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ABSTRACT

This thesis focuses on how a galaxy’s environment affects its star formation,
from the galactic environment of the most luminous IR galaxies in the universe
to groups and massive clusters of galaxies.

Initially, we studied a class of high-redshift galaxies with extremely red optical-
to-mid-IR colors. We used Spitzer spectra and photometry to identify whether the
IR outputs of these objects are dominated by AGNs or star formation. In accor-
dance with the expectation that the AGN contribution should increase with IR
luminosity, we find most of our very red IR-luminous galaxies to be dominated
by an AGN, though a few appear to be star-formation dominated.

We then observed how the density of the extraglactic environment plays a role
in galaxy evolution. We begin with Spitzer and HST observations of intermediate-
redshift groups. Although the environment has clearly changed some properties
of its members, group galaxies at a given mass and morphology have comparable
amounts of star formation as field galaxies. We conclude the main difference be-
tween the two environments is the higher fraction of massive early-type galaxies
in groups.

Clusters show even more distinct trends. Using three different star-formation
indicators, we found the mass—SFR relation for cluster galaxies can look similar
to the field (A2029) or have a population of low-star-forming galaxies in addition
to the field-like galaxies (Coma). We contribute this to differing merger histo-
ries: recently-accreted galaxies would not have time for their star formation to
be quenched by the cluster environment (A2029), while an accretion event in the
past few Gyr would give galaxies enough time to have their star formation sup-

pressed by the cluster environment.
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Since these two main quenching mechanisms depend on the density of the
intracluster gas, we turn to a group of X-ray underluminous clusters to study how
star-forming galaxies have been affected in clusters with lower than expected X-
ray emission. We find the distribution of star-forming galaxies with respect to
stellar mass varies from cluster to cluster, echoing what we found for Coma and
A2029. In other words, while some preprocessing occurs in groups, the cluster

environment still contributes to the quenching of star formation.
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CHAPTER 1

INTRODUCTION

As with many of science’s greatest discoveries, galaxy clusters were originally
found by accident. Charles Messier, in the eighteenth century, was looking for
comets, which appeared as fuzzy objects on the sky. He found that some of these
fuzzy objects were not comets and were in the same place every night. Not want-
ing to confuse these with the comets he was looking for, he called them “nebu-
lae” and organized them into the now well-known catalog that bears his name
(Messier, 1784). This catalog included objects both inside and outside our own
galaxy, from true nebulae to galaxies and, in one case, a massive cluster of galax-
ies, known today as the Virgo cluster. At the same time, Sir Friedrich Wilhelm
Herschel was also observing these nebulae, though he was more interested in
the nebulae themselves than Messier. In 1785, he noted a collection of nebulae
in Coma Berenices, which would later be known as the Coma cluster (Herschel,
1785).

Hubble’s classifications, along with proof that these nebulae (galaxies) were
outside of our own, opened the door for the study of large collections of galax-
ies (Hubble 1926; Hubble 1929). It wasn’t until the 1950s, however, when clus-
ter research truly took off. Thanks to Abell’s famous catalog of nearby galaxy
clusters—a sample that is still used to this day—it became easier to study global
trends in these densest regions of the universe (Abell, 1958). (For more about
the history of cluster research, see the much more comprehensive overview of
Biviano 2000.)

Astronomers began to confirm trends from prior research using a much larger

sample of clusters. Several groups noticed that clusters tended to contain more
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early-type galaxies than the field (e.g., Hubble & Humason 1931; Spitzer & Baade
1951; Morgan 1961; Oemler 1974). More specifically, Abell (1974) noted that clus-
ters with a large, central elliptical (cD) tended to be more spherical in shape,
with a well-defined center. Clusters with more spiral galaxies were, overall, more
irregularly-shaped without a well-defined center or density gradient (Abell 1974;
Oemler 1974). The increased fractions of early-type and decreased fractions of
late-type galaxies from the least to most dense regions in the universe has be-
come known as the morphology—density relation (e.g., Dressler 1980; Whitmore
et al. 1993; van der Wel et al. 2007; Tempel et al. 2011).

At the time of Hubble’s classifications, it was known that spiral galaxies housed
young, blue stars and elliptical/lenticular galaxies (E/S0) were dominated by
older, red stars. As expected given the morphology—density relation, astronomers
found that cluster galaxies tended to be redder, more massive, and have less star
formation than galaxies in the field, even at higher redshifts (Kennicutt 1983a;
Balogh et al. 1997; Hashimoto et al. 1998; Poggianti et al. 1999; Lewis et al. 2002;
Goémez et al. 2003; Christlein & Zabludoff 2005; Bai et al. 2009; Tempel et al.
2011).

Clearly, the dense environment of clusters had an effect on the galaxies that
fell into the potential, but what part of the cluster environment was responsible
for these changes?

Spitzer & Baade (1951) suggested collisions between galaxies stripped inter-
stellar material (ISM) from the galaxies themselves, preventing them from becom-
ing spirals with young stars and, instead, turning them into galaxies with only
older stars. This would explain the much larger fraction of SO galaxies in clusters.
Indeed, mergers and tidal interactions between galaxies—and between galaxies

and the cluster—can greatly affect galaxy morphology and star formation rates
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(SFRs; Barnes & Hernquist 1996; Henricksen & Byrd 1996; Mihos 2004; Conselice
2006).

Once Limber (1959) considered that there must be excess gas among the galax-
ies of clusters (and subsequently discovered in Coma by Meekins et al. 1971 and
Gursky et al. 1971), others began to wonder how such an intracluster medium
(ICM) might affect galaxies captured by the cluster potential. Cowie & Songaila
(1977) suggested the ICM could heat the gas in a galaxy enough for it to evap-
orate. A galaxy radially falling into a dense cluster could have almost all of its
gas removed by the ram pressure from the ICM (Gunn & Gott 1972; Kinney et
al. 2004; van Gorkom 2004; Sivanandam et al. 2010) or perhaps only its hot outer
halo of gas removed (Larson et al. 1980; Balogh et al. 2000; Kawata & Mulchaey
2008; McCarthy et al. 2008). All of these mechanisms would cause star formation
in a spiral galaxy to cease in anywhere from several Myr to a few Gyr and form
either a passive spiral or an S0. (See Boselli & Gavazzi 2006 for a more complete
assessment of the various star-formation quenching mechanisms.)

Not all clusters have strong X-ray emission, however. Recent studies have
shown that X-ray selected clusters show a trend in terms of their mass and X-ray
luminosity (Lx), but there is a population of clusters (typically optically-selected)
with lower Lx than expected given this relation (e.g., Balogh et al. 2002; Basilakos
et al. 2004; Lubin et al. 2004; Popesso et al. 2007; Dietrich et al. 2009; Castellano
et al. 2007). Whether these clusters are X-ray underluminous because they are in
the process of forming (Balogh et al. 1997; Popesso et al. 2007) or experiencing a
massive merger event (Barrena et al. 2002; Clowe et al. 2004; Popesso et al. 2007),
the star forming galaxies may react differently in these environments.

But, as it turns out, clusters aren’t the only environment where galaxy mor-

phology, color, and SFR can be affected. Galaxy groups have been found to
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be intermediate between isolated and cluster galaxies in more than just den-
sity. Zabludoff & Mulchaey (1998), Wilman et al. (2009), and others have found
that the proportion of early-type galaxies in groups can range from typical val-
ues of the field to those of clusters. These findings agree with prior ones that
show galaxies can be “pre-processed” in groups before they enter the cluster en-
vironment (Zabludoff et al. 1996; Zabludoff & Mulchaey 1998; Lewis et al. 2002;
Goémez et al. 2003; Kawata & Mulchaey 2008). Just et al. (2010) confirmed the in-
crease in SOs with decreasing redshift occurs in moderate-mass groups and poor
clusters.

Despite all the research up to this point, it is still unknown not only what
mechanism is most responsible for these galaxy transformations but in what en-
vironment they are most likely to occur or where most of the changes take place.

Many new telescopes and instruments have aided in the search for answers to
these questions. The Hubble Space Telescope’s sensitive cameras provide a clearer
view of distant galaxy morphologies. Multi-object spectrographs (MOS) allow
researchers to determine the redshifts of large numbers of galaxies, which is nec-
essary for accurately identifying cluster and group members.

The Spitzer Space Telescope, however, opened wide the door to mid- and far-
infrared (MIR and FIR, respectively) astronomy that has up until recently re-
mained mostly closed. While SFRs can be estimated using other wavelengths,
such as optical (e.g., Ha) and the ultraviolet (UV), they require corrections for
dust obscuration that are often uncertain at best. IR observations do not require
such corrections, and the 24 ym waveband, specifically, correlates with total IR
luminosity (L;g; integrated luminosity from ~8 to 1000 ym), making it a good es-
timator of the total SFR in a galaxy (Rieke et al., 2009). The Infrared Array Camera
(IRAC; Fazio et al. 2004) and Infrared Spectrometer (IRS; Houck et al. 2004) al-
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low us to identify star-forming galaxies and active galactic nuclei (AGNs) with
photometry (3.6, 4.5, 5.8, and 8.0 m) and spectra (5.2 to 38 um), respectively. The
Multiband Imaging Photometer for Spitzer (MIPS; Rieke et al. 2004) probes total
star formation and the Wien side of the IR peak (24, 70, and 160 pm).

Still, the IR can underestimate SFRs at very low levels due to higher fractions
of unobscured star formation in such systems, so to accurately estimate star for-
mation from the lowest levels to the brightest IR galaxies, it is best to use a variety
of wavelengths, if possible. Here, we focus on the MIR (~5 to 40 ym) for higher-
redshift galaxies (z > 0.3) and include optical/UV wavelengths with the IR for
nearby galaxies, where observing in multiple bands is both easier and more use-
tul for detecting low levels of star formation.

In this thesis, we begin by studying the brightest IR objects in the universe:
a sample of ultraluminous and hyperluminous infrared galaxies (ULIRGs and
HyLIRGs) with very red optical-to-mid-IR colors, making them true “IR galax-
ies.” These galaxies are most common at higher redshifts (1.5 < z < 3.0) and
extremely rare locally. What powers the IR emission in these extreme galactic en-
vironments is up for debate. The brightest are found to have at least some AGN
component. But how much of the IR emission is from AGNs and how much from
pure star formation? In Chapter 2, we select eleven of the brightest IR galaxies
(with respect to optical emission) in the Bootes field to try to identify the domi-
nant source of their IR emission.

The thesis then turns to galaxy properties in large-scale environments. Chap-
ter 3 focuses on a selection of galaxy groups at 0.3 < z < 0.55 from the Second
Canadian Network for Observational Cosmology (CNOC2) survey. Our goal is
to see just how groups at intermediate redshift differ from the field and clusters

in terms of their morphologies and IR star-forming galaxies.
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Chapter 4 moves up another notch on the density scale to massive clusters (M
> 10" M,). Here, we study star formation in Abell 2029 and Coma using Ha, far-
UV (FUV), and MIR. The multiwavelength SFRs give us a more complete picture
of star formation in these clusters than focusing on one wavelength alone.

We then switch to a sample of XUCs for Chapter 5 to probe how the lower
levels of X-ray emission in these clusters affect star forming galaxies differently
than in bright X-ray-emitting clusters (if at all). This and the previous chapter
should narrow down the mechanism by which star formation is quenched in
these most dense environments.

Finally, in Chapter 6, we summarize our findings and look to future observa-
tions and technologies to further our understanding of galaxy environments and

how these regions affect the populations therein.
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CHAPTER 2

STAR FORMATION AND AGN ACTIVITY IN THE GALACTIC ENVIRONMENT OF

ULIRGS AND HYLIRGS

(Tyler et al. 2009, Ap], 691, 1846)

We present new 70 and 160 ;m observations of a sample of extremely red (R-
[24] % 15 mag), mid-infrared bright (f24ym = 1 mJy), high-redshift (1.7 < z < 2.8)
galaxies. All targets detected in the far-IR exhibit rising spectral energy distri-
butions consistent with dust emission from obscured AGN and/or star-forming
regions in luminous IR galaxies. We find that the SEDs of the high-redshift
sources are more similar to canonical AGN-dominated local ULIRGs with signif-
icant warm dust components than to typical local star-forming ULIRGs. Fitting
modified blackbody curves to the data, the inferred IR (8 — 10004m) bolometric
luminosities of the high-z sources are found to be Ly, ~ 3 x 10'? to 3 x 10" L,
(ULIRGs/HyLIRGs), representing the first robust constraints on Ly, for this class

of object.

2.1 Introduction

The Spitzer Space Telescope (Werner et al., 2004) has revealed a large number of
Luminous, Ultraluminous, and Hyper-luminous Infrared Galaxies' out to z ~ 3.
These objects have some of the highest IR luminosities known. Initially studied at
mid-IR wavelengths from the ground by Rieke & Low (1972), this class of source
has since been studied and catalogued using facilities like IRAS, ISO, SCUBA,
and Spitzer (Soifer et al. 1987; Smail et al. 1997; Blain et al. 1999; Elbaz et al.

ILIRGs: 10" Ly, < Lig < 102 Ly, ULIRGs: 102 Ly, < Lz < 103 Ly, and HyLIRGs: Ly >
10" L, respectively, where L, is determined from 8 to 1000 ym.
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1999; Sergeant et al. 2001; Dole et al. 2001; Farrah, et al. 2003; Le Floc’h et al.
2005; Brand et al. 2007). While rare in the nearby universe, they contribute sig-
nificantly to the cosmic infrared background (CIRB) and star formation density
at high redshifts (Chary & Elbaz 2001; Franceschini et al. 2001; Blain et al. 2002;
Lagache et al. 2003).

To better understand galaxy evolution, especially the high-redshift stages, we
need to better understand these IR-luminous sources. However, the mechanism
that powers such intense IR emission in these objects remains ambiguous. In
the local universe, ULIRGs tend to consist of interacting galaxies and are often
powered by both AGN and star-formation activity (Genzel et al. 1998; Lutz et al.
1998; Laurent et al. 2000; Armus et al. 2006, 2007). The most luminous sources are
typically dominated by AGN. Are the high-redshift, IR-luminous sources simply
analogs to their local counterparts? Are they powered by a mixture of obscured
AGN and embedded star formation? Or is the trend toward AGN dominance
with increasing luminosity continued with the very energetic sources accessible
at high redshift (Lutz et al. 1998; Tran et al. 2001)?

AGN and starbursts are characterized by quite different spectral signatures.
The mixture of these signatures in ULIRGs and HyLIRGs leads to complex SEDs,
and it can be hard to make predictions of their behavior due to the difficulty
of separating the AGN and star-forming components. Observations throughout
the electromagnetic spectrum are needed to get an accurate understanding of
the respective contribution of star-forming and nuclear activity powering their
bolometric output. In particular, it is crucial to observe these objects in the mid-
and far-IR since this is the wavelength range where the bulk of their bolometric
luminosity is released.

Previous studies have used spectra from the Infrared Spectrometer (IRS) on
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Spitzer (Houck et al., 2004) to predict the excitation mechanism and far-IR emis-
sion of these high-redshift, IR-luminous objects (Houck et al. 2005; Yan et al.
2005). While this may be reasonably accurate for heavily star-forming galaxies,
the mixture of AGN and star-formation in ULIRGs results in a more complex IR
SED that may not be accurately reflected at the mid-IR wavelengths accessed by
IRS. Far-IR observations are needed to constrain the behavior of these sources
more completely.

This paper reports far-IR (70 and 160 ym) measurements of one of the most
elusive subsets of these galaxies: objects with extremely high mid-IR luminosity
but that are exceptionally faint in the observed visible region, located at high red-
shift (at 1.7 < z < 2.8). Assuming the high-redshift objects have similar SEDs as
nearby objects with similar AGN and star-forming components, we estimate the
roles of these components in the high-redshift objects from fitting the low-redshift
SEDs. In analyzing their properties, we assume the cosmological parameters H

=70km s~ Mpc!, Qy = 0.3, Q4 =0.7.

2.2 Sample & Data Reduction

The Bodtes field of the NOAO Deep Wide Field Survey (NDWEFS; Jannuzi & Dey
1999) has been observed using the Multiband Imaging Photometer for Spitzer
(MIPS; Rieke et al. 2004) to search for IR-bright galaxies with faint or no optical
counterparts (R > 25 mag; Houck et al. 2005). We identified 30 objects char-
acterized by very red optical-to-mid-IR colors (R — [24] % 15) and identified by
IRS to have redshifts from 1.7 < z < 2.8 (Houck et al., 2005). These galaxies
were selected to be, on average, 5 to 10 times brighter in the mid-IR (fo4ym =1
m]y) than sources pre-selected by SCUBA /VLA, but they inhabit a comparable
redshift range (Chapman et al. 2003, 2005; Egami et al. 2004; Pope et al. 2006).
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We report deep observations® with MIPS at 70 and 160 um of 20 sources ran-
domly distributed to be generally representative of this sample. Nineteen have
detections or upper limits at 70 or 160 ym, of which 11 have known redshifts and
IRS spectra (Houck et al., 2005).

The data for these 20 sources were reduced using version 3.06 of the MIPS
Data Analysis Tool (DAT; Gordon et al. 2007). In addition to the standard pro-
cessing discussed in this paper, additional corrections for the 70 m data were
applied as described in Gordon et al. (2007). We measured the flux density of
each source at 70 ym and 160 ym using the PSF fitting routine ALLSTAR in the
IRAF? environment. At 70 um we chose a source aperture (radius) of 16 arcsec
and sky aperture of 39-65 arcsec and corrected for flux lost in the wings of the
PSF (Gordon et al., 2007). Similar procedures were used at 160 ym, with a source
aperture of 30 arcsec, a sky annulus from 32-56 arcsec, and correction for lost sig-
nal as described in Stansberry et al. (2007). Errors were estimated by measuring
background flux in apertures outside the source PSF but inside the area of the im-
age with complete coverage (full exposure). Upper limits for undetected sources
were estimated at the 30 noise level. These measurements are summarized in
Table 1.

Twelve of the sources listed in Table 1 have powerlaw IRS spectra with no ob-
vious spectral features. All but one of these sources, from Weedman et al. (2006),
have unknown redshifts, though we still include them in our sample. They will

be discussed in more detail in later sections.

2PID 20303
SIRAF is distributed and supported by the National Optical Astronomy Observatories
(NOAO).



Table 2.1. U/HyLIRG Source Data

GO2ID* Dataset® IRS® z ot F24ym  F70um  F160um F20cm® Template Fit'
m]y)  (mJy)  (mJy) (m]y)

1 HO05-13 31 1.95 2.30 914+25 43412 5.06 F00183
2 D06-22 1.0 0.99 * *
3 D06-11 0.4 1.40 99+2.7 < 40
4 HO05-9 8 246 3.83 93+£23 65+£11 0.42 F00183
5 HO05-8 7 262 2.65 < 8.1 < 38 < 0.15 F00183
6 D06-6 1.8 2.40 ~ 9 ** *
7 HO05-1 19 264 1.24 < 9.2 61+13 <0.15 F00183
9 HO05-17 18 2.13 1.23 10.8+2.6 <43 < 0.15 Mrk231
10 HO05-5 4 234 0.87 <94 <51 < 0.15 F00183
11 D06-4 1.0 0.91
12 D06-24 -0.1 1.05 < 9.7 < 46
14 HO05-16 16 2.73 1.04 < 8.1 < 47 < 0.15 F00183

174



Table 2.1—Continued

GO2 ID?* Dataset” IRS®

V4

(0%

F24um  F70um

F160pm F20cm® Template Fit!

