correlations between star formation and morphology

which are seen observationally (e.g. Schawinski et al., 2014). Simulations have

shown that gas-poor discs can be more easily disrupted by galaxy interactions

(Hopkins et al., 2009), therefore it is possible that star formation is initially

quenched by exhausting the gas in the disc and subsequently a strong bulge

is built up through minor mergers and harassment (Bundy et al., 2010). The

above scenario implies a distinct order in which star formation is quenched first

followed by a morphological transformation, or put another way, the charac-

teristic time over which a galaxy is star-forming is shorter than the timescale

which a galaxy is late-type. This is consistent with previous studies which

have found that the timescales for morphological transformation are some-

what longer than quenching timescales (Sánchez-Blázquez et al., 2009; Skibba

et al., 2009; Kovač et al., 2010).

One example of potential future work using this sample of X-ray groups

would be to closely study AGN influence on the IGM. For example, by iden-

tifying AGN signatures in galaxies it would be then possible to investigate

AGN influence on diffuse gas across a wide range in halo mass. Are groups
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simply scaled down clusters in this respect, or is diffuse gas in groups more

strongly affected by AGN from member galaxies? It would also be possible to

study AGN influence by searching for groups from this sample with evidence

for X-ray cavities to further study both how common X-ray cavities are in

group-mass haloes, as well as determine if galaxy properties correlate with the

presence of X-ray cavities.

In addition to X-ray luminosity, another of these secondary environmental

effects which has been studied somewhat in previous literature is the depen-

dence of galaxy properties on group dynamical state. In Chapter 3 we do

see dynamical differences between the XRS and XRW samples which further

motivates understanding how dynamical differences can influence galaxy prop-

erties. In ongoing work we are interested in determining at which point during

a galaxy’s infall history (if at all) dependences on host dynamical state set

in place. This again will require controlling carefully for stronger effects (e.g.

stellar mass, halo mass, redshift) in order to make a fair comparison between

galaxies in groups with dynamical differences.

While the two scientific sections of this thesis are relatively distinct studies,

they both contribute to furthering the understanding of how galaxies evolve

and determining in which environments this evolution is strongest. That being

said, there is still much about galaxy evolution which is not understood and

future observational surveys providing better statistics, probing lower galaxy

masses, and probing higher redshifts will continue to push the field forward.

Surveys such as GOGREEN will vastly increase the number of spectroscopic

members of groups and clusters at 1 ≤ z ≤ 1.5, thereby allowing the environ-

131



M.Sc. Thesis ––––– Ian D. Roberts ––––– McMaster University - Physics and Astronomy ––––– 2016

mental quenching of satellites as well as the influence of group/cluster dynam-

ical state to be probed at high-redshift. As well, wide field imaging surveys (∼

thousands of square degrees) such as the Dark Energy Survey (Flaugher, 2005),

Pan-STARRS (Kaiser et al., 2002), and the Large Synoptic Survey Telescope

(Ivezic et al., 2008) will provide enormous data sets with photometric redshifts

from which interesting subsets can be chosen for detailed spectroscopic follow

up.
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