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ABSTRACT

We present a multi-wavelength perspective of star-forming galaxies within high-redshift
galaxy clusters. The clusters derive from the Red-sequence Cluster Survey (RCS) and
the Spitzer Adaptation of the Red-sequence Cluster Survey (SpARCS), and possess
ample spectroscopic coverage, yielding numerous confirmed cluster members. This
thesis consists of a collection of distinct but related works, focusing on environmen-
tal effects within the dense regions of clusters—some of the rarest structures in the
Universe. We exploit the high sensitivities of cutting-edge infrared and submillimeter
telescopes to glean the wealth of information encoded within the thermal portion of
the spectral energy distribution, including infrared luminosities and dust tempera-
tures. This allows us to uncover various trends within the star-forming population as
a function of environment. Moreover, we develop a novel definition of environment,
based on the phase space of radius and velocity, to account for the various accretion
histories of galaxies onto clusters; it thereby probes the time-averaged density that
each galaxy population has experienced. Using this tracer of environment, we find a
significant depression in the star formation rate per unit stellar mass for star-forming
galaxies within cluster cores at z ~ 0.9 and z ~ 1.2, in contrast to the flat trend that
results from conventional definitions of environment. We also discover a population
of galaxies that have lower dust temperatures compared to both infalling galaxies and
those that were accreted at the earliest stages of the formation of the cluster. Taken
together, these trends in star formation rate and dust temperature can help elucidate
which, if any, quenching mechanisms are active within cluster environments. Fi-
nally, we report the serendipitous detection of an overdensity of submillimeter-bright
galaxies located behind a merging z ~ 0.9 supercluster, which could signify a highly
star-forming protocluster at z ~ 3.

xiii



RESUME

Nous présentons une analyse multi-fréquentielle de galaxies a formation d’étoiles
situées l'intérieur d’amas de galaxies fortement décalés vers le rouge. Ces amas
en provenance du sondage Red-sequence Cluster Survey (RCS) et de son adaptation
par Spitzer (SpARCS) possedent une large couverture spectroscopique et contien-
nent plusieurs membres confirmés. Cette these représente une collection de travaux
distincts mais reliés, qui se concentrent sur les effets environnementaux présents
I'intérieur des régions denses d’amas de galaxies, des structures parmi les plus rares de
I’Univers. Nous exploitons la sensibilité élevée des télescopes infrarouges et submil-
limétriques de pointe pour collecter I'information encodée dans la portion thermale de
la distribution spectrale d’énergie, ce qui inclue des mesures de luminosité infrarouge
et des températures de poussiere. Cette méthode nous permet de dévoiler plusieurs
tendances en cours lintérieur de la population de galaxies formation d’étoiles en
fonction de ’environnement ou se trouvent ces galaxies. De plus, nous développons
une nouvelle définition de ce qui constitue I’environnement d’une galaxie basée sur
I’espace de phase du rayon et de la vitesse. Cette définition tient compte des nom-
breux épisodes d’accrétion de galaxies par les amas de galaxies, tracant ainsi la densité
moyenne connue par chaque population de galaxies. En utilisant ce nouveau traceur
d’environnement, nous trouvons un manque important dans le taux de formation
d’étoiles par unité de masse stellaire pour les galaxies formation d’étoiles situées au
coeur d’amas de galaxies entre z ~ 0.9 et 2 ~ 1.2, ce qui contraste avec le taux con-
stant résultant d’une définition conventionnelle de I’environnement. Nous avons aussi
découvert une population de galaxies ayant des températures de poussire plus basse
que celles associées des galaxies qui tombent ou qui ont été accrétées au début de la
formation de I'amas de galaxies. Considérées ensemble, ces tendances caractérisant
le taux de formation d’étoiles et la température de poussiere peuvent aider a mettre
en lumiere les mécanismes de relaxation actifs l'intérieur des amas de galaxies. Pour
terminer, nous rapportons la détection fortuite d’une surdensité de galaxies submil-
limétriques situées derriere un superamas de galaxies z ~ 0.9, ce qui pourrait indiquer

la présence d'un proto-amas a haute formation d’étoiles a z ~ 3.

Xiv
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INTRODUCTION

“In all things of nature there is something of the marvelous.”

Aristotle

1.1 MOTIVATION

The environment in which a galaxy resides has emerged as a fundamental parameter in
the study of galaxy evolution. It represents a unifying crossroad between observational
and theoretical astronomy, by advancing the current technological boundaries while
providing a testing ground for the latest cosmological predictions. As with many
other scientific disciplines, the study of galaxy environment has incited the age-old
battle of nature versus nurture—are galaxies subject to their own destiny, governed
by their inherent properties, or do external forces dictate their ultimate fate? The
largest bound structures in the Universe, clusters of galaxies, offer the best laboratory
with which to study environmental effects.

To understand how environment might impact galactic evolution, we must first
delve into both the key ingredients that comprise a cluster and the formation mecha-
nisms of clusters. Galaxy clusters are reservoirs for the bulk of the baryonic matter in
the Universe. This luminous matter primarily lies within the confines of the intraclus-
ter medium, a hot plasma of electrons, which dominates over the cluster stellar mass
by a factor of ten on average (Kravtsov and Borgani, |2012)). However, the prevailing

matter component is non-baryonic, in the form of diffuse dark matter which accounts
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for most of the cluster mass.

A cornerstone of cosmology has been the development of hierarchical structure for-
mation theory, a recipe for galaxy and cluster formation (Press and Schechter| |1974)).
In this paradigm, astrophysical sources grow from a bottom-up perspective: tiny fluc-
tuations in the very early Universe seed the growth of structure through gravitational
amplification, as matter (both baryonic and non-baryonic) collapses into its own po-
tential wells. The shortest wavelength modes in the initial density field collapse first;
these structures evolve into galaxy-sized dark matter haloes which continually ac-
crete matter along cosmic filaments and merge with neighboring galaxies and groups,
building up mass. This sea of collapsed dark matter haloes are atop the underly-
ing longer-wavelength modes which collapse last, forming the largest gravitationally

bound structures, galaxy clusters.

This complex process is simulated from z = 3 to the present day in Figure [I.T] from
Kravtsov and Borgani| (2012)), with the smallest objects collapsing first at the nodes of
density peaks in the primordial field. The cosmic web of filamentary structure is also
visible at early epochs. These small collapsed objects gradually amass matter through
merging activity, and eventually the larger-scale peaks collapse into a massive cluster
at late times. The cluster builds up mass, preferentially accreting matter along the

cosmic filaments.

Thus, in the most basic picture, galaxy clusters consist of hundreds of galaxies
belonging to one of two populations: an older collection of galaxies that formed in
situ, some of which merged; and a nascent population that was accreted over cosmic
time. This is of much importance—it signifies the potential of clusters as laboratories
with which to gauge differences between galaxies formed in distinct environments.
For example, how do galaxies born in the isolated field compare to those born in the
densest environments, and additionally, how does accreted matter evolve as it falls

deeper into the cluster potential well?
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Figure 1.1 The simulated evolution of the primordial dark matter density field from
2z = 3 to z = 0. The region depicts a comoving scale of 15h~! Mpc on a side. At
early times, only the smallest modes collapse. Cluster-sized peaks collapse later,
accreting halos along bound filaments. At z = 0, the cluster has amassed to Mayy ~
1.2 x 10Yh~! M. Taken from [Kravtsov and Borgani| (2012).

The evolution of a galaxy falling into the cluster potential is most likely a volatile
one. The hostile cluster environment exerts much of its influence through the in-
tracluster medium. The most widely invoked of such mechanisms are strangulation
and ram-pressure stripping. The milder of the two processes, strangulation (some-

times referred to as starvation) involves the removal of the hot halo of low-density
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gas enveloping a satellite galaxy (Larson et all [1980; Balogh et al.; 2000). This re-
sults in a gradual depletion of the galaxy’s gas supply which would otherwise cool,
condense, and settle onto a cold disk—the breeding ground for star formation. Ram-
pressure stripping is a more violent process, occurring when high-velocity galaxies
move through the dense intracluster medium (Gunn and Gott, 1972; |Quilis et al.|
2000). The intracluster medium exerts a strong dynamical pressure on these galax-
ies, capable of stripping the cold disk of gas, thereby directly exhausting the fuel for
star formation. This process only operates deep within the cluster potential as it
requires high galactic velocities, while strangulation functions at all radii, including
in the peripheral regions, since the halo is more diffuse and therefore easier to remove

than the disk (Treu et al.| [2003).

Other mechanisms that are not related to the conditions of the intracluster medium
can also alter the properties of cluster galaxies. For example, deep within the cluster
core, gravitational tidal effects can disrupt gas and stellar components that lead
to truncated star formation rates or morphological transformations (Moore et al.,
1999). Another viable mechanism for galactic structural changes, which can greatly
damage galaxy disks, are high-speed encounters between galaxies. This is known as
galaxy harassment (Moore et al.. |1996, 1998)). Lastly, in the cluster outskirts and
within galaxy group scales, low-speed galaxy-galaxy mergers can trigger starbursts
and active galactic nucleus activity, and also possibly lead to the transformation of a

disk galaxy into an elliptical (Icke, |[1985; |[Mihos|, [1995)).

In this thesis, we will present a cosmic narrative of the significance of environment
within the extreme densities of galaxy clusters and their influence on the constituent
galaxies. This first chapter offers a historical review over the last few decades on what
has been gleaned thus far in the field of galaxy clusters, with particular attention to
environmental trends over cosmic time. We also highlight the utility of infrared

and submillimetre studies. We reserve the second chapter for a description of the
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theoretical and observational methods that are of relevance to the work in this thesis.

The third chapter focuses on a single galaxy cluster at z ~ 0.9 and environmental
effects from an infrared perspective at 24 um. We introduce an approach to assessing
these effects through a novel definition of environment based on galaxy dynamics.
We utilize a combination of galaxy clustercentric radii with line-of-sight velocities to
extract accretion histories, rather than using the standard measures of environment:
density or clustercentric radius.

We extend this analysis in the fourth chapter to a sample of three clusters at
z ~ 1.2 with multi-wavelength coverage from 100-500 ym. Extended coverage of the
thermal domain of the spectral energy distribution allows for more accurate estimates
of star formation rates and dust temperature constraints.

The fifth chapter progresses to even longer wavelengths, larger structures, and
higher redshifts. We present an 850 um study of three merging galaxy clusters—a
supercluster, at z ~ 0.9—and unveil an overdensity of galaxies at z ~ 3, which may
be a protocluster.

We conclude the thesis in Chapter 6 with an outlook on where the most promising
science lies in the years ahead, focusing particularly on the exciting prospects with

molecular gas studies from the Atacama Large Millimeter Array (ALMA).

1.2 ENVIRONMENTAL TRENDS

The significance of clusters as nurseries for galaxy transformations, rather than dor-
mant environments, dates back to the pioneering work of Edwin Hubble; he not only
assigned a morphological sequence for galaxies (Hubble, |1926), but also recognized
the prominence of elliptical galaxies within clusters (Hubble and Humason, 1931).
This phenomenon, quantified half a century later, is now known as the canonical
morphology-density relation and states that galaxies with spheroidal morphologies

(i.e., elliptical or early-type galaxies) preferentially live in denser regions, with their
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fraction increasing in clusters (Dressler} 1980). The converse is also true, with late-

type spiral galaxies (i.e., galaxies with a spheroidal component surrounded by a flat
disk of stars, gas, and dust) populating the lower-density field. Lenticular galaxies, or

S0s, lie between ellipticals and spirals on the Hubble tuning fork with central bulges

and gas-poor disks; [Dressler et al| (1997)) found that this intermediary class represents

a constant fraction of the galaxy population over all cluster densities.

Large spectroscopic campaigns in the local Universe have offered homogenous

galaxy samples with which to unveil many other galaxy correlations. The Sloan

Digital Sky Survey (SDSS; York et al. [2000) has had a significant impact on this

field with a wealth of photometric and spectroscopic data on ~ 108 local galaxies,
and, consequently, many physical scaling laws have been simultaneously mapped out

with environment. For example, a colour bimodality of galaxy populations has been

well-established (Strateva et al., [2001; Baldry et al. [2004) and is a strong tracer of

density at fixed luminosity (Balogh et al., 2004b; Hogg et al., |2004; Blanton et al.|
2005)) with the redder distribution in higher-density regions. Additionally, the star

formation history of a galaxy trends with environment, as seen through Ha emission

(Gémez et al.l [2003; Balogh et al., 2004a)), and the depth of the 4000-A break

mann et al. |2004). These trends seem to be rooted in earlier epochs as well, and

many intermediate- and high-redshift cluster surveys (e.g., the Red-sequence Cluster
Survey, the ESO Distant Cluster Survey, the Spitzer /MIPS Infra-Red Cluster Survey,
the Canadian Network for Observational Cosmology, the Spitzer Adaptation of the
Red-sequence Cluster Survey) have found the same environmental dependencies (e.g.,
Poggianti et al.| 2008; [Tran et al., 2009; [Finn et al., 2010} [Vulcani et al., 2010} Muzzin|
et al. 2012; Webb et al., [2013).

Mass segregation is also prominent with environment, as massive galaxies are found

in increasingly denser regions (Kauffmann et al., 2004; Baldry et al., [2006). Moreover,

Kauffmann et al.| (2003b]) uncovered a characteristic mass scale of 3 x 10! M4 where
©
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many galaxy properties change abruptly with stellar mass in the local Universe. In-
deed, once the star formation history is accounted for, either through stellar age or
mass, many of the aforementioned environmental trends appear to flatten out (Blan-
ton and Moustakas, |2009). For instance, the ages of all types of galaxies (quiescent
and star-forming), and the star formation rate per unit stellar mass of star-forming
galaxies are all correlated with stellar mass, but lack any dependence on environment
at fixed stellar mass (e.g., [Kauffmann et al., 2004; |Peng et al., 2010; [Muzzin et al.,
2012; Wetzel et all 2012)). However, the fraction of star-forming galaxies is a strong
function of environment and stellar mass, with fewer star-forming galaxies in dense
regions and of high mass. This covariance between stellar mass and environment lies

at the pinnacle of the very debate mentioned earlier: nature versus nurture.

The key to disentangling this covariance requires systematically mapping out
trends with each parameter, while fixing the other, over cosmic time. Peng et al.
(2010) have implemented such an analysis with the vast amount of SDSS and zCOS-
MOS (Lilly et al.; 2007)) data, creating an empirical account of galaxy evolution from
z < 1 to present day. More recently, [Muzzin et al. (2012) has extended this type
of analysis to z ~ 1.2. They both find that the two effects are separable, each
with its own mechanism for suppressing star formation, coined “mass quenching” (or
“self quenching”), and “environmental quenching.” While the effect of environment
quenching remains unchanged from z ~ 1, mass quenching seems to be a more varied

and continual process.

Further elucidation of these processes relies primarily on two criteria: the extension
of cluster surveys beyond z ~ 1, and a coherent definition of environment. Indeed,
it is now clear that the peak epoch of star formation occurred at 1 < z < 3 (e.g.,
Madau et al.,|1996; Hopkins, 2004; Hopkins and Beacom), |2006; Bouwens et al., [2007)).
Moreover, the fraction of star-forming galaxies within clusters increases with redshift,

as seen in optical (Butcher and Oemler [1978; Ellingson et al., 2001) and infrared
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(Saintonge et al., 2008 [Haines et al., 2009; Finn et al., 2010; Webb et al., 2013)
studies out to z ~ 1, and even rises with increasing galaxy density in a z = 1.6
cluster (Tran et al) 2010). This steep evolution appears to be dominated by the
infalling population as it mimics the changes in the coeval field population (Haines
et al,, 2009; Webb et al., 2013)). As such, proper definitions of environment that
isolate the recently accreted infalling population from the older in-situ population are
crucial to accurately assess the effect of environmental quenching.

Utilizing the Millennium Simulation from Springel et al. (2005)), Haines et al.
(2012) trace out galaxy accretion histories for orbiting galaxies of 30 massive clusters
as a function of phase space—line-of-sight velocity versus clustercentric radius (Fig-
ure . These diagrams can reveal the distinct loci occupied by the older, virialized
population (red and orange points) with respect to the more recently accreted infall
population (green and blue points). This latter population consists of galaxies that
have not yet entered into the virial cluster radius, those that have already reached
pericenter and are on their way back out, known as back-splash galaxies (Balogh
et al., 2000; Mamon et al. [2004), and everything in between. The regions occu-
pied by each of these populations are marked by trumpet-shaped caustic lines that
trace the expected orbital velocities within massive clusters (Regos and Geller |1989).
Thus, a phase-space analysis for environment can effectively account for distinctive
cluster populations and alleviate some of the projection effects that bias the tradi-
tional probes for environment: clustercentric radius and local density. This type of

analysis is the focus of Chapters 3 and 4 of this thesis.

1.3 INFRARED/SUBMILLIMETRE OBSERVATIONS

The importance of infrared and submillimetre observations (~1-1000 pm) is intrin-
sically linked to the ubiquitous presence of dust throughout the Universe. While

historically, ultraviolet and optical studies have paved the way for galaxy evolution
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Figure 1.2 The phase-space diagram for 30 massive clusters in the Millennium Sim-
ulations. The orbiting galaxies are colour-coded by accretion histories, as observed
at z = 0.21. Red through yellow points denote galaxies that were accreted earliest,
some of which formed in-situ within the cluster; green points correspond to the back-
splash population that is outward bound after reaching pericenter; blueish points are
the most recently accreted population and primarily fall outside the trumpet-shaped
profile. Taken from Haines et al. (2012).

and cluster surveys, a complete view was unattainable due to heavy dust obscuration,
which reddens and attenuates optical starlight. Dust grains, typically on the order of
~10-1000 A and composed of silicon, graphite, or polycyclic aromatic hydrocarbons
(PAHs), absorb light at ultraviolet and optical wavelengths. The grains are heated

from the incident light and subsequently re-emit thermal radiation at infrared and
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submillimetre wavelengths (Draine| 2003).

Indeed, it is now known that approximately half of the starlight ever emitted is
ultimately absorbed by intervening dust and emanates in the thermal infrared regime

(e.g., Hauser and Dwek| 2001} Lagache et all 2005). The cosmic background of dif-

fuse extragalactic radiation over the history of the Universe comprises two primary
peaks (short-ward of the Cosmic Microwave Background which peaks at 2 mm) of
roughly equal brightness. The peaks are located in the optical and infrared regimes,
with a minimum at 5 ym (see Figure [1.3). The former peak results from the stel-
lar emission of all extragalactic sources throughout time (the Cosmic Optical Back-
ground), while the latter emerges from small dust grains shining thermally (with
some contribution from active galactic nucleus emission), and is known as the Cos-
mic Infrared Background (CIB). Discovered in 1996 with the FIRAS instrument on
the Cosmic Background Explorer (COBE) Satellite (Puget et al., [1996; Fixsen et al.|

1998; Hauser et al. |1998), the CIB has since spawned countless studies aimed at

resolving this background and determining the nature and redshift distribution of

the infrared /submillimetre sources that dominate it (e.g., Hughes et al., [1998; Borys
let al] 2003; Webb et al.| 2003; |Coppin et al., 2006} Dole et al., 2006; [Knudsen et al.,

2008; Devlin et al., 2009} Marsden et all, [2009; Viero et al. 2009, [Amblard et al.
[2011; Berta et al., 2011; [Béthermin et al., 2012} |Chen et al., 2013} |Holder et al., 2013},

\Viero et al., 2013—to name a few), which has important implications for cosmological

structure formation (Partridge and Peebles, [1967)).

The launch of the Infrared Astronomical Satellite (IRAS) in 1983 opened a new
window onto the dusty Universe, detecting hundreds of thousands of new infrared

sources, including some of the first ultra-luminous infrared galaxies (ULIRGs;

son and Olszewski, [1984; [Houck et al) 1985). These dusty, star-forming galaxies

along with the general population of luminous infrared galaxies (LIRGs; 10" Ly <

Lir < 10" L) dominate the CIB, particularly at longer wavelengths (A = 100 pm;
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Figure 1.3 The spectral energy distribution of the extragalactic background light from
ultraviolet to submillimetre wavelengths (excluding the CMB). The contributions
from the COB and CIB are roughly equal, with 23nWm~2sr~! from the former,
between 0.1-8 pm (Dole et al., 2006), and 27nW m™?sr~" from the latter, between
8-1000pm (Béthermin et al., 2012). Taken from [Soifer et al. (2008)).

Viero et al 2013)), and contribute to the majority of the infrared energy density at

z > 0.5 (Le Floc’h et al| [2005). An upsurge of infrared astronomy followed with

subsequent satellites that had vast improvements in sensitivity and resolution: the

Infrared Space Observatory (ISO), AKARI, and the Spitzer Space Telescope.

A simultaneous wave of ground-based submillimetre instruments (e.g., SCUBA,
LABOCA) extended the study of the dusty portion of the galactic spectral energy

distribution, albeit at colder temperatures. The first of its kind, the Submillimetre
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Common-User Bolometer Array (SCUBA), discovered a new population of dusty high-
redshift galaxies, coined submillimetre galaxies (SMGs), over a decade ago (Smail
et al., [1997; |Barger et al., [1998b; Hughes et al. 1998), which has had strong implica-
tions for galaxy evolution, structure formation, and molecular gas studies. The past
discoveries from infrared and submillimetre observations have heralded an exciting
future of revelations for the current generation of telescopes, namely the Herschel
Space Observatory (which just exhausted its helium supply) and the Atacama Large
Millimeter Array (ALMA). The utility of these long wavelength telescopes stems from

the rich information encoded within the spectral energy distribution of galaxies.

1.3.1 Spectral Energy Distributions and the Negative k-correction

It is now known that the infrared to submillimetre regime of the spectral energy
distribution dominates the energy output of many galaxies. The various contributions
arise from a gamut of dust grain sizes and distributions that emit thermal radiation
at various temperatures. The near-infrared portion of the spectrum (~1-5 pm) is
closest to visible wavelengths, and primarily originates from the photospheres of cooler
low mass stars (T ~1000 K). The mid-infrared regime (~5-40 pm) comprises three
primary components: a warm dust continuum (T ~ 100 K); broad emission lines
from the vibrational modes of large PAH molecules at 3.3, 6.2, 7.7, 8.6, and 11.3 um
(Leger and Puget, 1984; Tielens, [2008); and silicate absorption peaking at ~9.7 pym
with an additional feature at 18 pum (Draine, |2003). These features are all associated
with star-forming regions, as young ionizing stars embedded in molecular clouds emit
UV /optical photons that heat up the interstellar dust (e.g., |Calzetti et al. 2005,
2007), excite PAHs (due to their low heat capacity) (Peeters et al.,|2004)), and undergo
absorption in a dusty screen of silicate material surrounding hot regions. However,
active galactic nuclei (AGN), which are encompassed by a dusty torus, can also heat

the dust to these temperatures (Rowan-Robinson and Crawford, [1989), and thus are
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often a source of contamination for estimates of star formation activity with single-
band measurements. Multi-wavelength continuum measurements can help disentangle
AGN from star-forming systems through colour-colour diagrams or spectral energy
distribution fitting (e.g.,|Lacy et al.,|2004; Sajina et al.| 2005; |Kirkpatrick et al., 2012,
2013))

The longer wavelength emission associated with the far-infrared and submillimetre
regimes (~40-1000 pm) emerges from larger grains. It probes warm and cool dust
components (T < 100 K) that are heated by young stars and the more evolved stellar
population, respectively. The spectrum in this regime, which monotonically increases
up to ~100 pum and falls off red-ward of the peak, is typically described by three
parameters: «, the slope of the power-law at shorter wavelengths; (3, the slope of the
emissivity at longer wavelengths; and Ty, the dust temperature, which describes the
position of the peak. The general shape is that of a blackbody,

2h13 1
T (11)

B,(Ty) = S

although slightly modified to account for the emissivity of the dust grains (Hildebrand,
1983)). Blue-ward of the spectral peak (i.e., toward higher frequencies), the Wien
spectrum transitions to a power law, S, oc v* with @ ~ 2 (Blain et al., 2002), in order
to avoid exponential fall-off down to mid-infrared wavelengths. For optically thin
emitters, the modification to the single-temperature Planck spectrum is manifested

in a frequency-dependent emissivity term:

S, o e, B,(Ty), (1.2)

where €, o %, A slightly more sophisticated version of the modified blackbody also
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incorporates the optical depth of the gas cloud and is given by:

S, o [1— e ™]|B,(Ty). (1.3)

This form must assume a crossover frequency (1) at which the cloud becomes opti-
cally thick (7, = 1), which is often fixed to 3 THz (100 pm) (Blain et al., [2003)). It
relates the emissivity to the optical depth by €, = 1 — exp(—7,), where 7, = (v/1p)".
Values of /3 typically range between 1-2 (e.g., Dunne et al., 2000)).