(mJy)  (m]y)  (mJy) (m]y)
15 <93  38+10
16 D06-23 20 14 098 52424 56+15
17 HO05-15 1.75 105 54422 31+13 <0.15  Mrk231
19 HO05-12 12 213 1.12 <91 46412 020 Arp220
21 D06-16 20 229
24 D06-10 09 0.82
25 D06-9 1.7  0.88
26 D06-8 1.7 092
27 D06-7 0.6 087 <97 <53
28 H05-7 23 1.78 0.78 <83 25+11 <015  Arp220
29 D06-5 13 112 <87 4T+13
30 HO05-4 21 259 1.08 <85 <51 024 F00183

4
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2.3 Analysis

2.3.1 Source SEDs

We created SEDs for the 11 sources with known redshifts using the measured 70
pm and 160 pm fluxes and the IRS and 24 ym data from Houck et al. (2005). The
20 cm fluxes were from the Bootes field measurements by de Vries et al. (2002).

The SEDs are displayed in Figures 1-4.

2.3.2 Templates

Previous analyses of high-z IR sources (e.g., Houck et al. 2005; Yan et al. 2005)
relied on the observed mid-IR to constrain the bolometric IR luminosity. Further
insights can be obtained by comparing the observed mid- and far-IR emission and
understanding the contributions of AGN and star formation to the bolometric IR
emission. To interpret this comparison requires use of template SEDs from local
galaxies.

Initially, we used the four templates employed by Houck et al. (2005): NGC 7714,
Arp220, Mrk231, and F00183-7111. Brief descriptions of the templates are as fol-
lows.

NGC 7714 (Brandl et al. 2004; Marshall et al. 2007) has an unobscured nuclear
starburst with relatively shallow silicate absorption and a relatively flat far-IR
peak.

Arp220 (Armus et al. 2007; Spoon et al. 2004; Imanishi & Dudley 2000; Silva
et al. 1998) is a well-known, local ULIRG heavily dominated by embedded star
formation, as can be seen by its prominent aromatic features and very luminous
far-IR peak.

Mrk231 (Armus et al. 2007; Weedman et al. 2005; Ivison et al. 2004) is a local

AGN (classified as a Seyfert 1) with a relatively flat spectrum and weak aromatic



Table 2.1—Continued

GO21D?* Dataset” IRS® z ol F24ym F70um F160pm F20cm® Template Fitf
(mJy)  (mJy)  (m]y) (m]y)

31 HO5-2 20 186 --- 089 9.1+£27 41+16 <0.15 NGC7714
2GO2 MIPS designation.
PHO5 indicates sources from Houck et al. (2005); D06 indicates sources from Weedman et
al. (2006).
“IRS spectra ID.

4The 14 to 33 um powerlaw index (Weedman et al., 2006).
°Flux densities at 20 cm (de Vries et al., 2002).

"Best-fit template fits from Houck et al. (2005).

Note. — Multiwavelength data for all of our sources with 24 ym flux > 1.0 and R — 24 >
15. Included are the 11 sources used in our analysis as well as the 12 powerlaw sources.
Single asterisks (*) indicate where the data is probably useless due to nearby contaminating
source(s). Double asterisks (**) indicate similar cases where sources were deblended but the

uncertainty in measured flux densities is high.

9¢
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teatures, though it is known that this source has a certain amount of ongoing star
formation.

F00183-7111 (Spoon et al. 2004; Armus et al. 1989) is a deeply obscured
ULIRG, classified as a radio-loud LINER/Seyfert > 1.5. The source is dominated
by the AGN; Spoon et al. (2004) set an upper limit on the IR star-formation com-
ponent at 30 percent.

We compared these templates with our source SEDs in the manner of Houck
et al. (2005): we matched each template to the IRS spectra of our objects and ob-
served how well the templates predicted the far-IR emission. We mostly focused
on the IRS continuum, not on the silicate absorption feature, due to the difficulty
of determining the source of the absorption.

Figures 2.1 and 2.2 show eight source SEDs best matched by the two AGN
templates, F00183-7111 and Mrk231, respectively. In Figure 2.1, the data points
for F00183-7111 are plotted as asterisks. Dashed lines connecting the data points
are shown to make both the data points and the important features of the tem-
plate more visible and are not indicative of the actual shape of the template SED
beyond A  ~ 100 um. Filled circles indicate source detections while downward
arrows indicate upper limits, where the base of the arrow is the 20 value of the up-
per limits. For three of the sources, MIPS 001, 004, and 005, the template overes-
timates the rest-frame far-IR emission despite that the IRS spectra are reasonably
well-matched to the template. One source, MIPS 0010, is slightly underestimated
by the AGN template and has possible aromatic features, though the rest of the
SED is indicative of AGN emission. Figure 2.2 shows the four sources best-fit by
Mrk231. As with the previous figure, filled circles are detections while arrows are
20 upper limits. Three of the objects (MIPS 014, 028, and 030) are fit within the

errorbars of the measurements (or upper limits); one is slightly underestimated
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at 70 um. For this second group of objects, the IRS spectra predict the far-IR
emission more accurately than those objects fit by FO0183-7111.

The main difference between these two templates in the mid- and far-IR wave-
lengths is the silicate absorption feature. F00183-7111, known to be highly ob-
scured, has much deeper silicate absorption than Mrk231. Due to the similarities
between the templates from the IRS wavelengths to 160 ym, however, FO0183-
7111 and Mrk231 can be used almost interchangeably (though most of our sources
have radio emission more similar to Mrk231 than the radio-loud F00183-7111).
Figure 2.3 shows this more clearly by plotting one of our sources, MIPS 004, with
the two templates, which have been matched to the IRS spectrum of MIPS 004.
Although F00183-7111 is mostly incomplete beyond rest-frame 160 m, the far-IR
peaks of the templates are comparable.

With F00183-7111 and Mrk231 being similar, AGN-dominated sources with
very little obvious star formation contributing to the IR ( 30 percent for F00183-
7111; Spoon et al. 2004), it appears that at least 8 of our 11 sources are domi-
nated by AGN emission in the observed mid- and far-IR. Significant embedded
star formation in these objects would be detected at 160 pm, resulting in brighter
emission in the far-IR than permitted by our detections and upper limits.

One additional object (MIPS 007) was fitted with Mrk231; however, this tem-
plate drastically underestimates the 160 ;m detection for that source, leading us
to believe that obscured star formation in this object contributes significantly to
the bolometric IR luminosity. The final two sources, MIPS 019 and 031, are ap-
proximately equally well fit by both Arp220 and NGC 7714. Template matching
for these three objects is shown in Figure 2.4. Because Arp220 unrealistically over-
estimates the far-IR data for MIPS 019 and 031, we plot NGC 7714 with the SEDs.

This also shows us that these two objects have significant star formation, though
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Figure 2.1 The four sources with the best IRS match to the FO0183-7111 template
(colored orange in the electronic version), MIPS 001, 004, 005, and 010, multi-
plied by 10,1072,107°, and 1077, respectively. The 70 and 160 pm upper limits
have been set at 20 and are indicated by arrows with the base of the arrow set to
the values of the upper limits. The template itself is indicated by asterisks and
connected with a dotted line to show the far-IR peak more clearly. The template
typically overestimates the far-IR SED, which, along with the lack of aromatic fea-
tures, is consistent with the IR emission from these objects being mostly due to
an embedded AGN. MIPS 010 appears to have weak aromatic features, however,

which indicates some star formation occurring in this object.
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Figure 2.2 The four sources best matched by the Mrk231 template (red), MIPS
009, 014, 028, 030, multiplied by 10,1072,10~%, and 1077, respectively. Again, the
arrows indicate the 20 upper limits with the value of the upper limit at the base of
the arrows. The IRS spectra have no obvious aromatic features, and the template
tits the far-IR and radio portions of the SED fairly well. Like Figure 2.1, these
objects are probably dominated by reprocessed AGN emission rather than star

formation.
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Figure 2.3 A comparison of the templates FO0183-7111 (orange) and Mrk231 (red),
matched to the IRS spectrum of MIPS004. The major differences are F00183-7111"s
deeper silicate absorption feature and the loud radio emission due to the AGN
(Spoon et al. 2004, Armus et al. 1989). However, these two templates are nearly
idential in the wavelength ranges most important for our results. Because of this
and Mrk231’s more complete far-IR and sub-mm data, we use it to estimate L;,
for the eight sources best matched by both templates. There will be additional er-
rors for the sources matched by F00183-7111 due to the object’s loud radio emis-

sion, but these errors should be small with respect to L.
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like MIPS 007 and MIPS 010, we cannot be sure how much of the bolometric IR

luminosity comes from obscured star formation.

2.3.3 Additional Templates

Our initial template fits suggest that 8 out of 11 objects are strongly dominated
by AGN. However, the four templates used so far are somewhat limited in scope:
one star-formation dominated object most do not consider a “representative”
ULIRG, a nearby starburst, and two AGN-dominated objects that turn out to be
rather similar in the mid- and far-IR.

We used additional templates of NGC 1068 (Imanishi & Dudley 2000; Le
Floc’h et al. 2001; Spinoglio et al. 2005), CXOJ1417 (Le Floc’h et al., 2007), and
NGC 4418 (Spoon et al., 2001) to test this conclusion. Most of the templates
have emission consistent with a mixture of both AGN activity and star forma-
tion. However, none of the templates fit our sources as well as F00183-7111 and
Mrk231 for the AGN-dominated sources, supporting the conclusion that the IR
emission from these eight objects is mostly from AGN.

It is possible, however, we are looking at star formation obscured at a much
higher level than any of the templates we have so far tested. Given the subdued
tar-IR outputs of most of our sample, we also compared their SEDs with that
of IRAS 15250+3609 using the same method as the previous templates. IRAS
15250+3609 is star-formation dominated, as judged by its lack of high-excitation
tine structure lines and minimal X-ray emission (Armus et al., 2007). However,
it has some attributes that in other sources are associated with an AGN: deep
silicate absorption and a SED with strong output in the mid-IR relative to the far-
IR. This latter behavior is of interest in a template, given suggestions that the IR
luminosities of bright 24 ;im sources at z ~ 2 are lower than previous estimates

when longer wavelength data are considered (Papovich et al. 2007; Rigby et al.
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Figure 2.4 Three sources (MIPS 007, 019, and 031, multiplied by 10,1073, and 105,

respectively) with possible embedded star formation and their best-matched tem-

plates, Mrk231 (red) and NGC 7714 (blue). The upper limits (arrows) are indi-

cated as in previous figures. While the IRS spectrum of MIPS 007 is best matched

with the AGN Mrk231, the template clearly underestimates the 160 ym detection

This leads us to suspect that this source has a significant fraction of embedded

star formation contributing to the far-IR emission. MIPS 019 and MIPS031 have

similar IRS spectra and aromatic features as NGC 7714. The far-IR reflects this

similarity as well, demonstrating the likely star formation occurring in these two

objects.
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2008). The aromatic features are present in its spectrum but strongly modified in
shape by interstellar absorption.

Figure 2.5 shows four of our sources matched with the IRAS 15250+3609 tem-
plate. The top three objects are those that had additional far-IR emission com-
pared with Mrk231. The top source (MIPS 007) is clearly not well-fit in the IRS
wavelengths, though the far-IR measurements are consistent with the template.
The IRS spectra of MIPS 019 and 031 appear to have features consistent with
star formation (as shown by both this template and previous fitting); however,
the far-IR is still somewhat overestimated. These sources could have significant
star formation as compared with the AGN emission, though the star formation
is probably highly obscured. The bottom object, MIPS 028, is one of the AGN-
dominated sources with the largest 160 to 24 um fraction. This source is clearly
fainter at 70 and 160 ym than IRAS 15250+3609, indicating that even the brightest
of our 160 pm-detected objects is most likely dominated by AGN emission rather
than star formation.

We conclude that the mid- and far-IR from the majority (eight) of our objects
are dominated by emission from an obscured AGN; dust-reprocessed emission
from star formation, if present, plays only a minor role. The other three objects
have evidence of a larger fraction of star formation as compared with the AGN.
For them, can we narrow down what fraction of the IR is emitted from star for-
mation?

We could combine a prototypical starburst SED—say, M82 (Devriendt et al.,
1999)— with an AGN—say, Mrk231—and estimate what percentage of the IR
emission of MIPS 007, 019, and 031 is from embedded star formation. We could
also combine Mrk231 with IRAS 1525 and get upper limits on the amount of

star formation contributing to L;,. However, fitting a combination of AGN and
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Figure 2.5 IRAS 15250-3609 template fitting. The top three sources (MIPS 007,
019, and 031, multiplied by 1,107%,107° and 10~7, respectively) are those we
identified as having a significant fraction of star formation heating the obscuring
dust and producing the observed far-IR emission. Our 70 and 160 ym measure-
ments are better matched by this template than those used in Figure 2.4, though
they are still somewhat overestimated. The IRS spectra of MIPS031 and MIPS019
are fit reasonably well by IRAS 1525 (green), though the far-IR is still overesti-
mated. The bottom source is MIPS 028, a source we labeled as being dominated
by an AGN in the mid-IR. This source has the highest relative 160 ;m emission,
providing an “upper limit” for our AGN-dominated sources. As expected, the
observed far-IR is overestimated, implying that the majority of our sources (in-
cluding MIPS007) are most likely not extremely-obscured star-forming galaxies

misidentified as AGN.
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star-forming templates, whether by reduced chi-square or by hand, is subject to
large errors, making it nearly impossible to get reasonably accurate estimations
with this method. The only thing we can say about these three objects, with
any certainty, is that there is significantly more star formation than in Mrk231 or

F00183-7111.

234 IR Bolometric Luminosity
2.3.4.1 Template Fitting

The bolometric IR (8-1000 xm) luminosity of our sources is another important
property. Because many objects in our sample have 70 and 160um data and a
spectroscopic redshift, we have two points on the blackbody emission from ther-
mal dust, which allows us to make reasonable estimates of the total IR luminosity
using the source templates.

Since most of our templates over- or underestimate the far-IR data, we shift
the templates in v L, until they match the 70 and 160 ym data as closely as possible
(almost all were within the error bars). We then truncate and match the template
at the longest wavelengths of the IRS spectra so we include both the IRS spectra
and the template. We then integrate from 8-1000 ym over the IRS spectra and
the shifted template to estimate the bolometric luminosity. Due to FO0183-7111"s
limited far-IR data and its similarity with Mrk231, we use Mrk231 for all eight
AGN:-like sources. For two of the three sources with significant star formation
(MIPS 007 and 019), we use a combination of Mrk231 and M82 to match the 70
and 160 ym data and then integrate over IRS plus the combined Mrk231/M82
template. NGC 7714 fit the far-IR SED of the third star-forming object (MIPS
031) more closely than the Mrk231/M82 combination, so we used that template
to estimate the bolometric luminosity for that object. These templates and the

resulting L, are listed in Table 2. Our measurements show that the majority of
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the sources are borderline ULIRGs/HyLIRGs with L, ranging from 3.2 x 10" L,
to 3.3 x 1083 L.

2.3.4.2 Blackbody Fitting

While the template fitting provides us with indications of the dominant IR power
source as well as a rough estimation of L;,;, we also need error bars to constrain
the luminosity measurements. We use the 70 and 160 ;m data to constrain the far-
IR peak by fitting modified blackbodies to the data and examining the resulting
range of luminosities.

We use three modified blackbodies with a dust emissivity wavelength depen-
dence proportional to A™? with 3 = 1.5. We started by setting the temperature
of the coldest blackbody curve and allowing the warmer two curves to vary.
The summed curve was allowed to vary within the error bars of the 70 and 160
pum data (or up to 30 below the upper limit if there were no detections) and within
the endpoints of the IRS spectra. We calculated L, for each set of temperatures,
selecting the minimum for the set of modified blackbody curves resulting in a
realistic SED curve that reasonably fit the continuum of the IRS spectra. Estimat-
ing the maximum L,,; is more difficult since we do not know how luminous the
IR peak is for our sources, but we can make the assumption that our sources are
not going to deviate significantly from the templates. (Though, it is unlikely that
any of our sources are going to have far-IR peaks comparable to that of Arp220.)
From our three-blackbody fitting method, we found that cold dust temperatures
< 30 K usually result in extremely luminous far-IR peaks—far more luminous
than we expect with these sources. Using very similar blackbody fitting proce-
dures on local ULIRGs, Armus et al. (2007) find 30 K to be approximately the
lowest temperature required, agreeing with our determination that a cold black-

body temperature < 30 K results in an over-luminous far-IR peak. Using 30 K
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Table 2.2.  L;g 0, Template Measurements

GO2 ID* Best-Fit Template® FIR Template® Lrrpor?

(Lo)

1 F00183-7111 Mrk231 8.713%7 x 102
4 F00183-7111 Mrk231 21782, x 103 *
5 F00183-7111 Mrk231 1.3759 x 103 *
7 Mrk231 Mrk231+M82  3.3702 x 1013 *
9 Mrk231 Mrk231 6.6717 x 1012 *
10 F00183-7111 Mrk231 11733, x 1013 *
14 Mrk231 Mrk231 15188 x 1013 *
19 NGC 7714 Mrk231+M82 7.1 x 1012
28 Mrk231 Mrk231 3.215-%, x 1012
30 Mrk231 Mrk231 1.3164 x 1013 *
31 NGC 7714 NGC 7714  9.3735 x 10%2

Note. — Estimated IR luminosities from our template fitting.
*GO2 MIPS designation.

PTemplates used to fit the IRS spectra.

“Templates used to fit only the far-IR portion of the source
SEDs and thereby estimate the IR luminosities

9IR bolometric luminosities. The lower and upper limits
were estimated from fitting modified blackbodies to our total
SEDs. Upper limits are found by limiting the cold component
to 30 K; asterisks indicate sources where the FIR peak was much
higher than expected with these sources, and therefore the max-

ima are probably overestimated by a large amount.
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as a limiting temperature for the cold blackbody, we can estimate upper limits
for Ly,. An example of our blackbody fitting is shown in Figure 2.6 with all of
our results listed in Table 3. Asterisks in the table denote those sources where
even the 30 K limit appeared to result in an unrealistically luminous IR peak, in-
dicating that the actual upper limit for the bolometric luminosity is likely to be
significantly lower than the given upper limit.

As mentioned at the beginning of this section, we used an emissivity coef-
ficient () of 1.5. The lack of data in the sub-mm means we cannot constrain
the emissivity to specific values for the individual sources. However, we ran
our blackbody fitting script for emission coefficients of 1.0, 1.5, and 2.0 and mea-
sured the changes in the IR luminosity. While the minimum/maximum IR lu-
minosity did change, the magnitudes of the changes were not significant, so we
adopted the median value of 3 = 1.5. We conclude that these sources lie in the
ULIRG/HyLIRG regime with L, typically ranging from a few x10'?L, to a few

x10'3 L, which is consistent with what we found using the templates..