Red-ward of the spectral peak, there exists a unique aspect of far-infrared and
submillimetre studies, known as the negative k-correction. This effect is a natural
consequence of bandwidth-limited extragalactic observations, as bluer portions of the
spectral energy distribution are sampled over the same observing filter with increasing
redshift. This results in an emitted frequency-dependent measurement of the observed
flux, given by:

Ly(ve)

Syo = (1 + Z)W, (14)
L

where v, is the emitted frequency, v, = (1 + z)v,. Moreover, the measured flux (over
the entire spectral energy distribution) is attenuated with redshift due to an increase
in the luminosity distance (D). Fortunately, these two effects cancel each other
out if the bandpass is far enough down the Rayleigh-Jeans tail of the blackbody:
as the bandpass shifts towards shorter wavelengths (with increasing redshift), the
flux increases by an amount that is equal to the attenuation from the square of the
luminosity distance, yielding a negative k-correction. This effect has favorably been
exploited at submillimetre wavelengths, and allows the measurement of a roughly
constant flux for constant intrinsic luminosity out to z ~ 10. We illustrate this effect
in Figure with the spectral energy distribution from a local ULIRG, and highlight

the bandpasses used in this thesis.
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Figure 1.4 The spectral energy distribution for Arp220, a local ULIRG, redshifted
from z = 1.0 (pink) to z = 10.0 (red). The bands correspond to the wavelengths
addressed in this thesis: 24 pm (Spitzer-MIPS); 100, 160 pum (Herschel-PACS); 250,
350, 500 pm (Herschel-SPIRE); and 850 pm (SCUBA-2). The 850 um flux is nearly
constant at all redshifts from redshifts 1-10 due to the negative k-correction, while
the other bands all suffer from cosmological dimming to some extent.
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METHODOLOGY

2.1 CLUSTER SURVEYS

In order to accurately assess the importance of cluster environment on constituent
galaxies, homogenous samples of clusters over cosmic time and mass are essential.
Historically, cluster finding techniques have relied on X-ray or optical observations;
however, recently, near-infrared and millimetre studies have opened a new window
on the high-redshift Universe. Each method offers its own advantages and probes a
slightly different cluster population due to varying selection functions.

Optical studies pioneered the field of galaxy cluster surveys over 50 years ago with
photographic plates (Abell, 1958; |Zwicky et al., [1968; (Gunn et al., [1986)), but were
limited to low redshift. A resurgence of the field occurred with the development
of large charge-coupled devices (e.g., Lidman and Peterson, [1996; Postman et al.,
1996). These surveys were complementary to concurrent X-ray studies as they were
sensitive to optically-rich but potentially X-ray-weak clusters (Castander et al.,|{1994).
However, they suffered from high false-positive rates due to projection effects. This
contamination can also adversely affect the cluster mass estimate, which is based on
the cluster richness—typically defined as the number of galaxies within the detection
aperture normalized by the luminosity function. The parameter often used to estimate
the optical richness is By, defined as the amplitude of the correlation function between
the cluster center and photometrically or spectroscopically confirmed cluster members

(Yee and Lopez-Cruz, 1999).
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A more robust estimate of cluster mass, free of projection-induced contamination,
arises from X-ray observables. The majority of baryons in the Universe are confined to
the regions between galaxies, within the diffuse gas of the intracluster medium. This
hot ionized gas (~ 107 K) emits Bremsstrahlung radiation and thus becomes luminous
at X-ray wavelengths in spatially extended regions, making clusters detectable with
X-ray satellites, such as Finstein (e.g., (Gioia et al., 1990), ROSAT, (e.g., Ebeling
et al.| 1998, 2001} Bohringer et al., 2000, 2001)) and more recently, XMM-Newton (e.g.,
Romer et al., [2001; Mehrtens et al., 2012) and Chandra (e.g., Giacconi et al., [2002).
As the X-ray emissivity is proportional to the gas temperature and the square of the
electron density, it provides a clean estimate of the cluster mass (which dominates the
baryonic mass by ~ 10 times) (Bohringer and Werner, |2010)); however, observations
are expensive as they must be conducted from space, hindering the ability to detect

rarer high-redshift clusters as the cosmological dimming increases.

Recently, more than 1000 cluster candidates have been identified via ground- and
space-based millimeter-wave telescopes: the South Pole Telescope (SPT; [Vander-
linde et al.| 2010 Reichardt et al., 2013)), the Atacama Cosmology Telescope (ACT;
Marriage et al., 2011; Hasselfield et al., 2013), and the Planck Satellite (Planck Col-
laboration et al., 2011} 2013). These dedicated experiments were designed to detect
the Sunyaev-Zel'dovich (SZ) effect, a distortion in the Cosmic Microwave Background
spectrum as photons scatter off the hot thermal distribution of electrons in the intra-
cluster medium of a massive galaxy cluster and gain a boost of energy. The amplitude
of the thermal distortion in the Planckian spectrum stems from the amount of time
the photon spends in the electron distribution and is proportional to the kinetic pres-
sure of the ICM gas along the line of sight. Therefore, integrating the thermal SZ
distortion over the solid angle of the cluster yields an estimate of the total number of
electrons in the cluster weighted by temperature, or equivalently, the total thermal

energy of the cluster. Thus, the thermal SZ detection is not dependent on redshift,
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but rather, is limited by cluster mass. Although the CMB itself suffers cosmologi-
cal dimming with redshift, the ratio of the SZ effect to the CMB is impervious to
this effect, allowing for the detection of high redshift clusters above a certain mass

threshold (Carlstrom et al., |2002).

While both X-ray and SZ cluster surveys suffer from less projection contamination
than optical cluster detection, they have their own limitations. Specifically, wide-field
X-ray surveys are usually restricted to lower-redshift clusters, as deep wide-field X-
ray observations are too expensive from space to conduct blind high-redshift cluster
searches. SZ surveys overcome this shortfall, but are only sensitive to the most
massive clusters at all redshifts, typically only complete above Moo ~ 5 x 101 Mg

(Reichardt et al., 2013]).

2.1.1 The Red-sequence Cluster Survey

In order to benefit from the affordable nature of wide-field optical surveys, and si-
multaneously thwart contamination from projection effects, |Gladders and Yee, (2000))
developed a two-filter algorithm called the Cluster Red-Sequence (CRS) method. The
technique relies on the homogeneous nature of starlight from elliptical cluster galax-
ies on a colour-magnitude diagram with very little scatter (Bower et al., [1992; Smail
et al., [1998). These galaxies are dominated by old stellar populations, and exhibit
strong metal absorption lines just below 4000 A as they lack young, hotter stars to fill
in absorbed flux (Poggianti and Barbaro, [1997)). This produces a strong discontinuity
in the spectrum, with the depth of the break (D4000) indicating the time since the
last starburst. As such, cluster ellipticals display the reddest colours at any given
redshift, in stark contrast to star-forming field galaxies (see Figure .
Furthermore, elliptical galaxies dominate the bright end of the cluster luminosity

function (e.g., Barger et al.l 1998a) and increase in luminosity (for a given size) toward

higher redshift (e.g., Schade et al.; |1997); they therefore possess a high detectability
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rate in flux-limited samples. As galaxy density increases radially toward dynamically
relaxed clusters (Dressler et al., [1997), elliptical galaxies also provide a natural tracer

of dense cluster overdensities.

Given the aforementioned properties, the CRS method can effectively sift through
large volumes of observations in two filters bracketing the 4000-A break and pinpoint
clusters via simultaneous overdensities of colour, magnitude, and angular position,
thereby eliminating contamination from projection (< 5%; |Gilbank et al., 2007)).
Moreover, the colour of this elliptical-populated red sequence evolves with time and
can therefore serve as a photometric redshift estimator to an accuracy of 10% (Glad-

ders and Yee| 2000).

The first Red-Sequence Cluster Survey (RCS1; Gladders and Yee, 2005)) exploited
this method to produce a large, uniform sample of ~ 1000 galaxy clusters over 92
square degrees. The observations utilize the CFH12K camera on the Canada-France-
Hawaii Telescope (CFHT) and the MOSAIC-II instrument on the 4 meter Cerro
Tololo Inter-American Observatory (CTIO). The two filters, centered at 6500 A (R,)
and 9100 A (2'), sample the 4000-A break up to z ~ 1.2.

Building on the success of RCS-1, the second Red-Sequence Cluster Survey was
launched (RCS2; [Yee et al., 2007; Gilbank et al.l [2011]) with a ten-fold increase in
survey area. Imaging was taken over ~ 1000 square degrees with MegaCam (Boulade
et al., 2003) on the CFHT using the 2" and r’ filters, with the inclusion of the g filter

for optimizing the colours of z < 0.4 clusters.

Both generations of the RCS have spawned numerous scientific results: includ-
ing the measurement of weak-lensing signals over a large cluster survey (Hoekstra
et al.| 2002b), thereby constraining various cosmological parameters (Hoekstra et al.,
2002a); the discovery of numerous strong lensing high-redshift clusters with multiple
arc systems (Gladders et al.| 2003); the discovery of a z = 0.9 supercluster (Gilbank
et al., 2008; Faloon et al., 2013); and the evolution of the integrated star formation
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in clusters per cluster mass out to z ~ 1 (Webb et al., |2013). However, it is be-
coming clear that cluster surveys must be extended beyond z ~ 1 to understand

environmental processes through a narrative of galaxy evolution.

2.1.2 The Spitzer Adaptation of the Red-sequence Cluster Survey

To this end, the Spitzer Adaptation of the Red-sequence Cluster Survey (SpARCS)
incorporated infrared imaging to the red sequence method in order to extend cluster
surveys to z > 1. At higher redshifts, the 2’ filter traverses the 4000-A break to
the blue-ward side. Therefore, a longer wavelength filter is required to detect red
ellipticals in z 2 1.2 clusters. The advent of the Infrared Array Camera (IRAC; Fazio
et al., [2004) aboard the Spitzer Space Telescope (Werner et al. |2004) offered a means
with which to explore high-redshift clusters, given its sensitivity and fairly large field
of view of 5.2'x5.2" over four passbands at 3.6, 4.5, 5.8, and 8.0 um.

The first studies to harness this technique with Spitzer were carried out over
small areas (< 9 deg?), but quickly demonstrated the great potential of infrared
cluster detection (e.g., Stanford et al. [2005; Brodwin et al., 2006; Wilson et al.,
2006; Eisenhardt et al., 2008; Muzzin et al., 2008). However, clusters become more
rare at high redshift, and deep, large field surveys are required to systematically
detect a significant sample. The 50 deg? Spitzer Wide-area Infrared Extragalatic
Survey (SWIRE; Lonsdale et al., 2003; |Surace et al., 2005 affords this opportunity
with sufficiently deep imaging over seven passbands: the four IRAC channels, and
additionally, the Multiband Imaging Photometer for Spitzer (MIPS; |Rieke et al.
2004)) at 24, 70, and 160 pm.

The 3.6 pum filter provides the most sensitive Spitzer channel for z > 1 cluster
detection on the red-ward side of the rest-frame 4000-A break, while 2’ offers a com-
plementary blue filter, as even by z = 2, it only gets as blue as ~ 3000 A. The SpARCS
collaboration obtained deep 2z’ imaging (~ 24 AB) from MegaCam on CFHT for the
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Figure 2.1 Colour magnitude diagrams illustrating the power of the cluster red se-
quence method in the RCS1 survey, over a wide range of redshift. The thicker points
correspond to all galaxies within 0.5 Mpc of the cluster center. The solid line depicts
the fiducial red sequence, estimated from the Bruzual and Charlot| (1993)) stellar pop-
ulation models with a 0.1 Gyr starburst ending at z = 2.5. Taken from |Gladders and

Yee| (2005).
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Figure 2.2 The evolution of the spectral energy distribution of an elliptical galaxy
template from z = 0 to z = 2.0, with the redshifted value of 4000 A highlighted
with gold. The observed transmission filters for ’ and 2’ from the CFHT, along with
3.6 pm from IRAC, are shown with ascending wavelength, respectively. The upper
panel illustrates the success of RCS at z < 1 with 7’ (blue) and 2’ (red), while the
bottom panel depicts why IRAC is necessary to replace 2z’ as the red filter at z > 1.
Also clear is the monotonic increase towards red colours using the respective filters
for each wavelength regime, yielding a non-degenerate photometric estimate of the
cluster redshift.

four northern SWIRE fields and MOSAICII on the Blanco telescope at CTIO for the
two southern fields, yielding a total survey area of 41.9 deg? with both 3.6 ym and
2 data. SpARCS has successfully identified > 200 massive (= 10'* M) cluster can-
didates up to z ~ 1.4 with this method (deeper z’ imaging is needed beyond z ~ 1.4
as the 2/ — 3.6 pum colour becomes very red; Muzzin et al., [2013)). This represents

an impressive data set; only a handful of clusters have thus far been detected above
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z ~ 1.4 (e.g., [Stanford et al., 2005, [Papovich et al. 2010; [Tanaka et al., 2010; Stan-
ford et al. 2012; |Zeimann et al., [2012; Muzzin et al. 2013; Newman et al., [2013),
with the current limit for a spectroscopically-confirmed cluster at z ~ 2 (Gobat et al.,
2011)). Spectroscopic confirmation of individual cluster galaxies is crucial for properly

assessing environmental effects in this redshift range.

The first six spectroscopically confirmed SpARCS clusters were presented in | Muzziri
et al.| (2009) at z = 1.1798 and z = 1.1963; Wilson et al. (2009) at z = 1.335; and
Demarco et al.| (2010) at z = 0.871, z = 1.161, and z = 1.210. More recently, the
SpARCS team embarked on an ambitious spectroscopic and photometric follow-up
survey of some of the richest candidate clusters over the range 0.85 < z < 1.2: the
Gemini Cluster Astrophysics Spectroscopic Survey (GCLASS; [Muzzin et al., 2012]).
This program has successfully obtained redshifts for ~ 800 galaxies within ten rich
cluster fields, including ~ 430 cluster members, utilizing the Gemini Multi-Object
Spectrographs (GMOS) on 8.1 meter telescopes at the both the northern and south-
ern Gemini Observatories. The slits were prioritized based on three criteria: low
clustercentric radius; proximity in observed z’ — 3.6 pum colour to the cluster red-
sequence; and higher 3.6 um flux. A 3.6 pm-flux selected sample is advantageous at
z ~ 1 as it probes rest-frame H band (1.6um) and is thus similar to a stellar mass

limited sample.

The extensive spectroscopy in GCLASS also allows for an estimate of the dynam-
ical cluster mass via the velocity dispersion, o,. The basic process involves isolating
cluster members from nearby field galaxies by using a friends-of-friends algorithm
within a specified velocity width, and slowly incrementing the width. This is re-
peated until the distribution of galaxies is no longer Gaussian at 95% confidence, as
determined from a Shapiro-Wilk test (G. Wilson et al., in preparation). From the
estimated velocity dispersion, Rogg, the radius at which density is 200 times the crit-

ical density of the Universe, p.(z), is estimated using the relation in (Carlberg et al.
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(1997):
V30,

Rog = 108 (2)’ (2.1)

where H(z) is the value of the Hubble parameter at redshift z. The dynamical mass

contained within Rygg is then given by:
4 3
MQOO = gﬂ-RQOO X QOOpC (22)

SpARCS and GCLASS have generated many important science results: Muzzin
et al| (2012) analyzed z ~ 1 environmental effects in optical star-forming galaxies;
Lidman et al.| (2012) calculated a factor of 1.8 growth in stellar mass of brightest
cluster galaxies from z = 0.9 to z = 0.2, most likely due to major mergers (Lidman
et al., [2013)); Muzzin et al.|(2013) discovered a rich z = 1.63 cluster using an improved
detection method that incorporates 4.5 pm imaging for z > 1.4 clusters; van der
Burg et al|(2013) measured the stellar mass functions for quiescent and star-forming
galaxies and found that although each population has a similar shape in both clusters
and the field, 45% of star-forming galaxies are quenched by the cluster. Each of these
studies focuses on the extensive optical to near-infrared imaging of SpARCS/GCLASS
clusters. In this thesis, we focus on results from an infrared /submillimetre perspective
of high-redshift clusters, which measures dust-enshrouded star formation, ultizing the

GCLASS survey in Chapters [3] and [4] and the RCS in Chapter [5

2.2 INFRARED LUMINOSITY AND STAR FORMATION RATES

A major objective in the study of galaxy evolution is to trace the nodes of star for-
mation in the Universe over cosmic time, in order to relate them to the underlying
environment and structure formation. Since much of this activity occurs within dusty
regions, infrared and submillimetre observations (1-—1000 pm), which are not plagued

by extinction, are crucial. Moreover, since (U)LIRGs emit 270-90% of their bolomet-
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ric luminosity at far-infrared wavelengths (40 < A < 400 um), accurate star formation
rates must account for this dust-enshrouded activity. However, the large beams (i.e.,
poor resolution) at longer wavelengths (= 200 um) can compromise reliable star for-
mation estimates due to high confusion and blending with multiple sources (though
ALMA can now help alleviate this issue). The mid-infrared regime (5-40 ym), on the
other hand, offers better resolution and is also directly correlated with UV starlight:
the low heat capacity of small dust grains that comprise the infrared continuum im-
plies that they are stochastically heated by the ambient radiation field, even by single
photons. AGN also contribute to dust heating at these wavelengths, but can be
identified through infrared colours (e.g., |Lacy et al., |2004).

Using IRAS data, Chary and Elbaz (2001)) illustrated the potential of deriving the
total infrared luminosity (8-1000 pm) in (U)LIRGs from a single continuum measure-
ment in the mid-infrared. Given the strong evolution of the mid-infrared luminosity
function with redshift, Lyyr oc (14 2)*% (e.g., Xul, [2000)), they developed a set of 105
spectral energy distributions of varying luminosity classes, fit to observational data
from the Infrared Camera (ISOCAM) on ISO, IRAS, and SCUBA. These templates
can then be normalized to the measured mid-infrared flux to find the best fit infrared
luminosity at a given redshift. However, these templates have been calibrated to local
galaxies, therefore, any unaccounted-for evolution in the spectral energy distributions

could lead to inaccurate measurements of the total infrared luminosity.

With the advent of the Herschel Space Observatory, improved characterization
of the peak of the thermal spectral energy distribution (70-500 um rest-frame) has
become feasible. The 24-um extrapolated infrared luminosity from the Chary and
Elbaz| (2001) templates has now been confirmed to be an accurate representation for
(U)LIRGS up to z ~ 1.3 using extensive Herschel data (Elbaz et al., 2010, 2011).
However, beyond this redshift, 24 pym falls into the PAH-dominated region of the spec-

trum, causing highly variable scatter in the extrapolated luminosities. In particular,
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there seems to be a mid-infrared excess at high redshifts, with monochromatically-
extrapolated luminosities overestimated by factors of 2-7 (Elbaz et al.| [2010; Nordon
et al., [2010). Elbaz et al| (2011)) attributes this excess to a secondary branch of SEDs

for starburst galaxies with compact activity.

Once the infrared luminosity is determined, either through single-band extrapo-
lation or thermal spectral energy distribution fits, it can be converted into a star
formation rate using stellar population synthesis models. These are created from the
temporal evolution of spectral luminosity models for a range of stellar masses, that
are weighted by an initial mass function (see Section and summed. Assuming
continuous bursts of star formation that last 10-1000 Myr and synthesis models from
Leitherer and Heckman (1995)), Kennicutt| (1998b)) derived a simple relation between

the infrared luminosity and star formation rate for starbursts:

SFR (Mpyr ') = 4.5 x 107 Lig (ergss™) (2.3)

=1.7x107"Lr (L), (2.4)

where Lig represents the total integrated luminosity from rest-frame 8-1000 pm. This
relation assumes that young stars are the dominant contributors to the interstellar
radiation field that heats the dust, which is a good approximation for dense circum-
nuclear starbursts; an older stellar population would most likely reduce the value of

the coefficient (Kennicutt], [1998a)).

Often, a more useful parameter for studying galaxy evolution is given by the star
formation rate per unit stellar mass, known as the specific star formation rate (SSFR).
The SSFR is a proxy for the timescale in which a galaxy will double its mass, given

its current star formation rate:

_ M, (Mp) _ 1
~ SFR (Mg Gyr—!)  SSFR (Gyr—1)

T (Gyr) (2.5)
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The efficiency of a typical galaxy in converting gas into stars is fairly universal for
all stellar masses; the narrow locus of specific star formation rates with mass at a
given redshift has been coined the star-forming main-sequence (Noeske et al.; 2007;
Elbaz et al., 2007; [Daddi et al [2007). Galaxies that fall significantly off this trend

are typically powered by an active galactic nucleus or burst of star formation.

2.3 STELLAR MASSES

Galactic evolution is inherently tied to stellar mass, which traces the chemical enrich-
ment, baryonic content, and ultimately, the star-formation history of the galaxy. As
such, determining accurate stellar masses has garnered much attention in the field,
all of which rely on estimating stellar mass-to-light-ratios (M /L) of galaxies.

If extensive multi-wavelength data are available, fitting the spectral energy distri-
bution from ultraviolet to near-infrared can yield robust stellar masses within 0.3 dex
(Conroy, [2013)). This approach, pioneered by Sawicki and Yee| (1998) and |Giallongo
et al| (1998), utilizes broadband colours to find the best fit stellar population synthe-
sis model for a given star formation history and metallicity to extract the M /L. This
can then be multiplied by the luminosity to obtain a stellar mass.

A simpler technique employs only two filters to estimate the M /L from colour,
drawing on the formative work of |Bell and de Jong| (2001). They showed that there is
a strong correlation between M /L and colour, regardless of the star formation history,
and that dust-reddening vectors are parallel to this relation, meaning it is not signifi-
cantly affected by extinction. This occurs as dust dims the light while simultaneously
reddening the colour (which acts to increase the M /L ratio), thereby canceling the
effect out to first order. Therefore, robust stellar masses can be determined from the
colour with negligible effect from dust extinction. Near-infrared photometry is the
logical choice for colour estimates, as long-lived low-mass stars, which dominate the

mass distribution, peak at near-infrared wavelengths. Moreover, K’-band luminosity
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(~2.2 um) is less affected by extinction than optical light by a factor of 5-10 (Bell
and de Jong, 2001} Bell et al., [2003). Many studies have corroborated the strong cor-
relation between near-infrared luminosity and stellar mass: [Kauffmann and Charlot
(1998)) showed that the K’-band can predict stellar masses out to z ~ 2, only varying
within a factor of two between different star formation histories; Verheijen (2001)

found that K’ magnitudes are the best tracers of dark matter halo masses.

Alternatively, [Kauffmann et al.| (2003a)) developed a novel procedure to constrain
stellar masses in 10° galaxies in the Sloan Digital Sky Survey through two spectral
absorption features: the strength of the 4000 A break (D4000) and the Balmer line
Ho. The former is a proxy for stellar age, as the opacity blue-ward of the break
increases for old metal-rich stellar populations. The latter determines if a burst of
star formation occurred sometime within the last Gyr. The D4000-Ho plane shows
little dependence on metallicity or dust, while simultaneously providing a handle on
the elapsed time since the most recent burst, thus making it a good predictor of M /L

ratios.

The SpARCS-GCLASS team has adopted a similar method to both Bell and de
Jong| (2001) and Kauffmann et al.| (2003al), but without the reliance on the H absorp-
tion line; it is too weak to measure in faint galaxies with low signal-to-noise spectra,
and, in the cluster redshift range (0.8 < z < 1.4), it is shifted into a region with
many sky emission lines, further complicating the situation. Therefore a M /L ratio
is inferred solely from D4000, which is fairly insensitive to dust extinction effects for
a range of star formation histories. The benefits of near-infrared wavelengths are also
exploited by using the observed 3.6 um luminosity to determine the M /L ratio, as
this roughly corresponds to rest-frame H- and K-band within the redshift range of
interest. The predicted M /L ratios for a given D4000 are computed from the Bruzual
and Charlot| (2003) stellar population synthesis models, assuming solar metallicity, a

Chabrier initial mass function (Chabrier} |2003)), and an exponential decline in star
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t

formation, SFR oc e~/7. A star formation timescale of 7 = 0.3 Gyr is adopted; this

timescale model is used in many high-redshift studies (e.g., [Forster Schreiber et al.,

2004; Marchesini et al., [2009). Further details are provided in [Muzzin et al.| (2012)).

While many studies from the nearby Universe (e.g., [Kauffmann et al. |2003a; Bell
et al [2003)) to z ~4-5 (e.g., Pérez-Gonzdlez et all, 2008; Marchesini et al., [2009) have

exploited these techniques to examine the stellar mass function, they are not without

faults; specifically, stellar synthesis models must assume a dust extinction law (usually

the Calzetti law; |Calzetti et al., [2000), a metallicity, and an initial mass function,

all of which introduce various systematic uncertainties in mass estimates. The last

parameter has undergone particular examination (see e.g., Bastian et al., 2010| for a

thorough review) as it is often the largest source of uncertainty, and therefore deserves
a brief discussion.

The initial mass function (IMF; ¢) describes the number of stars in a galaxy as

a function of mass, often in logarithmic bins. This seminal work of [Salpeter| (1955)

predicted a single power-law for the IMF based on main-sequence stars in the solar

neighborhood, with contributions from stars over the range 0.1-100 Mg:

o m
dlogm

$llogm) - (2.6)

where I' ~ 1.35, and dN /dlog m is the number of stars in a given logarithmic mass bin.
A few decades later, two additional functional forms for the IMF were introduced as
precision measurements of low mass stars became more feasible, though the Salpeter
relation still remains as one of the more widely adopted forms. As a slight alteration
to the Salpeter IMF, a segmented power-law was proposed, which was found to be
a better fit empirically for the low-mass end of the IMF, typically at M < 1M
(Kroupa et al., 1993; Kroupal, 2001)) .

Another popular representation of the IMF is in log-normal form, first suggested

by Miller and Scalo| (1979), and more recently popularized by |Chabrier| (2003). This
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form usually assumes a power-law given by the Salpeter IMF above a high-mass break

(~1Mg), and a Gaussian distribution in logarithmic mass below:

(logm — log m,)?
202 ’

¢(logm) oc exp [— (2.7)

where m, is a characteristic mean mass, and o2 is the variance in logm. These IMFs
(Kroupa/Chabrier) are sometimes referred to as bottom-light, given their shallower
slope compared to the Salpeter IMF at low masses. As a result of having fewer
low mass stars, Kroupa- and Chabrier-based IMF's predict lower stellar masses and
star formation rates, by a factor of 1.4-1.8, for a given luminosity (Chabrier] [2003;
Kennicutt et al., 2009).

The SpARCS-GCLASS team has adopted the Chabrier IMF in stellar population
synthesis models to ultimately derive stellar masses. This is a logical choice given
numerous studies of similar objects that find bottom-light IMFs to be a better rep-
resentation of their data. For example, Goldader et al.| (1997) found that the steeper
Salpeter slope below 1 Mg underpredicts gas depletion timescales for a sample of
ULIRGS. On the other hand, fewer low mass stars (i.e., from a bottom-light IMF)
would result in lower SFRs and thus longer gas consumption times. [Tacconi et al.
(2008) also favor a Chabrier IMF for z ~ 2 SMGs and star-forming galaxies, sug-
gesting the existence of a universal IMF. Moreover, by comparing dynamical masses
of z ~ 2 early-type galaxies with those from stellar synthesis population models,
Cappellari et al| (2009) find consistency with a Kroupa/Chabrier, or bottom-light,
IMF.
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A KINEMATIC STUDY OF INFRARED GALAXIES IN A 2z ~ 0.9 CLUSTER

In this chapter, we present an infrared study of a z = 0.872 cluster, SpARCS
J161314+564930, with the primary aim of distinguishing the dynamical histories of
spectroscopically confirmed star-forming members to assess the role of cluster environ-
ment. We utilize deep MIPS imaging and a mass-limited sample of 85 spectroscopic
members to identify 16 24 ym-bright sources within the cluster, and measure their
24 pm star formation rates (SFRs) down to ~ 6 M yr~!. Based on their line-of-sight
velocities and stellar ages, MIPS cluster members appear to be an infalling population
that was recently accreted from the field with minimal environmental dependency on
their star formation. However, we identify a double-sequenced distribution of star-
forming galaxies amongst the members, with one branch exhibiting declining specific
SFRs with mass. The members along this sub-main sequence contain spectral fea-
tures suggestive of passive galaxies. Using caustic diagrams, we kinematically identify
these galaxies as a virialized and /or backsplash population. Moreover, we find a mix of
dynamical histories at all projected radii, indicating that standard definitions of envi-
ronment (i.e., radius and density) are contaminated with recently accreted interlopers,
which could contribute to a lack of environmental trends for star-forming galaxies.
A cleaner narrative of their dynamical past begins to unfold when using a proxy for
accretion histories through profiles of constant (r/ray) x (Av/c,); galaxies accreted
at earlier times possess lower values of (r/ryg) x (Av/o,) with minimal contamination

from the distinct infalling population. Therefore, adopting a time-averaged definition

32
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for density (as traced by accretion histories) rather than an instantaneous density

yields a depressed specific SFR within the dynamical cluster core.

This work was originally published as:
“A Kinematic Approach to Assessing Environmental Effects: Star-forming

Galaxies in a z ~ 0.9 SpARCS Cluster Using Spitzer 24 ym Observations”

Noble, A. G., Webb, T. M. A., Muzzin, A., Wilson, G., Yee, H. K. C.,
van der Burg, R. F. J., 2013, ApJ, 768, 118
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3.1 INTRODUCTION

A hallmark of cosmology has been the establishment of hierarchical formation (White

and Frenk, |1991) in which growth of structure in the Universe proceeds via a “bottom-

up” scenario: matter condenses into low mass haloes which eventually merge to form
larger structures, culminating with galaxy clusters. Clusters subsequently evolve
through the accretion of galaxies and groups along cosmic filaments. This continual
build-up of the cluster gives rise to distinct populations: a virialized component of

older galaxies, and a younger population that was recently accreted from the sur-

rounding low-density field (Balogh et al., 1998} Ellingson et al., 2001)). As clusters are

thought to be hostile environments, member galaxies are exposed to various mech-

anisms that could potentially suppress their star formation, including ram-pressure

stripping (e.g., |(Gunn and Gott, 1972)), strangulation (e.g., Larson et al., |1980)), and

galaxy harassment, perhaps preceded by an initial burst (e.g., Barnes and Hernquist,

11991; Moore et al., [1998). These mechanisms should induce marked differences in the

young and in-situ population, as the latter has long endured the harsh conditions of

the dense cluster.

Indeed, the local environment in which a galaxy resides is known to strongly
correlate with several galaxy properties, such as star formation rate, stellar mass,
colour, and morphology. Extensive observational efforts at low redshift have yielded

a paradigm for galaxy dependencies, such that the densest regions at z ~ 0 are devoid

of star formation activity (e.g., Gémez et al., [2003; Balogh et al., 2004a) and instead

harbor massive (e.g., Kauffmann et al., 2004, red (e.g., Balogh et al., 2004b; Hogg

et al., [2004; Baldry et al, 2000]), early-type passive galaxies (Dressler] [1980).

Recently, the nature of these correlations at higher redshift, z ~ 1, has become
a rather contentious issue. While it is well established that higher redshift clusters

contain increased star formation activity compared to their local counterparts (e.g.,

|Butcher and Oemler| 1978, 1984} |[Ellingson et al., 2001} Saintonge et al.| 2008, Webb
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et al. in preparation) in parallel to the rapid decline of the cosmic star formation rate

(SFR) since z ~ 1 (e.g., Lilly et al. [1996; Madau et al., |1996; Le Floc’h et al., 2005,

there has not yet been a clear convergence on the SFR-density relation at this epoch.

Some studies have observed a reversal of the z ~ 0 relation such that the predominant

sites of star formation have migrated to denser regions by z ~ 1 (Elbaz et al., 2007;

\Cooper et al., 2008; Li et al., 2011)), while many other groups find the local relation is

already in place in z ~ 1 clusters (e.g., Patel et al. [2009] 2011} Koyama et al., [2010;

Muzzin et al. [2012, Webb et al. in preparation). These discrepancies most likely

stem from differing selection effects (stellar mass versus luminosity limited samples)

and the varying degrees of densities probed (cluster versus group environments).

Moreover, the situation is muddled by the interdependence between environment
and stellar mass—whether these correlations with environment are causal or inciden-
tal is still ambiguous, since massive galaxies preferentially reside in dense regions.
Indeed, many properties seem to be also governed by stellar mass, including colour

(e.g., Bell and de Jong, 2001 [Kauffmann et al., 2003a) and SFR (e.g.,
et all [2004; Noeske et al., 2007). As surveys have attempted to untangle this co-

variance between stellar mass and environment, a host of trends have been revealed
to depend unilaterally on one, or equally on each property. For instance, both mass
and environment have a separable effect on the fraction of star forming galaxies as

seen by a decline in star-forming galaxies with increasing density and mass while the

other parameter remains fixed (e.g., Poggianti et al., |2008; [Peng et al., [2010; Sobral

et al.l [2011; Muzzin et al) 2012). In contrast, many studies have found that the

specific star formation rate (SSFR; the star formation rate per stellar mass) for star-

forming galaxies is correlated with stellar mass in different environments but fails to

exhibit any dependence on the local environment (e.g., Kauffmann et al., |2004; [Pog-

gianti et al., 2008; Peng et al., 2010; Lu et al., 2012; [Muzzin et al., 2012)). A possible

explanation for this discordance that has been adopted by many groups is a rapid
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quenching timescale that suddenly alters the host galaxy’s star-forming classification
(e.g., colour) preceding a decline in the observed SSFR (Peng et al. 2010; [Muzzin
et al., [2012; Wetzel et al.l 2012).

Alternatively, a flat trend in SSFR with environment could suffer from radial
projection effects. If radial/density bins harbor a mixture of both physically high and
low radius galaxies, any correlation with star forming properties could potentially get
washed out in projection space. Moreover, this could preferentially affect star forming
galaxies over the quiescent population if they are inherently more biased towards
radial contamination. This is similar to the rationale put forward by Patel et al.
(2011)), who attributed a declining SFR-density (over all quiescent and star-forming
galaxies) at 0.6 < z < 0.9 to a combination of two effects: a varying fraction of

passive and active galaxies with density, and suppressed SFRs at higher densities.

The recent work of Haines et al. (2012)) provides further insight into this con-
tamination scenario via the accretion histories of cluster galaxies. Utilizing caustic
diagrams from the Millennium Simulations, [Haines et al. (2012) effectively isolate
active galactic nuclei in projected velocity /radius space and determine that they are
primarily an infalling population in spite of their low projected radii. Applying the
results of accretion histories from their work could potentially incite the emergence
of an alternative environmental trend for star-forming galaxies that relies on more of

a time-averaged rather than an instantaneous definition of density.

Here, we present an infrared study of a z = 0.872 galaxy cluster drawn from the
Spitzer Adaptation of the Red-sequence Cluster Survey (SpARCS;|Wilson et al., 2009;
Muzzin et al., 2009; Demarco et al., 2010)). We utilize extensive optical spectroscopy
(Muzzin et al.| [2012) and deep Spitzer-MIPS 24 um observations to pinpoint dusty
star-forming cluster galaxies. By adapting a kinematic approach to the star formation
histories of these galaxies via caustic diagrams, we intend to alleviate some of the

confusion in environmental trends caused by radial projection effects.
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The paper is outlined as follows. In §3.2| we present the SpARCS survey and
24 pm observations. We briefly describe our computation of stellar masses and star
formation rates in Our results are presented in §4.4) including stellar age,
kinematic, and star formation trends. We discuss the implications of these trends in
3.5, and introduce a kinematic approach to classifying the star formation histories
of cluster galaxies, along with a new interpretation of the environmental dependence
on the SSFR of star-forming galaxies. We conclude in §4.5, Throughout the paper
we assume a cosmology with Hy = 70kms~! Mpc™!, Oy = 0.3, Q4 = 0.7. Stellar

masses and SFRs are based on a Chabrier initial mass function (Chabrier, [2003)).

3.2 OBSERVATIONS AND DATA REDUCTION

3.2.1 The SpARCS Survey

The Spitzer Adaptation of the Red-sequence Cluster Survey (SpARCS) is a ~ 45
sq. deg. survey with deep z’-band imaging from the CFHT and CTIO, designed to
produce a large, homogeneously selected sample of massive galaxy clusters at z > 1.
By combining the z’-passband observations with IRAC imaging from the Spitzer
Wide-area InfraRed Extragalactic (SWIRE) survey, SpARCS has discovered high-
z massive cluster candidates using either the red-sequence method (Gladders and
Yee, |2000; |[Muzzin et al. 2008)) or the stellar bump sequence method (Muzzin et al.,
2013). With ~ 200 massive cluster candidates, including ~ 12 z > 1 spectroscopically
confirmed clusters (Wilson et al. [2009; [Muzzin et al. [2009; |Demarco et al., [2010)),

SpARCS currently has one of the largest repositories of z > 1 galaxy clusters.

3.2.2  SpARCS J161314+4-564930 and the GCLASS Cluster Sample

This work presents an infrared study of SpARCS J1613144564930, a rich galaxy
cluster at z = 0.872 from the Gemini Cluster Astrophysics Spectroscopic Survey

(GCLASS; Muzzin et al., [2012) that was discovered using the red-sequence method.
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It is an extremely massive cluster with: a velocity dispersion of 13504100 km s™*; 7990,
the radius at which the cluster density is 200 times the critical density, of 2.1+0.2 Mpc;
and Mygy = 26.17%% x 101 Mg, (Wilson et al. in preparation). This cluster field has
~180 spectroscopic redshifts from GMOS-N on Gemini. Galaxies within 3375kms™!
of the cluster velocity dispersion (2.50,) are considered to belong to the cluster,
yielding 95 confirmed cluster members. As GCLASS is a 3.6 um-selected survey,
the spectroscopic data is rest-frame H-band selected and therefore close to a stellar
mass-selected sample. The final sample includes 85 cluster galaxies above our mass

completeness limit of 2.0 x 109 Mg (see §3.3.2)).

3.2.3 Spitzer-MIPS Imaging

Our primary data set derives from the Multiband Imaging Photometer for Spitzer
(MIPS; Rieke et al.l 2004) aboard the Spitzer Space Telescope (Werner et al., |2004))
at 24 ym with the aim to detect any dusty emission associated with the spectro-
scopically confirmed members. With a 5.4 sq. arcmin field of view, MIPS provides
sufficient coverage of the entire spectroscopic area. The observations were part of the
Guaranteed Time Observer program and completed in 2008 (proposal ID 50161) with
an exposure of 1200 seconds per pixel. The MIPS image was reduced using a combi-
nation of the Spitzer Science Center’s MOPEX software and a suite of IDL routines
we developed to further optimize background subtraction (Webb et al. in preparation

will provide more details).

3.2.4 Source Detection and Photometry

A source catalog of the entire MIPS field contains flux densities estimated with
DAOPHOT (Stetsonl, [1987)), and positions using a photometry pipeline (Yee, [1991)).
We plot the 24 um differential number counts for our catalog in Figure [5.3} they are
in good agreement with the published 24 ym counts from Papovich et al.| (2004). We

determine the catalog completeness limits by locating the flux at which our counts
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deviate by > 20 from the expected value of |Papovich et al. (2004)), which occurs at

fluxes below ~70 pJy. This corresponds to an infrared luminosity of ~ 3 x 10 L, at

z = 0.872.
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Figure 3.1 The 24 ym differential number counts of our catalog, normalized to the
Euclidean slope (filled squares). We compare to published counts from Papovich et al.
(2004)) to determine a completeness limit of 70 uJy.

3.3 ANALYSIS

3.3.1 Counterpart Identification

We search for optical counterparts within ~2” to locate cluster members with 24 ym

emission; we detect 16 MIPS cluster members which constitute the focus of our study.
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To quantify the number of chance alignments between 24 ym and optical sources, we
drop 2” apertures at random positions on the MIPS field and count the number of
times we find one or more source. We perform 100 realizations at each flux level
within 40-400 pJy in 10 pJy steps. At 70 puJy, the completeness depth of our MIPS
catalog, we expect 5% of MIPS counterparts to be falsely identified. This translates

into one chance alignment in our counterpart sample of 16 MIPS cluster members.

In order to assess the effect of the cluster environment on its constituent galaxies,
it is essential to have a control sample of field galaxies that are distinct from the
cluster. Our spectroscopic campaign for the entire GCLASS survey successfully ob-
tained redshifts for a significant number of foreground and background sources in the
fields of the clusters with identical selection effects as cluster galaxies; these sources
constitute our field sample (see Muzzin et al.[2012)). We employ the same criteria to
search for MIPS counterpart emission to the field and cluster galaxies, but restrict
the field redshift range to 0.84 < z < 1.0 in order to probe the same epoch as the
z = 0.872 cluster. This leaves us with ten 24 um-bright field galaxies above our flux

limit.

3.3.2 Stellar Masses

We compute stellar masses using a technique similar to Bell and de Jong (2001) and
Kauffmann et al. (2003a). In particular, we utilize a spectral feature that provides
information on the age of the stellar population but is fairly insensitive to dust, the
4000-A break. Using the Bruzual and Charlot| (2003) stellar population synthesis
models with solar metallicity, assuming a Chabrier IMF, and adopting a star forma-
tion timescale of 7 = 0.3 Gyr, we infer a M/L ratio at 3.6 yum from the strength of
the 4000-A break. We than convert to a stellar mass using the measured 3.6 um lu-
minosity (for more details see Muzzin et al., [2012). In order to obtain a mass-limited

sample, we do not include sources below our mass completeness limit of 2 x 10? Mg
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(Muzzin et al., [2012]).

3.3.3 24 pym Star Formation Rates

The mid-infrared luminosity of a galaxy probes thermal emission from dust grains that
has been reprocessed from UV light, and therefore offers a clean measurement of the
star formation rate (SFR) that is minimally affected by dust extinction (Kennicutt,
1998a)). Moreover, rest-frame 24 um traces dust heated by younger stars and therefore
provides a measure of the instantaneous SFR (Calzetti et al., [2007). However, at
z = 0.872, 24 um corresponds to 13 um rest-frame, which has recently been shown
to contain a higher contribution of dust heated from intermediate age stars, which
is evidence for star formation over longer timescales (~1-2 Gyrs; |Salim et al., [2009)).
As there is a rapid decline in the cosmic star formation since z ~ 1 (Lilly et al.|
1996; Madau et al., (1996} Le Floc’h et al., 2005)), this could result in an overestimate
of the star formation as derived from observed 24 ym flux. In parallel, |Rodighiero
et al.| (2010)) found that extrapolating an infrared luminosity from the monochromatic
24 pm flux leads to an underestimate by a factor of ~ 1.6 compared to Herschel
measurements observed at 100 and 160 ym for 0.5 < z < 1.0 galaxies. Despite some
potential systematic effects in the 24 pm-derived SFRs, the results from this study
are minimally affected, as we rely solely on relative differences within our own sample

(see also Patel et al., 2011)).

We calculate the 24 um-derived SFR by converting the MIPS flux into a total
infrared luminosity using an average of the Chary and Elbaz (2001 and Dale and
Helou| (2002) templates. We employ the relation in Kennicutt| (1998a)) to calculate a
SFR and convert to a Chabrier-IMF based SFR using a factor of 1.65. Based on the
depth of our MIPS images, we probe down to ~ 6 Mg yr—.
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3.3.4 Active Galactic Nucleus Contamination

We assume that the MIPS sources are dominated by star formation, with little or no
contamination from active galactic nuclei (AGN); this seems reasonable given that
only ~ 5% of infrared field galaxies at z ~ 1 have their total IR luminosity dominated
by AGN emission (Fadda et al., |2010]), and the contribution declines drastically with
low mid-infrared flux. In fact, AGNs only begin to dominate the infrared emission
for 24 pm fluxes above 1.2mJy at z ~ 0.8, and are missing below 0.8 mJy (Fu et al.,
2010). We note that our sample contains only two sources at the high flux end, at
0.83mJy and 0.91 mJy, both of which are still below the level where AGNs prevail.
Moreover, Martini et al.| (2009) measured the occurrence of AGNs in cluster galaxies
and found that while the AGN fraction increases with redshift, it is still only 1.5% at
z = 0.81.

Regardless, we have performed two quick checks for obvious AGN sources. We
first compare the equivalent width of the [OII] line and the depth of the 4000-A
break, following [Stasinska et al.| (2006). Our sample contains ten MIPS sources with
measurable [OII] emission, all of which are all consistent with the normal star form-
ing galaxies shown in fig. 7 from |Stasinska et al. (2006). We also exploit infrared
colour diagnostics (e.g., |[Lacy et al., 2004; |Sajina et al., 2005) using data from the
Infrared Array Camera (IRAC; Fazio et al) 2004). All but two MIPS cluster mem-
bers display infrared colours consistent with stellar- and PAH-dominated sources (i.e.,
star-forming) at z ~ 0.9. The other two sources lie on the edge of the region encom-
passed by AGN, but we note there is a high contamination from PAH-dominated
sources at this location; these are the same two sources described previously with
high mid-infrared fluxes. In the absence of any concrete evidence for pure AGNs, we

assume the MIPS flux is dominated by star formation.
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3.4 RESULTS

This analysis presents an infrared study of a single GCLASS cluster at z = 0.872.
As such, we focus primarily on the properties of the MIPS population and utilize the
extensive spectroscopy for verification of MIPS cluster membership and an estimate
of stellar age. We refer the reader to Muzzin et al. (2012)) for a detailed description
of the spectroscopic selection criteria and completeness, as well as a comprehensive
analysis of the GCLASS clusters as seen through optical spectroscopic measures, for

example, [OlI] star-formation rates.

3.4.1 Age as a Function of Stellar Mass

Here we investigate the depth of the 4000-A break (D4000) as a function of stellar mass
for the MIPS-detected cluster members compared to the larger sample of spectroscopic
members. The 4000-A break, defined as the ratio of the integrated flux density at
4000 A-4100 A to that blue-ward of the break, 3850 A-3950 A (Balogh et al., [1999),
arises from an accumulation of absorption lines and increases in depth for old and
metal-rich stellar populations. It can therefore be used as a proxy for stellar age. In
Figure We plot the depth of the 4000-A break for all cluster galaxies (filled circles),
as well as a field population over the same epoch, 0.84 < z < 1.0 (open squares). We
highlight cluster and field galaxies detected at 24 ym with green diamonds. The MIPS
cluster galaxies are primarily coincident with the coeval field population, spanning
the same range of stellar mass and D4000. A Kolmogorov-Smirnov test between the
MIPS cluster members and general field population reveals a 76% chance they derive
from the same parent population, in stark contrast to that of cluster members without
MIPS detections, where the null hypothesis is rejected at a high significance of 0.02%.
Compared to the spectroscopically-confirmed members not detected at 24 pm, MIPS
members form a young envelope of the cluster population at a given mass, which

suggests they were recently accreted from the field.
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We also distinguish between galaxies with [OII] emission and those without (i.e.,
below ~ 1 (3) A equivalent width for the highest (lowest) signal-to-noise spectra);
in Figure cyan circles have measurable [OII] which is indicative of ongoing star
formation, while purple circles represent quiescent (or extremely dust-enshrouded)
galaxies. The majority of MIPS galaxies are [OII]-detected in the cluster and field,
albeit at a slightly reduced fraction in the cluster (70 and 90%, respectively). This
is not surprising given the recent conclusion from Webb et al. (in preparation) that
optical studies are not significantly biased against dusty star formation. We define a
D4000 limit of 1.4 (dotted line), above which > 90% of cluster members without [OII]
emission reside, signifying a minimum age for the older, quiescent cluster galaxies. We
note that a variable D4000 as a function of stellar mass does not significantly affect
our conclusions, and therefore adopt the simpler flat delineation. In all subsequent
plots, we differentiate galaxies by their nominal age as traced by the strength of the

4000-A break, rather than [OII] detections as in Figure .