2.4 Discussion

Our template comparisons reinforce previous findings (Houck et al. 2005; Yan
et al. 2005; Brand et al. 2007) that these sources are dominated in the mid-IR by
obscured AGN emission rather than embedded star formation. If star formation
contributed to a higher fraction of the overall far-IR emission, there would be
a stronger cold dust component, resulting in higher 160 ym flux densities (for
the sources detected) and more overall detections (for those not detected) at that
wavelength. While it is possible to get this stronger component by modeling a
colder (g 30 K) blackbody, our source templates and Armus et al. (2007) show

that this is unlikely. Also, most of the L;, upper limits for each source using a
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Figure 2.6 Three-blackbody fit for MIPS 001 with a cold dust peak (T1) at 30 K.
Plotted are the IRS spectrum (blue) with 24, 70, and 160 m data points (black di-
amonds) fit with three modified blackbody curves (dashed lines). The maximum
and minimum luminosity curves (red) are plotted, as well as all possible fits to

the data at varying luminosities between the minimum and maximum (yellow).



Table 2.3.  Constraints on L;g po

GO2 ID* log(LIR) (60 K)b log(LIR) (50 K) log(LIR) (40 K) log(LIR) (30 K) log(LIR) (radio)* qd
1 12.83-13.07 12.84-13.07 12.86-13.12 12.91-13.29 14.25 -0.3
4 13.25-13.41 13.27-13.44 13.31-13.56 13.38-13.93*% 13.4 1.0
5 12.86-13.25 12.75-13.28 12.80-13.40 12.94-13.80* < 13.20 > 1.1
7 13.22-13.45 13.27-13.49 13.30-13.64 13.36-14.10* < 13.17 > 0.8
9 12.66-13.09 12.69-13.09 12.70-13.15 12.74-13.38 < 12.97 > 0.8
10 12.21-13.20 12.22-13.22 12.27-13.31 12.30-13.64* < 13.11 > 0.6
14 12.62-13.33 12.64-13.38 12.69-13.53 12.72-13.99* < 13.23 > 0.7
2GO2 MIPS designation.

PColumns 2 through 5 indicate IR luminosity (8-1000 ym) ranges for our modified blackbody fitting

with the coldest blackbody set at the temperature indicated in the column header.

‘IR luminosity as estimated from the 20 cm radio flux from each source.

dq is defined as the log of the ratio of the 24 ym flux with the 20 cm flux (Houck et al., 2005).

Note. — Minimum and maximum IR luminosities for each of our sources with respect to the coldest

blackbody curve used in the fitting. The complete table is available in electronic format.

|57
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30 K blackbody reveal it is highly improbable that these objects have such strong
emissivity from cold dust, even at wavelengths beyond what we have observed.
Owing to a lack of data in the far-IR, we cannot completely constrain emission
from cold dust in these sources; however, unless the SEDs of our objects are vastly
different from the typical, nearby sources, it is unlikely that there is sufficient star
formation to boost the luminosities above 3 — 10 x 103 L.

Additionally, we can compare our objects to the de Grijp et al. (1987) classifi-
cation of IRAS sources. The authors define “warm,” AGN-like colors to be in the
range —1.5 < a(25,60) < 0.0, where (25, 60) is the spectral index between the 25
and 60 ym flux densities using the conversion F, oc v*. We calculated the equiv-
alent IRAS25/IRAS60 colors from the MIPS70/MIPS160 measurements, which
is a reasonable estimation since our sources are at z ~ 2. The original 11 sources
have spectral indices of —1.2 < o  —0.78, easily falling into the warm, AGN-like
color range.

It is possible to recreate a warm SED like our sources with an atypical dust
distribution, such as a large amount of obscuring material very near a nuclear
starburst. This could result in objects with warmer than expected IR emission
and subdued far-IR. However, such objects could still have a cold dust peak more
similar to what we expect for obscured star-forming galaxies. Even with a warm
dust component from a central starburst, we would also expect to see stronger
aromatic features. While we cannot completely rule out the possibility, there is
little evidence from our data that these objects are dominated by star formation
rather than obscured AGN emission.

The conclusion that AGN power the mid-IR is strengthened if we take into ac-
count the 12 powerlaw sources. At IRS wavelengths, these objects appear iden-

tical to pure AGN—there are no obvious features in the spectra, like aromatic
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emission or silicate absorption. It is plausible that most of the powerlaw sources
are at similar distances as the sources with known redshifts (Donley et al., 2007).
Some may even be of higher redshift, so the mid-IR features are redshifted out of
the IRS range. However, Donley et al. (2007) show that even an extreme object
similar to Arp220 would appear to be a powerlaw source at z = 2.8 only if log
Lyyy > 13.3 L. It would probably require a significant fraction of IR emission
from an embedded AGN to reach such high luminosities. Assuming the majority
of the pure power law sources are at similar redshifts as the ones with spectral
features, as many as 20 of the 23 objects in our sample have their rest mid-IR
emission (5-20 ;m) dominated by AGNSs.

The other three sources exhibit faint aromatic emission features in their IRS
spectra or the AGN templates vastly underestimate their far-IR luminosities, sug-
gesting significant star-formation power. We combined an AGN template (Mrk231)
with a star-forming galaxy template (M82) in an attempt to model these sources,
which appear to have a mixture of AGN and star-formation. While this two-
component “model” better matched the aromatic features and overall shape of
two sources at than the AGN templates at mid- and far-IR wavelengths, we were
unable to account for all of the emission near 160 ;sm. Despite the large percent-
age of objects that appear to be AGN-dominated, there are still a few objects with
significant star formation.

It is still unknown, however, what role in galactic evolution these objects play.
If AGN activity and feedback do indeed stifle star formation activity, this class of
objects could give us information on when these sources ceased large-scale star
formation. Perhaps we are looking at a time in galaxy evolution where the AGNs
in these galaxies are beginning to “turn on.” It is also possible that the apparent

AGN activity is not continuous but transient, and we are seeing a brief period in
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the evolution of these objects.

A similar group of objects as those studied in this paper appears in several
SCUBA observations (Chapman et al. 2003, 2005; Egami et al. 2004; Pope et al.
2006). A collection of sub-mm galaxies in a similar redshift range was observed
to have comparable luminosities as our objects. However, the 24 ym luminosities
of these sources are 5 to 10 times lower than our sources, despite the aromatic
emission detected in some of them (Lutz et al. 2005; Rigby et al. 2008). There
is a possibility that we are studying two different populations of IR-bright, high-
redshift galaxies. As indicated in Chapman et al. (2005), Figure 3, selection effects
might be able to explain this dichotomy. SCUBA has a higher probability of de-
tecting cooler sources in the sub-mm range, while Spitzer more easily detects the
warmer sources in the mid- and far-IR regimes due to the IR peak being shifted
to shorter wavelengths (Egami et al., 2004). What is needed to fully understand
and explain these two apparent populations of galaxies is observations of similar
objects by both SCUBA and Spitzer in the same field. It could then be determined
if these sources are indeed two distinct populations or similar types of objects
merely observed with instruments that only detect sources of particular IR tem-

peratures.

2.5 Conclusions

We observed 20 galaxies from the sample of luminous infrared galaxies from
Houck et al. (2005) with the MIPS 70 and 160 ym arrays on Spitzer and we com-
puted SEDs for these sources from the mid-IR to radio wavelengths. We fit tem-
plates of similar nearby sources to our SEDs to estimate their IR luminosities and
to study the possible mechanisms for this emission. We also fit modified black-

bodies to our SEDs to estimate the errors in the IR luminosities. We conclude
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that virtually all of our sources have luminosities in the 3 x 10'? to 3 x 10" L
(ULIRG/HyLIRG) range and that the majority have mid-IR emission dominated
by AGNs, with only three displaying a significant amount of star-formation ac-

tivity in this wavelength region.
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CHAPTER 3

THE NATURE OF STAR FORMATION AT 244M IN THE GROUP ENVIRONMENT AT

0.3<72<0.55

(Tyler et al. 2011, Ap]J, 738, 56)

Galaxy star formation rates (SFRs) are sensitive to the local environment; for
example, the high-density regions at the cores of dense clusters are known to
suppress star formation. It has been suggested that galaxy transformation oc-
curs largely in groups, which are the intermediate step in density between field
and cluster environments. In this paper, we use deep MIPS 24 ;m observa-
tions of intermediate-redshift (0.3 < z  0.55) group and field galaxies from the
GEEC subset of the CNOC2 survey to probe the moderate-density environment
of groups, wherein the majority of galaxies are found. The completeness limit of
our study is log(Lr;r/Ls) 2 10.5, corresponding to SFR > 2.7 M, yr—!. We find
that the group and field galaxies have different distributions of morphologies and
mass. However, individual group galaxies have star-forming properties compa-
rable to those of field galaxies of similar mass and morphology; that is, the group
environment does not appear to modify the properties of these galaxies directly.
There is a relatively large number of massive early-type group spirals, along with
E/SO galaxies, that are forming stars above our detection limit. These galaxies ac-
count for the nearly comparable level of star-forming activity in groups as com-
pared with the field, despite the differences in mass and morphology distribu-
tions between the two environments. The distribution of specific SFRs (SFR/M.,)
is shifted to lower values in the groups, reflecting the fact that groups contain a

higher proportion of massive and less active galaxies. Considering the distribu-
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tions of morphology, mass, and SFR, the group members appear to lie between

tield and cluster galaxies in overall properties.

3.1 Introduction

In a ACDM universe, galaxies, on average, move from areas of lower density to
areas of higher density, merging and combining to form larger and larger systems
like the massive galaxy clusters we see in the local universe. Galaxy evolution,
therefore, cannot be understood without considering the influence of environ-
ment on galaxy properties. The importance of environment on galaxy evolution
is demonstrated by the differences between galaxies in clusters and those in the
tield. For example, the fraction of blue galaxies in clusters has been decreasing
since z ~ 1, and local clusters are dominated by red galaxies (Butcher & Oemler
1978; Kennicutt 1983; Hashimoto et al. 1998; Andreon et al. 2004; Poggianti et
al. 2006; Cooper et al. 2007; Loh et al. 2008; Cucciati et al. 2010). Dressler (1980)
found a dramatic increase in the proportion of early-type galaxies with local den-
sity inside rich clusters, i.e., the morphology-density relation. This relation has
also been shown to extend down to the group environment (Postman & Geller
1984). Most of these cluster early-type galaxies have not had appreciable star for-
mation in gigayears, though as we move outward from the centers of the clusters,
we see more late-type galaxies overall and more early-type galaxies that have had
more recent star formation (Balogh et al. 1997; Balogh et al 1999, Bai et al. 2009).
Environment is expected to influence the rates of both gas exhaustion and in-
teractions. The drop in star-forming activity in dense environments might be due
to interactions with the inter-galactic gas, such as through ram-pressure strip-
ping of cold gas in galaxies (Gunn & Gott 1972; Larson et al. 1980; Kinney et
al. 2004) or stripping of the hot gas through strangulation (Balogh, Navarro &
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Morris 2000; Kawata & Mulchaey 2008; McCarthy et al. 2008). Alternatively, the
lower fraction of star forming galaxies might arise through galaxy-galaxy inter-
actions, either major mergers or harassment (frequent high-speed encounters of
galaxies that do not lead to mergers), both of which would accelerate the star for-
mation and lead to early exhaustion of the interstellar material. Tides raised by
the overall gravitational potential of dense clusters may also play a role (Henrik-
sen & Byrd 1996). It has been proposed that the morphological transformation
into early-type galaxies may occur first, suppressing star formation by stabilizing
the gas against fragmentation (Martig et al. 2009), although other recent studies
question this idea (Kovac et al., 2010).

Explaining the behavior of galaxies in different environments in terms of con-
sistent theories for the growth of galaxies in the early Universe has proven chal-
lenging (Bower et al. 2006; Kaviraj et al. 2009). Therefore, an intense observa-
tional approach is needed to help develop an understanding of the relation be-
tween environment and galaxy evolution. It should be possible to disentangle en-
vironmental influences by comparing galaxy behavior in different environments,
though just as the mechanisms for galaxy transformation are not fully under-
stood, the environments where these processes operate also need to be explored
and defined. Additionally, most of the previous work regarding star formation
with respect to environment focused on rich clusters (e.g., Dressler et al. 2009a;
Bai et al. 2009; Haines et al. 2009, and references therein); relatively few stud-
ies have focused on groups (e.g. Zabludoff & Mulchaey 1998, 2000; Balogh et al.
2004; Johnson et al. 2007; Marcillac et al. 2008; Bai et al. 2010).

Simard et al. (2009) argue that cluster-centric processes are not the dominant
factor in galaxy morphological transformation. The majority of galaxies live in

the less-dense group environment (Geller & Huchra 1983; Eke et al 2004), and
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because clusters probably form from coalescing groups and field galaxies, much
of the evolution apparent in cluster galaxies may have occurred in groups prior
to their assimilation into clusters. Zabludoff & Mulchaey (1998) found that the
proportion of early-type galaxies in groups ranged from that typical of the field
(~25%) to that found in dense clusters (~55%), suggesting that much of the mor-
phological transformation of galaxies from field to cluster properties occurs in
groups. Just et al. (2010) show that an increase in the proportion of SO galaxies
with decreasing redshift occurs in moderate-mass groups/poor clusters (o < 750
km s7!), and Wilman et al. (2009) find that for groups at intermediate redshifts,
the fraction of SOs is as high as in clusters, even at fixed luminosities. Addi-
tionally, because most galaxies reside in groups—and, therefore, galaxies spend
most of their time in groups—uncovering the effects of these lower-density en-
vironments can help us understand the evolutionary path of the global galaxy
population over cosmic time (McGee et al., 2009).

If morphological transformations frequently occur at intermediate densities,
is this also the location where star formation is cut off? Previous studies of star
formation in groups have mostly focused on optical indicators such as Ha or
[OII]\3727 emission lines or ultraviolet continuum. These measures can extend
to low levels of star formation, and they indicate a significantly lower level of
activity in groups and clusters than in the field (Wilman et al. 2005a; Gerke et al.
2007; Balogh et al. 2009; Iovino et al. 2010; Peng et al. 2010). Such first-order com-
parisons are usually made under the assumption that the extinction is similar in
groups and clusters (and that star formation is not deeply obscured). However,
corrections are required to convert these optical indicators to accurate star forma-
tion rates (SFRs). At z > 0.3, Ha moves out of the range of optical spectroscopy

and SFR estimates rely on [OII], where the extinction is large and uncertain. The
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[OII]A3727 line has additional problems of being sensitive to dust reddening and
metallicity, thus being relatively weak in high-mass systems, although empirical
corrections have been suggested to correct for this and other effects (Moustakas
et al. 2006; Gilbank et al. 2010).

The infrared (IR) is advantageous for probing high levels of star formation.
While SFRs determined in the IR are only sensitive to dust-obscured star for-
mation, the correction to the total star formation in objects at moderate to high
luminosities (Lr;r 2 1 x 10™ L) is small (Rieke et al., 2009). Nonetheless, pre-
vious IR studies have not reached consistent conclusions about star formation in
groups. Marcillac et al. (2008) found no significant dependence on the incidence
of luminous infrared galaxies as a function of field or group environment at z ~
0.8. At lower redshifts, Wilman et al. (2008) find a dearth of star formation in
group galaxies at z ~ 0.4, while Tran et al. (2009) find a similar incidence of SFRs
in massive groups (for galaxies forming stars > 3M yr™') as in the field at z ~
0.37. For local groups, Bai et al. (2010) report rates of star formation somewhat
lower than in the field (by ~30%).

This paper is a step toward understanding the influence of the group envi-
ronment on star formation and resolving some of the apparent discrepancies in
previous studies of the same topic. Some of these discrepancies, especially in
cluster studies, may arise from “field” samples contaminated by groups. To com-
pare groups with actual field galaxies, we need a clean field sample with as many
galaxies as possible. Here, we present 24 ym measurements of 232 group galaxies
and 236 field galaxies from 0.3 < z < 0.55 in the Second Canadian Network for
Observational Cosmology (CNOC2) survey.

The paper is organized as follows. In Section 2, we discuss the sample, data re-

ductions, and errors. Section 3 covers the construction of fractional IR luminosity
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functions and compares the IR luminosities, morphologies, and masses of group
and field galaxies to estimate what effect (if any) environment has on star forma-
tion at these redshifts. We discuss the implications of our results in Section 4. For
all cosmological corrections, we assume the parameters Hy =70 km s~ 'Mpc™, Qy,

0.3, Qp =0.7.

3.2 Sample & Data Reduction

3.2.1 Sample Selection and Photometry

The CNOC?2 survey is a photometric and spectroscopic survey of faint galaxies
covering more than 1.5 deg® over four widely-spaced patches of sky (Yee et al.
2000; Carlberg et al. 2001a). The original survey included five-color photome-
try in I, Re, V, B, and U to R ~ 23.0 (Vega) mag and spectroscopic redshifts
(to Rc ~ 21.5 mag) for an unbiased sample of ~6000 galaxies with the purpose
of studying galaxy clustering, dynamics and evolution at intermediate redshifts
(0.1 < z g 0.6). The survey is spectroscopically incomplete, but the selection
function is very well defined for this redshift range (Lin et al. 1999; Yee et al.
2000).

The groups themselves were originally selected by using a friends-of-friends
algorithm to find overdensities of galaxies in 3-D space (Carlberg et al. 2001a,b).
Follow-up LDSS2 spectroscopy (to R¢ ~ 22.0) targeted 26 of these Carlberg groups
at 0.3 < z < 0.55, creating a sample of group and field galaxies to a greater depth
than the original sample, with increased and unbiased spectroscopic complete-
ness (Wilman et al., 2005b). Additional group members were carefully selected
to ensure that the resulting sample would be unbiased with regard to color us-
ing the method outlined in Wilman et al. (2005a). This subset of the original
CNOC2 survey—26 groups at 0.3 < z < 0.55 to R¢ ~ 22.0—was followed up by
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the Group Environment and Evolution Collaboration (GEEC), and hereafter, we
refer to these as the GEEC groups. Visual (Wilman et al., 2009) and automated
(McGee et al., 2008) morphological classifications were made using deep, high-
resolution HST ACS images of the same 26 groups (Wilman et al. 2009). Addi-
tional multiwavelength coverage includes GALEX UV (McGee et al., 2011), and
IRAC (Balogh et al. 2007, 2009; Wilman et al. 2008). X-ray properties of a subset of
the groups have been measured with XMM-Newton and Chandra observations
(Finoguenov et al., 2009).

We present observations of these GEEC groups (as defined by Wilman et al.
(2005a)) using the MIPS 24 ym band on the Spitzer Space Telescope (Rieke et al.,
2004). We used MIPS in single-source photometry mode (field of 5 x 5) due
to the compact nature of the groups, and long exposure times allowed us to de-
tect relatively low SFRs (< 10 My, yr'). All but five of the groups have either
complete coverage of their members with MIPS or are only missing one or two
member galaxies. All galaxies assigned to groups using the algorithm described
by Wilman et al. (2005a) and within the MIPS field of view are considered group
members in this paper. The MIPS 24 ym field of view corresponds to ~1.3 Mpc
(~2Mpc) on a side at z = 0.3 (0.55).

The data from these observations were reduced using version 3.10 of the MIPS
Data Analysis Tool (DAT; Gordon et al. 2007). Fields with overlapping regions
were mosaicked for better coverage near the image edges. Sources 30 above the
standard deviation of the background were identified using DAOFIND (Stetson,
1987) in the IRAF? environment. Flux densities were calculated using a PSF made
from bright sources in one of the larger mosaicked fields and the IRAF PSF-fitting

routine ALLSTAR, correcting for flux lost in the wings of the PSF as described by

2IRAF is distributed and supported by the National Optical Astronomy Observatories
(NOAO,.
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the Spitzer Science Center®.