3.4.2 Relative Velocity as a Function of Radius

In the left panel of Figure 3.3 we plot the relative velocity of all cluster members as a
function of clustercentric radius, as defined by the projected distance to the brightest
cluster galaxy (BCG), the brightest 3.6 um cluster member, which is also the most
massive (see Lidman et al., [2012] for a detailed discussion of the BCG selection in
SpARCS, including this cluster). As discussed in we now separate the galaxies
into old (red circles) and young (blue circles) cluster populations based on D4000, and
highlight 24 ym-bright members with green diamonds. Barring two MIPS galaxies
at low projected velocities and radii (both of which are classified as older), MIPS
sources tend to display larger velocities on average (|Av| = 1422 + 205.8kms™!),
in contrast to a tighter distribution expected from a virialized population (|Av| =

995.1 + 89.60 kms™! for older galaxies without a MIPS detection). Therefore, the
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Figure 3.2 The strength of the 4000-A break as a function of stellar mass for the
cluster (z = 0.872; filled circles) and coeval field (0.84 < z < 1.0; open squares)
population. The galaxies with [OIl] emission (star forming) are plotted in cyan, while
those without any [OII] emission are purple. A green diamond denotes coincident
24 ym emission; there are three MIPS detections, all with [OII] emission, at the
location of the thickest green diamond with a D4000 of 1.3 and stellar mass of ~
1.7 x 10° M. The dashed vertical line illustrates our mass limit of 2.0 x 10° M, and
the dotted horizontal line indicates our cut in D4000 in subsequent plots. We note
that the two most massive cluster members have both been identified as the brightest
cluster galaxies, although only one is detected at 24 pym.

velocity-radial space encompassed by MIPS galaxies further supports the idea that
they have been recently accreted.

The histogram in the right panel of Figure [3.3] emphasizes this point: the older

cluster population (red hashed histogram) displays a Gaussian distribution of veloc-
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ities and primarily falls within the cluster velocity dispersion (1350 kms™'), while
the young (blue hashed histogram) and MIPS (solid green histogram) galaxy popu-
lations exhibit bimodal and/or flat distributions, peaking at velocities greater than
+1000kms~!. Moreover, the younger members within the cluster avoid the central

velocity bin completely.

Given that 38% of MIPS cluster galaxies have a steep 4000-A break with D4000
> 1.4 (red circles with green diamonds), we might expect to see some overlap in
their velocities compared to those in the larger spectroscopic sample of older galaxies
(i.e., the confirmed members that are not detected by MIPS; red circles without
a green diamond). However, a Kolmogorov-Smirnov test between the velocities of
all MIPS galaxies (green diamonds) and older cluster galaxies (the black histogram
shows old cluster members with old MIPS sources removed) rejects the null hypothesis
with marginal significance—there is only a 6% probability that the two distributions
derive from the same parent population. It therefore seems likely that the MIPS
galaxies trace a younger, recently accreted population that is not yet virialized with

the cluster.

3.4.3 Environmental Dependence on the Specific Star Formation Rate

Given the implication that MIPS galaxies represent a younger, infalling population
of cluster members, we might expect to detect a correlation between the specific star
formation rate (SSFR; star formation rate per stellar mass) of MIPS galaxies and
local environment. If the majority of MIPS galaxies do in fact belong to an infall
population, there should be more star formation in the cluster outskirts compared
to the cluster core, where galaxies have had their star formation shut off as they fall

deep into the cluster.

In Figure [3.4] we plot the SSFR as a function of local environment, with binned

averages shown in the lower panels. The upper panels show the SSFR for every MIPS
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Figure 3.3 The relative velocity as a function of clustercentric radius for all spec-
troscopic members. Red circles corresponds to older galaxies with D4000 > 1.4 and
blue circles denote younger galaxies, D4000 < 1.4. The histograms correspond to
the number of galaxies within 900 km s~ velocity bins; the colours correspond to the
same types of galaxies in the legend on the left. The black histogram represents the
population of old galaxies with the MIPS sources removed (6 in total). The green
histogram shows all MIPS sources, regardless of age.

member (green stars), as well as an upper limit for every spectroscopic member,
determined from the 30 completeness limit of the SSFR for a given stellar mass.
Errors on the averages are determined from 100 bootstrap resamplings of the data in

each bin.

We use two different proxies for environment in order to compare to previous

studies, and to confirm we are not substantially biased with either parameterization.
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In the left panels we show clustercentric radius, where the core of the cluster is defined
by the location of the BCG. The right panels contain local galaxy density calculated
from the distance to the 10th nearest neighbor. Although in the literature these two
parameters are often used interchangeably, they sample different mechanisms: the
former is a better indicator of the global environment and cluster potential, whereas
the local density has a proximate effect on galaxies. However, both parameters still
play a significant role in the properties of cluster galaxies, and we therefore investigate
trends with each separately (see Li et al., [2012| for a detailed discussion on the two
methods). While both measurements suffer from projection effects, the benefit of
using local density is that it is straight-forward to correct each galaxy for spectroscopic
completeness given its stellar mass and radius (Muzzin et al., 2012), which essentially
provides us with a 100% complete sampling of density. We note that our radial
measurement does not require a completeness correction as the completeness bias for
mass is similar at all radii (see fig. 4 in Muzzin et al., 2012). To compute density,
each galaxy is first given a weight based on its completeness. We then interpolate
the distance to the 10th nearest neighbor for each source by summing the weighted
values for galaxies above our mass limit of 2.0 x 10° Mg, and compute the density as
¥ = 10/(wd3,). The drawback of this method is that we lose information on smaller

density scales.

Nevertheless, our two environment parameterizations convey the same trend: the
average SSFR of star-forming galaxies (i.e., MIPS galaxies; green stars) is mostly
independent of environment (see lower panels of Figure . A best-fit line to the
average MIPS SSFR in radial and density bins reveals a slope consistent with zero at
the level of 1.60 (—0.29 £ 0.18) and 1.20 (—0.23 & 0.20), respectively. In Figure [3.4]
we show the best fit to the normalization of the SSFR with the slope fixed at zero.
Though seemingly surprising, this flat trend is consistent with other cluster surveys

over many redshifts and using various star formation tracers, including UV studies
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at 0.16 < z < 0.36 (Lu et al [2012) and optical star formation indicators at z ~ 1
(Peng et all 2010; Muzzin et al., 2012]).

However, our MIPS sample is SFR-limited, and thus not complete in SSFR for
any given mass except at the highest SSFR values, log(SSFR) = —9. The flat trend
in SSFR might be the result of skimming the high SSFR galaxies off the top of a
deeper correlation. For example, if we assume that more massive galaxies reside at
lower radii, probing deeper in SFR could preferentially bring down the average SSFR
at low radii compared to outer radii, uncovering a non-flat SSFR trend. We check for
this effect by assigning a 3o upper limit for the SSFR of cluster members without a
MIPS detection (black arrows in upper panels of Figure and include these limits
in the average SSFR (black circles in lower panels). The upper panels of Figure
reveal that there is no underlying mass segregation in the radial/density properties
in the population not detected by MIPS (i.e., the limits are flat with environment),
which suggests that a lower SSFR-limit would not necessarily result in a non-flat
trend for star-forming galaxies galaxies. Moreover, the slope of the average SSFR
assuming all cluster members have some star formation flattens out even further with

density (—0.08 + 0.10, dotted black line in lower right panel).

If we instead treat the galaxies without MIPS detections as quiescent (i.e., non-
star forming) and investigate the integrated SFR (above our SFR-limit) per total
unit stellar mass as a function of environment (cyan triangles), namely the total
MIPS SFR divided by the total stellar mass of all cluster members in each bin, we
find a decreasing SSFR with increasing (decreasing) density (radius). We note that
both spectroscopic and MIPS members have the same target selection, so they have
the same completeness rates as a function of mass and radius. The integrated SFR
per total stellar mass is a proxy for the number of star forming galaxies compared to
quiescent galaxies at each radius and reveals a lower fraction at denser environments.

A fit to the integrated SSFR versus density yields a slope of —0.61 + 0.19 (dashed
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cyan line), and is therefore inconsistent with zero at the > 3o level.

This depression of star formation in the cluster core is in accordance with local
clusters (e.g., Kauffmann et al., 2004) and suggests that the SSFR-density relation
is already established in the highest-density regions at z ~ 0.9. This is in con-
trast to z ~ 1 field studies that found a reversal in the SFR~density relation (Elbaz
et al., 2007, Cooper et al. 2008), although they were limited to lower density en-
vironments. Instead, we compare our results to a similar IR study of a z = 0.834
cluster from [Patel et al.| (2009) who probe a wide-range of environments and utilize
a 24 ym stacking analysis on all cluster members to determine SSFRs. They un-
cover a trend of decreasing SSFR with increasing density (open squares in the right
panel of Figure , analogous to our total SSFR. This relation prevails even when
controlling for stellar mass: the open, teal squares correspond to lower masses of
2.0 x 10 < M/Mg< 6.3 x 10'°, and the open orange squares represent all galaxies
with M > 6.3 x 10! Mg, in the [Patel et al.| (2009) sample. We note the normalization
of our trend is higher, but we probe down to an order of magnitude lower in stellar
mass (2.0 x 10°Mg); as lower-mass systems typically display slightly higher SSFRs
(see below), a higher SSFR in our data is expected.

In Figure we also plot the SSFR required for stellar mass to double (assuming
a constant SFR) by z = 0 (dot-dashed horizontal line). We note that the integrated
SSFR per total stellar mass (cyan triangles) is consistent with or below this limit in
all environments, signifying that a majority of cluster members (including quiescent
galaxies) have already experienced most of their mass growth. However, the average
MIPS SSFR (and average SSFR for all members with limits) lie above this line: the
star-forming galaxies have yet to undergo the bulk of their activity, assuming they
can sustain their SFR. Perhaps we are witnessing the primal growth stage of these
galaxies, before they have properly assimilated into the cluster and been exposed to

any environmental quenching. Alternatively, if any of these galaxies have already
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experienced a suppression of their star formation, the quenching timescale must be
rapid enough that any environmental trend with SSFR gets washed out: SSFRs are
immediately terminated, precluding an intermediate phase. In other words, why is
there a lack of variation in the star-forming population despite a changing fraction
of star-forming galaxies with environment? We will return to this flat environmental

trend in and provide an alternative explanation.

3.4.4 The Correlation between Star Formation Rate and Stellar Mass

We can investigate whether any MIPS members deviate from their expected SFRs and
SSFRs given the tight correlation of increasing SFR with stellar mass for star-forming
galaxies, which retains only 0.2 dex scatter at z ~ 1. Recent studies have observed
this star-forming main sequence in the field out to z ~ 2, which monotonically shifts
to higher SFRs with increasing redshift (Noeske et al.| 2007} |Elbaz et al.,|2007; Daddi
et al| [2007). In Figure we plot the main sequence trend in the field at various
redshifts: z = 0.1 from the Sloan Digital Sky Survey (SDSS; Brinchmann et al.
2004)) as analyzed by Elbaz et al. (2007)); z ~ 1 from the Great Observatories Origins
Deep Survey (GOODS; |[Elbaz et al., 2007); and z ~ 2 from GOODS (Daddi et al.,
2007)); we have converted each trend to Chabrier-IMF based masses and SFRs for
consistency with our own sample. We also plot our 24 ym-derived SFRs for MIPS
cluster members at z ~ 0.9 along with our field sample over 0.84 < z < 1.0. Due
to systematic differences in SFRs, stellar masses, and selection criteria (e.g. mass-
limited versus luminosity-limited samples), we refrain from quantitative comparisons
between our trend and the field samples from GOODS and SDSS. Our own field
sample offers a more suitable comparison, and in fact, displays a similar trend as the

larger GOODS sample at z ~ 1, albeit with slightly higher SFRs.

Immediately obvious in Figure [3.5]is the distinction between the old and young

MIPS populations: the majority of massive, older members (filled red circles) lie
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Figure 3.4 Upper panels—The individual SSFRs for all cluster members as a function
of clustercentric radius (left panel) and density using the 10th nearest neighbor (right
panel). The green stars correspond to MIPS cluster members, and the black circles
with arrows are 3o upper limits on the SSFR given the stellar mass for the cluster
members without MIPS detections. Lower panels—The SSFR in bins of clustercentric
radius (left) and density (right). The green stars correspond to the average SSFR of
detected MIPS members in each bin, i.e., the SFR divided solely by the mass of MIPS
members and averaged over the number of MIPS galaxies in each bin. Black circles
represent the average SSFR for all cluster members, assuming a 3o upper limit on
the SSFR for undetected MIPS members. Cyan triangles denote the integrated SFR
(above our SFR-limit) per total unit stellar mass: a sum of the total 24um-derived
SFR divided by the total stellar mass of all spectroscopic members in each radial
bin, which essentially probes the fraction of star-forming galaxies. The horizontal
solid green line illustrates the best fit line to the green stars with the slope fixed to
zero, i.e., the normalization of the average MIPS SSFR. The dot-dashed horizontal
line corresponds to the required SSFR for the mass to double by z = 0. The two
remaining lines in the lower right panel depict the best linear fits to the corresponding
binned values with density. The open squares represent the stacked IR SSFRs from
Patel et al. (2009) in a z = 0.834 cluster, where teal squares correspond to galaxies
with masses of 2.0 x 10'° < M/Mg< 6.3 x 10, and the grey squares represent all
galaxies with M > 6.3 x 109 M.
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well below the expected correlation, while the younger members (filled blue circles)
tend to follow the main sequence trend observed in the z ~ 1 GOODS field (solid
black line) and the GCLASS field (open squares). Moreover, this double-sequence in
SFRs is unique to the cluster as there is only one field galaxy in our sample with a

significantly low SFR for its stellar mass.

The double-branched distribution is similarly manifested in the SSFR, plotted
in the lower panel of Figure |3.5. The least massive galaxies, which are inherently
younger (see Figure , have the highest SSFRs, while more massive galaxies have
substantially lower SSFRs. While this is consistent with the evolution of the mass
function (e.g., Kodama et al., [2004) which shows that the massive end of the galaxy
mass function in clusters is in place by z ~ 1 and the evolution between z = 0 — 1
consists of a build-up of the < 10""Mg end, it could also be a completeness effect as

we do not probe the region of low mass and low SSFR (Figure .

In hopes of identifying further differences, we split the 24 ym members into two
cases based on their proximity to the expected SFR for their given mass at z ~ 1, as
shown by the dot-dashed pink line in Figure . This line corresponds to log(SSFR)=
—9.3. We designate the population above the line as the main sequence population,
and those below the line as the sub-main sequence given they are in fact closer to the
z ~ 0 field trend and lie in a substantially disparate space from the GCLASS 2z ~ 1
field sample.

In Figure we stack the spectra in each population separately (nine and seven
members in the main sequence and sub-main sequence groups, respectively) with an
inverse weighting based on the spectroscopic completeness. Specifically, we investigate
the equivalent widths of the [OII] doublet (3727 A) and a Balmer absorption line, H§
at 4100 A (see Table ; their relative strengths impart a timescale of star formation,
with strong [OII] indicating current activity and Hd representing more prolonged star

formation. The striking contrast in the stacked spectra hints at differences in the star
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Figure 3.5 Top—SFR versus stellar mass for MIPS cluster galaxies, separated in
colour by D4000. Open squares are the field population from 0.84 < z < 1.0. The
dotted, solid, and dashed black lines correspond to the field trends at z = 0,1, 2,
respectively (converted to a Chabrier IMF). The pink dot-dashed line denotes the
boundary between the two populations of the cluster galaxies: main-sequence vs sub-
main sequence, as defined by their star formation rate. The vertical and horizontal
gray dashed lines indicate our mass completeness, M > 2.0 x 10° M, and SFR detec-
tion limit, respectively. Bottom—SSFR versus stellar mass. Symbols and lines are
the same as the top panel.
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Table 3.1 Spectroscopic measurements from the weighted, stacked spectra.
Sub-main sequence Main sequence

OIT EW .......... 5.4 22.0
Ho EW ........... 24 4.7
D4000 ............. 1.46 1.20

formation histories of these two populations. The main sequence group has moderate
to strong [OII] emission, relatively deep Hé absorption, and strong Balmer absorption
features. Based on the spectral classifications of |Dressler et al.| (1999)), these are most
likely dust-obscured galaxies undergoing bursty star formation, e(a) galaxies. They
also border on the classification of e(c) galaxies, which experience normal, continuous
star formation. As these main sequence galaxies are coeval with z ~ 1 GCLASS
field, and follow the expected SFR versus stellar mass trend, they have probably

been recently accreted from the field, and therefore belong to the infall population.

On the other hand, the sub-main sequence population has weak [OII] emission and
a strong 4000-A break, marked by a sudden drop at [Call] K and H and lines. The
shallow Ho absorption is also indicative of older systems: as massive stars die, the H
absorption fades. The lack of strong Balmer absorption precludes the possibility of
poststarburst systems. The stacked spectrum for this population is more consistent
with that of a passive galaxy with only a slight hint of star formation; it is classified
as right on the border of an older k-type spectrum and e(c) galaxy, as there is some
[OII] emission present. We list equivalent widths for [OII] and Hd, along with D4000
in Table B.1]

We also note the possibility that galaxies on the sub-main sequence could be
AGNs, rather than simply star-forming galaxies with lower star formation activity.
This would also be an interesting explanation as it could imply that the AGN is
responsible for quenching the star formation through feedback. For example, [Page

et al| (2012) have claimed to find evidence for quasar-mode feedback in the form
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Figure 3.6 The resulting stacked spectra of MIPS cluster members from each popu-
lation identified in §3.4.4; main sequence population (cyan spectrum) and sub-main
sequence population (pink spectrum). Individual spectra are weighted by their spec-
troscopic completeness, as determined by their stellar mass and clustercentric radius.

of suppressed star formation rates for the most luminous AGNs at z = 1 — 3 (but
see Harrison et al.| (2012) for an alternative result). In this scenario, we could be
witnessing the residual star formation in AGNs that are still actively accreting and

just beginning to peak in luminosity.

3.5 DISCUSSION

We have analyzed a single z = 0.872 massive cluster from the GCLASS sample

from an infrared perspective, investigating how dusty star-forming galaxies behave in
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the broader context of all spectroscopically-confirmed cluster members. We discuss
our results here, and merge them with a detailed kinematic analysis of each MIPS
member. This allows us to access the role of environment on star-forming galaxies
utilizing their previous exposure to high densities, rather than their instantaneous

environment.

The ages and stellar masses (Figure of the MIPS members compared to both
cluster and field galaxies suggests that they have been recently accreted from the field.
The line-of-sight velocity distribution for MIPS members (Figure exhibits anal-
ogous results, as they hug an outer envelope of velocities consistent with the younger
cluster members and what would be expected from an infall population. MIPS cluster
members have been observed to share certain properties with field galaxies in previous
studies, but are not simply a parallel population in all cases. For example, Kocevski
et al. (2011]) determined that although MIPS sources have a spatial distribution within
the cluster typical of an infalling population, their spectral properties reveal burstier
episodes of star formation than their field counterparts at z ~ 0.9, perhaps provoked
by harassment and mergers during assembly. While the stacked spectrum of our
main-sequence galaxies is consistent with e(a) type galaxies—possibly indicative of
bursty star formation—we do not see evidence for enhanced activity compared to
the field. Moreover, we uncover an additional branch of 24 ym members that exhibit
older, more quiescent spectral features, suggesting the existence of an environmen-
tal quenching mechanism that could occur following a possible (though not definite)

initial triggering of star formation.

We find the SSFR of MIPS members to be independent of the projected local
cluster environment: they maintain the same level of star formation at all densities
and radii (Figure . Although this is consistent with previous studies (e.g., Peng
et al., 2010; |Lu et al., 2012; |Muzzin et al.| 2012), it is surprising given an observed

increase in the fraction of star-forming galaxies with decreasing density over various
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star-formation indicators at z < 1, for example, [OII] emission lines (Poggianti et al.,
2008; Muzzin et al 2012)); Ha luminosity (Sobral et al., [2011); and 24 um flux (e.g.,
Finn et al., 2010/ and the work presented here as shown by the cyan triangles in
Figure . Many studies have invoked rapid quenching timescales to explain the
disparate trends, such that star-forming galaxies are never observed in an intermediate
stage—they are either active or completely quenched. However, when we investigate
the SFRs and SSFRs as a function of stellar mass (Figure[3.5)), we discover two distinct
star-forming branches: one that is in line with the expected main sequence in the z ~ 1
field and undergoing obscured star formation, and another that displays depressed
levels of star formation for a given mass and has a stacked spectrum consistent an
older k-type galaxy. Moreover, these sub-main sequence galaxies are on average more
massive; it is the less massive galaxies that are forming the bulk of the stars (though
this could be a selection effect). This is consistent with a downsizing trend in mass
assembly such that star formation shifts to less massive galaxies as the Universe ages
(see also Kodama et al. |2004; Feulner et al., [2007; Sobral et al., |2011]). Perhaps this
sub-main sequence is a population of MIPS galaxies that have reached higher density
regions or even the cluster core sometime in their past and have been exposed to some
sort of environmental quenching; however, this seems inconsistent with the fact that
no environmental dependence on SSFR is observed (Figure . Either quenching is
ubiquitous throughout the cluster with little dependence on the environment or we
are not measuring the environment properly. This raises the question: are we truly
sampling MIPS members in the cluster core? We address this issue in the subsequent

sections.

3.5.1 Velocity Distributions of Two Star-Forming Populations

In Figure 3.7 we re-analyze the line-of-sight velocities as a function of projected radius

for the MIPS members, accounting for the double-sequence in SFRs. We highlight the
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MIPS sources on the main sequence with cyan squares, and those populating the sub-
main sequence with pink squares. There seems to be a rather clear distinction between
the two populations, with the majority of sub-main sequence galaxies possessing lower
velocities, while the main sequence galaxies avoid velocities below 1000 kms~!; with
a few exceptions, the main sequence MIPS members adhere to an outer envelope in
radial-velocity space. More importantly, at any given projected radius, we observe
a mix of main sequence and sub-main sequence star-forming galaxies. If we return
to the notion that the SSFR has no significant dependence on environment, this
result offers a hint of an alternative interpretation: it indicates that low radial bins
are contaminated by high-velocity galaxies, which could be infalling galaxies (outside
the cluster core) that have fallen far enough into the gravitational potential well to
attain large line-of-sight velocities (Haines et al., [2012). Some of these systems may
in fact be at physically low radii, however, they could be on their initial (or even a
subsequent) pass through the cluster and therefore are still distinct from a virialized
core population that has spent a much greater amount of time in dense environments.
As these systems have retained a nominal level of star formation for their stellar mass,
they augment the average SSFR in low radial bins, or in what is referred to as the
cluster core. The antithesis contamination occurs at large projected radii where the
average SSFR is pulled down from low velocity interlopers—possibly galaxies at large
physical radii that have already felt the effects of the cluster environment and therefore
are not representative of an infalling population. In tandem, these two effects yield

an overall flat SSFR with projected radii and densities.

We attempt to identify dynamically distinct populations in Figure utilizing
the results of Mahajan et al.| (2011)), where they use the dark matter hydrodynamical
simulations from |Borgani et al.| (2004]) to extract a sample of 93 mock clusters from
simulations of 117 haloes, 105 of which have My > 1.4 x 10 My. From these

clusters, they statistically quantify the fraction of virialized, backsplash, and infall
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galaxies at various projected radii and velocities. These classifications correspond
to decreasing timescales of accretion, respectively: virialized galaxies were accreted
when the cluster core was forming and are now passively evolving; backsplash galaxies
have had time to pass through the cluster core and experience the first effects of the
cluster environment, but have not yet amalgamated with the virialized population
and therefore represent an intermediate phase of accretion (e.g., [Balogh et al., [2000);
infall galaxies were recently accreted from the field and have not reached pericenter
in their orbit around the cluster. We plot the delineations in velocity-radius phase
space in Figure 3.7} the corresponding fractions of each classification, along with the
applications to our entire spectroscopic sample are summarized in the right-hand

panel.

We assign each galaxy in our spectroscopic sample as virialized, infalling, or back-
splash based on its age and, for the case of MIPS-detected members, its SFR. For
cluster members that are not detected by MIPS, we simply assume that older mem-
bers are virialized and younger galaxies have been recently accreted (i.e., infalling).
For MIPS galaxies, we assume any galaxy on the main sequence belongs to the in-
falling population, while those on the sub-main sequence are virialized if they are

older, or are part of the backsplash population if they are younger.

The consistency between the simulated fractions from Mahajan et al. (2011)) and
our cluster sample, using this simplistic criteria, is quite good. For example, the
solid outlined box in Figure represents galaxies within 0.57999 and 1.00,, where
89%, 8%, and 3% of galaxies are expected to belong to the virialized, infall, and
backsplash populations, respectively; we have 52 cluster members within this area,
therefore the predicted fractions correspond to 46.3 virialized, 4.2 infalling, and 1.6
backsplash members in our sample (the second column in the right panel displays the
expected number within our sample in each box). Of the seven MIPS-detected galax-

ies within this region, three fall on the star-forming main sequence (cyan squares),
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Figure 3.7 Left—The absolute line-of-sight velocity as a function of projected radius.
MIPS members belonging to the main (sub-main) sequence of SFR are highlighted
with cyan (pink) squares. The horizontal lines correspond to o, and 20,, and the ver-
tical line represents 0.5r509. The boxed areas correspond to the divisions in Mahajan
et al| (2011)) and are identical in both panels. Right—The first number on the left in
each rectangle corresponds to the fraction of galaxies classified as virialized (orange),
infall (purple), and backsplash (gray) in projected phase space bins from dark matter
simulations in |[Mahajan et al. (2011). We then apply the fractions to the total number
of spectroscopically confirmed cluster members in each bin and list it after the colon.
The third number represents the actual number of each type of galaxy within that
phase space based on its age and SFR (for MIPS-detected members). We assume
a simple classification in which: virialized galaxies consist of non-star forming older
galaxies (red circles) and MIPS-detected older galaxies on the sub-main sequence (red
circles with pink squares); infalling galaxies include non-star forming younger galaxies
(blue circles) and MIPS-detected galaxies on the main sequence, both young (blue
circles with cyan squares) and old (red circles with cyan squares); and backsplash
galaxies comprise younger MIPS-detected galaxies on the sub-main sequence (blue
circles with pink squares). The last column in each bin (green number in parenthe-
ses) represents the number of MIPS sources of that galaxy type that are included in
the actual number counts based on the classification scheme stated above.
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which suggests they are recently accreted members that have retained their gas and
star formation—this number is just below the expected number of infalling galaxies
from the simulations (4.2), and increases to seven after we include the members not
detected by MIPS. The remaining MIPS members in this region lie on the sub-main
sequence (pink squares), and therefore display lower SFRs. Additionally, there is
a clear divide in the age of these four galaxies, with two containing shallow 4000 A
breaks (filled blue circles). The depressed SFRs of these two galaxies, along with their
younger stellar populations, suggest they are backsplash galaxies which were stripped
of their gas reservoir as they passed through the cluster core, but have not had enough
time to completely virialize; this is also consistent with the expected backsplash frac-
tion (two galaxies in total). The last two MIPS members (pink squares surrounding
red circles) are both older and have suppressed SFRs, suggestive of passive, virialized
galaxies which statistically comprise the bulk of this region. Including the galaxies
without MIPS detections that have older ages, our classification scheme yields 43
virialized galaxies in this region, which is consistent with the number from the simu-
lations (46.3). We note there is (seemingly) one MIPS outlier at both large projected
radius and velocity that has a low SFR and an older stellar population. However,
this region is still expected to contain 40% virialized galaxies, so it is not unfeasible

for less active systems to inhabit this phase space.

We check the robustness of our classifications with respect to the depth of the
MIPS data by assuming the SFR-limit is a factor of two lower (3Mgyr~!), and
all galaxies currently not detected by MIPS have this SFR. We then simplistically
assign them to the above classifications based on their stellar mass and which star-
forming sequence they populate. We find that two infalling galaxies would switch to
a backsplash classification and three virialized galaxies would be infalling; therefore,

there is no significant change in the numbers assuming a deeper SFR-limit.
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3.5.2 Utilizing Caustic Diagrams as Accretion History Predictors

The mixing of different dynamical histories at all projected radii casts a doubt on the
interpretation that environment has no effect on the SSFR of star-forming galaxies.
However, our attempt to classify each galaxy as infalling or belonging to the cluster

core is circumstantial.

A complementary method to kinematically differentiate between galaxies arises
with the use of caustic profiles (i.e., constant velocity-radial lines) in physical radial
phase space, where infalling and virialized cluster galaxies become distinct (e.g., Ma-
mon et al., 2004} (Gill et al., |2005; [Mahajan et al 2011} Haines et al., 2012). Moreover,
this is inherently linked to the epoch of accretion, which illustrates the importance
of a dynamically-defined environment: the time-averaged density a galaxy has been

subjected to is more significant than its immediate surroundings.

Recently, Haines et al. (2012), stacked 30 clusters in the Millennium Simulation
at z = 0.21 and investigated the relation between projected measurables and the
accretion history of the cluster (see fig. 3 in |Haines et al., 2012). Galaxies that were
accreted when the cluster was first forming have a large dynamic range of velocities at
the smallest projected radii, but only occupy a narrow silver of velocities (Av/v, ~
0) over larger projected radii. Conversely, recently accreted galaxies permeate all
projected velocities and radii, but are primarily concentrated along and outside a
caustic line. These trumpet-shaped caustic profiles roughly correspond to lines of
constant r x v in projected phase space. Recently accreted galaxies are therefore the
dominant contaminant compared to galaxies that were accreted earlier, specifically
in low radial bins. Moreover, star forming studies are biased towards picking out
these contaminants, assuming recently accreted galaxies have managed to retain their
activity and are classified as star-forming. This could explain why SSFR trends
utilizing the entire galaxy population (quiescent and star-forming) or stacked SSFRs

preserve a correlation with environment (e.g., Patel et al.| [2011]), while those solely



64 3 A KINEMATIC STUDY OF INFRARED GALAXIES IN A 2 ~ 0.9 CLUSTER

for star-forming galaxies flatten out.

Motivated by the possibility of identifying distinct accretion histories within our
own sample via caustic profile diagnostics, in Figure |3.8] we plot the strength of
the 4000-A break as a function of (r/ry) x (Av/a,), since constant values of this
parameter correspond to caustic profiles which trace out accretion epochs. There is
a clear movement towards higher values of (r/ra0) x (Av/o,) for shallower breaks,
meaning lower values on the x-axis correspond to older galaxies that were accreted at
earlier times. We calculate a linear Pearson correlation coefficient of —0.41 between
the parameters, with a high significance of > 99.99%. To ensure this trend is not
driven purely by the correlation between D4000 and stellar mass, we have separated
the cluster members into two mass bins, above and below 3 x 10'° M, which is roughly
the median mass of the sample. The relation persists for both mass bins, meaning
that for cluster galaxies of the same stellar mass, there is a progression towards larger
(r/ra00) x (Av/a,) values with decreasing time since the last burst of star formation.
Assuming higher values of (7/ra00) x (Av/o,) trace galaxies that were more recently
accreted (which is analogous to fig. 3 in |[Haines et al 2012)), the trend in Figure

indicates the cluster environment has an effect on its constituent galaxies.

In order to isolate contamination in low projected radial bins from infalling /backsplash
interlopers, we divide the space into three distinct regions based on the location of
main and sub-main sequence galaxies. Combining the results of Haines et al.| (2012)
and [Mahajan et al| (2011), these regions should primarily correspond to: virialized
galaxies that were accreted when the cluster core was forming; a mix of all types but
where backsplash galaxies are most likely to exist; and infalling galaxies that were
recently accreted—at low, intermediate, and high values of (r/ra0) x (Av/0,), respec-
tively. We calculate the median D4000 in each region for both mass bins (filled stars),

which confirms the declining age (i.e., epoch of accretion) with (r/ra0) x (Av/ay,).

We demonstrate the utility of these caustic regions in reference to our own sample
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Figure 3.8 The strength of the 4000-A break versus (r/ra0) x (Av/a,) for all cluster
members, divided in two mass bins. The MIPS members on the main and sub-main
sequence are highlighted with cyan and pink squares, respectively. The solid gray
line shows the best fit line for all galaxies. The median D4000 values for both mass
bins in each region (denoted by the vertical dashed lines) are plotted as filled stars
and indicate a declining accretionary sequence with (r/re00) x (Av/o,). The error
bars are taken from the standard deviation on the bootstrapped median in each bin.
We have labeled the regions based on accretion times. We note the three galaxies
with the lowest caustic values are artificially plotted at (r/ra00) % (Av/o,) = 0.006 to
reduce the size of the plot, but in fact have even lower values.

in Figure . We plot lines of constant r x v at 0.1 and 0.4 (ryg X ), based on
the regions in Figure [3.8 The innermost caustic line seems to preferentially select
the older (virialized) population of cluster members that were most likely accreted at

early times, including three out of the seven MIPS sources belonging to the sub-main
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sequence branch. Although rare, it is not inconceivable that recent star formation has
occurred within the virialized population; (Mahajan et al., [2011)) estimate that 11%
of the virialized population are galaxies with ongoing or recent efficient star formation
that could be attributable to rapid flybys. However, we note that their level of star

formation is certainly suppressed compared to the main sequence.

Between the two caustic profiles, we expect a distribution of galaxies that were
accreted early, recently, and somewhere in-between. Indeed, in this intermediate re-
gion of 0.1 < r/rye X v/o, < 0.4, there exists a mix of old, main sequence galaxies
and young, sub-main sequence galaxies, which could result from a backsplash popula-
tion. The significance of the backsplash population has been demonstrated before in
various simulations. |Balogh et al.| (2000) found that over half of the galaxies within
127990 have been inside the virial radius at an earlier time and rebounded outward.
Moreover, 90% of these backsplash galaxies have plunged deep into the potential well,
within the inner 50% of the virial radius (Gill et al., 2005).

The region exterior to the 0.4 (1909 x 0,) caustic profile should preferentially pick
out galaxies that have been recently accreted (Haines et al., [2012)). Based on the
fractions from Mahajan et al.| (2011), it should additionally favor infalling over back-
splash galaxies. Moreover, |Gill et al.| (2005) observed that basksplash galaxies are
kinematically distinct from infalling galaxies, as the latter have much higher relative
velocities. Although this velocity bimodality can get slightly washed out in projected
space, there still exists an average trend toward lower velocities for backsplash galax-
ies. Notably, this region contains the majority of young main sequence galaxies, which
are most consistent with an infall population given their age and SFRs. As stated
in §3.5.1], the lone sub-main sequence galaxy in this region could statistically be a
virialized galaxy outside the core; however, we also note that we expect one chance
alignment between MIPS sources and spectroscopic members (, which could

be manifested here. Alternatively, this galaxy and another old, sub-main sequence
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galaxy at high projected radius could both belong to groups that have been accreted
into the cluster. In this scenario, the lower SFRs of these galaxies could be due to
pre-processing (e.g., Zabludoff and Mulchaey| [1998)) in the group environment prior
to accretion. McGee et al.| (2009) found that the accretion of galaxy groups onto
a massive z ~ 1 cluster accounts for a significant proportion (230%) of the galaxy
population, and moreover, galaxies that derive from group environments are more
massive. Indeed, the two outliers are both more massive than the majority of main
sequence galaxies and exhibit suppressed SFRs. However, the sparse spectroscopy at

these high radii precludes us from reliably identifying infalling groups.

3.5.3 A Kinematic Approach to the Environmental Dependence on
the Specific Star Formation Rate

In hopes of disentangling radial contamination from environment, we consider the
SSFR as a function of r x v, normalized by the cluster velocity dispersion and 740,
in Figure As shown in Figures , and fig. 3 from Haines et al|(2012), low
values of r x v, < 0.1(rgg x 0, ), should represent a more dynamically-isolated cluster
core, as it is dominated by galaxies accreted at early times, which have spent more
time in dense cluster regions. Similarly, galaxies recently accreted possess higher
caustic values of > 0.4(rgp0 X 0,), as they are more likely to have high projected
radii and velocities. In Figure there is a clear segregation between the two star
forming populations when using a caustic approach to define environment. The sub-
main sequence galaxies (pink squares) are preferentially at low values of r x v and
well contained within 0.4 (rg X 0,) with the exception of one galaxy; the main-
sequence branch (cyan squares), however, does not penetrate below a value of 0.1
(rep0 X 0y), but rather is dispersed throughout intermediate and high values. The
isolation of the galaxies on the sub-main sequence yields a prominent depression in

SSFR towards the “caustic core” of the cluster, namely, with galaxies that exhibit
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Figure 3.9 A caustic diagram for all spectroscopically confirmed cluster members.
The symbols are the same as in Figure 3.7 We plot caustic profiles—lines of con-
stant (r/ra00) % (Av/o,)—at 0.1 and 0.4 to isolate virialized (within the inner caustic),
backsplash (between caustics), and infall galaxies (along and outside the outer caus-
tic).

both low projected radii and low line-of-sight velocities. Splitting the galaxies into
the aforementioned r x v bins (shown by vertical lines in Figure and calculating
the average SSFR of the MIPS cluster members in each bin (green stars) reveals a
0.9 dex decline between the highest and lowest caustic bins. With this definition
for environment, the cluster core is more of a signpost for the dynamic history of
its constituents, as the time-averaged density of a galaxy should increase with its

time since accretion. If this dynamic core more accurately represents the virialized
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cluster core than clustercentric radius or density probes, the interpretation that the
SSFR of star-forming galaxies lacks a dependence with environment warrants caution.
Moreover, a rapid quenching timescale would no longer be a necessary requirement; if
younger star-forming galaxies on the sub-main sequence are backsplash galaxies, we
can use the dynamical timescale to place a lower limit of ~1.3 Gyr on the duration

of quenching.
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Figure 3.10 The SSFR for star-forming galaxies as a function of caustic environment,
(r/ra00) x (Av/o,). The sub-main sequence galaxies (pink squares) primarily inhabit
low values of (7/ry00) x (Av/o,) compare to the main-sequence galaxies. In contrast
to Figure there is now a clear depression (0.9 dex) of the average SSFR (green
stars) towards low caustic values, where we expect to isolate galaxies accreted at
earlier times. The gray vertical lines indicate the limits of the bins.
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3.6 CONCLUSIONS

We have presented an infrared study of SpARCS J161314+4-564930, a z = 0.872 mas-
sive galaxy cluster comprising 85 mass-limited, spectroscopically confirmed mem-
bers, 16 of which have been detected at 24 um. After combining the stellar ages,
SFRs/SSFRs, and kinematics of dusty star forming galaxies, a clean narrative of the
history of these cluster members begins to unfold. We summarize the main properties

and trends of the MIPS galaxies as follows:

1. MIPS cluster members form a young envelope of the cluster population; they
span the same range of stellar masses and D4000 values as coeval field galaxies,

suggesting they primarily belong to a recently accreted population.

2. There is a bimodal or flat distribution of velocities for the MIPS members,
peaking at +£1000km s™!, which is roughly the cluster velocity dispersion. This
sharply deviates from the older cluster members, which form the expected Gaus-
sian distribution of velocities. There is only a 6% probability that these two dis-
tributions derive from the same parent population; therefore, the MIPS sources

seem to represent a recently accreted, un-virialized population.

3. When local environment is defined as projected clustercentric radius or density,
it appears to have no effect on the average SSFR of star-forming galaxies (but
see conclusions 5-8 for an alternative explanation). However, when accounting
for the total mass from all cluster members, there is a sharp decline in the total
SSFR towards low radii, indicating that the SFR-density relation is already

established in the densest regions at z ~ 0.9.

4. There exist two branches of SFR/SSFR as a function of stellar mass—one that
is consistent with the star-forming main sequence of increasing SFR with mass,

while the other displays a flat trend with suppressed SFRs compared to the
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z ~ 0.9 field. This double-sequenced distribution appears to be unique to the
cluster. Stacking the spectra of galaxies along each branch separately supports
this by revealing distinct star formation histories: the former are likely obscured
galaxies experiencing either continuous or bursty star formation, while the latter
lacks Balmer absorption, has a strong 4000-A break, and weak [OII] emission—

features that are more typical of passive or quiescent galaxies.

5. Utilizing the results from |Haines et al.| (2012)), we show that recently accreted
galaxies contaminate all projected radii, while the earliest accreted galaxies are
primarily at low radii, with only a little spillover at larger radii. Assuming
star forming galaxies are preferentially an infalling or recently accreted popu-
lation, the star forming population is therefore inherently more likely to be a
contaminant in projected environment, which could contribute to the flat trend
between the SSFR of star-forming galaxies with environment. Therefore, low
radial bins are contaminated by recently accreted MIPS sources that have not
yet (necessarily) passed through the densest regions of the cluster or core and

could augment the SSFR.

6. A caustic diagram of line-of-sight velocity versus projected radius reveals that
there is a mix of galaxies from each of the two star-forming sequences at any
given radius. We are able to successfully isolate galaxies that were accreted
at early times from recently accreted objects via caustic values of (7/repg) X
(Av/o,) < 0.1 and > 0.4, respectively. Intermediate values contain a mix of
accretion histories, and should also contain the statistical majority of backsplash

galaxies.

7. Applying caustic profiles of constant (r/ra) % (Av/o,) to our sample allows
us to kinematically classify MIPS galaxies as virialized, backsplash, or infalling

based on their age and SFR. Galaxies with lower star formation rates (i.e., on
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the sub-main sequence) appear to belong to either the virialized or backsplash
populations. Further differentiation between these populations arises from stel-
lar age, as measured through the depth of the 4000-A break. Although not
definitively, older galaxies with D4000 > 1.4, are likely to be virialized within
the 0.1 (1900 X 0,) caustic profile. Backsplash galaxies appear to lie in interme-
diate regions of 0.1 < r/rog0 x v/0, < 0.4. Infalling galaxies primarily occupy
the region outside the 0.4 (rq9 x 0,) caustic profile and have SFRs consistent

with the main sequence.

. Using a caustic definition for environment reveals almost an order of magnitude

(0.9 dex) depression of SSFR at low (r/ryg) x (Av/c,) values, in contrast to the
flat correlation observed with projected radius or density. This suggests that
environment may suppress star formation as galaxies fall deeper into the cluster

potential, with a minimum quenching timescale given by the infall time.

We stress that this is a case study of a single galaxy cluster, and a larger sample

is needed to statistically verify our conclusions. We plan to expand our study to the

entire GCLASS sample, which consists of ten clusters over 0.87 < z < 1.35 and over

400 confirmed members. With a significant sample of dusty star-forming galaxies we

can better assess the diagnostic power of caustic profiles in relation to environment,

stellar ages, star formation, and quenching mechanisms.
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A VIEW OF z ~ 1.2 CLUSTERS FROM Herschel

In this chapter we further develop the utility of an accretion-based definition for envi-
ronment, isolating cluster populations within the phase space of radius and velocity.
We extend the analysis to three z ~ 1.2 clusters from the SpARCS-GCLASS survey,
consisting of a stellar-mass limited sample of 123 spectroscopically-confirmed cluster
members above 2 x 10° Mg, including 58 star-forming galaxies with [OII] emission.
Using Herschel observations from 100-500 ym, we stack PACS and SPIRE maps at
the locations of star-forming cluster members, separated by phase-space bins, to de-
termine trends as a function of environment. We confirm the result from Chapter 3,
finding a similar depression of specific star formation rate from infalling to virialized
galaxies. Exploiting the ample coverage of the far-infrared peak of the spectral energy
distribution from Herschel, we extend the phase-space analysis to uncover a correla-
tion between average dust temperature and environment. Galaxies within the middle
phase-space bin, where the statistical majority of backsplash galaxies should exist,
display a colder dust temperature on average. We examine the infrared colours of
the three populations (low, intermediate, and high values of r x v) to elucidate which
quenching mechanisms could drive low dust temperatures for the intermediate galax-
ies. Both strangulation and ram-pressure stripping operating separately on different
galaxy populations provide a plausible interpretation, with the latter likely affecting

galaxies in the middle phase-space bin.

73
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4.1 INTRODUCTION

The importance of local environment and stellar mass as drivers for galaxy evolution is
now well established, as evidenced by their strong correlation with galaxy properties,
such as star formation rate (SFR), colour and morphology. In particular, high-density
environments of galaxy clusters in the nearby Universe are dominated by massive,
passively evolving early-type galaxies, while isolated field galaxies host the most active
star formation. This is called the star formation rate-density relation (e.g., Ellingson

et al., 2001)).

According to the hierarchical structure formation scenario, clusters gradually as-
semble their mass through accretion and merging events; therefore, higher-redshift
clusters display significant differences from their local counterparts, manifested as an
evolution in galaxy properties with time. Recent studies have suggested that by z ~ 1
the dominant sites of star formation are beginning to migrate to higher density re-
gions (Elbaz et al.| [2007; Cooper et al., [2008), though still avoiding the dense cores of
clusters (Muzzin et al., 2012), back to at least z ~ 1.6 (Tran et al., 2010). Moreover,
environment seems to play a prominent role in the timescale of star formation, with
an especially marked difference between cluster and field galaxies at z ~ 1.2, as clus-
ter early-type galaxies approach an epoch at which they are more rapidly assembling
their mass than the coeval field population (Rettura et al., 2010} [2011). However, the
precise mechanisms driving structural evolution and stellar mass assembly at z > 1

are still unclear.

Thus, the z = 1 — —3 regime is a crucial epoch for understanding the role of the
environment in galaxy evolution, as it represents the global peak in the integrated star
formation of the Universe (e.g. Madau et al., [1996; Lilly et al., [1996)), and a pivotal
point in the star formation rate-density relation. However, a comprehensive analysis
of this parameter space was previously hindered by two fundamental limitations:

uniform z > 1 cluster samples and accurate constraints on star formation.
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Until recently, there were few clusters confirmed beyond z ~ 1; uniform cluster
samples, accompanied by extensive multi-wavelength imaging and spectroscopy, are
essential in order to identify cluster members and control for galaxy mass bias. More-
over, a caustic definition of environment that chronicles time-averaged density rather
than instantaneous environment (as described in Chaper 3| relies on accurate clus-
ter velocity dispersions and spectroscopically-confirmed cluster members with small

uncertainties on the redshift.

Furthermore, deep infrared /submillimetre data are necessary for complete coverage
of the thermal portion of the spectral energy distribution, which does not suffer from
extinction as do data at optical/ultra-violet wavelengths. This allows for robust
estimates of the total star formation activity in high-redshift clusters. In the past,
24 pm imaging with Spitzer provided a first glimpse of dust-enshrouded starburst
activity at z ~ 1. However, it requires extensive extrapolation to the total infrared
luminosity since it probes hot dust emission at Ay ~12 um, which is plagued by silicate
absorption and polycyclic aromatic hydrocarbon (PAH) lines, and is far removed from
the peak of the emission. The bands available with Herschel, on the other hand,
straddle the peak of the z ~ 1 spectral energy distribution, and therefore provide a

more reliable measurement of the total IR luminosity and cold dust emission.

To this end, we observed three spectroscopically-confirmed z ~ 1.2 clusters from
SpARCS with Herschel. In this chapter, we present the first results from this study,
which is a natural extension of the work in Chapter [3[but considers a more statistically
significant sample and performs improved characterization of the thermal spectral
energy distributions. We adopt the same bins for phase-space as in Chapter 3—
(r/ra00) X (Av/o,) < 0.1; 0.1 < (r/ra0) X (Av/o,) < 0.4; and (r/r900) X (Av/o,) >
0.4—and refer to them as low, middle, and high, respectively. These delineations cor-
respond to times of early, intermediate, and recent accretion onto the cluster, roughly

representing where the majority of virialized, backsplash, and infalling galaxies exist,
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Table 4.1 The Herschel-GCLASS sample at z ~ 1.2.

SpARCS Name Nickname  Zzgpee RA Dec Mago Raoo Oy # of
(J2000) (J2000) (101Mg)  (Mpc)  (km s™!) CMs

J161641+554513 EN1-349 1.1555 16 16 41.232 +5545 25.708  2.1755  0.6870% 66075, 43
J163435+402151  EN2-111  1.1770 16 34 35.402 +40 21 51.588  4.0%14  0.98701Y 770750 43
J163852+403843 EN2-119  1.1958 16 38 51.625 +40 38 42.893  1.275%  0.6470%  5107%, 37

respectively. We note that the backsplash galaxies are not necessarily the dominant
population within the middle bin, they are just more likely to exist there. We there-
fore refrain from describing this population as backsplash galaxies, and instead use
the term “intermediate” throughout this chapter. In Section 4.2 we describe the sam-
ple and the Herschel observations. We discuss our stacking analysis in Section [4.3]
and the subsequent derivation of infrared luminosities. Our first results based on the

stacked spectral energy distributions are given in Section [4.4] with final remarks in

Section

4.2 OBSERVATIONS AND DATA REDUCTION

421 A z ~ 1.2 Sample from GCLASS

The three clusters derive from the GCLASS cluster sample (described in Chapter ;
Muzzin et al.| 2012) and therefore represent a stellar mass-limited sample, complete
above 2 x 10° Mg. Cluster members are defined as sources within 1500 kms™! of
the cluster velocity dispersion, yielding a final sample of 123 cluster members with

secure redshifts. Cluster properties, including Magg, Rago, and o, (G. Wilson et al.,

in preparation) are listed in Table .