Our initial field sample consisted of all galaxies not identified as residing in a
group. Given the completeness of the group sample, it has been estimated that
~21% of this field sample is contaminated by unidentified groups (Carlberg et
al. 2001a, McGee et al. 2008). To reduce the amount of group contamination
in the field, we plotted a running-average histogram of redshifts for the LDSS2
pencil-beam fields with a bin size of z = 0.001. Any galaxies that fall in a bin with
tive or more galaxies at any point in the running average were removed from
the field sample as possible group contaminants. This method will obviously
remove some true field galaxies, as it does not account for the spatial positions of
the possible group galaxies; however, this is a quick, simple method for removing
galaxies that are likely to live in groups. We removed a total of 78 galaxies—or
~25%—of our original field sample.

These observations of groups and the “cleaned” field sample (referred to sim-
ply as the “field” from this point on) result in 24 ym measurements or upper
limits for 232 group galaxies and 236 field galaxies from 0.3 < z < 0.55, of which
79 group galaxies and 65 field galaxies are detected. Our absolute detection limit
(30) is 119u]y, corresponding to the 24 ym observations with the highest back-
ground. These observations result in a detection limit for the groups of of Lz ~
3.5 x 10'° L, (SFR ~ 3.3 M, yr™'), where Ly, is the total IR luminosity as defined
by Rieke et al. (2009). However, only two groups (20 galaxies) have detection lim-
its at this level; ~91% of our group sample (and ~93% of the field sample) have
24 um coverage to a lower detection limit: Lyz ~ 2.9 x 10'° L, (SER ~ 2.7 M,

yr~'). We use this lower value as our detection limit for the rest of the paper. Ata

3The Spitzer Science Center (http://ssc.spitzer.caltech.edu) is supported by NASA, the Jet
Propulsion Laboratory, the California Institute of Technology, and the Infrared Processing and
Analysis Center.
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1

typical redshift for our groups (z ~ 0.43), L* 7 corresponds to SFR ~ 10 Mg, yr~
(Rujopakarn et al., 2010). The typical optical surface density of the GEEC groups
is ~3 galaxies Mpc? for galaxies with M, < -20, though it ranges from ~1 to
~6.5. Cluster surface densities can range from these values in the outskirts to as

high as several hundred galaxies Mpc~2 in the dense cores (Dressler, 1980).

3.2.2 Uncertainties and Reliability

We cross-correlated the sources detected at 24 ym (almost 2000 objects over all
tields) with the GEEC spectroscopic catalog to within 3 arcseconds; if multiple
optical sources were located within 3 arcseconds of a 24 ym source, the nearest
optical source was used (only 20 instances of such multiple matches using the en-
tire 24 ym and CNOC?2 catalogs were recorded). Any GEEC galaxy not matching
this criterion was given a 30 upper limit. To estimate the 1o errors (and 30 upper
limits for non-detected sources) in the 24 ym flux densities, we put down aper-
tures in blank areas of the fields and took the standard deviation of the nearest 20
background apertures to a given source.

Because of the depth of our observations and the size of the MIPS 24 ;sm PSF, it
is necessary to know the fraction of false detections—in other words, the fraction
of 24 ;m sources incorrectly attributed to an optical source in our catalog. We
therefore placed a random number of fake sources (up to 300 sources per point-
ing, which at z = 0.55 equates a surface density of 4 Mpc~?) on each image and
matched the 24 m detections to both the fake source catalog and our GEEC spec-
troscopic catalog. We use three different match radii—4, 3, and 2.5 arcsec—and
found the mean fraction of false detections to be 3.1, 1.8, and 1.3%, respectively,
for each match radius. As expected, the number of false detections per unit area
is relatively constant and does not change significantly for each match radius.

We could use any of the listed match radii and not change the number of false
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matches substantially (i.e. from ~3 to ~7 for the group and field samples indi-
vidually, out of ~230 galaxies in each environment, and from ~2 to ~5 for the
cleaned field). However, if we use too small a match radius (g 2.5 arcsec), we
risk eliminating real matches. At our typical detection levels of ~4-50, the RMS
positional errors at 24 ym are ~1.5 arcsec. Additionally, from examination of our
HST ACS images (see the Appendix for more information), we discovered that
using a matching radius of 4 arcsec could introduce more false detections than
anticipated due to the crowded nature of our group-dominated fields. For these
reasons, we used the 3 arcsec matching radius. A 3 arcsec matching radius results
in ~4.2 incorrectly matched galaxies for the groups and ~2.7 for the cleaned field
for all galaxies. If we assume that all of the mis-matched galaxies are detected at
24 ;m, we would have upper limits that < 5.6% and < 6.5% of detected group
and field galaxies, respectively, are incorrectly matched.

We also need to keep in mind that we are comparing group and field galaxies
en masse, not individually. False detections will affect the groups and field each
the same way, and so will not bias our results provided the number of false de-
tections remains low, which we have already shown to be the case. As such, the

matching technique (and match length of 3 arcsec) is sufficient for our purposes.

3.3 IR Properties of Sample Galaxies

Extreme environments, such as the interior regions of clusters, clearly quench star
formation in galaxies and reduce their IR outputs (e.g., Bai et al. 2009). Based on
the ages of their dominant stellar populations and distributions of morphologies,
galaxies in rich groups and clusters must have a similar evolution, at least at low
redshift (Balogh & McGee, 2010). This suggests that galaxy transformation occurs

in groups as well as in clusters. To test for such behavior, we compare the frac-
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tional IR luminosity function in groups with that of field galaxies at intermediate

redshifts.

3.3.1 Methodology

To compare the IR output and SFR of group and field galaxies, we estimated
the SFR and total IR luminosity (Ly;z) from the 24 ym flux densities using the
method described by Rieke et al. (2009), who use Spitzer data to create a group of
luminous star-forming galaxy templates more complete in the near- and mid-IR
than previous templates.

Our method for determining SFR and Ly, is only accurate for purely star-
forming galaxies. Obscured AGN can also emit a significant fraction of their light
in the mid-IR. To identify possible AGN contaminants in our sample, we com-
pared our 24 ym-detected galaxies with Chandra detections. Four of the galax-
ies in the CNOC2 sample were identified as AGN with clear X-ray detections,
though all four were field galaxies outside of our redshift range (i.e. not in our
GEEC sample). However, some AGN may be so buried that we are not able to de-
tect them at our current X-ray detection threshold. More importantly, slightly less
than half of the groups targeted by MIPS have X-ray coverage, so there may still
be some AGN contaminating our sample. Given the few AGN detected with the
existing data and in previous studies of AGN activity in groups (Dwarakanath &
Nath 2006; Silverman et al. 2009), we expect this number to be small.

To correct for the different redshifts of our group and field galaxies, we used
the derived luminosity evolution of IR galaxies from Le Floc’h et al. (2005), who
show that IR galaxies as a whole evolve in luminosity as (1+z)*? from z ~ 0 to z ~
1.2. We evolved our group and field galaxy IR luminosities to a fiducial redshift
(z = 0.5) to remove redshift bias in our sample. This IR luminosity evolution is

for all IR galaxies regardless of environment; however, the Le Floc’h et al. (2005)
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sample (as for most field samples) is expected to be ~50% groups, ~50% true
tield galaxies, making this model reasonable for our purposes. This conclusion is
supported by the lack of significant differences in the field and group fractional

luminosity functions as discussed below.

3.3.2 Results for IR-Active Galaxies
3.3.2.1 IR Luminosities and Star Formation Rates

In Figure 3.1 we present Ly (left axis) and SFR (right axis) with respect to red-
shift for all galaxies in the CNOC2 survey for which we have MIPS 24 ;m de-
tections. Group galaxies are shown as solid red circles, while field galaxies are
open blue circles and the X-ray identified AGN are overplotted as green trian-
gles. The average detection limit for all of our 24 um fields is shown by the solid
black curve; the redshift limits of our GEEC group and field sample are denoted
by dashed lines (0.3 < z < 0.55). The group and field IR-active populations do
not appear significantly different.

Figure 3.2 gives us a clearer picture of the group and field populations in
terms of L. We plot histograms of the normalized distributions of Ly;z (which
we will refer to as fractional luminosity functions, f{LFs, from here on) for the
group and field galaxies (red filled circles and blue open circles, respectively).
The dashed line indicates our 24 ym detection limit for all field galaxies, while
the dotted line is the detection limit for all group galaxies. The fractions in each
bin (y-axis values) are normalized by the number of 24 ym-detected galaxies in
each environment and corrected for spectroscopic incompleteness as a function
of magnitude. Weights were computed using the method outlined in Appendix
A of Wilman et al. (2005a), except in this case we do not correct for any radial de-
pendent selection, which tends to overweight galaxies on the outskirts of groups.

We have also corrected for completeness with respect to the 24 ;m data. We
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Figure 3.1 L1z and SFR versus redshift for all galaxies detected at 24 ym. The red
filled circles are group members, the open blue circles are field galaxies, and the
overplotted green triangles are X-ray-detected AGN. The dashed lines indicate
the redshift range of our group and field sample (0.3 < z < 0.55). The solid line

indicates the average 24 ;sm 30 detection limit for our observations.
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Figure 3.2 Ly histograms (what we refer to as fractional luminosity functions,
fLFs) for the groups (red filled circles) and field galaxies (blue open circles) with
Poisson errors. The galaxies included are those detected at 24 ym in the redshift
range 0.3 < z < 0.55. Each fLF is corrected for spectroscopic and 24 ym com-
pleteness and has been normalized by the number of IR-detected galaxies in each
environment. The vertical dashed line is the detection limit for the field galax-
ies; the vertical dotted line is the detection limit for all the group galaxies. Up to
log(Lrrr/Lg) ~ 12, the group and field fLFs are almost identical, given the error
bars. The data for the group and field galaxies below the detection limits are also
in agreement, though there will be some bias as the group and field galaxies are
not equally complete. Above log(Lr;r/Ls) ~ 12, we are limited by low number

statistics, as there are only a couple group and field galaxies at these luminosities.
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calculated the 24 ;ym incompleteness by estimating the SFR corresponding to the
detection limits for all galaxies in each image. We then found the fraction of
group and field galaxies (separately) with SFR detection limits below a given
SFR; the inverse of this fraction in each bin corresponds to our 24 ym complete-
ness weighting. The completeness corrections for the points shown above both
of these limits are small: factors of < 1.7 for both the group and field galaxies.

The group and field galaxy fractional luminosity functions are identical within
the error bars up to log(Ly1r/Ls) ~ 12. The last two bins contain few galaxies,
so we cannot compare the bright end with much certainty. The measurements
slightly below our detection limit should not be significantly biased given the
care to avoid bias in the sample selection (Wilman et al., 2005a) and that the vast
majority of the group and field galaxies have detection limits below the indicated
limit; therefore, we can say that these data also agree within the error bars with
some certainty. Overall, the fLFs suggest there is little difference between the
groups and the field (with respect to Ly;z). Given that there are similar num-
bers of spectroscopically-identified galaxies in the groups and field in this red-
shift range, even the overall normalization will be the same. This seems to indi-
cate that the group environment is not responsible for suppressing or enhancing
star formation amongst the actively star-forming population. To confirm the ap-
parent similarity of the group and field samples, we performed a two-sample
Kolmogorov-Smirnov test on the unbinned fLFs (the raw L;;z distributions) in
both environments. The K-S test indicated a ~99% probability that the two dis-
tributions can come from the same parent sample. Due to the coupling between
Lrrr and SFR through L(24 ;im) (Rieke et al., 2009), the results are the same if we
plot SER instead of Ly;x.

To better quantify the two LFs themselves, we fit both with a Schechter func-
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tion, minimizing x*. Log(L*/L) for the groups and field, respectively, are 11.9
+ 0.5 and 12.3 £ 0.3, a difference of ~0.4 dex, though, given the error bars, the
two environments are similar. Tran et al. (2009) find the opposite trend: their su-
pergroup L* is ~0.4 dex higher than the field. The faint-end slope alpha does not
differ significantly between the two environments either. We find alpha to be 2.9
+ 1.1 and 4.3 £ 1.2 for the groups and field, respectively.

Figures 3.1 and 3.2, and our statistical analysis of the results, suggest that the
group environment does not substantially quench or enhance star formation at
intermediate redshifts for the IR luminosities we are studying. Could the en-
vironmental effects be more prominent in the larger groups? To test this pos-
sibility, we plot the number of group members brighter than Mg, = -20 versus
Lrrr (luminosity-evolved to z ~ 0.5) in Figure 3.3. The open circles are individ-
ual galaxies, and the filled red circles show the mean Ly, in three bins for all
detected group galaxies with 1o error bars. For reference, most groups have ve-
locity dispersions less than 500 km s~ while the largest group is ~740 km s~*(*).
We see no trend in 24 ;m-detected galaxies with respect to group size, and the
differences between the mean IR luminosity values is not significant. Therefore,
within the Lz limit of our sample, group size does not strongly affect the IR
luminosity of the member galaxies. This is interesting given that interactions are
thought to be a major source of star-formation quenching in groups (given that

higher densities are needed for other quenching mechanisms like ram-pressure

“The group membership determination to the limiting magnitude is complete to the ~70-90%
level, so variations in the completeness are not large enough to affect the basic result shown in the
figure. Ideally, we would compare Lrrr directly with group mass determined from the velocity
dispersions, but for values below ~350 km s~! the velocity dispersions can significantly underes-
timate the group mass (Nolthenius & White, 1987). Additionally, for small groups, the orientation
angle of the group on the sky may add uncertainty in translating the velocity dispersion to the
mass (Plionis & Tovmassian, 2004). The velocity dispersions for some of our groups have large
formal errors, and a significant fraction of the groups may also not be virialized (e.g., Bai et al.
2009, Hou et al. 2009).
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stripping and strangulation), and the number of galaxies that have experienced
past interactions and mergers should be larger in more massive groups, which
have more members.

Our results are in agreement with many recent studies of clusters. At similar
redshifts to our groups (0.4 < z < 0.8), Finn et al. (2010) find that clusters have
IR LFs very similar to the field. This seems to be true with local clusters, as well
(Bai et al. 2006, 2009), indicating that IR-active galaxies in clusters have been
recently-accreted and have not yet had time to become affected by the more dense
environment of the cluster. Cortese et al. (2008) find that the UV LF of the Coma
cluster is indistinguishable from the field; however, they argue this is due more
to color selection effects than environmental processes. We believe that the GEEC
R selection does not cause significant selection effects, but further study would

be needed to determine how this R-band selection might affect our results.

3.3.2.2 Star Formation with Respect to Mass

While the total IR luminosities and SFRs of the group galaxies do not appear dif-
ferent from the field, there could be trends with stellar mass. The most massive
galaxies in dense regions of the local universe, such as cluster cores, are old el-
lipticals, whereas the most massive field galaxies are blue spirals. What about
groups at intermediate redshifts?

The stellar masses used here are presented in McGee et al. (2011), but briefly,
we use spectral energy distribution (SED) fitting of all available photometry. The
details of the photometry were presented in Balogh et al. (2009) but typically in-
volved K, i, 1, g, u, NUV and FUV. We compare this observed photometry to a
large grid of model SEDs constructed using the Bruzual & Charlot (2003) stellar
population synthesis code and assuming a Chabrier initial mass function. We fol-

low Salim et al (2007) in creating a grid of models that uniformly samples the al-
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Figure 3.3 Ly of group galaxies detected at 24;m (luminosity-evolved to z ~
0.5) versus the total number of members in each group brighter than Mp, = -20.
The open black circles are individual galaxies; the red filled circles are the mean
Lrrr and 1o error bars for groups in three different bins. The total IR luminosity
for individual group galaxies does not depend on the size of the group. In other

words, we see no trend in star-formation levels with group richness.
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lowed parameters of formation time, galaxy metallicity, and the two components
of the Charlot & Fall (2000) dust model. The star formation history is modeled
as an exponentially declining base rate with bursts of star formation randomly
distributed in time, which vary in duration and relative strength. We produce
model magnitudes by convolving these model SEDs with the observed photo-
metric bandpasses at 9 redshifts between 0.25 and 0.6. Finally, we minimize the
x? while summing over all the models and taking account of the observed uncer-
tainty on each point. By comparing to other estimates of stellar mass we estimate
that 1o uncertainties are on the order of 0.15 dex.

We investigate SFR with respect to stellar mass in Figures 3.4 through 3.6.
Figure 3.4 shows SFR plotted with respect to stellar mass for the group (red filled
circles) and field (blue open circles) galaxies. Only galaxies above our 24 ym de-
tection limit (dashed line) are shown. Because our sample is only unbiased for
log(M../Mg) > 10, we average the SFRs for each environment in three mass bins
above this limit. These averages are plotted as black filled triangles for the groups
and black open triangles for the field. Unlike the previous figures, the field has
a different distribution than the groups. Noeske et al. (2007) compare SFR and
stellar mass for 24 ym-identified “field” galaxies in a similar redshift range (0.2
< z £ 0.7) and find a linear relation between SFR and stellar mass with a slope
of ~0.67. They did not distinguish between group and field galaxies, however,
so their “field” is a combination of the two environments. We compared our
galaxies with theirs by plotting this relation as a solid, black line (with an arbi-
trary normalization). Our group and field galaxies, combined, seem to echo the
Noeske et al. (2007) relation, with the suggestion that galaxies in the field obey a
steeper mass-SFR relationship than those in groups (mainly driven by the lack of

high-mass galaxies with SFR just above our detection limit in the field, a region
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populated by group galaxies).

In Figure 3.5, we plot a “specific SFR function” (SFR M ') in the same manner
as Figure 3.2, though only including galaxies with SFR > 2.7 M, yr~'. Each his-
togram has been normalized so that its total is 1. Differences between the group
and the field are suggested; a two-sample K-S test reveals that the two distribu-
tions have only a 27% probability that they are drawn from the same parent sam-
ple. The groups have more IR-active galaxies with less star formation per stellar
mass than the field galaxies, as expected given the overall higher masses of the
group galaxies. Put another way, for the IR-detected galaxies in the groups, the
on-going star formation makes a smaller relative contribution to the stellar mass
than for galaxies in more isolated environments. Thus, the average timescale for
growth of the stellar mass ()M, /M.,) is currently smaller in the field than in group
galaxies by a factor of ~3. In the past, however, it is possible that this timescale
was shorter in the groups given their galaxies have shifted to higher masses by z
~0.5.