4.2.2  Herschel-PACS Imaging

We observed with the Photodetector Array Camera and Spectrometer (PACS) instru-

ment (Poglitsch et al., 2010) aboard Herschel over 5x5 arcmin around each cluster
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using the medium speed scan (20 arcsec/s) in array mode with homogenous cover-
age. We divided each cluster into two astronomical observation requests (AORs) with
alternating scan directions of 45° and 135° to further maximize homogeneity (OB-
SIDs 1342247340, 1342247341 for EN1-349; 1342248661, 1342248662 for EN2-111;
and 1342248631, 1342248632 for EN2-119). The final maps consist of 7.2 hours of
integration over each field at 100 and 160 pm.

We reduce each observation (AOR) using the standard pipeline for deep scan maps
in the HIPE Vv11.0 environment (Ott, 2010), with slight modifications to improve
detectability of faint sources. First, the raw data (Level 0 products) are removed of
any known bad and saturated pixels, and calibrated for instrumental effects, at which
stage they are referred to as Level 0.5 frames. Next, from the timeline noise streams,
glitches from cosmic rays hitting the bolometers are identified in the temporal domain
and removed; the frames are then flat-fielded and the signal is converted from volts
into janskys per pixel, producing Level 1 products. Up to this stage, the automatic

pipeline can be run without modification.

The next reduction step utilizes a high-pass filtering technique to remove 1/f
noise. This ubiquitous noise has large amplitudes at low temporal frequencies which
produces long-timescale drifts in the detector timestreams. As this noise is highly
correlated, it can be difficult to separate it from real astronomical signals, and can-
not be treated independently from pixel-to-pixel (unlike white noise). The noise is
removed in each timeline by subtracting a running box median of a specified width
around each readout. Unfortunately, this method is problematic in that it can also
remove real signal from the timeline; when a point source is present in the timeline,
the median can be overestimated, leading to a flux loss for point sources in the final
map. A detailed study by [Popesso et al.| (2012) found that masking sources in the
timeline from a prior catalog alleviates most of flux loss, while any residual loss can be

systematically calibrated. We therefore apply this technique to the Level 1 products,
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using a mask catalog from our deep MIPS catalogs for each field. We adopt circular
mask values of 4 and 6 arcsec for 100 and 160 pum, respectively. The choice of the
high-pass filter radius also has important consequences for the final map. While a
smaller radius provides a better representation of the median, it can severely damage
the point spread function. Alternatively, a large radius will not properly remove the
1/f noise. We therefore choose a radius of 15 readouts (corresponding to 30 arc-
sec) for the 100 pum channel and 20 readouts (40 arcsec) for the 160 pm channel.
These high-pass filter and masking radii have both been tested by Popesso et al.
(2012), and therefore the remaining flux loss in the final maps can be calibrated with

a multiplicative factor that varies with aperture radii.

The final step in the reduction process is the projection onto the map, which
utilizes the drizzle method (Fruchter and Hook, |2002). This method maps the input
pixels onto a finer output grid, while shrinking the pixels (called the drop size) before
they are averaged. We specify a drop size of 1/10 the input pixel size, which was
found to be small enough to help reduce cross-correlated noise, but still large enough
to avoid degrading the projected map. We perform the projection, weighting each
input pixel contribution by the variance in each bolometer readout with width ten
times the high-pass filter radius, and setting a specific world coordinate system (given
by the Level 2 maps in the automatic pipeline). Finally, we co-add the maps from
each scan direction. Our final images have output pixel sizes of 1 and 2 arcsec for 100
and 160 pm, respectively. In Figure 4.1 we show the maps for each cluster field in
both channels, over-plotted with symbols denoting the positions of spectroscopically

confirmed cluster members.

4.2.3 Herschel-SPIRE Data

We download raw archival data from the Herschel Science Archive for the Spectral and

Photometric Imaging Receiver (SPIRE) for the Elais-North 1 and Elais-North 2 fields,
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Figure 4.1 Herschel-PACS maps at 100 (left column) and 160 pm (right column)
for EN1-349 (top row), EN2-111 (middle row) and EN2-119 (bottom row). We plot
spectroscopically confirmed cluster members with [OII] emission in yellow, and those
without in pale green.
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Table 4.2 The Herschel-SPIRE fields.

HerMES Name OBSIDs  Time per AOR Total Integration Time Area

(hrs) (hrs) (sq. deg.)
ELAIS N1 SWIRE 1342228450 13.6 28.0 9.3
1342228354 14.4
ELAIS N2 SWIRE 1342214712 8.6 16.8 4.8
1342226997 8.2

which contain our three clusters, and reduce the data ourselves. The observations
derive from the Herschel Multi-tiered Extragalactic Survey (HerMES), the largest
program carried out with Herschel, covering ~70 square degrees (Oliver et al., 2012).
Both fields belong to the level 6 tier of the survey, meaning they are wide-field but
relatively shallow depth, and were observed in parallel mode with PACS and SPIRE.

We summarize the properties of the observations in Table [4.2]

In general, we follow the default pipeline for reducing large SPIRE maps in parallel
mode, with a few modifications when necessary. Processing each AOR separately,
the pipeline first loops over the scans, correcting for various artifacts along the way,
including jumps in the thermistor timelines, cosmic ray glitches, low temperature
noise drifts, and pointing calibrations. At this stage, the timelines are also converted
from volts to janskys per beam, and we combine the scans from each AOR (with

orthogonal scan directions) to complete the processing with merged scans.

The next step involves making a correction for residual offsets between detectors,
which can lead to stripes in the map. This can be corrected for with a number of
methods, the default being a subtraction of the median from each scan, which in
some cases is insufficient. The SPIRE Destriper module, however, has been found
to produce optimal results in general, though it is more memory intensive. This
algorithm iteratively removes the offsets by adjusting the baseline removal with either

a simple median or polynomial fit of a specified degree. We use the latter approach,



4.3 Analysis 81

with a zeroth order polynomial for the Elais North 2 field, and a first order polynomial
for the Elais North 1 field, which was found to have significant stripes with the zeroth
order fit. Finally, the baseline-removed scans are passed to the map maker; again we
use the default naive mapper, which projects each bolometer signal onto a sky pixel,

and creates a flux density map by dividing the total signal map by the coverage map.

4.3 ANALYSIS

To improve our statistics, we perform stacking analyses (see Sections |4.3.1|and |4.3.3))

to study the average properties of cluster members, rather than individually detected
objects. We utilize the extensive spectroscopy available over all three clusters (123
members), but focus on non-passive galaxies (defined by the presence of [OIl] emis-
sion), as we are primarily interested in environmental effects on star formation ac-
tivity. After removing quiescent galaxies from the sample, we are left with 58 star-
forming galaxies (13, 22, and 23 in EN1-349, EN2-111, and EN2-119, respectively).
We note that EN1-349 actually has 14 star-forming galaxies, but one faint 100 ym
source has been removed as it was too close to a 100 pum-bright cluster member which
was contaminating the aperture of the faint source. We further divide the sources
into phase-space bins (as described in Chapter (3)), with (7/r900) % (Av/o,) < 0.1 (low
bin), 0.1 < (r/ra00) % (Av/o,) < 0.4 (medium bin), and (r/ry) x (Av/c,) > 0.4
(high bin). These final bins contain 8, 11, and 39 sources, respectively.

4.3.1 PACS Stacking

For each bin, we stack the PACS maps at 100 and 160 ym combined over all three
clusters, using the following approach. We extract a thumbnail image around each
source, just large enough to cover the recommended annulus for sky estimation (see
Section , yielding a radius of 26 arcsec for 100 ym and 30 arcsec for 160 pum.
We mask the inner pixels of the thumbnails (6 and 12 arcsec), just encompassing

the required radius for aperture photometry at each wavelength, and perform a 4o
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clipping on the remaining pixels to remove any bright sources within the extracted
map. The clipped map is then weighted by the inverse of the variance, calculated over
the non-clipped and non-masked pixels. We combine all subsequent thumbnails to
make a cube for each bin, where each layer represents the clipped, weighted map with
the inner masking now removed. Along the cube dimension, we perform a trimmed
average: we first discard the minimum and maximum pixel values along all layers in
the cube (not including the clipped values), pixel by pixel, and calculate the mean
in the remaining pixels. Finally, we normalize by the total of the inverse variance
associated with the pixels that contribute to the trimmed mean. The resulting map,
a flattened cube that has been averaged (with trimming) pixel by pixel with each
layer inverse weighted and 4o clipped, represents our stacked image and is shown in
the bottom panels Figures and for each phase-space bin. For comparison, we
also show a simple average stack for the same bins (upper panels), which suffer from

high contamination from neighboring sources.

4.3.2 PACS Aperture Photometry

We perform aperture photometry on the final stacked images within the HIPE v11.0
environment, using the recommended radii for faint sources: 5.6, 20, 25 arcsec (10.5,
24, 28 arcsec) for source flux, inner sky annulus, and sky annulus, respectively at
100 pm (160 pm). The sky estimate is determined from an algorithm adapted from
DAOPHOT which iteratively computes the mean and standard deviation of the pro-
vided sky pixels, each time removing possible outliers, and is ultimately subtracted
from the source flux.

The aperture radii are below the nominal FWHM of the beam at each wavelength,
which helps to reduce contamination from any residual flux from neighboring sources
that was not removed during stacking. However, we must then apply an aperture

correction to properly account for the missing flux that is not captured within the
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Figure 4.2 Stacked images for each phase-space bin at 100 pgm. The left, middle,
and right column show lower to higher phase-space bins: (7/rg0) x (Av/c,) < 0.1,
0.1 < (r/roge) % (Av/o,) < 0.4, and (r/reeo) x (Av/o,) > 0.4, respectively. The
upper panel displays the resulting stack from a simple average, while the lower panel
represents a weighted, clipped, and trimmed average, as described in Section [4.3.1]
The removal of contamination in the lower stacks is evident. We also include the
radius used for aperture photometry, 5.6 arcsec, with the yellow circle. The colour
bar shows the gray scale in janskys per pixel.

given radius. These corrections are calculated with version 7 of the responsivity
function for various apertures in each band: 0.57 for 5.6 arcsec at 100 um and 0.64

for 10.5 arcsec at 160 pm.

As described in Section we must also include a correction for flux loss due
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Figure 4.3 Stacked images for each phase-space bin similar to those in Figure but
at 160 pm. The purple circles represent apertures of 10.5 arcsec.

to the high-pass filtering during the removal of 1/f noise. These multiplicative fac-

tors have been calibrated by [Popesso et al,| (2012)) for various parameters, including

aperture radii, high-pass filter radii, scan speeds, etc, and are equal to 0.93 for 100
pm and 0.86 for 160 pm. After applying these aforementioned corrections, the final

source flux is given by:

Sap

corrupr (Tap) X COrTap(Tap)’

Strue = (4 1)
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where S, is the background subtracted flux, corrppr(ra, = [5.6,10.5]) = [0.93,0.86],
and corrap(rap = [5.6,10.5]) = [0.57,0.64]. We bootstrap the sources 100 times in
each phase-space bin and calculate the standard deviation on the mean to determine

the errors on the binned fluxes.

4.3.3 SPIRE Stacking

The large beam at SPIRE wavelengths (18.2, 24.9, and 36.3 arcsec FWHM at 250,
350, and 500 pm, respectively) renders traditional stacking analyses difficult. This is
due to the confusion-limited nature of the maps, which is typically reached when the
source density surpasses ~0.02-0.03 beam ™! (Condon, [1974)); this is found to occur at
18.7, 18.4, and 13.2 mJy (at 40 beams per source) with ascending SPIRE wavelengths
(Oliver et al.| 2010). As a result, a single flux peak in the map is likely to have
contributions from a sea of fainter, unresolved sources and disentangling these fluxes
can be problematic. Moreover, this effect amplifies when one considers intrinsically
correlated populations, as they are expected to be clustered on large beam scales.
Monte Carlo simulations can circumvent this problem by correcting for the bias
measured in stacked fluxes. However, an even cleaner approach lies in fitting the
stacked fluxes of correlated populations simultaneously. An algorithm called SiM-
STACK developed specifically for SPIRE maps by [Viero et al.| (2013)) exploits the

latter technique and has been made publicly available.

The general method relies on separating potentially clustered populations into
individual lists; in our case, we divide the sources into phase-space bins. The central
idea is to construct template maps from each list and simultaneously fit them to
the real map data; the best-fit amplitude of each template then corresponds to the
average stacked flux for that list. More specifically, for every input map (i.e., the three
SPIRE wavelengths), a “hits map” is created from each list separately, where pixels

are assigned an integer value corresponding to the number of sources that fall within
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it (or given a value of zero if empty). These maps are smoothed with a Gaussian
(given by the FWHM of the beam), and are then mean-subtracted. For each list, a
vector is populated with the values in the mean-subtracted smoothed map at pixels
of interest; these include all pixels within a circle of radius 1.1xFWHM around each
source (combined from all lists) and anything not within an optional user-supplied
mask. This results in a vector of the same length for each list with the beam-convolved
mean-subtracted values given in the pixels of interest. All vectors are passed to the

fitting routine of the functional form
M; =" 8aClayj (4.2)

where M; corresponds to the real map values in j pixels of interest, C,; is the beam-
convolved mean-subtracted values in the pixels of interest for each list «, and S, is
the stacked flux in list . This process is iterated until the resulting y? is minimized,
yielding a stacked flux for each list. The entire procedure is subsequently repeated
for each SPIRE wavelength. Since the fluxes are fit simultaneously from all lists, it
effectively allows for a deconvolution of the flux contribution from multiple sources

within a beam (assuming that all these sources were detected in the original catalog).

Since we aim to combine sources from all three clusters into each phase-space
bin, we slightly alter the public code to suit our needs. Specifically, we create a
separate beam-convolved mean-subtracted “hits map” for each field, and then merge
the resulting vectors together (along with merged vectors of real data) to pass to the

fitting routine.

In order to optimize the functionality of SIMSTACK for reducing the bias due to
beam-size clustering, we also simultaneously pass catalogs with 24 ym prior positions
to the fitting routine. The catalogs include every 30 MIPS source detected above 70

uJy (roughly the completeness limit in each map) with any cluster members removed
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Table 4.3 Herschel stacked flux densities in phase-space bins.
Wavelength 0.1 <rxv 0l<rxv<04 rxov>04

(ppm) (mJy) (mJy) (mJy)
100 12407 17038 19105
160 3.7+ 2.2 3.0 +2.1 4.0+ 14
250 1.5+ 0.8 574 0.8 2.4+0.4
350 — 47408 2.7+0.4
500 — 5.7+ 0.9 1.5+ 0.4

(as those are already included in the phase-space catalogs). We split the MIPS
catalogs (combined over all three clusters) into four flux bins to isolate galaxies with
the same average properties: 70-100 pJy, 100-200 wpJy, 200-300 pJy, and > 300
uJy. We plot the resulting stacked SPIRE fluxes for all seven catalogs that are
simultaneously fit in Figure[4.4] Error bars are computed from the standard deviation
on 100 bootstrapped means for each bin. The final stacked flux densities in each

phase-space bin for all five Herschel wavelengths are listed in Table [£.3]

4.4 RESULTS AND DISCUSSION

4.4.1 Infrared Spectral Energy Distributions

With broad characterization of the thermal portion of the spectral energy distribu-
tion, we can fit modified blackbodies to the stacked fluxes to estimate the infrared
luminosity of each population. We adopt the modified blackbody from equation [I.3]
described in Section [1.3.1} and fit for the dust temperature. We keep the slope of
the emissivity, 3, fixed to a typical value of 1.7—with the accepted range of values
between 1.5-2.0 (Dunne et al., 2000). We note that fixing 5 at either limit does
not alter the resulting dust temperatures beyond their 1o uncertainties. There is
also a strong degeneracy between dust temperature and redshift, as both parame-
ters alter the location of the thermal peak in a similar manner: colder temperatures

and increasing redshift shift the peak to longer wavelengths and attenuated fluxes.
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Figure 4.4 Stacked flux densities in the SPIRE maps using our modified version of
SIMSTACK. We simultaneously stack seven catalogs, three of which include star-
forming cluster members in phase-space bins (upper panel; filled circles), and four
from MIPS prior positions separated by flux (lower panel; filled squares). The flux
at the lowest phase-space bin (orange circles) is only detected at 250 pm; the 70-100
puJy MIPS bin is not detected at any wavelength and therefore is not plotted; and the
100-200 pJy MIPS bin (cyan squares) lacks a stacked detection at 500 pm.

However, stacking on spectroscopically confirmed star-forming members removes this
problem as we no longer need to fit for the redshift, reducing the final errors on the

dust temperature.

The best-fit spectral energy distributions for the three phase-space bins are shown
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Table 4.4 Best fit spectral energy distributions for stacked cluster members in phase-
space bins.

Phase-Space Curve Average  Tyust Lir SFR SSFR  x*/n
Bin Colour z (K)  (10"Lg) (Mgyr™) (yr)

0.1 <rxw orange  1.18  53+12 24773 2579001707 0.2
0.1 <rxwv<04 puple 117  28+43 36%3% 3878 1242 17
rxv <04 blue 1.18  48+4.5  3.9777 41730 09705 0.8

in Figure with the resulting values for Ty,. We convert these curves into lumi-
nosities (L)) using equation and integrate over rest-frame 8-1000 um to obtain
the average infrared luminosity: 2.4 x 10, 3.6 x 10!, and 3.9 x 10! L, for ascend-
ing phase-space bins. The star formation rates from the total infrared luminosity
can then be calculated using the relation from Kennicutt| (19984), equation 2.3} The
derived properties and fit parameters are listed in Table [4.4]

4.4.2 Specific Star Formation Rate as a Function of Phase-Space

Infrared luminosities derived from fits to spectral energy distributions that span the
peak of the thermal emission should provide robust estimates of the bolometric star
formation rate within galaxies (Kennicutt et al., 2009), as they trace dust emission
both directly and indirectly related to star formation. The former tracer includes
any dust that is directly heated from ultraviolet radiation from young stars, while
the latter describes the inherent association between dust and gas—the raw fuel for
star formation. Dust grains are essential to the process of star formation, providing
the catalyst for the formation of molecular gas: pairs of hydrogen atoms within HI
regions adsorb on cool (T < 25K) grains, forming molecular hydrogen (Hollenbach
and Salpeter] 1971)). Dense pockets of Hy within cool molecular clouds are stellar
nurseries, as they gravitationally collapse, fragment, and eventually form protostars.

The widely-used Kennicutt-Schmidt law for star formation states that its rate is
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Figure 4.5 Modified blackbody fits to the thermal portion of the spectral energy
distribution using five wavelengths from stacked Herschel-PACS (100 and 160 pym)
and Herschel-SPIRE (250, 350, and 500 um) fluxes, shown as solid circles. The
best fit for each phase-space bin is represented by the solid line, with the resulting
parameter values for dust temperature (in units of Kelvin) and reduced x? listed.
The orange, purple, and blue colours correspond the ascending phase-space bins:
(r/ra00) X (Av/oy,) < 0.1; 0.1 < (1/1900) X (Av/0,) < 0.4; and (r/1200) % (Av/0,) > 0.4,
respectively. The lowest phase-space bin (orange curve) does not have detections at
350 and 500 pum, and therefore is fit solely with the remaining three flux values. These
fits allow for determination of the integrated infrared luminosity, given in units of L.
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n
gas’

where n ~1-2 (Schmidt, 1959; |Kennicutt, [1998b)). Thus, since dust is associated with

proportional to the gas surface density raised to the power of index n, SFR oc ¥

hydrogen, it provides an indirect gauge of regions conducive to star formation.

In the upper panel of Figure [4.6, we plot the total infrared luminosity-derived
star formation rates as a function of phase-space bin, representing earliest accreted
(or virialized) objects in the lowest bin, intermediate objects in the middle bin, and
the most recently accreted population at the largest values of r x v. We perturb
the best fit dust temperatures by t+1o and re-integrate the modified blackbody to
estimate errors on the infrared luminosities and star formation rates. The resulting
star formation trend is flat as a function of dynamically-defined environment within
the uncertainties. This is due to the high degree of mass segregation in clusters, with
more massive galaxies, which inherently form stars at a higher rate, residing deeper
in the cluster potential. In the lower panel, we correct for this effect, plotting the
specific star formation rate (star formation rate per unit stellar mass). We find a
decline in specific star formation rate with accretion history, with a ~1 dex drop
between infalling/intermediate galaxies and those accreted at earlier times. This
confirms our work in Chapter |3| with MIPS galaxies in a z = 0.872 cluster, but now
with a larger sample of star-forming galaxies, more robust star-formation rates, and
at a higher redshift of z = 1.2. This could be suggestive of environment playing
an active role in the quenching of star formation, rather than just controlling the
fraction of star-forming galaxies; however, we need to further control for stellar mass
to disentangle any effects from mass-quenching in order to elucidate the precise role

of environment.

4.4.3 Dust Temperatures for Dynamically-Isolated Populations

In Figure 4.7, we plot the best-fit dust temperatures for each stacked phase-space bin,

thereby isolating galaxy populations by accretion epoch and relative dynamics within
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Figure 4.6 The star formation rate (upper panel) and specific star formation rate
(lower panel) for star-forming galaxies as a function of phase-space. Star formation
rates are derived from PACS and SPIRE fits to the thermal portion of the spectral
energy distribution. Uncertainties are estimated from shifting the best fit dust tem-
perature by +10 and recalculating the infrared luminosity. We find the specific star
formation to be constant between recently accreted and intermediate galaxies, but
declines with the earliest accreted cluster galaxies.

the cluster. We find that the early- and recently-accreted populations are dominated
by warm dust of T' ~ 50 K, whereas the intermediate population has colder dust at
T ~ 30K. Attempting to fit a straight line to the data leads to a slope discrepant

with zero at 2.7¢ (13.7 + 5.1), and moreover, is a poor representation of the data
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with reduced y? = 4.7. In order to interpret this temperature deficit we must expand

upon the interplay between gas and dust within galaxies.

60

30

0.0 0.5 1.0 1.5
(1/1590) X (Av/G,,)

Figure 4.7 The best-fit dust temperature for each stacked population in phase-space.
The intermediate galaxies (middle phase-space bin) display the coldest dust temper-
ature (~ 30 K). The uncertainties are 1o errors on the temperature from fits to the
spectral energy distribution assuming [ is fixed at 1.7.

The gamut of dust grain sizes gives rise to many features in the infrared regime.
Many studies have attempted to disentangle the dust temperature components with
specific gas phases in the interstellar medium. Earlier work primarily focused on

the warmer dust component on the Wien side of the spectrum, utilizing the avail-
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able infrared bands with TRAS (12, 25, 60, and 100 um) and out to slightly longer
wavelengths (160/170 pm) with ISO and Spitzer (e.g., Cox et all [1986; Helou, [1986;
Bicay and Giovanelli, |1987; Boselli and Gavazzi, |2006). For example, (Cox et al.
(1986)) proposed a four-component model for dust temperature and gas in the galac-
tic disk. The hottest dust (250 < T" < 500 K) consists of both moderately-sized grains
(radius ~ 0.1 um) and smaller-sized grains (PAHS; radius ~ 1A). These grains are
transiently heated by evolved stars (peaking at A ~ 5A) and the general interstellar
radiation field (at mid-infrared wavelengths), respectively, and trace the diffuse hy-
drogen gas. Warm dust (7' ~ 40K) at ~40-100 ym is associated with the younger
stellar population, and therefore probes ionized gas. The atomic hydrogen in the
galactic disk comprises cooler dust of 20-30 K and peaks at 100 um. The coldest
dust (7" ~20-30 K) traces quiescent molecular clouds, and is subdominant to the cool
emission; recent studies find that the 80% of the luminosity budget in the Galaxy
stems from atomic hydrogen (e.g., Paladini et al.,[2007)). Both the cooler components
are heated by the total stellar population, including young and old stars. Similar
multi-component dust models were found for larger samples of star-forming galaxies:
a warm (7" ~ 50K) component associated with younger stars and HII regions; and
a cool cirrus component (T ~ 25K) heated by the general radiation field (de Jong
et al., 1984; [Helou, (1986; [Dunne and Eales, 2001)). However, these analyses lacked

data in the regime dominated by cold dust emission (200 < A < 400 pm).

The advent of PACS and SPIRE instruments on Herschel has now permitted stud-
ies to link different dust temperatures peaking at these previously absent wavelengths
with phases of the gas (Bendo et al., 2010, 2012; Boselli et al., |2012; Bourne et al.,
2013)). It is becoming evident that the evolved stellar population plays a role in heat-
ing the large grains associated with the colder dust at A > 160 ym, and may even be
the dominant source of heating at A > 250 um in nearby spirals (Bendo et al| 2012).

Much of the cold dust exists in the interstellar medium, while the warmer dust lies
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within the confines of optically-thick star-forming regions. It thereby insulates the
surrounding colder dust from the strong radiation field from young stars, though some
leakage is expected (Dunne and Eales, |2001; [Kennicutt et al., [2009). However, many
recent studies have found that far-infrared wavelengths correlate with direct tracers
of star formation and gas, indicating that the cold dust is at least partially heated
from younger stars, or probes the density of diffuse gas that fuels star formation.
For example, in a nearby spiral galaxy, Verley et al.| (2010)) discovered a strong rela-
tion between compact 250 pm emission and both 24 yum and Ha emission, which are
known indicators of star formation. Moreover, Bourne et al.| (2013) claim that a trend
exists between gas phases and far-infrared emission in local spiral galaxies: dust at
60-500 pm shows a significant correlation with dense molecular gas (CO 3-2), with
emission at 100 um being the best tracer. Cold dust peaking at 250-500 pm roughly
follows emission from more diffuse molecular gas (CO 2-1) and has an even stronger
trend with atomic gas (HI). They also find a robust relation between CO 2-3 and
HI, implying high amounts of atomic gas are necessary for large reservoirs of dense

molecular gas.

In light of the interplay between gas and dust, we can attempt to understand
how a drop in dust temperature might arise for intermediate galaxies (some of which
are possibly backsplash galaxies) with infrared colour ratios. In Figure we show
the infrared colours for each phase-space bin. Colours are primarily sensitive to the
mechanism heating the dust, as opposed to single emission bands which also depend
on the surface density (Bendo et al., 2012). We plot the colour ratio for observed
fos0/f160 against figo/f100, corresponding to emitted ratios at z = 1.2 of fj14/f73 and
fz3/f45. According to the above dust phases, these colours should roughly represent
dust heated by the total stellar population, including partial contributions from older
and younger stellar populations, and dust heated primarily by ionizing stars in HII

regions, respectively. Moreover, a higher luminosity of 100 um emission might be
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indicative of a large reservoir of dense molecular gas. Therefore, colder (higher) ratios
at emitted f114/f73 might imply an increased contribution of heating from older stellar
populations and/or the existence plentiful Hy regions, while warmer (lower) ratios of
f73/f45 denote a prominent contribution from hotter dust associated with young stars.
We see a vague trend in our star-forming sample with f14/f73 getting cooler as fr3/fy5
gets warmer, albeit with large uncertainties. The intermediate galaxies have both the

coolest fi14/f73 ratio and warmest f73/f5 ratio.

4.4.4 A Simple Interpretation for Quenching

We attempt to explain the above star formation and dust temperature trends with a
simple interpretation of the possible quenching mechanisms at work. Strangulation or
increased merging activity are the most likely processes in the cluster outskirts (Treu
et al) 2003). Since we currently do not have a stacked field sample with which to
compare, we cannot postulate whether infalling galaxies have increased star formation
rates compared to z = 1.2 field galaxies, though we note the specific star formation
rate is consistent with the z ~ 1 field trend in Figure 3.5. Strangulation, however,
seems to be a viable explanation for the transition between the recently accreted
and intermediate galaxies. This mild process works on long timescales by removing
the hot gaseous halo of atomic and ionized hydrogen, while leaving the cold disk gas
untouched (Larson et al., 1980; Balogh et al., [2000). This leads to a gradual decline in
star formation—on the timescale of cold gas consumption—as it only exhausts the fuel
for future cooling. Spiral galaxies are likely to contain diffuse ionized gas in their halo
that is associated with the presence of dust (Howk and Savage, |1999; |Ménard et al.,
2010). This warmer dust component could be stripped along with the gas (Boselli
and Gavazzi, 2006)), which could lead to an immediate drop in dust temperature while
preserving the current star formation rate. It is therefore consistent with the change

in the global dust temperature between the infalling and intermediate populations.
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Figure 4.8 An infrared colour-colour diagram for the three phase-space bins: orange
(r x Av < 0.1); purple (0.1 <7 x Av < 0.4); and blue (r x Av > 0.4). The observed
fos0/f160 colour corresponds to fi14/f73 at z = 1.2, and observed fi4q/f109 corresponds
to a rest-frame colour of f73/f;5. We see a rough trend of increasing fjq4/f73 with
decreasing f73/fy5. The intermediate population (purple star) has the coldest fi14/f73
and warmest f73/f;5 ratio.

For this simple interpretation, let us assume the intermediate population has prop-
erties similar to those of backsplash galaxies (i.e., close to pericenter in their orbit). In
reality, it might consist of a mixture of all galaxy types, but as we discussed earlier, the
middle phase-space bin is where the statistical majority of backsplash galaxies should

exist. Backsplash galaxies possess high relative velocities and encounter dense gas as
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a result of being close to pericenter in their orbit. These conditions are conducive to
ram-pressure stripping which can effectively remove the entire HI component in the
disk. The high densities within molecular clouds, however, make them impenetrable
to the effects of stripping (Gunn and Gott} [1972; Quilis et al. [2000). This mecha-
nism is therefore thought to have a delayed, then rapid (< 100 Myr), effect on star
formation (Wetzel et al., 2012, |2013); molecular clouds already in existence can still
efficiently form stars, but the removal of atomic disk gas prevents further produc-
tion of molecular hydrogen. Star formation thus ceases on the scale of a molecular
cloud lifetime (approximately tens of millions of years; Blitz and Shu, |1980). The
infrared colours of the middle phase-space bin (0.1 < r x Av < 0.4) support this sce-
nario: they exhibit both a warm dust component from ongoing star formation; and
an increasing component of cooler dust, presumably heated by recent and evolved
stars. The elevated f114/f73 colour is suggestive of Hl-deficient galaxies (Bicay and
Giovanelli, [1987; Doyon and Joseph| [1989), which is commonly seen in cluster (and
group) galaxies (e.g. Hess and Wilcots, 2013). The high 113 um rest-frame flux is
also indicative of the presence of a reservoir of dense molecular gas (Bourne et al.|
2013). This is expected from ram-pressure stripping, which is incapable of removing
the molecular clouds and can even lead to their compression from the encountered
shock with the intracluster medium (Fujita and Nagashima) 1999)), possibly trigger-
ing bursts of star formation. While our results are consistent with a prevalence of
dense molecular gas in intermediate galaxies, we do not see evidence for enhanced

star formation compared to the recently accreted galaxies.

The earliest accreted galaxies display depressed specific star formation rates. They
also have the lowest warm dust component (corresponding to the coldest fr3/fy5
colour), and little-to-no longer-wavelength cold dust, as shown by the lack of de-
tections at 350 and 500 um in the observed frame. These galaxies have probably

exhausted much or all of their molecular gas, and are (likely) completely HI defi-
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cient. Their residual star formation is evidenced by a diminishing contribution of
dust heated by young stars. Given that ram-pressure results in a rapid quenching
timescale, specific star formation rates observed at depressed values might instead

stem from a population of galaxies that have had their gas slowly exhausted.

Our simple interpretation—a combination of strangulation and ram-pressure strip-
ping as viable quenching mechanisms—is compatible with other studies. For example,
many groups invoke long quenching timescales to explain observed star formation and
colour trends which are indicative of a slow removal or heating of gas. In high-redshift
groups, [Balogh et al.| (2011]) discover a population of galaxies with intermediate op-
tical colours falling between the quiescent red-sequence and star-forming blue cloud,
evident of slow and continuous gas exhaustion. Haines et al.| (2013) also propose a long
quenching timescale to explain lower specific star formation rates in 0.15 < z < 0.3
cluster galaxies once they pass within 1.575, indicative of strangulation or ram-

pressure stripping.

On the other hand, many studies observe discrete or binary trends in star for-
mation activity, attributable to a rapid quenching mechanism. Wetzel et al.| (2012)
find a bimodal distribution of specific star formation rates, split between central and
satellite galaxies in z ~ 0 group and cluster galaxies from the SDSS. They claim that
environment has little effect on satellite galaxies until they cross the virial radius.
They derive quenching timescales to explain this trend (Wetzel et al., [2013), find-
ing a plausible scenario in which satellite galaxies undergo delayed (~2-4 Gyr), then
rapid (< 0.8 Gyr) quenching, likely due to ram-pressure stripping. In a large sample
of clusters over 0.3 < z < 1.5, |Alberts et al. (2013) propose multiple mechanisms for
altering star formation rates, including strangulation in higher-mass galaxies, and in-
creased merger occurrences for lower mass galaxies in the cluster outskirts at z ~ 1.4.
They also suggest ram-pressure stripping might be responsible for a quick transition

in the fraction of star-forming galaxies within the clusters at all redshifts. More-
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over, direct evidence for ram-pressure stripping—in the form of trailing HI gas tails
on spiral galaxies—has previously been observed in the Virgo cluster (Chung et al.,

2007).

Further support for mechanisms which quench star formation rapidly after a de-
layed period emerges with the observed abundance of poststarburst galaxies in clus-
ters compared to the field (e.g., Dressler et al., [1999; Poggianti et al., 1999, 2009;
Tran et all 2004, 2007; De Lucia et al. [2009; Muzzin et al., 2012). These galaxies
exhibit strong Balmer absorption (e.g., Hd) and weak emission lines (e.g., little-to-no
[OI1] emission), indicative of star formation that ended abruptly within the last few
hundred million years (Dressler and Gunn, 1983} |Couch and Sharples| [1987). They
are often referred to as “K+4+A” galaxies due to their spectral similarities to average
A-type stars (with ~ 1Gyr lifetime) superimposed with an older K spectrum. A
population of poststarburst galaxies in cluster cores is expected from ram-pressure
stripping given the resulting removal of disk gas, a possible compression of molecular
clouds from the shock, and a subsequent rapid decline in star formation on the order
of molecular cloud lifetimes. The SpARCS team has recently uncovered a correla-
tion in the location of poststarbursts with phase-space, finding them preferentially in
the middle phase-space bin with higher line-of-sight velocities (A. Muzzin et al., in
preparation). In the work presented here, we have specifically selected galaxies with
[OII] emission in order to expose environmental trends with star-forming galaxies.
Therefore we are not likely to be probing a poststarburst population. However, we
could be witnessing the intermediate galaxies during the delayed period sometime
after ram-pressure stripping. Indeed, we measure their current level of star formation
activity to be on par with recently accreted galaxies (i.e., not suppressed) and they
have seemingly large reservoirs of dense molecular gas as traced by the high 113 ym
rest-frame flux. Perhaps these are the progenitors of poststarburst galaxies before

the rapid suppression of star formation. Some authors have even suggested that
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poststarbursts could be the descendants of e(a) galaxies: dusty starbursts with both
moderate emission lines and strong Balmer absorption (e.g., Poggianti et al.| [1999;
Balogh et al., [2005; De Lucia et al., |2009). These galaxies are thought to contain
a multi-phase dust distribution that obscures young OB stars in HII regions while
leaving A stars relatively unaffected (Poggianti and Wu, |2000). Further elucidation of
this hypothesis requires detailed examination of stacked spectra in phase-space bins;

this analysis is currently in progress.

4.5 (CONCLUSIONS

We have presented a Herschel study of star-forming galaxies in three z ~ 1.2 clusters
from the SpARCS-GCLASS sample. We stack PACS (100 and 160 ym) and SPIRE
(250, 350, and 500 um) maps at the location of galaxies with [OII] emission—the
star-forming population—binned by their location in (r/ryg) x (Av/o,) phase-space.
We utilize the bins determined in Noble et al.| (2013b)): (r/reg) x (Av/e,) < 0.1
(low bin); 0.1 < (1/re00) x (Av/oy,) < 0.4 (middle bin); and (7/ra00) x (Av/c,) > 0.4
(high bin). This isolates the earliest accreted cluster galaxies from galaxies that have
completed at least one passage through the cluster, and those most recently accreted,

respectively. We summarize our results as follows:

1. We fit the thermal portion of the stacked spectral energy distribution for each
phase-space bin, deriving dust temperatures and integrated infrared luminosities
from 100-500 um in the observed frame, corresponding to 45-230 pum rest-frame.
We do not detect the (stacked) lowest phase-space bin (r x Av < 0.1) in the
350 or 500 pm bands with SPIRE. After converting the luminosities to star
formation rates, we find a constant specific star formation rate between the
infalling and intermediate galaxies, and a ~1 dex decline towards virialized
galaxies in the core. This confirms the MIPS study of a z = 0.871 cluster
presented in Chapter (3| (Noble et al., 2013b).
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2. The dust temperatures of the lowest and highest phase-space bins are consistent
with each other at ~50 K, while the middle bin (0.1 < (r/rg) x (Av/o,) < 0.4)
possesses a lower temperature of ~30K. This seems to be driven by a high
flux at rest-frame 113 pm, which could be indicative of a large supply of dense
molecular gas. The high f73/fs5 rest-frame ratio in this intermediate population
also implies significant heating from a young population of stars. The low fr3/fy5
rest-frame colour of the virialized population suggests a declining population of

young stars, consistent with the lower specific star formation rate in this bin.

3. We propose a simple interpretation for quenching in which infalling galaxies
undergo a constant gradual quenching from strangulation, and intermediate
galaxies experience the more violent ram-pressure stripping, resulting in de-
layed, than rapid quenching. The virialized galaxies could be the by-product of
a longer quenching timescale since we observe depressed activity in the cluster
core. We speculate that intermediate galaxies with [OII] emission (which should
contain a backsplash population) could be the progenitors of poststarbursts. We
are currently observing them in the calm before the storm—a delayed period of
passive evolution, while there is still ample molecular gas available to fuel star

formation, and before rapid quenching commences.

We emphasize that this last conclusion is just a plausible quenching model to
explain the observed trends in star formation activity and dust temperatures as a
function of phase-space environment. An examination of stacked spectra and further
observations of the gas components are crucial to verify this claim. As we will discuss
in the thesis conclusions in Chapter 6, the Atacama Large Millimeter Telescope can
provide CO 3-2 and CO 2-1 measurements at z = 1.2 that trace the densest molecular

gas phase and total molecular gas reservoir, respectively.
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A SUBMILLIMETRE-BRIGHT 2z ~ 3 OVERDENSITY

In this chapter, we present a wide-field (30" diameter) 850um SCUBA-2 map of the
spectacular three-component merging supercluster, RCS 231953400, at z = 0.9. The
brightest submillimetre galaxy (SMG) in the field (Sss0 ~ 12mJy) is within 30” of one
of the cluster cores (RCS2319-C), and is likely to be a more distant, lensed galaxy.
Interestingly, the wider field around RCS 2319-C reveals a local overdensity of SMGs,
exceeding the average source density by a factor of 4.5, with a < 1% chance of being
found in a random field. Utilizing Herschel-SPIRE observations, we find three of
these SMGs have similar submillimetre colours. We fit their observed 250-850um
spectral energy distributions to estimate their redshift, yielding 2.5 < z < 3.5, and
calculate prodigious star formation rates (SFRs) ranging from 500—2500 Mg yr—!. We
speculate that these galaxies are either lensed SMGs, or signpost a physical structure
at z ~ 3: a ‘protocluster’ inhabited by young galaxies in a rapid phase of growth,

destined to form the core of a massive galaxy cluster by z = 0.

This work was originally published as:

“A submillimetre-bright z ~ 3 overdensity behind a z ~ 1 supercluster
revealed by SCUBA-2 and Herschel”

Noble, A. G., Geach, J. E., van Engelen, A. J., Webb, T. M. A., Coppin,
K. E. K., Delahaye, A., Gilbank, D. G., Gladders, M. D., Ivison, R. J.,
Omori, Y., Yee, H. K. C, 2013, MNRAS: Letters, 436, 40

We have expanded upon this document beyond the original five page Letter format
in Noble et al.| (2013a)).
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5.1 INTRODUCTION

Submillimetre (submm) surveys have a history of exciting revelations, beginning with
the discovery of a population of submm-bright galaxies (SMGs) over a decade ago
(Smail et al., [1997; Barger et al., [1998b; Hughes et al., [1998). These SMGs are now
known to be high-z (Chapman et all, [2005} Wardlow et all, [2011)), gas-rich

et al.,|1998] [1999) systems undergoing intense episodes of star formation, and are the

likely progenitors of massive elliptical galaxies seen locally (Eales et al., |1999; [Lilly|
, 1999)). Much of the insight gleaned from SMGs has been limited to a modest

sample of detections, primarily over deep blank-fields (e.g., |Coppin et al. [2006) or

low-redshift cluster cores (e.g., [Smail et al., |1997, 2002; |Cowie et al., [2002; Knudsen|

et al., 2006, 2008). However, the latest generation of submm telescopes, namely the
Herschel Space Observatory (Pilbratt et al. 2010) and SCUBA-2 (Holland et al.)
2013) on the James Clerk Maxwell Telescope (JCMT), are ushering in a new era of

submm astronomy, yielding samples of thousands of SMGs (Eales et al., |2010; Oliver,

, 2012) and promising many discoveries.

The first handful of results from the recently commissioned SCUBA-2 have just

emerged: (Chen et al.|(2013)) probed below the confusion limit in the first small (< 100

arcmin?) SCUBA-2 map by exploiting a massive z = 0.37 cluster to magnify the faint

background SMG population; Geach et al.| (2013) presented a deep 450um map of
a blank-field and resolved 16% of the CIB; |Casey et al.| (2013) observed the same
blank-field in the first wide-area SCUBA-2 map, and extracted 78 and 99 SMGs at

450pm and 850um, respectively. While these studies have all demonstrated the great
potential of SCUBA-2, a fundamental goal of the advanced camera has yet to be
realized: the detection of rare SMGs in the early universe that trace the formation of

protoclusters.

The wide-field mapping power of SCUBA-2 opens up a new parameter space in

submm studies: the capability to survey volumes that sample the full range of galaxy
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environment at high redshifts. The densest regions—the nodes in the cosmic web—at
all epochs are rare. However, it is essential to understand the evolution of galaxies
within these environments if we are to link the growth of galaxies with the large scale
structure they inhabit. Submm studies of distant ‘protoclusters’ are particularly
promising since it is becoming clear that the massive tail of the galaxy cluster ‘red-
sequence’ assembles quickly at z > 2 (Papovich et all 2010]), possibly via intense
starbursts within gas-rich galaxies located in overdense (but potentially pre-virialised)
structures at high-z (Daddi et al. [2009). This activity might well be heavily dust-

obscured, requiring submm and/or infrared (IR) observations to detect.

Here, we report early findings from a wide-field SCUBA-2 and Herschel-SPIRE
survey of a spectacular merging z = 0.9 supercluster, RCS 231953+00 (hereafter RCS
2319+-00; [Faloon et al., 2013). The structure comprises three massive (~5x10"Mg),
X-ray bright galaxy clusters (Hicks et al., 2008), namely RCS 2319534-0038.1, RCS
23200340033.5, and RCS 231946+4-0030.6 (hereafter RCS 2319-A, RCS 2319-B, and
RCS 2319-C). The three clusters are separated by less than 3 projected Mpc and are
expected to merge to form a single Coma-mass cluster (>10"Mg) by 2z ~ 0.5 (Gilbank
et al., [2008)). RCS2319-A is a known strong-lensing cluster (Gladders et al., [2003)),
and the three cores appear to be connected by filamentary structure and satellite
groups. The wealth of data and discoveries surrounding RCS 2319-A is extensive
(see Section ; RCS 2319-C, on the other hand, has thus far been comparatively

inconspicuous due to a lack of wide-field coverage encompassing the entire structure.

RCS 2319400 is a progenitor of one of the most massive dark matter halos in the
Universe, and affords a unique opportunity to study the physics of galaxy formation
across the full range of galaxy environments at z ~ 1, as well as more distant galaxies
lensed by the cluster potential. In this Letter, we present a serendipitous discovery
of an overdensity of SMGs behind RCS2319-C, as well as a bright SMG close to

the cluster core. This overdensity could result from a large number of lensed SMGs
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behind the cluster or represent a possible distant protocluster. This discovery along
the line-of-sight to the RCS 2319 supercluster is a fortunate coincidence: it allows us
to investigate the properties of SMGs within the densest environments in the Universe
at two epochs within the same field, with the benefit that the more distant structure
might be partially lensed by the supercluster. We assume a ACDM cosmology with
(Q, Qa, h) = (0.3,0.7,0.7).

5.2 OBSERVATIONS AND DATA REDUCTION

5.2.1 The RCS 2319400 Supercluster

Originally discovered in the Red-sequence Cluster Survey (RCS-1; Gladders and Yee,
2005)) and presented in |Gilbank et al. (2008)), the RCS 2319+00 structure now has ex-
tensive follow-up observations. Much of the work has focused on the northern-most
cluster (RCS2319-A). This cluster was revealed to be a remarkable strong-lensing
cluster with three gravitationally lensed radial arcs (Gladders et al., 2003), and has
a significant weak lensing signal as shown in the reconstructed mass map derived
from HST imaging (Jee et al., 2011). SCUBA imaging of the core of RCS2319-A
unveiled a candidate lensed SMG (Noble et al., 2012) and Herschel-SPIRE imaging
revealed a 2.5 Mpc filament of SMGs connecting RCS2319-A to its eastern com-
panion, RCS 2319-B (Coppin et al 2012)). This filament has been spectroscopically
confirmed through a friends-of-friends analysis that utilized a comprehensive dataset
of 302 confirmed cluster members and additional redshifts for 1961 galaxies over the

entire supercluster field (Faloon et al., 2013).

5.2.2 850um SCUBA-2 Observations

SCUBA-2 observations were conducted at the JCMT in Band 2 weather (0.05 <
ToosaHz < 0.08) over three nights between 17-21 September 2012. The 30" PONG
mapping pattern (Holland et al., 2013)) is centred at o = 23" 19™ 53.5%, § =00° 34’
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40.8” J2000. The total mapping time was 7.75 hr, split into 11x 40 min scans. Indi-
vidual scans are reduced using the dynamic iterative map-maker (makemap) of the
SMURF package (Jenness et al.,[2011; Chapin et al.,[2013]) following the procedure out-
lined in (Geach et al.| (2013]). These scans are co-added in an optimal, noise-weighted
manner, using the MOSAIC_JCMT_IMAGES recipe in the PICARD environment. Finally,
to improve the detectability of faint point sources, we use SCUBA2 MATCHED_FILTER,
which removes large angular scale varying pattern noise in the map by smoothing
with a 30”7 Gaussian kernel, subtracting this, and then convolving the map with the
850um beam. The average exposure time over the ‘nominal’ 30’ mapping region in

the co-added map is ~10 ksec, reaching a central depth of 1.5mJy (see Figure .

5.2.3  Herschel-SPIRE Observations

The Herschel-SPIRE (Grifhin et al.; 2010) data were taken on January 2, 2013, with a
total of 8.1 hours of integration time over five dithered maps at 250, 350, and 500um
(OBSIDs 1342258348, 1342258349, 1342258350, 1342258351, 1342258352). The ob-
servations were designed to cover the three cluster components over 30’ x 30/, and were

carried out in array mode using the nominal scan speed.

Each map is reprocessed individually using HIPE v10.0 (Ott, 2010)) and the latest
calibration tree. One map has significant artifacts and requires a linear polynomial fit
during the destriping process; all other maps are destriped using a zeroth-order fit. All
Level 1 scans are merged and final mosaiced images created using the naive mapper
with default pixel sizes of 6”, 10", and 14”7, at 250, 350, and 500um, respectively
(Figure [5.2).

Point sources are extracted using SUSSEXtractor (Savage and Oliver, 2007) at a
relatively low detection threshold of 3.50 to maximize counterpart completeness. The
source list is passed to a timeline fitter that utilizes the merged Level 1 timeline data

to fit a Gaussian at the source position. For sources below 30 mJy, the flux is measured
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Figure 5.1 Left: 850um signal-to-noise ratio map of the RCS 2319400 supercluster
overlaid with the red-sequence contours indicating the cluster positions in red. We
highlight all SMGs detected at >3.50 in the 850pm map with orange circles. The
green contours show the fractional overdensity of SMGs compared to the average
density over the field, starting at 6 = —0.3 and increasing by levels of 0.7. The white
circle represents the region from which sources are extracted. Right: a zoom-in on the
overdensity of SMGs surrounding RCS 2319-C, labeled with their ID in the 850um
catalog. Given its proximity to the centre of RCS 2319-C (the BCG is marked by the
green cross), the brightest source in the catalog, SMM J2319.1, is possibly lensed by
the cluster potential.
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as the peak on the image after smoothing with a convolution kernel and using a sub-
pixel correction factor. This has been found to be a more reliable flux estimate for
faint sources (SPIRE Webinar, private communication). The uncertainties on the
fluxes are estimated from pixel noise added in quadrature with a nominal confusion
noise of 5.8, 6.3, and 6.8 mJy at 250, 350, and 500um, respectively (Nguyen et al.,
2010).