Figure 3.6 compares stellar mass and SFR in a slightly different way. The top
plot shows the fraction of 24 ym-detected field and group galaxies as a function
of specific SFR (sSFR) with log(M../Mg) < 10.5, labeled as blue dashed and red
solid lines, respectively. The lower panel is the same plot except for galaxies
with log(M../Mg) > 10.5. The histograms in this figure have been normalized in
the same manner as Figure 3.5. We see that group and field galaxies have simi-
lar ranges of sSFRs in either mass bin, but the higher-mass galaxies in the field
tend to form stars at higher rates (higher-mass group galaxies have lower rela-
tive SFRs). A two-sample K-S test results in a ~3% probability that the low-mass
(log(M../Mg) < 10.5) group and field galaxies come from the same parent sample

and a ~89% probability for the high-mass group and field galaxies (log(M../Mg)
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Figure 3.4 Stellar mass versus SFR for IR-detected galaxies in groups (red filled
circles) and the field (blue open circles). We only show galaxies above our
24;m detection limit, which is shown by the dashed line. The black filled tri-
angles (black open triangles) are the mean SFR for the groups (field) in three
mass bins above log(M../Mg) = 10. The field and group galaxies have different
distributions. The solid line represents the trend found by Noeske et al. (2007)
for 24 um identified “field” galaxies at 0.2 < z < 0.7 (plotted here at an arbitrary
normalization). Because Noeske et al. (2007) did not distinguish between group

and field galaxies, their trend is likely a combination of the two environments.
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Figure 3.5 Histograms of specific star formation rate (SFR M, ') for IR-detected

galaxies (SFR x> 2.7) in groups (red solid line) and the field (blue dashed line), all

corrected for spectroscopic and 24 ym incompleteness. Each histogram has been

normalized so its total value is 1. The groups have more galaxies at higher masses

than their field counterparts, resulting in lower specific SFRs for the groups. This

difference is not highly significant, however: a two-dimensional KS test results in

a 27% probability that these two data sets come from the same distribution.
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> 10.5). While neither of these cases indicate a 30 result, it makes sense given Fig-
ure 3.4, which shows a trend of higher-mass group galaxies having significantly
lower SFRs as compared with the field. The subtle trends seen in Figure 3.5 and
Figure 3.6 may be showing the beginning stages of suppression of star formation
in the groups.

In Figure 3.7, we split our group and field galaxies in terms of their SFRs
with respect to stellar mass. The top plot shows the fraction of what we call
“low-activity” galaxies (SFR < 2.7 M, yr~') normalized by the total number of
galaxies per mass bin in the groups (red solid line) and field (blue dashed line).
The two highest mass bins in the groups house a total of three galaxies, all of
which are in groups with 10 or fewer members, so any trend in the number of
low-activity, high-mass group galaxies does not appear to be significant. As a
result, the group and field galaxies are similar in terms of the fraction of low-
activity galaxies for a given stellar mass. The bottom plot shows the fraction of
galaxies in each environment with SFR > 10 M, yr~! with the same normalization
as the top plot. We do potentially see a stronger difference between the group and
field galaxies at these higher SFRs: the groups have galaxies forming stars at this
high rate at a variety of masses, while the field galaxies peak at log(M../Mg) ~
11. This may be another indication of a stronger mass-SFR relation in the field
than in the groups, though the differences between the group and field galaxies
here are of low significance.

We performed a Monte Carlo analysis of the data in the top plot of Figure 3.7
to estimate whether the overall fraction of low-activity galaxies, at constant stellar
mass, is significantly higher for group galaxies. We found the total number of
group galaxies per mass bin and randomly selected the same number of galaxies

per mass bin from the field, making a fake group sample. We then made the
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Figure 3.6 Histograms of specific SFR for the field and group galaxies with
log(M../Mg) < 10.5 (top plot) and > 10.5 (bottom plot), with the same normal-
ization and completeness corrections as the previous figure. While the ranges
of sSFRs for both environments are similar, we can see a weak trend whereby
massive field galaxies have higher sSFRs than the groups. This same trend was
evident in Figure 3.4, where we can see that the groups tend to have more mas-
sive galaxies with lower SFRs than the field. A two-sample K-S test comparing
the high-mass group and field galaxies results in a ~3% probability that the two
populations come from the same distribution, and the low-mass group and field

galaxies have an 89% probability of coming from the same distribution.
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Figure 3.7 Fractions of low- and high-activity galaxies with respect to environ-
ment. The top plot shows the fraction of galaxies with SFR < 2.7 M, yr~! nor-
malized by the total number of galaxies in each environment, respectively, per
mass bin. For stellar masses below ~11.5, the groups and the field are nearly
identical; above this limit, however, the groups have a few massive, low-activity
galaxies while the field has none. (This is not significant, as there are only three
galaxies in the two highest mass bins for the groups.) The bottom plot shows the
fractions of galaxies with SFR > 10 M, yr~! for each environment, respectively.
We see a stronger difference between the group and field galaxies here than in the
top plot: the groups have galaxies forming stars at this high rate at a variety of
masses, while the field galaxies peak at log(M./Mg) ~ 11. This may be another
indication of a stronger mass-SFR relation in the field than the group galaxies,

though the significance is small.
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same plot as the top part of Figure 3.7 using the fake group galaxies: the fraction
of fake low-activity galaxies normalized by the total number of galaxies per mass
bin. We repeated this 500 times, each time calculating the mean fraction of low-
activity galaxies from 10 g log(M../M;) < 11.6. (Higher masses were not possible
given the lack of field galaxies in the highest mass bins.) Because the fraction of
low-activity galaxies in the groups and field in this mass range is fairly constant
with mass, the average is an accurate way of comparing the fake and real group
galaxies. This distribution of fake group averages is plotted as a histogram in
Figure 3.8; it is fit well by a Gaussian (solid curve). The mean of the real groups
(real field) is shown as a dashed (dotted) line. The fake groups have consistently
low averages as compared with the real groups, though this difference is only
significant to a 1o level. Interestingly, the resampled field (matched in mass to
the group population) has a mean low-activity fraction equivalent to the non-
resampled field, indicating that the dependence of low-activity fraction on mass
within this range is negligible (also evidenced by the lack of a trend in Figure 3.7).

Another way to describe these results is that, if we use the field mass-SFR re-
lation to determine the expected IR luminosity distributions in groups, we would
conclude that the groups are slightly under-luminous because of their higher pro-
portion of high-mass galaxies. Marcillac et al. (2008) study the environment of 0.7
< z < 1.0 luminous and ultra-luminous IR galaxies (LIRGs and ULIRGs, respec-
tively), and they find that, at similar masses, 32% of all the galaxies in their sam-
ple reside in groups, and 32% of their LIRGs and ULIRGs also reside in groups.
Where we find a small and barely significant difference, their study indicates
none. That is, this reinforces our conclusion that the group environment does not
suppress or enhance star formation in the galaxies as a whole. Though we do see

indications of suppression in the groups when we compare sSFRs, the difference
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Figure 3.8 A quantitative assessment of the top plot in Figure 3.7 (see text for a
more specific explanation). We created fake group samples from the field and
calculated the average fraction of low-activity galaxies from 10  log(M../Mg) <
11.6. The histogram shows the distribution of these averages for 500 fake group
samples. The dashed (dotted) line is the average fraction of low-activity galaxies
in the real groups (field). The fake groups have consistently low averages as
compared with the real groups, but this difference is only significant at a 1o level,

as shown by the Gaussian fit to the distribution (solid curve).
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is subtle and might depend on the low-mass regime where we are incomplete
(galaxies with lower SFRs than we were able to detect with MIPS), or other vari-

ables.

3.3.2.3 Morphologies

Another parameter subject to transformation in dense environments is galaxy
morphology. Is there any difference in morphology types with respect to star
formation between the group and field galaxies? Wilman et al. (2009) report
on the visual morphologies of the GEEC groups and field galaxies using high-
resolution ACS data. They find the two environments tend to harbor different
types of galaxies: SO galaxies are more prevalent in groups than in the field at a
fixed luminosity, indicating that suppression of star formation and bulge growth
have been more common in the group environment. Overall, for galaxies brighter
than M, = -21, they find that the groups have about 1.5 times the number of E/S0O
galaxies as the field (Wilman et al., 2009).

We compared the visual morphologies with our IR SFRs using the Wilman et
al. (2009) classifications. Thus, “early-type spirals” (eSp) are galaxies classified as
Sa through Sbc (including barred spirals), and “late-type spirals” (1Sp) are clas-
sified as Sc through Sm (including barred spirals). The fractions of IR-detected
galaxies with optical classifications (both groups and the field) are as follows:
13% of ellipticals, 10% of SOs, 60% of eSps, 33% of 1Sp, 15% of irregulars, 17% of
mergers, and 61% of galaxies identified as “peculiar.” It is perhaps a surprise that
eSps are twice as likely to be detected at 24;m as ISps, but this difference may
arise because of the lower masses of the later galaxy types.

These conclusions can be tested with quantitative morphology metrics, such
as the Concentration, Asymmetry, Clumpiness (CAS) method (Abraham et al.
1994, 1996; Conselice et al. 2000, 2003; see also McGee et al. 2008 for other meth-
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ods). At z ~ 0.5, surface brightness dimming might become a problem when
identifying spirals, particularly late-types, as the fainter spiral features become
indistiguishable from the background. Shi et al. (2009) have shown how to cor-
rect concentration and asymmetry (referred to as CA from now on) for the effects
of surface brightness dimming to provide unbiased metrics at and above the red-
shifts of our groups. We have used their methodology to calculate CA for our
sample of field and group galaxies, as shown in Figure 3.9 (small black dots). In
the top plot, the average values (and error bars) for the groups and field galaxies
are given by the red square and blue star, respectively. The dashed line is an ar-
bitrary division roughly separating early- and late-type galaxies that we discuss
below. Consistent with Wilman et al. (2009), our results indicate a tendency for
group galaxies to have, on average, a higher concentration and lower asymmetry
(indicative of E and SO galaxies) than in the field.

Of 144 galaxies detected at 24 m, seven are Es and four are SOs. Three of the
galaxies are classified as “peculiar,” which means they have been visually identi-
tied as either having an interacting neighbor or a morphology slightly disturbed
from the given classification, and one galaxy is listed as an SO/Sa (most likely an
S0 but also has Sa qualities). Still, it is unusual to find any E or SO galaxies with
SFRs at these levels. To be certain the early-type galaxy detections are robust, we
investigated other possibilities for the IR emission.

The first issue concerns our source matching: is it possible there are nearby
(projected) neighbors that are being mis-matched with the E/S0 galaxies? As dis-
cussed in the appendix, inspection of the ACS images shows that a few of the
early-type galaxies have close neighbors, making identifying which galaxy in the
tield of view is responsible for the IR emission difficult. To be conservative, we

rejected any early-type galaxies where the IR emission could be coming from an-
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Figure 3.9 Top: Asymmetry versus concentration for group (black filled circles)
and field (black open circles) galaxies, calculated in the same manner as Shi et al.
(2009). These two parameters allow quantitative assessments of galaxy morphol-
ogy (as opposed to qualitative visual classifications that can be biased by surface
brightness dimming). Average values are shown as a red square (groups) and
blue star (field), with error bars. The dashed line in both plots is an arbitrary
division between the majority of the group and field galaxies, where most of the
galaxies below this line are visual early-types and most of the galaxies above this
line are late-types. This plot confirms the trend in the visual morphologies: the
groups have a higher fraction of early-type galaxies than the field. Bottom: Same
galaxies as the top figure (small black dots) with certain galaxies highlighted.
Our six IR-active E/SO galaxies are shown as red circles/black triangles, respec-
tively, with group early-types having filled symbols and field galaxies having
open symbols. All six E/SO galaxies fall in the area of the plot populated by

early-type galaxies, showing that these IR-active galaxies are indeed early-types.



76

other object. After removing these ambiguous E/S0O detections, we were left with
four ellipticals and two SOs firmly detected at 24 ym. We also double-checked
our matching of the 24 ym positions with the IRAC 3.6 ym coordinates. Four
of the six E/S0O galaxies have IRAC coverage, and all of them match the IRAC
coordinates within 1.5 arcsec or less. Because we have imposed very stringent
requirements to claim a detection, six detected E/SO galaxies represents a lower
limit.

As a double-check on the morphologies, we again plot asymmetry and con-
centration for all galaxies with CA values (small, black circles) and the six IR-
active early-type galaxies (red circles for ellipticals and black triangles for SOs,
with filled points indicating a group galaxy and empty points indicating a field
galaxy) at the bottom of Figure 3.9. All six galaxies fall in the “early-type” area of
the plot, and they also all fall well under our early-/late-type dashed line. It ap-
pears that these six E/SO galaxies are indeed early-types with bright 24 ;ym emis-
sion.

There is one other culprit that could be masquerading as star formation, how-
ever: AGN. Of the six early-type galaxies with confirmed IR emission, only two
have X-ray coverage, though neither of them are detected down to Lx ~ 10* erg
s~ (Mulchaey et al., in prep). As an additional test for AGN, we look to the IRAC
data. The intersection of the stellar light and the warm/cool dust components
produces a dip in the SED at rest-frame ~5 pym for normal star-forming galax-
ies. Buried AGN heat the dust to higher temperatures, which “fills in” this dip.
If our IR-detected early-type galaxies have similar colors at IRAC wavelengths
to the typical galaxies in our sample, then AGN are probably not contributing
significantly to the mid-IR emission. In Figure 3.10 we plot IRAC [3.6]-[4.5] and

[3.6]-[5.8] versus redshift for all galaxies with IRAC coverage in our sample. Most
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of the galaxies fall into a narrow color range in both plots, indicating that we are
probing the Rayleigh-Jeans tail of the stellar bump. If the 24 ;ym emission were
dominated by an embedded AGN, these colors would be more positive due to
the warm dust filling in the “dip” in the SED, causing the SED to brighten as
we move through the IRAC bands. None of the early-type galaxies detected at
24;m (with IRAC coverage) show the signature of an AGN in the IRAC colors.

Two of our six IR-bright early-type galaxies do not have X-ray or complete
IRAC coverage. We have enough SED coverage of one of these two to make
out some of the stellar bump and the increase in dust emission in the IR, which
seems to indicate star formation instead of an AGN, but it is difficult to say with
certainty. The other source has too few photometric data points to make any solid
conclusion; however, given the lack of AGN we have found so far in our entire
sample, it seems that AGN are a rarity. While we cannot be certain these two
galaxies do not host AGN, it seems unlikely.

Thus, even by these stringent tests, we have detected four elliptical and two
S0 galaxies at 24 m, none of which have an obvious AGN contribution. Five
of these galaxies (3 ellipticals and 2 SOs) are in groups. We cannot tell whether
the groups and field are different in this regard at a statistically significant level.
However, among the IR-detected group members, > 6% are early types. That is,
some early-type galaxies in groups were forming stars at significant levels around
z ~ 0.5. We can compare this behavior with that of local early-type galaxies using
the study of Devereux & Hameed (1997). They extracted IRAS 60 ym detections
of galaxies in the Nearby Galaxies Catalog (NBGC; Tully 1989), which contains
2367 galaxies within 40 Mpc (Hy = 75 km s Mpc™'). After eliminating ones not
covered by IRAS or compromised for other reasons, 2094 remained in this study,

of which 1215 were detected by IRAS (including 22% of the 151 ellipticals). We
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Figure 3.10 IRAC colors [3.6]-[4.5] (top) and [3.6]-[5.8] (bottom) versus z for all

galaxies in our sample with IRAC coverage in those bands (small black circles).

Also included are four of the six IR-active early-type galaxies that have IRAC

coverage. The SO galaxies are denoted by medium-sized black circles while the

ellipticals are denoted by large red circles. Galaxies dominated in these bands

by warm dust from an AGN will have highly negative values of [3.6]-[4.5] and

[3.6]-[5.8] due to the SED brightening through the IRAC bands. The four E/SO

galaxies with IRAC coverage lie with the rest of the “normal” galaxies, showing

that the 24 ;im emission from these galaxies is dominated by star formation and

not AGN activity.
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determined the 99th percentile of 60 ym luminosity for the E-E/S0 and S0-50/a
categories and converted it to Ly;p of 2.4 x 10° L, and 2.3 x 10'° L, respec-
tively. The corresponding SFRs are 0.27 and 2.6 M, yr~! (Rieke et al., 2009) and
are indicated in Figure 3.11 by dashed and dotted lines, respectively. Figure 3.11
also shows stellar mass versus SFR for all galaxies in our sample detected at 24
pum (small black dots), separated by environment, with visual morphologies in-
dicated by a variety of symbols. The SFRs for the two group SO galaxies are at
or just below the 99th percentile for local S0-50/a galaxies, while the SFRs of all
four E galaxies exceed the 99th percentile for local E-E/SO galaxies by factors of
3 to 20, an unexpected result given that there are less than 100 early-type group
members in our sample.

On a more general note, these measurements imply that not all early-type
galaxies are dead at z ~ 0.5; many are still in the process of forming stars, indi-
cating a larger amount of evolution with redshift than previously thought (e.g.
Larson 1974; Chiosi & Carraro 2002). While it does appear that there are still
some early-type galaxies forming stars in the local universe (Temi et al., 2009), the
ubiquity of IR-active early-types in group and field environments remains largely
unknown. We do know, however, that star formation in E/S0O galaxies has been
decreasing since z ~ 1. Kaviraj et al. (2008) find that star formation in early-type
galaxies has decreased by ~50% since z ~ 0.7, and they show that local early-type
galaxies, while largely quiescent now, have had spurts of star formation in their
recent past. Thus, the enhancement of star-forming activity in early-type galaxies
at z ~ 0.5 compared with the present epoch may apply generally for field and
group members.

We now discuss the fraction of 24 ym-detected galaxies with respect to the

full range of morphologies, separated by groups and field. As just discussed, for
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Figure 3.11 SER versus stellar mass for all galaxies detected at 24 ym (small black
dots), separated by environment. Visually-classified morphologies, where avail-
able, are identified by different point styles and colors. Ellipticals, SOs, and early-
type spirals tend to have higher masses than the other galaxy types, as expected.
The 99th percentile of 60 ym luminosity for E-E/SO and S0-S0/a galaxies in the
Nearby Galaxies Catalog (Tully, 1989) correspond to 0.27 M, yr~' (dashed line)
and 2.6 M, yr! (dotted line), respectively. All of the ellipticals detected at 24
pum fall far above the SFR seen in local ellipticals, while the two SOs fall close to

the 99th percentile for local SOs.
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E/SO galaxies, 5 out of 75 in groups were detected at 24 m (7%) and 1 out of 22
in the field (5%). Early-type spirals behave similarly in the two environments: 29
out of 47 group galaxies were detected (62%) compared with 14 out of 23 (61%) in
the field. For late-type spirals, 9 out of 19 (47%) are detected in groups and 4 out
of 20 (20%) in the field. Although there is a hint of a larger incidence of late-type
galaxies with high SFRs detected in our group sample, there are no differences at

a significant level.

3.4 Discussion

There is strong agreement that the dense environments in the cores of clusters do
have a large effect on their member galaxies in terms of star formation. Marcillac
et al. (2007), Patel et al. (2009), and Koyama et al. (2010) show that the densest
regions of the clusters RX] 1716.4+6708 and RX]J 0152.7-1357 strongly suppress
star formation. Using the CNOCI cluster galaxy sample (0.2 < z < 0.55), Balogh
et al. (2000) find that the mean galaxy SFR decreases with decreasing radius from
the center of the cluster, and Ellingson et al. (2001) shows a decrease in the fraction
of blue and emission-line galaxies and an increase in the fraction of ellipticals as
one approaches the cluster core. Similarly, for the more distant cluster MS 1054-
03 (z ~ 0.8), Bai et al. (2007a) observed that star formation in member galaxies
near the core was substantially suppresed; Vulcani et al. (2010) find the same
suppression in cluster galaxies from 0.4 < z < 0.8 as compared with the field,
though the reduction in SFR was more modest in those clusters. Locally (z g
0.3), we continue to see star-formation quenched or suppressed near cluster cores:
Haines et al. (2009) find suppression for star-forming cluster galaxies (defined
by L;r > 10" L), as do Bai et al. (2006) and Bai et al. (2009), who report that

star-forming galaxies (defined by SFR x 0.2 M, yr~!) are much less likely to be
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found in the cores of local clusters Coma and A3266. Biviano & Katgert (2004) use
kinematics of different cluster galaxy morphologies to show that late-type spirals
are more likely to be found at higher distances from the core.

Although the SFR suppression in cluster cores is clearly established, work to-
date has not reached a firm conclusion about the comparison of group galaxies
with those in the field and in clusters with respect to the IR regime. Wilman et
al. (2008) find, from 8 ym measurements of a subset of the GEEC sample, that
the SFR is significantly suppressed in groups as compared with the field at z ~
0.4. Bai et al. (2010) use 24 um observations to show that local groups have some-
what suppressed SFRs compared with the field, and somewhat elevated ones
compared with clusters (though they have a lower SFR limit than our study). At
higher redshifts, Marcillac et al. (2008) use a large sample of galaxies in the Ex-
tended Groth Strip (EGS) to find that LIRGs and ULIRGs measured at 24 ;m do
not preferentially exist in higher-density environments (including groups) at z ~
0.9. Tran et al. (2009) use 24 um data to find a substantially (four times) higher
incidence of active star-forming galaxies in groups compared with clusters at z ~
0.37. They also find that the groups and field are similar in this regard for their
luminosity-limited sample. Patel et al. (2009) use 24 ;ym measurements to find a
progressive suppression of the SFR by an order of magnitude from the field to
cluster core densities.

Other recent studies in optical bands show suppression of star formation in
groups due to different mechanisms. Peng et al. (2010) and Kovac et al. (2010)
use SDSS and zCOSMOS galaxies at a variety of redshifts (up to z ~ 1) and en-
vironments to show that the effects of environment on individual galaxies are
separate from the evolution and quenching with increasing galaxy mass. This

“mass quenching” is the dominant effect at high galaxy masses (M. 3 10'%2? M),
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while other effects, like environmental quenching, dominate for low-mass and
satellite galaxies (M. < 10'° M) (Peng et al., 2010). As mentioned previously,
Tran et al. (2009) find comparable fractions of star-forming galaxies in their su-
pergroup and the field for a luminosity-limited sample, but their mass-selected
sample shows the supergroup has about half the fraction of star-forming galaxies
as the field.

In light of the uncertainties in the effects of groups on the SFRs as reflected
in the Spitzer 8 and 24 ym data, we have carried out a thorough study of the
CNOC2 groups at 0.3 < z < 0.55, which are exceptionally well-characterized and
have substantial amounts of ancillary data. The large sizes of this group sample
and of the accompanying field sample also allow reasonably good statistics for
our conclusions. We find that the incidence of 24 ym emission is virtually the
same in these groups as in the field. This result agrees well with that of Tran
et al. (2009) for their luminosity-selected supergroup at z = 0.37 but has higher
statistical weight because our field sample is significantly larger. This agreement
is interesting because Tran et al. (2009) studied super-groups with large velocity
dispersions and significant X-ray luminosities, while our groups generally have
lower velocity dispersions and no X-ray emission.

This similarity of IR properties appears to hold in detail, both in the forms of
the fractional luminosity functions and as characterized by L*. The overall frac-
tional luminosity functions for groups and field are consistent with being drawn
from the same distribution. Tran et al. (2009) found that L* for their field sam-
ple was ~ 0.4 dex lower than for their groups. To look for this effect, we used
our fLF Schechter function fits to determine L* for our groups. L* for our field is
marginally larger (again ~0.4 dex) than the groups, though given the error bars

on the values of L*, the field and group L* are comparable. It is possible that
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the difference between the two studies arises from the different environments—
one large group-like structure for Tran et al. (2009) versus our individual, smaller
groups. However, given the statistical significance of the two studies, it is plau-
sible that there is no significant overall difference in L* between the two envi-
ronments. This emphasizes the lack of any strong dependence of group member
properties on the size or mass of the group (Wilman et al. 2005b; this work).

The IR properties of our group and field galaxies appear to be contrary to
the shift in the distribution of galaxy morphologies toward early-types in groups
(McGee et al. 2008; Wilman et al. 2009), which we confirm with a form of CA
analysis. In part, this apparent contradiction can be explained by the presence of
a number of E/S0O galaxies that are detected at 24 ym; this IR activity appears to
arise from elevated levels of star formation as compared with local E/SO galax-
ies (as also found by Tran et al. (2009)). However, this behavior has also been
seen at similar redshifts in field early-type galaxies (e.g., van der Wel et al. 2007;
Pérez-Gonzélez et al. 2008). Along with a higher population of E/SO galaxies,
the groups also have larger overall numbers of massive, early-type spirals. These
galaxies contribute significantly to the numbers of IR-detected group members
and to the group luminosity function. Tran et al. (2009) find a similar result for
their super-group: that an excess population (compared with the field) of spi-
rals fills in the dearth of star formation that would otherwise exist because of the
larger proportion of early-type galaxies. A minor difference is that the Tran et al.
(2009) group sample is rich in relatively low-mass star-forming spirals compared
with those in our groups.

An interesting observation is that there are only two galaxies total in our
group and field sample that can be classified as ULIRGs (Ultra-Luminous In-
frared Galaxies; 12 < log(Lrr/Ls) < 13). Le Floc’h et al. (2005) showed that
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ULIRGs make up only ~10% of the IR population at z ~ 0.7, which roughly
means, at the redshifts we are studying here, we should expect to see 4 to 12
ULIRGs. While the errors on this estimate are almost certainly large enough to
encompass our two ULIRGs, it is still odd that our sample lies at the low end of
the expected range. If galaxies in groups have higher propensities for mergers or
low-velocity encounters, we might expect to see more of these high-L,;xr galax-
ies in the groups, if not overall. Geach et al. (2009) suggest that such encounters
could be fueling the growth of galactic bulges, which explains the larger fraction
of Sa through E galaxies in the groups. If we do not see massive amounts of star
formation in the groups—or, in this case, neither the groups nor the field—then
either a process common to both group and field galaxies is responsible for the
bulge formation or star formation from mergers and low-velocity encounters is
short enough to not show significant IR emission in individual galaxies.

Because mass has been shown to have significant association with suppress-
ing star formation, we also made a quantitative test of the overall similarity of
group and field members of similar mass. The ratio of low-activity star forming
galaxies (i.e., those with SFR < 2.7 M, yr™') to the total number of galaxies with
M. > 10" M, is 0.69. We synthesized this result from field galaxies in a Monte
Carlo calculation, drawing randomly from a field sample matched in mass. The
synthesized distribution is Gaussian and has its maximum probability at a frac-
tion of 0.66, with a range at £10 from 0.62 to 0.70. That is, there is only marginal
evidence (10) for a change in incidence of high levels of star formation in galaxies
of the same mass in groups versus the field, and any such change is limited to be
no more than a 10% effect (at 10).

All of these results are consistent with the hypothesis that the difference be-

tween the group and field populations is confined largely to their differing mass
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functions. For a given mass and morphological type, there is no statistically sig-
nificant suppression or enhancement of star formation in individual group galax-
ies in the intermediate stellar mass range of 10'° to 2 x 10'* M. However, groups
have begun to build massive galaxies with lower specific star formation rates
as typical for their relatively-early types. The shifts toward lower specific star
formation rates and toward higher masses tend to cancel each other, leading to
similar infrared fractional luminosity functions.

We must remind ourselves, however, that we are only probing the brightest
star-forming galaxies at these redshifts; galaxies with SFRs below our detection
limit could be more affected by the group environment, resulting in a lower frac-
tion of star-forming galaxies in the groups (Peng et al., 2010). Locally, the fraction
of IR-active galaxies in the two environments differs by ~30% (more star-forming
galaxies in the field) for galaxies with SFRs 3 0.1 M, yr~!, a much lower detection
limit than our sample (Bai et al., 2010). Other group studies have found environ-
mental dependence of the fractions of star-forming group and field galaxies at
fixed luminosity or stellar mass using different indicators (Wilman et al. 2005a,
2008; Balogh et al. 2007, 2009).

These differences suggest that groups are indeed an intermediate stage be-
tween the field and clusters. Our groups contain fractions of E and SO galaxies
at levels comparable to clusters (Wilman et al. 2009), and the mass distribution
of group galaxies tends to extend higher than that of field galaxies, as confirmed
with a more detailed inspection of the group and field galaxy masses. Despite
these differences, the overall IR activity in groups seems to indicate a lack of sup-
pression or enhancement of star formation as compared with the field: the frac-
tions of star-forming galaxies (SFR > 2.7 M, yr™') are comparable in the groups

and field, and the fractional luminosity functions are nearly identical. Individ-
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ual galaxies of similar mass and morphology appear to have virtually identical
infrared properties in the two environments. Thus, the group environment af-
fects the masses and morphologies of galaxies, and their star forming properties
change consistent with these effects. However, any additional changes in star

forming properties are, at best, subtle, at least for SFR > 2.7 M, yr*

, indicating
that the level of star formation is driven primarily by galaxy mass, itself a func-
tion of environment. In other words, star-forming activity in individual galax-
ies is only indirectly related to the group versus field environment but is linked
more strongly to the overall change in galaxy masses and morphologies (Peng
et al., 2010). The higher L* for the supergroup of Tran et al. (2009) may indicate
an enhancement of star formation that is environmentally-dependent, but they
find that mass more strongly affects star formation. Apparently, the assumed
increased rate of galaxy-galaxy interactions in groups either does not affect the
star formation significantly, or strong interaction-driven star formation occurs in
environments other than the groups we studied here.

The outskirts of clusters are a probable alternative location for galaxy pro-
cessing, as shown by the higher fractions of IR-bright galaxies in group and field
galaxies than the outskirts of the Coma and A3266 clusters (Bai et al., 2009). Addi-
tional studies of groups and clusters at a variety of redshifts, preferably to lower
SFR limits, are needed to further disentangle the effects of these moderately-
dense environments on the star formation, mass, and morphology of their mem-

ber galaxies.

3.5 Conclusions

We have observed 26 galaxy groups and accompanying field galaxies with deep

MIPS photometry and used 24 um flux densities to estimate the total IR lumi-
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nosities and SFRs of galaxies in both environments. We find that on an indi-
vidual basis, group and field galaxies of similar mass and morphology do not
differ significantly in terms of their SFRs, and the amount of star formation does
not depend on the richness of the groups. However, the groups have systemat-
ically lower specific SFRs and a higher incidence of massive early-type galaxies,
more reminiscent of clusters than the field. We discovered that some of these E
and SO galaxies, as well as a large contingent of massive early spirals, are still
forming stars at significant levels. These galaxies may explain why the frac-
tional luminosity functions of the groups and field are nearly identical despite the
overall decrease in star-forming activity in the groups. The group environment
affects galaxy SFRs primarily through the shift toward higher masses, with an
accompanying trend toward earlier types and reduced specific SFRs. These high-
mass, early-type galaxies, along with IR luminosities comparable to the field, put

groups in between the field and clusters in terms of overall galaxy properties.
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CHAPTER 4

STAR-FORMING GALAXY EVOLUTION IN NEARBY RiCH CLUSTERS

(Tyler et al. 2013, in prep)

Dense environments are known to quench star formation in galaxies, but it
is still unknown what mechanism(s) are directly responsible. In this paper, we
study the star formation of galaxies in Abell 2029 and Coma, combining indi-
cators at 24 ym, Ha, and UV down to rates of 0.03 My yr—'. We show that
A2029’s star-forming galaxies follow the same mass—SFR relation as the field. The
Coma cluster, on the other hand, has a population of galaxies with SFRs signifi-
cantly lower than the field mass—-SFR relation, indicative of galaxies in the process
of being quenched. A significant fraction of these galaxies host AGNs. Ram-
pressure stripping and starvation/strangulation are the most likely mechanisms
for suppressing the star formation in these galaxies, but we are unable to disen-
tangle which is dominating. The differences we see between the two clusters’
populations of star-forming galaxies may be related to their accretion histories,
with A2029 having accreted its star-forming galaxies more recently than Coma.
Additionally, we discovered a sample of early-type galaxies in A2029 whose 24
pm and/or FUV emission does not appear to come from star formation. Simi-
lar galaxies have probably been classified as star-forming in previous studies of
dense clusters, possibly obscuring some of the effects of the cluster environment

on true star-forming galaxies.



90

4.1 Introduction

High-density regions have long been known to affect the evolution of galaxies,
morphing blue, star-forming disks into red, quiescent early-types. Many possi-
ble methods by which dense regions change galaxies have been discussed: ram-
pressure stripping, the removal of a galaxy’s gas as it plunges through the intra-
cluster medium (ICM) (e.g., Gunn & Gott 1972; Kinney et al. 2004; van Gorkom
2004; Sivanandam et al. 2010); starvation/strangulation, the removal of the hot
gas halo by the ICM, making it unable to accrete more material (e.g., Larson et
al. 1980; Balogh et al. 2000; Kawata & Mulchaey 2008; McCarthy et al. 2008);
and galaxy-galaxy interactions, such as harassment and mergers, which readily
change the morphologies of galaxies (e.g., Barnes & Hernquist 1996; Mihos 2004;
Conselice 2006). See Boselli & Gavazzi (2006) for a more comprehensive review
of these environmental processes.

What is not known, however, is which of these effects—if any—play dom-
inant roles in the galaxy evolution seen in different environments. The effects
are strongest in dense clusters, which tend to have higher fractions of early-type
galaxies and lower fractions of star-forming galaxies than the field (e.g., Dressler
1980; Gémez et al. 2003; van der Wel et al. 2007; Bai et al. 2009; Tempel et al.
2011), suggesting they are instrumental in cutting off a galaxy’s ability to form
stars. This behavior becomes less prominent with youth: clusters at higher red-
shifts (up to z ~ 1) have both more star-forming galaxies in general and more
massive star-forming galaxies than local clusters (Kennicutt 1983; Balogh et al.
1997; Hashimoto et al. 1998; Poggianti et al. 1999). Galaxy morphology and
star formation also depend on local density (Dressler 1980; Whitmore et al. 1993;
Lewis et al. 2002; Christlein & Zabludoff 2005; Petropoulou et al. 2011). In Coma,

for example, the outer regions of the cluster have higher fractions of low-star-
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forming galaxies than the dense center (Bai et al. 2009; Edwards & Fadda 2011).

It is also possible that at least some of the evolution we see in cluster galax-
ies occurs before they reach such high densities, though the evidence is less clear.
Galaxy groups are known to have nearly cluster-level fractions of early-type galax-
ies, specifically SOs (Postman & Geller 1984; Zabludoff et al. 1996; Zabludoff &
Mulchaey 1998; Wilman et al. 2009; Just et al. 2010). Also, groups have lower
fractions of star-forming galaxies than the field but higher fractions than clusters
(Wilman et al. 2005b; Gerke et al. 2007; Wilman et al. 2008; Balogh et al. 2009;
Iovino et al. 2010). Both of these results would seem to indicate a sort of “pre-
processing” occurring in groups, but because these and other recent studies (Tran
et al. 2009; Bai et al. 2010; Tyler et al. 2011) show that groups appear to be inter-
mediate between the field and clusters, additional processing must still occur in
clusters.

There are many aspects of both star formation and clusters themselves we
need to consider if we wish to understand the dominant mechanism for the
quenching of star formation in dense regions. First, we must accurately estimate
the star formation rate (SFR). Optical and UV data are frequently used; however,
both are subject to uncertain corrections for dust absorption. UV measurements,
specifically, can be subject to selection biases that tend to make them echo the
overall luminosity function of the cluster (Cortese et al., 2008). The mid-infrared
(mid-IR) does not have these problems, and its overall correlation with total IR lu-
minosity (Lr;z) makes it a good indicator of the total SFR of most galaxies (Rieke
et al., 2009). Still, the mid-IR probes only obscured star formation, which means
it can underestimate the SFR in galaxies with low levels of star formation, where
there is less dust and less extinction (Kennicutt et al. 2009; Rieke et al. 2009;

Calzetti et al. 2010). Using only one type of star-formation indicator, therefore,
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only tells us part of the story. To get an unbiased picture, we need to estimate
the total amount of star formation in galaxies—obscured and unobscured—and
probe down to the very lowest SFRs.

Additionally, we also need to study a cluster that is not in the process of form-
ing or merging with other clusters or groups. Large numbers of infalling galax-
ies can obscure the overall effect of the dense environment on member galaxies.
The higher fraction of star-forming galaxies in the field, as well as triggered star
formation from galaxies falling into the cluster potential, can make cluster mem-
bers appear more like field and/or group galaxies than what perhaps the cluster
would be in a few gigayears (e.g., Beijersbergen et al. 2002; Cortese et al. 2008;
Mahajan et al. 2010). If we want to focus on what effects dense environments
have on galaxies, we need to observe stable, relaxed clusters.

Abell 2029 seems to be one such cluster. It appears relaxed, with a large bright-
est cluster galaxy (BCG) at the center, a smooth X-ray profile, and a lack of large
substructures (Lewis et al. 2003; Vikhlinin et al. 2005; Bourdin & Mazzotta 2008).
Deep MIPS 24 ym data are available from the Bai et al. (2007b) study of intra-
cluster dust, probing IR luminosities down to low levels. Homogeneous optical
spectra were obtained in this work, and there is a pointed GALEX observation
of the cluster as well (Hicks et al. 2010), allowing us to combine He, IR, and UV
measurements into a more complete picture of obscured and unobscured star
formation in the cluster down to low SFRs. To place our work within a broader
context, we compare it with similar results for the Coma cluster.

In Section 2, we discuss our observations and sample selection. Section 3 cov-
ers the creation and analysis of our SFR functions, Section 4 introduces a popu-
lation of 24 ym-detected early-type galaxies which do not appear to be forming

stars, and Section 5 discusses the analysis of A2029 with these early-type galaxies
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removed. Section 6 compares A2029 with studies of the Coma cluster, and we
discuss the two clusters in Section 7. Our conclusions are summarized in Section
8. Throughout the paper, we use the following cosmological parameters: H, = 70

km s~ Mpc™!, Q) =0.25, Q5 = 0.75.

4.2 Sample & Data Reduction

4.2.1 Infrared Observations

Cluster A2029 was originally observed with the Multiband Imaging Photometer
for Spitzer (MIPS; Rieke et al. 2004) in February 2004 with a total integration time
of 80 s pixel!. Additional observations in January 2005 to look for faint intra-
cluster emission extended the exposure time to ~340 s pixel ! for the combined
mosaic over a ~45" x ~80' area (Bai et al., 2007b). The images were processed us-
ing the MIPS Data Analysis Tool (DAT, ver. 2.9; Gordon et al. 2005) as described
by Bai et al. (2007b).

Sources were initially selected using the IRAF routine DAOPHOT (Stetson,
1987) and fluxes from PSF fitting. Errors were estimated for each source by aver-
aging the sigma-clipped flux of the nearest 30 randomly-placed apertures. True
detections were selected in terms of these errors: sources at 30 or above were
considered real sources, while anything below 3¢ significance was rejected. All
possible sources were visually inspected so as not to include false detections such
as high-signal image artifacts.

The DAOPHOT routine occasionally missed faint sources in the field, so we
also used SExtractor to identify and extract IR sources. This routine first subtracts
the background and filters with a Gaussian function with a 4" FWHM. The pro-
gram also used a deblending routine to separate individual sources and remove

any artifacts that may masquerade as sources. We used a 1o detection thresh-
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old to identify and extract all possible sources, though only those above 30 were
retained as true detections. (This is the same method used to remove sources
in Bai et al. (2007b); see their paper for additional information on source extrac-
tion.) The SExtractor routine was able to identify more low-flux sources than
DAOPHOT, though after filtering out AGNs and other sources (discussed later),
few new galaxies were added. Given the better accuracy of this method, we use
the SExtractor-selected galaxies in the rest of this paper. The differences between
these two methods are minor, however, and our overall results are independent
of the photometry approach.