5.3 ANALYSIS AND RESULTS

Point sources are extracted from the central ~25" of the beam-convolved signal-to-
noise ratio map, where the sensitivity is fairly uniform and the noise is < 3x the
central 1o r.m.s., corresponding to a total uniform area of ~473 arcmin®. We detect
29 point sources at 850um at a significance of >3.50, 16 of which are at > 4o.
The detections are indicated by orange circles in Figure [5.1] and named in order of
descending signal-to-noise ratio. We quantify the false-detection rate by running the
detection algorithm on jack-knife versions of the map (details given in (Geach et al.,
2013). Within the source detection area, we find a false-detection rate of 4.5% (20%)
at 4.00 (3.50). We note that both these rates are 25% lower where the noise is
< 2x the central r.m.s.; encompassing all but one of the SMGs. In Figure |5.3] we
plot the 850um differential source counts and find them consistent with those from a
blank-field, the SCUBA HAIf Degree Extragalactic Survey (SHADES; Coppin et al.,
2006)).

5.3.1 SCUBA-2/SPIRE Source Identification

Continuum radio imaging at 1.4 GHz covers the entirety of the SCUBA-2 and SPIRE
observations, although with roughly 2x the noise at the edges due to primary beam
attenuation. It derives from 16 hours of integration time on the National Radio
Astronomy Observatory’s Very Large Array, and has previously been described in

Noble et al| (2012). We also exploit deep IR imaging from the Multiband Imag-
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Figure 5.2 Herschel-SPIRE maps of the RCS 2319 cluster field at 250 (blue), 350
(green), and 500pum(red). The red-sequence contours are overlaid in yellow to illus-

trate the three cluster components.
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Figure 5.3 Differential source counts at 850um within the RCS 2319 cluster field for all
3.50 detected SMGs (red circles). The error bars are standard Poisson uncertainties.
The source counts from SHADES (purple X) are plotted as a consistency check.

ing Photometer (MIPS) aboard Spitzer which are explained in detail in [Webb et al.
(2013). The extensive, multi-wavelength counterpart identification process, includ-
ing the completeness and false-detection rate, will be presented in Noble et al. (in
preparation); we provide only a brief description in this communication, as we are
primarily interested in the sources around RCS 2319-C.

Given the ~15” beam at 850um, we search for radio and 24um emission within 10"
of the SCUBA-2 positions, ensuring we detect all possible counterparts (lvison et al.,
2007; Biggs et al., 2011). While a 10” search radius is generous, in practice we find
that all the counterparts to >40 SMGs are within 6”, with an average offset of 3”.
We robustly detect a 24um and/or radio counterpart for 20 of the 29 (70%) sources
within our catalog. Of the remaining SCUBA-2 detections, eight lack MIPS coverage
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(and have no radio detection), and one source eludes any counterpart emission. For
cases where multiple 24pm sources are detected within the search area (and no radio
emission), we assign the nearest source as the most likely counterpart, which in all

< 40 occurrences is also the brightest 24um detection within the search area.

Counterpart SPIRE emission can further verify the validity of each SCUBA-2
source, although it is not a requirement as 20-60% of z > 2 SMGs are undetectable
with SPIRE (Casey et al 2012)). Given the large SPIRE beam, we search within
the entire SCUBA-2 beam for 250-500um emission, resulting in detections in one or
more SPIRE bands for 18 of the 29 850um sources. Four of the SMGs lacking MIPS
coverage or a radio counterpart are detected with SPIRE, yielding a final catalog of
24 (80%) SCUBA-2 sources with counterparts in another band. Any emission that
is blended or confused in SPIRE is omitted from the counterpart catalog for the
purposes of far-IR SED fitting (see . Postage stamps of 36” x 36” are shown
in Figures [5.4 and to illustrate the counterpart identification process for the eight
SMGs in the overdensity around RCS2319-C (see Section [5.3.2]

5.3.2 Evidence of a Line-of-sight, Submillimetre-bright Protocluster

The 30" SCUBA-2 and SPIRE maps are large enough to enable us to examine the
spatial distribution of submm galaxies. The average surface density of 850um sources
across the 30" RCS 2319400 field is consistent with that expected from the number
counts measured in blank-field submm surveys (Coppin et al., [2006); however, it is
clear that there are large variations in the local surface density on scales of several
arcminutes. Indeed, there appears to be a local relative overdensity of 850um detec-
tions in the vicinity of RCS 2319-C. To quantify this, we create a Gaussian smoothed
(0 = 4’) surface density map, normalized to the fractional overdensity of SMGs:

dpeak = (p — p)/p, where p and p are the local and mean galaxy density (Figure [.1).
There is a dpeax = 3.5 close to RCS2319-C. Although clearly this is a local maxi-
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Figure 5.4 Postage stamps of 36” x 36" for the four SMGs detected with the highest
significance in the overdensity centered on RCS2319-C. The gray scales correspond
to 850 um, 250 ym, 24 pm, 3.6 pm, and 2.2 um, from left to right. The white circles
represent the 10” search radius used to identify likely counterpart emission to each
SMG. The pink contours on the 850 um image represent 1.4 GHz detections from
the radio map, starting at 45 pJy and increasing by levels of 20 puJy. Overlaid on
the 250 pm image are 350 ym and 500 pm contours in blue and orange, respectively.
The levels of the contours differ between each image, but are shown to illustrate
the increased level of blending and confusion at longer wavelengths, especially for
the lower signal-to-noise sources. The green circles represent 24 um detections with
the 6” radius signifying the MIPS point spread function. The cyan (purple) squares
correspond to detections at 3.6 um (2.2 um), and have a 2” radius. These last two
wavelengths (3.6 and 2.2 um) are not used in the counterpart identification process

but are shown for completeness. The pink cross in all images marks the position of
the SMG.
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Figure 5.5 Postage stamps for the four remaining SMGs within the overdensity. The
symbols are the same as Figure

mum of the SMG density within our (still relatively small) field, how significant is it?
To address this, we generate 1000 simulated catalogues of the same size as the real
map, and with the same source density as the detected SMGs. In addition to the shot

noise properties of the sources, we also include the effects of clustering on linear scales,

assuming a redshift distribution from (Chapman et al., |2005) and bias factor match-

ing the current best estimate for 850um-selected SMGs (Hickox et al., 2012)). We
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check the clustering properties of the fake catalogues by applying the Landy-Szalay
estimator (Landy and Szalay||{1993), which counts the number of galaxy-galaxy (DD),

random-random (RR), and galaxy-random (DR) pairs at various angular scales:

_ DD -2DR + RR

w(0) R

(5.1)

In Figure , we find the angular correlation function w(f) from our simulated cat-
alogs (red circles) to be consistent with the linear bias from Hickox et al. (2012)) at
6 = 1’, matching the scale of the candidate protocluster. We expect the roll-off at
low angular scales where the one-halo term dominates since our dark matter density
fields only included the two-halo term given we were interested in clustering on larger
scales.

From each independent catalogue realisation, we evaluate the convolved surface
density estimate, as described above. The total number of density peaks found with
0 = dpeak 1s an estimate of the significance of finding a local overdensity of magnitude
3.5 or greater in our map. We find nine such peaks over all 1000 realisations, meaning
the SMG overdensity is very unlikely to be due to Poisson noise or clustering from
large scale structure, significant at a level of 99%. In other words, such a structure
is rare, even given the known correlation function of SMGs, and thus could point to
the presence of a real physical association of SMGs tracing a highly biased structure.
In Figure [5.7, we show the fractional over density for the real map compared to two
examples in the simulated catalogs: one of the nine cases where we find a dpeax = 3.5
and one case with no such peak.

With four submm bands, we can also compare the submm colours of the SMGs
around RCS 2319-C to test if they have similar far-IR SEDs (and therefore possibly
similar redshifts) in addition to a spatial correlation. In Figure , we plot the SPIRE
and SCUBA-2 colours of 11 SMGs that are detected in all three SPIRE bands. We

do not include 8 sources that have blended SPIRE emission. The sources within the
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Figure 5.6 The angular autocorrelation function for SMGs with a linear bias of 3.37 +
0.82 (solid gray band) as derived in Hickox et al.| (2012)). Also shown is the dark
matter correlation function (dashed line). We compute the Landy-Szalay estimator
in our simulated dark matter density field with an input bias of 3.37 to check the
clustering is consistent with that of SMGs from |Hickox et al.| (2012).

overdensity are highlighted in pink, and lie at the higher redshift end of the colour
distribution compared to the other SMGs in the field. SMM J2319.1 and SMM J2319.6
are quite distinct, while SMM J2319.16 tends towards the bluer end of the Sas0/S350

distribution, but is still within ~1¢ of the other putative protocluster galaxies.

We estimate the redshifts of these sources by fitting to the submm photometry,
assuming the SED can be modeled by a single temperature modified blackbody, with a
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Figure 5.7 The surface density map showing the fractional over density of SMGs in
the real map (top panel), and for two of the 1000 realisations of simulated clustered
catalogs (bottom panel). The left map illustrates a case where the simulations produce
a peak of = 3.5 (< 1% of the time), while the right map demonstrates the remainning
99% of the catalogs that show less clustering than the real map. The contours shows
fractional over density levels starting at -0.25 and increasing by 1.0.
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Figure 5.8 Submm/far-IR colour ratios for all SMGs that have unblended SPIRE
counterpart emission in the top panel, and solely SPIRE colours in the bottom panel.
Both plots show the change of these colour ratios (gray line) with redshift using the
median luminosity template from |Chary and Elbaz| (2001), where the navy squares
denote z = 2.5,2.9,3.5. The possible protocluster members are highlighted in pink,
and are at the higher-z end of the distribution with similar far-IR/submm colours.
Confusion errors are not shown for clarity.

smooth transition into a power law (S,ocv~2) on the Wien side, where dlogS,, /dlogr <
—2. Because of the degeneracy in the z—T—( parameter space, we perform three fits,
each time only allowing z and T to be free parameters (20 < T' < 60 K), while fixing

f at 1.5, 1.75 and 2, spanning the likely range of real galaxies (Dunne et al., 2000)).

We further improve upon the estimate by putting prior constraints on z and T

from independent measurements, as shown in |[Roseboom et al. (2012). We estimate a
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submm-radio photo-z using the spectral index relation from |Carilli and Yun| (1999):

—0.24 — o0k
log(1 = =GHz 5.2
Og( * Z> 0.42 x (aradio - asubmm) ( )

assuming oy 4cn, = —0.8 (Ibar et al., 2008)), agsom = 5+ 2, and a typical uncertainty
of Az = 1.0 (Aretxaga et al.,[2007)). We compute af?fgl‘{“z from the ratio of the observed

flux densities:

850um log (5850um/ Sl.4GHZ)
Ldan, — : (5.3)
© log(Vssoum/V1.46m,)

We also simultaneously measure the total rest-frame IR luminosity to estimate Sgo,/S100

using the empirical relation in |(Chapman et al.| (2003):

L, LTIR)

+vlog | 1+ . 5.4
LTIR) gl g( I (54)
We adapt the fit values from a SPIRE-selected sample from Roseboom et al.| (2012)
with C, = 0.45, § = —0.02, L, = 5 x 10!°Lg, and v = 0.16. We then convert the

10g(S60”m) = log C, + ¢ log (1 +

SlOOum

flux ratio into a dust temperature from the modified blackbody described above and

conservatively assume a 10 K scatter in T}.

This fitting algorithm greatly reduces the degeneracy between z and Ty and pro-
duces typical uncertainties of Az = 0.6 and AT; = 8 K. The best fit SEDs are shown
in Figure[5.9] The lowest values of x2/v yield z =[3.5, 2.9, 2.5] and T; =[48, 43, 41] K
for SMMs J2319.1, J2319.6, and 2319.16, respectively. These redshifts are all within
~ 1o and further support the existence of an SMG protocluster behind RCS2319-C at
z > 2.5. Although this redshift range is representative of the typical SMG (Chapman
et al. [2005), we emphasize the similarity of submm colours for these SMGs, which
isolates them from the rest of the sample through a consistent comparison. The SED
fit also provides an estimate of the IR luminosity which can be converted to a SFR

(Salpeter IMF; Kennicutt], (1998a); we find all three candidate protocluster members
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are highly active, with SFRs of 2500, 1100, and 500 Mg yr—!(assuming no AGN con-
tamination). We note that these could be over estimated if any of the SMGs are

strongly lensed.

5.3.3 A Submillimetre-bright, Strongly Lensed Galaxy

Within this putative protocluster lies the brightest 850um source in the catalogue,
SMM J2319.1, with Sgso = 12.05 + 1.56 mJy. This source is only 28" away from
the X-ray peak of RCS2319-C (Lx = 3.6705 ergs™; [Hicks et al., 2008), and could
be strongly lensed by the cluster potential, though it is only 1.5x as bright as the
second brightest protocluster member. SMM J2319.1 is coincident with an extremely
red spur-like feature—possibly the optical/near-IR counterpart to the SMG. It is
considerably redder than the red-sequence galaxies in the cluster, implying that it is
probably at higher redshift. Indeed, the SED fit places this source at z = 3.5, although
(sub)mm spectroscopic identification will be required to accurately determine the
redshift. SMM J2319.1 might have its flux and projected size boosted by lensing — it
is thus an excellent target for detailed, high signal-to-noise follow-up in the (sub)mm-
cm regime which can reveal a wealth of information on the physical conditions within
distant galaxies (e.g., Cox et al., 2011; |Omont et al. 2011; Fu et al., [2012; Vieira
et al., 2013).

In Figure we present a gK[4.5] composite image of the cluster core. 850um
S/N contours mark the position of the galaxy. There are hints of a blue arc-like
feature around the BCG, indicating that this may be a strong lensing cluster. We lack
an accurate mass model for this cluster (high-resolution optical imaging only exists
for RCS2319-A), but assuming an isothermal sphere with o, = 759kms™! (Faloon
et al., [2013) and z = 3.0 for the source plane, we calculate an Einstein radius of ~ 9”,
which is consistent with the distance between the BCG and blue arc. We emphasize

that the projected overdensity of SMGs around RCS2319-C could also be due to
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Figure 5.9 Modified blackbody fits to the SPIRE and SCUBA-2 fluxes for the three
possible protocluster members, using the technique described in Section [5.3.2] The
parameters for the best fit values with f fixed at 1.5 (blue), 1.75 (green) and 2.0 (red)
are listed in each panel. The lowest reduced x? values are given by z = [3.5,2.9,2.5] &+
0.6 and Ty = [48,43,41] + 8 K for SMMs J2319.1, 2319.6, and 2319.16, respectively.
We note that SMM J2319.1 has only a weak radio detection, just below the catalogue
limit; we therefore assign it the 3o rms limit of 45uJy.
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boosted counts from lensing of the random field, rather than a physical protocluster
(spectroscopic confirmation will answer this question). However, the peak of the
overdensity is offset from the core of RCS2319-C by >1’, while the average lensing
magnification beyond the central 30” is expected to be < 2 for similarly massive

clusters (Noble et al., 2012).
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Figure 5.10 A ¢K[4.5] colour composite (from CFHT and IRAC) of the centre of
RCS 2319-C, showing the position of with SMM J2319.1, the possible lensed SMG
(850um S/N contours starting at 5o, increasing by levels of 10), Note the very red
optical /near-IR emission coincident with the SCUBA-2 detection. We highlight the
BCG, with a blue arc-like feature to the south, further indicating that this could be
a strong-lensing cluster.
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5.4 SUMMARY

This Letter presents the first wide-field SCUBA-2 850um map of a high-z galaxy clus-
ter field. We target a rare, three-component supercluster at z = 0.9 - RCS 2319+00 —
detecting 29 SMGs, the majority of which have robust counterparts at 24um, 1.4 GHz
and/or in the Herschel-SPIRE bands. Previous work on RCS 2319400 has focused on
the northern core, RCS 2319—A, which is a well-known strong-lensing system, whereas
the new SCUBA-2 map reveals that RCS2319-C, the southern-most component, also

has some interesting traits. We make two discoveries:

1. RCS2319-C has features indicative of a strongly lensing cluster, with a distinct
blue arc just below the BCG (at a radius consistent with the Einstein radius
expected for this cluster). We report the discovery of a bright (Ssgs0 ~ 12mJy)
SMG 28" from the core, associated with a very red optical /near-IR counterpart
that is likely to be a lensed galaxy at z ~ 3. Thus, it offers the rare opportunity
to study the properties of the SMG in much finer detail than would otherwise
be possible.

2. There is a significant local overdensity of SMGs in the vicinity of RCS2319-
C, with a peak of 4 = 3.5 in density contrast when smoothed at 4. Sim-
ulations indicate that there is a <1% chance of finding a similar structure
in a (clustered) blank field of the same area. We estimate the redshifts for
three of the sources within this overdensity by fitting the observed 250-850um
photometry with a modified blackbody SED, finding them consistent with
2.5 < z < 3.5. They have high IR luminosities, corresponding to SFRs ranging
from 500 — 2500 Mg yr~!. We speculate that the SMGs are part of a physical
association at z ~ 3, perhaps signposting a starbursting protocluster along the
line of sight to RCS2319-C. This scenario is supported by recent clustering

measurements which predict the formation of SMGs in compact protoclusters
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(Maddox et al |2010). Indeed, SMGs have been found to trace the underlying

distribution of Lyman-a emitters in a z ~ 3.1 protocluster (Tamura et al.,[2009)

and in some cases are physically associated with Lya Blobs in these enviroments

(Chapman et al., 2001} |Geach et al., 2005).
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CONCLUSIONS

6.1 SUMMARY

In this thesis we have studied multiple aspects of galaxy evolution within cluster
environments through several observational windows in the infrared and submillimetre
regimes. We are currently in a golden age of rich observations at these wavebands,
enabled by the advent of cutting edge instruments and facilities, including those
used in this work: Spitzer, Herschel, and SCUBA-2. As discussed in Chapter 1,
observations from 1-1000 yum are providing critical new insight into the evolution
of galaxy properties, tracing star formation activity that is otherwise obscured at
ultraviolet and optical wavelengths. Infrared and submillimetre observations are of
particular importance at high redshift (z > 1) where the peak epoch of star formation

in the Universe occurs, and luminous infrared galaxies dominate the energy budget.

Understanding the influence of environment represents a fundamental goal in stud-
ies of galaxy formation and evolution, and galaxy clusters offer ideal laboratories with
which to examine environmental effects on their constituent members. In a Universe
governed by hierarchical structure formation, clusters continually evolve and build up
mass through the accumulation of galaxies and groups. As such, various accretion
histories for galaxies within clusters likely result in differing interactions with the
intracluster medium. A suitable definition of environment must therefore account for
the various phases of galaxy accretion, and is crucial in order to accurately assess

environmental significance on galaxy evolution.

125
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A dynamical definition for environment based on the phase space of line-of-sight ve-
locity and clustercentric radius offers a unique snapshot of distinct galaxy populations
that are accreted throughout the cluster’s lifetime. It therefore provides a sampling of
environmental interactions with homogenous populations, probing the time-averaged
density to which a galaxy has been exposed. We introduced this “caustic” definition
of environment in Chapter 3 (Noble et al., 2013b), highlighting its utility for isolat-
ing infalling galaxies from those that were accreted at the earliest stages of cluster
formation (or even formed in situ). Conventional definitions of environment—nearest
neighbor density or clustercentric radius—have high levels of contamination from
recently accreted objects that appear to be in the cluster core due to projection. As-
suming infalling galaxies still retain a nominal level of star formation, and are not yet
affected by the cluster environment, projection-induced contamination can artificially
boost estimates of the specific star formation rate in the cluster core. With a stel-
lar mass-limited sample of Spitzer-MIPS 24 ym star-forming galaxies, we identified
trends in stellar age and specific star formation as a function of caustic environment,
T/r900 X Av/o, in a z = 0.871 cluster, thereby isolating distinct galaxy populations
which are more likely to have homogenous properties. This results in a 0.9 dex de-
cline of specific star formation in the earliest accreted galaxies within the cluster core,

contrary to the flat trend that results from conventional probes of environment.

We extended this caustic analysis to a larger sample of three z = 1.2 clusters in
Chapter 4 with Herschel-PACS and -SPIRE data. Observations from 100 to 500 pym
straddle the peak of the thermal portion of the spectral energy distribution, facili-
tating accurate estimates of the infrared luminosity. We stacked the Herschel maps
at the locations of galaxies with [OII] emission, which is indicative of ongoing star
formation, and divided the sample into the three phase-space bins determined from
Chapter 3. From the spectral energy distribution of each stack, we derived dust tem-

peratures, infrared luminosities, and specific star formation rates. Once again, an
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order of magnitude depression in specific star formation rate with descending phase-
space bin was revealed, confirming the results from Noble et al. (2013b). We also
investigated the dust temperatures as a function of environment, finding the interme-
diate population to have a significant drop in temperature (28 + 4.3 K) compared to
the recently accreted population (48 +4.5K), and to a lesser extent compared to the
virialized galaxies which have a large dust temperature uncertainty (53 + 12 K). We
presented a plausible interpretation for quenching mechanisms, suggesting that ram-
pressure stripping acts on the intermediate population, while gradual strangulation

results in reduced star formation rates for the virialized population.

Chapter 5 presented a study of a z ~ 0.9 three-component merging supercluster
using SCUBA-2 (850 um) on the JCMT and Herschel-SPIRE (250, 350, and 500 pym)
data. We serendipitously discovered an overdensity of submillimetre-bright galaxies
which exceed the average source density in the field by a factor of 4.5. From the
far-infrared to submillimetre photometry, we derived the best-fit spectral energy dis-
tributions to estimate dust temperatures and redshifts. The overdensity is consistent
with a background population at z ~ 3 and has significant star formation activity,

ranging from 500-2500 Mg yr—.

Given a < 1% chance of randomly finding such
a strong density, even after accounting for the inherent clustering of submillimetre
sources, we speculated that this structure is either a significant population of lensed

submillimetre galaxies or a starbursting protocluster in a rapid phase of growth.

6.2 FUTURE WORK

The next wave of galaxy evolution studies lies in the coupling of star formation activ-
ity with molecular gas reservoirs at high redshift to determine how this relationship
evolves with time. The current and future crop of novel telescopes, namely the Ata-
cama Large Millimeter Array (ALMA) and CCAT, can offer valuable insight toward

this aim through sensitive continuum and line emission. The lower rotational tran-
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sitions of carbon monoxide (*2CO) provide an excellent tracer of the total cold gas
content, while higher order transitions probe the denser gas.

Although the repository of CO emission lines at high redshift has steadily expanded
with the advent of sensitive millimetre-wave arrays, it predominately comprises the
most active and intrinsically luminous galaxies, namely SMGs and quasars (e.g.,
Riechers et al., [2006; Hainline et al., [2006; [Ivison et al.| 2010; |Vieira et al., 2013)). Such
systems are thought to be highly efficient at converting their gas into stars (e.g.,|Greve
et all |2005). Until recently, a dearth of CO detections at intermediate and higher
redshifts in typical star-forming galaxies has hindered a complete understanding of
this important parameter space.

Indeed, studies have only recently begun to shed light onto the correlation between
molecular gas and star formation at higher redshift, although mostly in the field
(Daddi et al., 2008], 2010; Dannerbauer et al., [2009; Aravena et al. 2010; Tacconi
et al., 2010; Combes et al. 2011; [Pope et al. 2013). Cluster galaxies have been less
studied, with only a handful of CO detections in total (Geach et al.,|2009, 2011; Wagg
et al., 2012)). There is now mounting evidence that typical high-redshift galaxies fuel
star formation through larger gas reservoirs at early epochs, rather than inherently
greater star formation efficiencies, and are thus more similar to local quiescent spirals.
Moreover, there appears to be a steep decline in the fraction of molecular gas in
massive galaxies (2 10'° My) since z ~ 2. A missing key component of these studies
is star-forming LIRGs within galaxy cluster cores at the epoch with which we expect
star formation to begin to peak in high-density regions, z 2 1. Within these dense
environments, an understanding of the available reservoir of molecular gas is crucial
in order to constrain the various quenching mechanisms. Exploring this new frontier
of CO emission lines in the highest-density regions at z > 1 holds the promise of
exciting discoveries, and can provide a clear narrative of star formation histories in

some of the rarest structures in the Universe.
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