Iand

As a result, the 30 detection limit was ~135 pJy, or Log ~ 2.6 X 104 ergs-
SER ~ 0.028 M, yr~! using the method of Calzetti et al. (2010) at the redshift of

our cluster (z ~ 0.08).

42.1.1 IR Source Matching & Errors

To identify which optical sources had 24 ;m emission, we cross-correlated opti-
cal and IR catalogues by matching the position of each to within a radius of 3”
(corresponding to ~4.5 kpc). The matching radius needed to be small enough
to minimize the number of false matches while simultaneously including galax-
ies with star formation in their outer regions, since areas of star formation can
be clumpy and/or asymmetrical with respect to the overall shape of the galaxy,
especially in late-types. Although positions at 24 ym are accurate to  1”, the
MIPS PSF is large (6” FWHM). Our field is relatively crowded, and some of our
IR sources are extended, leading to our selection of this matching radius.
Incorrectly-matched IR sources will occur, however, so it is important to be
aware of the errors of our source-matching criteria. First, we noted four IR sources
had been matched to multiple optical galaxies. After viewing optical images of

the area, all were easily associated with a specific galaxy and the incorrect opti-
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cal matches removed. This gives us a rough estimate of our IR/optical source-
matching errors of ~0.8% incorrectly matched sources.

Given that we can detect sources far beyond our cluster redshift and that we
would like to have an upper limit on the possible fraction of incorrect matches,
we scattered ~3,500 fake source coordinates randomly over the 24 ;m image.
(This is slightly more fake sources than the number of real sources detected in
the 24 ;m image but still below the confusion limit.) We combined the real 24
pum source list with this fake source list and matched it to our catalog of cluster
and field galaxies with known redshifts. The fraction of galaxies matched to a
fake source was much less than 1%. We conclude that the total fraction of 24

pum sources matched to an incorrect optical source is no more than ~1%.

422 Optical Observations

To confirm cluster members spectroscopically, we targeted 1800 objects in the in-
ner 30" x 60’ of the MIPS field with the Hectospec fiber spectrograph on the MMT
at Mt. Hopkins (Fabricant et al., 2005). We used the 270 gpm grating, covering
a wavelength range of 3650-9200 A for objects down to r ~ 20, allowing us to
observe the Ha emission line in galaxies out to z ~ 0.4, far beyond the cluster
redshift. The region was observed using two different configurations with three
10-minute exposures each for the brightest galaxies and five different configura-
tions with three 15-minute exposures each for all other sources. The spectra were
reduced using the HSRED! IDL routine. We visually confirmed the redshift of
each source using best-fitting templates, resulting in confident redshifts for 1352
objects.

Because 24 ym emission from AGNs can masquerade as star formation, we

need to identify possible active galaxies from our sample. HSRED and our redshift-

1See http:/ /www.astro.princeton.edu/~rcool /hsred/ or http:/ /code.google.com/p /hsred /.
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confirmation widget identify AGNs and QSOs via emission line ratios, allowing
us to confirm their active galaxy status by eye and remove them. To be as con-
servative as possible, we also removed a few additional galaxies that did not
have sufficient line ratios but still appeared to have suspiciously AGN-like spec-

tra (e.g., broad hydrogen lines).

4.2.3 UV Observations

We selected far-UV (FUV) sources in the GALEX database? from the A2029 pointed
observation GI3-103 (PI: Hicks) described in further detail in Hicks et al. (2010).
The GALEX 1.2-degree field of view, centered on the BCG, includes our entire
Hectospec coverage area so that none of our spectroscopically-confirmed cluster
members lie near the edge of the GALEX image. This 1517-second observation is
~85% complete down to ~23.0 mag. Because this completeness limit is for 50 or
brighter sources, our SFR(FUV) detection limit (0.043 M, yr™?) is a conservative
estimation®. We then matched the UV sources with our optical catalog using a 4”

radius.

424 Sample Selection

To differentiate cluster members from the field, we used the method of den Har-
tog & Katgert (1996), who select members based on each galaxy’s relative line-
of-sight velocity (V-VO, where V0 is the mean cluster velocity) as compared with
its projected distance from the center of the cluster. Den Hartog & Katgert (1996)
then use the maximum line-of-sight velocity at a given distance from the cluster
center to define which galaxies are cluster members and which are interlopers.

Figure 4.1 shows this method for A2029. The maximum line-of-sight velocity is

Zhttp:/ / galex.stsci.edu/GR6/.
3See the GALEX website and the GALEX exposure time calculator
(http:/ /sherpa.caltech.edu/gips/tools/expcalc.html) for additional information.
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plotted as a pair of dashed lines. Only galaxies within these lines are considered
cluster members. To ensure we were as complete as possible, we retrieved all ex-
tended sources near the cluster redshift within our 24 ym field of view from the
NASA /IPAC Extragalactic Database* (NED) and the Sloan Digital Sky Survey®
(SDSS). We removed duplicate sources and included the remaining galaxies for
identifying cluster members.

After removing all non-cluster galaxies and limiting the field sample to galax-
ies with z < 0.2, we have a total of 588 cluster galaxies (445 of which were covered
by Hectospec and MIPS) and 65 field galaxies with redshifts. All the cluster mem-
bers are listed in Table 1. We did not include any of the NED or SDSS sources in
our final sample because it is difficult to identify and correct for selection biases

of these galaxies.

“The NASA/IPAC Extragalactic Database is operated by the Jet Propulsion Laboratory,
California Institute of Technology, under contract with the National Aeronautics and Space
Administration.

>http:/ /www.sdss3.org/
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Figure 4.1 Relative velocity (V) of all galaxies with respect to the cluster mean
velocity (V0) as a function of projected distance from the cluster center. Cluster
members were selected to be galaxies within the maximum line-of-sight velocity

(dotted lines) at a given distance, as per den Hartog & Katgert (1996).



Table 4.1.

A2029 Member List

RA Dec z log(Losum) log(Lpa) log(Lpyyv) SFR (min)® SER (max)* log(M,) Notes®
(Lo) (Lo) (Lo) M yr ') Mpyr') (M)
227.59595 5.6415414 0.0768 - - - - - 10.34 -
227.46886 5.6797333 0.0808 - - - - - 10.87 -
227.58581 5.8550225 0.0812 8.44 7.46 8.61 0.711 0.711 10.29 -
227.32547 5.5163308 0.0793 9.38 7.49 8.54 2.185 2.185 10.90 -
227.34391 5.5039944 0.0752 8.47 6.75 - 0.242 0.242 10.22 -
227.38376 5.5582892 (0.0731 9.07 7.06 8.16 1.007 1.007 10.18 -
227.35787 5.5324111 0.0739 8.06 6.35 - 0.094 0.094 9.94 -
22741070 5.6222886 0.0799 - - - - - 10.34 -
227.54800 5.4776306 0.0786 9.23 - - 1.109 1.109 10.57 2
227.44500 5.6604972 0.0835 9.20 7.51 8.85 1.713 1.713 10.31 -
227.43088 5.6700219 0.0838 9.44 7.74 9.16 2.928 2.928 10.74 -
227.53186 5.6630389 (.0842 8.75 7.66 9.61 1.176 1.176 9.59 -

66
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4.3 SFR Function

43.1 Methodology

For all sources detected at 24 yum, we calculated the 24 ym luminosity (Ly4) with
the general relation between flux and luminosity (vF,) using the luminosity dis-
tance. Hoa luminosities (Ly,) were calculated using the Ha equivalent width
along with the continuum magnitude, which was estimated by linearly inter-
polating between the SDSS r- and i-band magnitudes to the Ha rest-frame wave-
length. The linear behavior of the SEDs of these galaxies at SDSS 1, i, and z (and
sometimes g) makes linear interpolation appropriate in this case. For the few
sources without SDSS observations, we simply use the r-band magnitude, which
is not significantly different from the interpolated magnitude for most sources.
Additionally, because our field galaxy sample only contains objects out toz ~ 0.2,
this method can be used for all field galaxies as well since Ha does not redshift be-
yond the i-band until z ~ 0.4. The equivalent widths were calculated by linearly
fitting the continuum within 200 A of the emission line and fitting a Gaussian
to the Ho line on top of the continuum fit. All fits were visually checked; those
where the continuum and/or Ha line were fit poorly by our automated routine
were then fit manually (using the same method) so as to make the measurements
as accurate as possible. The errors of these manually-fit lines were modified to
reflect the higher uncertainty in the fits.

We use the equations of Calzetti et al. (2010) to convert 24 ym and/or Ho lu-
minosities to total SFRs. As required by Calzetti et al. (2010), galaxies with both 24
pm and Ha measurements used unobscured (uncorrected) Ly,. For sources with
only Ha detections and no 24 ;im, we had two options: for a lower-limit on the
SFR (unobscured), we used the same conversion but without the IR contribution;

as an upper limit, we added in our 24 ;m detection limit for the IR component.



Table 4.1—Continued

RA Dec z log(Losym) 10g(Laa) log(Lryy) SER (min)* SFR (max)®* log(M.) Notes®
(Lo) (Lo) (Lo) Mgyrh) Meyr™) (M)
227.54318 5.5711417 0.0765 8.23 - 8.47 0.235 0.235 11.31 2
227.49977 5.6787333 0.0732 - - - - - 10.94 -
227.57229 5.7011861 0.0782 - - 8.57 0.064 0.138 11.00 2

°If a galaxy only has Hoa or FUV detections (no 24 ym), then the lower limit (min) on SFR is calculated using
these wavelengths without dust corrections. The upper limit (max) is calculated using our 24 ym detection
limit with Ha (or FUV if Ha is not available). If the min and max values of SFR are the same, then the SFR
was calculated using 24pm and Ha (or FUV if Ha is not available). In these cases, the total SFR includes both
obscured and unobscured components from measured quantities.

PNotes: (0) indicates galaxies without 24 ym data; (1) indicates galaxies from SDSS or NED that are cluster
members but do not have Hectospec coverage; (2) indicates passive (non-star-forming) galaxies (the SFRs listed
in the table are from assuming the 24 ym and/or FUV detections were due to star formation); (3) indicates
galaxies spectroscopically identified as AGN and not included as star-forming galaxies (as with the passive
galaxies, the SFRs listed in the table are calculated as if the 24 ym, Ha, and/or FUV were all from star formation

only).

Note. — This is only a small sampling of the full catalog, which is available in electronic format.

10T
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We originally assumed that the very low SFRs of the Ha-only detected sources
indicated that the obscuration of these systems was insignificant. However, if
we include the 24 ym upper limits, only about half of the SFRs of these galaxies
remain reasonably unaffected; the other half change more significantly, indicat-
ing there could be a significant obscured component for some sources. Despite
this, we chose to display the non-corrected Ha SFRs in our figures unless stated
otherwise; using the upper limits does not change our conclusions.

It is more difficult to detect weak Ha emission lines in a bright galaxy than
a faint one due to the higher continuum level of the bright galaxy. Therefore,
we estimated our Ha detection limit using the Hoa luminosities of the brightest
galaxies in the r-band and converting them to SFRs using the methods already
discussed. All but a few of the Ha-detected galaxies are above this limit (0.06
Mg yr™!), and 80% of all galaxies in the cluster are fainter in the r-band than
the galaxies used to calculate the detection limit, giving us an estimate of the
completeness limit of our Ha-detected galaxies as well.

In a similar manner, we calculated UV SFRs by correcting the FUV (1350-1780
A) luminosity for obscuration effects using the 24 ym luminosity (for sources with
both UV and IR detections) from Zhu et al. (2008). Then we used the method
of Kennicutt et al. (2009) to convert this FUV luminosity to SFR. We double-
checked our conversions by comparing the combined 24 m/Ha SFR with the
24 ;ym /FUV SFRs, which agreed very well and with minimal scatter. For galaxies
only detected in the FUV (not 24 ym or Ha), as with Ha-only detected objects,
we use the same conversion to SFR but without the 24 ym component for a lower
limit on the SFR. If we compare our unobscured Ha SFR with the unobscured
FUV SER (for objects with detections in both), the scatter is larger, though the Ha
SFRs tend to be higher than the FUV SFRs. As with the Ho measurements, if we
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correct the UV-only SFRs with our 24 ;m detection limit (resulting in an upper
limit on the SFR), our conclusions do not change.

Our SFR functions are corrected for spectroscopic completeness, which was
calculated by taking the number of sources with spectroscopic redshifts in a given
r-band bin and dividing it by the total number of photometrically-identified ex-
tended sources in each bin. The reciprocal of these values is the correction factor.
We interpolated between these values given each source’s r-band magnitude. The
24 pm detections are already 80% complete at the IR detection limit, and the vast
majority of our 24 ym detections are far above this limit, so we do not correct for
the incompleteness of IR source detections.

K-corrections and stellar masses were estimated using the KCORRECT (v. 4.2)
routine SDSS_KCORRECT, which calculates mass using template and model fits
with SDSS photometric data (see Blanton et al. 2007 for details). KCORRECT
uses a different IMF and cosmological values than we use, so we corrected the

original stellar mass output to the IMF and cosmology adopted in this paper.

4.3.2 Initial Cluster SFR Function

We created an initial SFR function by plotting all cluster galaxies in terms of their
detection method (Figure 4.2). (Initially, we focused on 24 ym and Ha only; the
UV detections will be discussed in the following section.) Galaxies only detected
at 24 ym or Ho are indicated by brown open triangles or blue open stars, respec-
tively, with detection limits shown by the brown dashed line and blue dot-dashed
line. The green open circles indicate sources detected at both Ho and 24 pm,
while the black filled circles are all sources, regardless of detection method, with
Poisson errors. (Lines connecting the data points are used only to help guide the
eye.) Two things stand out: the population of 24 ym-emitting galaxies without

Ha emission and the apparent turnover at log(SFR) < -0.8. For now, we focus on
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the first of these phenomena.

4.4 Passive Early-Type Galaxies

Star-forming galaxies detected in the IR but with no appreciable Ha emission
might be expected at higher SFRs: increasing SFRs are associated with increasing
amounts of obscuring dust. Indeed, it might seem strange that the galaxies at the
highest SFRs have both 24 ym and Ha detections. However, the SFRs of the most
active galaxies in this cluster do not reach even ~10 M, yr~*!, which apparently is
not associated with enough dust to completely obscure the Ha emission. So if our
most vigorously star-forming galaxies are detected at both 24 ym and Hea, why
do we have a population of low-star-forming galaxies only detected in the IR?
Objects forming stars at such rates should have observable Ho emission; there
should not be enough dust to completely obscure the Ha line. We now take a

closer look at these IR-emitting galaxies.

441 The Passive UV- and IR-Emitting Galaxy Population

Figure 4.3 shows the typical optical spectra (redshift-corrected) of the 41 24;m-
only galaxies, with the Ha wavelength identified by a vertical dashed line. All
of the galaxies (even the ones not shown here) appear to be early-types. Other
than the sky absorption lines, the only obvious features are the H3 and Ca H and
K absorption lines; a few of the spectra shown have [N 1165834 emission lines.
They do not look like star-forming galaxies at all.

However, the Hectospec fibers subtend 1.5” on the sky, which means for the
larger galaxies, we may only be probing the central bulges and missing star for-
mation in the outer regions of the galaxies. If we look at optical images of this
population from SDSS (both cluster and field galaxies; Figure 4.4), we see that

nearly all have early-type morphologies (E/S0). Some could be edge-on spiral
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Figure 4.2 SFR function of A2029 broken down into star-formation detection
methods: galaxies only detected in Ha (blue open stars), galaxies only detected at
24 ym (brown open triangles), galaxies detected with both IR and Ha (green open
circles), and all galaxies combined (black filled circles). (Lines connecting the
points are for guiding the eye only.) The brown dashed line and blue dot-dashed

blue line indicate our approximate 24 ;m and Ha detection limits, respectively.



106

8000 FTTTTTTTTITT I T I T TITTT T T T HHHH‘\ HH\M\H‘\HHHH T

6000 |- .

4000 -

Flux

2000

O || HH\\H‘\HHHH‘\\HHH:\‘HHHHH‘H:\HHH‘HH

4000 5000 6000 /000 8000 9000
Wavelength (A)

Figure 4.3 MMT Hectospec optical spectra of a portion of the 24 ym- and/or FUV-
detected galaxies without Ha emission. Grey dashed lines indicate sky absorp-
tion features. None of these sources show any star formation or obvious AGN

activity that could account for the 24 ym emission.



Figure 4.4 SDSS multi-color images of the 24 ym-/FUV-detected-only galaxies

whose spectra are shown in the previous figures (not to scale). Most of the sources

look like early-type E or SO galaxies or passive early-type spirals.

galaxies, but given their red colors and the lack of any indications of star forma-
tion in their spectra, they seem to be completely passive. Only a handful show
blue colors and other morphological features indicative of ongoing star forma-
tion. A closer look at the IR images of these galaxies revealed some with 24
pm emission from the outer regions of the galaxies as well as the central bulges.
The sizes of the bulges of these galaxies, however, are larger than the Hectospec
fiber size, which explains why their spectra look like the rest of the early-type
galaxies. These obviously star-forming galaxies were removed from the non-star-
forming E/SO population and retained in the SFR function.

One possibility for this 24 ym emission from early-type galaxies is that the



108

IR source is offset from the galaxies enough to cast doubt in terms of the 24
pm matching. Perhaps the IR emission is not from these galaxies but from other
nearby sources. We investigated this possibility by comparing the location of the
24 pm sources to these early-type galaxies. All agreed in position almost exactly
with their optical source. There were no accompanying optical sources for any
galaxies that could be alternative identifications for the IR emission instead of the
cluster members.

Twenty-four of the 41 24m-detected early-type cluster galaxies were also de-
tected in the FUV, and an additional 14 galaxies were detected only in the FUV
and not in 24pum or Ha. Of all 55 galaxies not detected in Ha (but detected in
24;m or FUV), 38 have colors, morphologies, and spectra reminiscent of early-
type, “red and dead” non-star-forming galaxies. Because of these similarities
and the lack of any additional indicators of star formation, we treat these 38 as
non-star-forming early-type galaxies (referred to as passive galaxies from here
on) and identify the other 17 as star-forming. Of the rest, there are a total of 11
galaxies detected only at 24,m, 10 only detected in the FUV, and 17 detected in
both that have no evidence of current star formation. This seems to indicate that
the IR and/or UV emission is coming from a source other than young stars. Pas-
sive galaxies with IR/UV emission and excess have also been found in galaxies
of other clusters (Boselli et al. 2005; Bressan et al. 2006; Ko et al. 2009; Shim et al.
2011).

4.4.2 Identifying the E/SO IR Emission Source

If star formation is not causing the 24 ym or UV emission in these early-type
galaxies, what is? One of the possible sources of the IR emission is dust around
old stars. During the asymptotic giant branch (AGB) phase of stellar evolution,

the stars lose mass via stellar winds, creating a shell of dusty material around
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them that absorbs radiation from the star and re-emits it in the IR (Habing 1996;
Piovan et al. 2003). In early-type galaxies, this population of stars is significant
enough that their emission needs to be taken into account when modeling the
SEDs (Bressan et al. 1998; Piovan et al. 2003).

Temi et al. (2009) use Kg-band luminosity compared with IR luminosity to
identify both passive and star-forming early-type galaxies in the local universe.
Figure 4.5 is our re-creation of the first plot of their Figure 1. We matched our
cluster galaxies with those from the 2MASS extended and point source catalogs
and plotted them as black squares (passive galaxies) and grey squares (all other
cluster members). The dashed line is our 24m detection limit at the redshift of
the cluster. Temi et al. (2009) split their sample into blue (U-V < 1.1; blue circles)
and red (U-V > 1.1; red circles) early-types. Green circles indicate galaxies with-
out available U and/or V colors, and green triangles indicate 24um upper limits.
Temi et al. (2009) found a strong relation between L and Ly, for red early-type
galaxies with no apparent star formation (i.e., 24um emission is from old stars
and not star formation or AGNs; black line). Our own passive early-types mostly
fall on or very close to the relation, indicating the IR emission in these galaxies is
dominated by the old stellar population rather than AGNs or ongoing star forma-
tion. If we convert our SDSS data to UBVRI colors (using KCORRECT; Blanton
& Roweis 2007), our galaxies would easily fall in the Temi “red” galaxy sample;
indeed, most are much higher than the Temi et al. (2009) U-V limit. A few of
our “passive” galaxies lie significantly above the truly passive relation, but like
the rest of our passive sample, they appear to be normal early-type galaxies with
no emission lines (though, a couple have weak [N 11]65834). The two early-type
galaxies with the highest offset from the passive relation (also the least massive)

do have blue colors (U-V j 1.1), but this could be due to AGN. Since the nature of
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the 24 ;ym emission in these galaxies remains unknown, they remain in the “pas-
sive early-type” list. Even if they were truly star-forming galaxies, however, they
would not affect our results.

Though the IR emission from the passive A2029 galaxies seems to be from
dust around old stars, weak AGNs could also be contributing. We removed
the obvious AGNs from our sample already, but we could have missed low-
luminosity AGNs. Inspection of our optical spectra reveals what could be faint
[OI11]5007 A emission lines in some of our IR early-types, but this is hardly con-
clusive. Most of these galaxies are also detected in the FUV, which could be com-
ing from AGNs (e.g., Agiieros et al. 2005), though it could also be coming from
recently-quenched star formation (e.g., Greggio & Renzini 1990; Yi et al. 2005;
Donas et al. 2007; Atlee et al. 2009; Choi et al. 2009).

Instead, we can turn to X-ray observations of the cluster. Deep Chandra and
XMM-Newton images from the central region of the cluster cover 28 of the 38
24 ym/FUV early-type galaxies we previously identified as not forming stars.
Five are clearly detected in X-rays, implying that AGNs are likely responsible
for the 24 ym/FUV emission in at least some cases. It is also possible that some
have low-luminosity AGN that are too faint in X-rays to be detected in these
observations, especially those from XMM, which is not as sensitive as Chandra.
Additionally, the galaxies closest to the cluster center may not be detected due to
their proximity to the bright X-ray gas of the cluster itself.

In conclusion, there are a variety of non-star-forming mechanisms that can
produce low levels of IR and/or FUV emission in early-type galaxies. Generi-
cally, it appears that extremely low or nonexistent levels of star formation allow
other IR and FUV sources that are usually hidden to dominate. No matter what

the actual mechanism for the 24 m and UV emission in these passive early-type
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Figure 4.5 24 ;m luminosity vs. K¢ luminosity for the IR-detected, passive early-
types in A2029 (black squares) and other cluster galaxies (grey squares). Our
24 pm detection limit is shown by the dashed line. All other points are from
the Temi et al. (2009) sample of nearby early-type galaxies, including those with
the following optical colors: U-V > 1.1 (blue circles), U-V < 1.1 (red circles), no
U-V color data (green points), and 24 pm upper limits (triangles). Temi et al.
(2009) found a strong trend (solid black line) with red early-type galaxies whose
IR emission is dominated by the old stellar population as opposed to an AGN
or any other source of 24 ym emission. Most of our passive cluster galaxies fall
on or near this trend; similarly, their optical U-V colors are all well above the 1.1
limit. This suggests that the IR emission from the passive early-type galaxies is

likely to be dominated by dust around old stars.
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galaxies, it is highly unlikely to be from ongoing star formation. Thirty-eight of
the 158 galaxies detected using at least one of the three star-formation indicators
do not appear to be actively forming stars. This is 24% of the detected galaxies—

1 one must be

not an insignificant fraction! This means that for SFRs < 1 Mg, yr~
careful when using only a single indicator (UV or IR) for identifying star-forming

galaxies.

45 Star-Forming A2029 Galaxies

4.5.1 Revised SFR Function

Figure 4.6 shows the “cleaned” SFR function with the non-star-forming early-
type galaxies removed, using the same symbols as in Figure 4.2 but with FUV-
detected star-forming galaxies included as purple open squares (FUV-only) and
red down-pointing triangles (FUV- and 24 ym-detected). (The dotted purple line
is the approximate FUV detection limit.) Removing most of the sources only
detected at 24 ym or UV emphasizes the turnover at log(SFR) < -0.8. Initially, we
suspected we were simply missing Ha-emitting galaxies, but the FUV suggests
the bin at log(SFR) ~ -0.8 is complete.

We have found that the turnover is due to a selection effect. For our spec-
troscopy, we only targeted galaxies with r < 20 mag, which will automatically
filter out low-mass galaxies. This effect can be seen in Figure 4.7, where we
compare the stellar masses of the galaxies with their total SFRs (IR, Ha, and/or
FUV). A2029 galaxies are shown as red circles and field galaxies are shown as
blue stars. (The non-star-forming early-type galaxies are shown as filled points;
their SFRs are plotted as if the 24 ym and/or FUV emission was due entirely to
star formation.) Galaxies with no detected star-formation indicator are plotted

as downward arrows, indicating these points are upper limits (based on our 24
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Figure 4.6 Revised SFR function with the non-star-forming early-type galaxies re-
moved. We believe the sharp dropoff of galaxies at low SFRs to be the result of
a selection bias. The same symbols are used here as in Figure 4.2 with additional
FUV-only galaxies shown as purple open squares and FUV /24 ym galaxies as
down-pointing red triangles. The approximate FUV detection limit plotted is as
a vertical purple dotted line. The grey dashed line is the multi-cluster composite
Schechter function from Bai et al. (2009) normalized to A2029 using x? minimiza-
tion. The solid grey line is the best-fit Schechter function using the same multi-
cluster faint-end slope and allowing SFR* to vary. Both fits are comparable given

the error bars and both fit A2029 reasonably well.
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pm detection limit). If we look at all of the quiescent galaxies, we seem to be
complete only down to log(M.) ~ 9.7. Some of the galaxies are lost due to the
r-band magnitude limit, but many could be due to an inability to identify red-
shifts. It is difficult to determine the redshifts of quiescent galaxies because of
their lack of emission lines; this is even harder for faint galaxies. Star-forming
galaxies, on the other hand, have bright emission lines, making it much easier to
measure their redshifts (as can be seen in the figure). We estimate for r ~ 19.5
mag star-forming galaxies, we are complete in mass down to at least log(M.,) ~
9.0, if not lower. However, the greater difficulty in measuring redshifts accounts
for the higher mass completeness limit for quiescent galaxies. Given what we
know of our completeness in the star formation indicators, we estimate that our

SFR function is complete down to log(SFR) ~ -1.0 (Figure 4.6).

452 Comparison with Stellar Mass

Let us look more closely at Figure 4.7. Recall that red circles are galaxies in the
cluster and blue stars are field galaxies (note that our field sample is incomplete).
Open symbols connected by lines indicate galaxies with FUV or Ha detections
but no 24 ym detections. The lower and upper limits in SFR for these sources
are indicated by the unobscured SFR (FUV or Ha only) and maximum SFR (FUV
or Ha corrected with the 24 ym detection limit), respectively. Overall, the star-
forming galaxies in the cluster and field are comparable except for the highest
masses. The quenching process is primarily responsible for a larger proportion
of quiescent galaxies in the cluster, not a change in the mass—SFR relation for the

active galaxies. We discuss this behavior quantitatively in Section 6.2.
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Figure 4.7 SFR vs. stellar mass (M..) for A2029 (red circles) and the field (blue
stars). Connected points indicate galaxies with SFRs calculated from uncorrected
Ha/FUV only (lower limits) and uncorrected Ha/FUV combined with our 24
pum detection limit (upper limits). Red arrows indicate the upper limit of star for-
mation for quiescent galaxies (i.e., the 30 IR detection limit). Our population of
IR-detected early-type galaxies is shown as solid points, with SFRs calculated as
if the 24 ;ym emission was entirely from star formation. Without these massive
non-star forming galaxies, the cluster is highly reminiscent of the field and most
star-forming galaxies have SFRs high above the upper limit for quiescent galax-
ies, suggesting a rapid quenching mechanism is responsible for suppressing star
formation in the cluster. Our mass limit for star-forming galaxies is estimated to

be log(M../Mg) ~ 9, while the limit for non-star-forming galaxies is closer to 9.7.
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45.3 Galaxy Distribution

The location of star-forming galaxies in the cluster itself is an additional indicator
of the suppression of star formation. Figure 4.8 is a histogram of the projected
radius (in Mpc) of all galaxies in A2029 (black open bins), all star-forming galax-
ies regardless of detection method (blue hashed bins), and the non-star-forming
IR/FUV early-type galaxies (red hashed bins). The star-forming galaxies appear
to be somewhat evenly distributed, though a slight increase with increasing dis-
tance is evident. There is a faint opposite trend with the early-type galaxies.
These trends could be biased by projection effects, however. To test this, we fit
the overall galaxy distribution with a Navarro, Frenk, and White profile (NFW;
Navarro et al. 1996) and created fake clusters with ~500 galaxies randomly ar-
ranged in three-dimensional space according to the distribution. We then took
the same fraction of star-forming galaxies as in A2029, placed them throughout
the cluster, and created histograms of their projected radius. We ran this simple
simulation hundreds of times and averaged the results. First, we distributed star-
forming galaxy population uniformly throughout the cluster, resulting in these
galaxies having a similar (NFW) profile to the overall cluster population. Then,
we distributed the same population uniformly beyond 1 Mpc from the center.
This resulted in a relatively constant projected radial distribution, indicating the
central region of the cluster is mostly devoid of star-forming galaxies. The lack
of star-forming galaxies in the dense core of the cluster, as well as the increasing
fraction of star-forming galaxies with projected radius, suggests the suppression
mechanism becomes more efficient as the local density increases. Others have
found similar results (e.g., Bai et al. 2009; Mahajan et al. 2010). The slight increase
in the IR/FUV early-type galaxies toward the center of the cluster is likely due to

the morphology-density relation (and, similarly, the mass-density relation).
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Figure 4.8 Histogram of all cluster galaxies (black bins), all star-forming galaxies
regardless of detection method (blue hashed bins), and the 24 ;ym- and FUV- de-
tected non-star-forming early-type galaxies (red filled bins). The distribution of
star-forming galaxies is independent of radius while the non-star-forming early-
types tend to favor small radii. If we model the star-forming galaxies as being
uniformly distributed outside of the core (>1 Mpc), we get a more constant over-
all distribution, similar to what is shown here. This indicates that the star-forming
population lies outside the cluster core; this highest-density region of the cluster
should quench star formation more strongly than the outskirts regardless of the
suppression mechanism. Non-star-forming early-type galaxies are slightly more
concentrated toward the center of the cluster due to the mass—-morphology rela-

tion.
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4.6 Comparison with Other Clusters & the Field

Expanding on the results for A2029 requires comparing them with other nearby,
dense clusters. Coma is excellent for this purpose because it has good 24 ;im cov-
erage that goes deeper in luminosity than that for A2029 due to the proximity
of the cluster. These data have been studied by Bai et al. (2006) and Edwards
& Fadda (2011). Bai et al. (2009) have also presented a 24 ym study of A3266
and compared it with Coma, effectively including some aspects of A3266 in our

analysis.

4.6.1 SFR Function

Because we do not have sufficient data at the faint end to constrain the shape of
our SFR function, we use the faint-end slope of previous studies to compare with
A2029. The dashed grey line in Figure 4.6 is the multi-cluster composite Schechter
function from Bai et al. (2009), normalized to A2029 using a x* minimization rou-
tine. We then fit a Schechter function to our cluster using the same faint-end
slope but allowing SFR* to vary (solid grey line). This results in log(SFR* /(Mg
yr~1)) ~ 0.27 4- 0.04, a lower value than the composite, which is ~ 0.4510 13 when
redshifted to our cluster using Le Floc’h et al. (2005). However, given the error
bars and the overall fits to the data, both Schechter functions are comparable and
reasonably good representations of A2029.

The Bai et al. (2006, 2009) studies only use 24 ym detections for their lumi-
nosity functions. In Figure 4.9, we use 24 ;m only to estimate SFRs using Rieke
et al. (2009), which was shown in Bai et al. (2009) to be comparable to their own
template-fitting method for estimating SFRs. The vertical dashed black line in-

dicates the 24 ;m detection limit using this IR-to-SFR conversion; we do not use

the data point below this limit in any fits. The dashed red line shows the best-fit
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Schechter function from the Bai et al. (2009) composite cluster luminosity func-
tion normalized to A2029 (black filled circles). If we remove the 24 ym-detected
galaxies that we previously identified as not forming stars (blue triangles) and re-
tit the composite Schechter function (solid red line), we find the composite to be
a much better representation of our cluster than when we included the non-star-
forming early-types. Even if Coma and A3266 also have a population of non-star-
forming 24 ;/m galaxies that were included in their luminosity functions, their IR
SFRs are low enough that they would be below our completeness limit for A2029.
In other words, accidentally including non-star-forming 24 ym galaxies in Coma
and A3266 does not change the similarities between their SFR function and that
of A2029. All three clusters can be fitted by the same luminosity function, found

by Bai et al. (2009) to also be very similar to the field luminosity function.

4.6.2 Mass—SFR Relation

Edwards & Fadda (2011) included multiple wavelength data in their study of
Coma, including emission line measurements. Figure 4.10 shows the same total
SER vs. stellar mass as Figure 4.7, including A2029 (red filled circles) and Coma
(blue filled triangles). The Coma galaxies are adapted from Edwards & Fadda
(2011); we only included galaxies with both 24 ym and Ha detections. (Only
a few Coma galaxies with spectra are not detected at Ha, and the authors do
not distinguish these galaxies from the ones that do not have spectra.) The total
SFRs for Coma were calculated in the same way as for our cluster. A subset
of the Coma galaxies was listed in SDSS, allowing us to compare our method
for estimating stellar masses with theirs. Because the two techniques resulted in
masses within a factor of two for most of the galaxies, we use the masses listed
in Edwards & Fadda (2011) for all Coma galaxies. The horizontal dotted line is

our 24 ;m detection limit; the detection limit for Coma appears to be at a similar
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Figure 4.9 SFR function for all 24 ym-detected galaxies in A2029 (black circles)

and for all 24 ym-detected galaxies not including those identified as non-star-

forming early-types (blue triangles). The best-fit Schechter function for the Bai

et al. (2009) composite cluster normalized to A2029 using x? minimization for all

24 pm sources is shown by the red dashed line, while the same fit normalized

to the star-forming galaxies only is shown by a solid red line. The composite

Schechter function fits the A2029 data well when the non-star-forming galaxies

are removed. The vertical black dashed line indicates the 24 ym detection limit.
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level (in terms of Ha detections).

The black dashed line is adapted and modified from Brinchmann et al. (2004),
who found a strong relation between stellar mass and SFR for field galaxies. Up to
log(M../Mg) ~ 10.5, this relation is linear; the SFRs of higher-mass galaxies drop
off and become more uncertain due to lower numbers of these galaxies and the
larger proportion of early-types at high mass. We extrapolate the linear relation
in this region to represent only the late-type population (as is also done by Elbaz
et al. 2007). To avoid this region, and because of our completeness limit, we only
compare galaxies in the mass range 9.0 < log(M../Mg) < 10.5. The mode of the
Brinchmann et al. (2004) relation follows the distribution of star-forming galaxies,
so we use the mode as the basis of our field comparison®.

To accurately compare the Brinchmann et al. (2004) relation to our clusters,
we need to minimize any systematic differences between the two studies. We
calculated the SFR and stellar mass in the same manner as A2029 for a complete
sample of galaxies from the Bodétes field (Rujopakarn et al. 2010; not including
AGN) and combined it with our own field galaxies. We then fit a line to the
mode of the Brinchmann et al. (2004) relation and normalized it to our combined
tield sample. This normalized relation falls on the black dashed line shown in
Figure 4.10; we will refer to it as the overall “field relation” from now on.

A2029 and Coma seem to mostly follow the field relation, though Coma ap-
pears to have a larger number of high-mass, low-star-forming galaxies. This is
easier to see in Figure 4.11, where we show the SFR offset between the cluster
galaxies and the field for 9.5 < log(M./Mg) < 10.5. The solid black line is the
average distribution of field galaxies at these masses (Brinchmann et al., 2004),

while the red dashed line and blue dotted line are the distributions of A2029 and

®The mean is influenced by the more quiescent galaxies and so is not a good representation of
the overall trend.
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Figure 4.10 SFR vs. stellar mass for A2029 (red circles) and Coma (blue filled tri-
angles; Edwards & Fadda 2011). Larger blue-filled triangles are AGN (see text).
The IR detection limit for A2029 is shown as a horizontal dotted line; the Ho de-
tection limit for both clusters should be comparable and near the IR limit. The
mode of the overall field relation for SFR and stellar mass (normalized to a sam-
ple of local field galaxies) is shown as a dashed line (Brinchmann et al., 2004).
Coma seems to have more massive, low-star-forming galaxies than A2029, which

follows the field relation fairly well.
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Coma galaxies, respectively. A2029 follows the field very closely, while Coma
has more low-SFR galaxies than either the field or A2029, as we noted earlier. In
addition, due to the targeting of IR-bright galaxies for spectroscopy (Edwards &
Fadda, 2011), massive quiescent galaxies are missing from the Coma sample. The
detection limit for both clusters (vertical dashed line) is for log(M../Mgy) = 9.5.
The incompleteness slowly increases for masses increasingly below this limit. A
completeness-corrected version of the figure is discussed in the following section.

One issue with the Coma SFRs is the Ha aperture corrections (Edwards &
Fadda, 2011). The size of the spectral fibers used for Coma tends to be smaller
than the galaxies themselves, indicating that some Ha luminosity is lost. Ed-
wards & Fadda (2011) estimate corrections for this lost light based on the galaxy
continuum photometry and state that the median aperture correction is ~2, though
some can be as high as 10. Because the star-forming regions are likely to be dis-
tributed differently from the optical continuua, we test the effects of different
aperture corrections. Figure 4.12 shows the field (black solid line) and Coma
(blue solid line) distributions with aperture correction factors of zero (no correc-
tion), two, four, and eight. These plots show that only the most extreme correc-
tions (all galaxies corrected by a factor of eight, which is a huge overestimation
since Edwards & Fadda (2011) find that few galaxies need such a high correction)
begin to remove the population of low-SF galaxies in Coma. We conclude that
this small population of star-forming galaxies is real and not a selection effect.
We use the median correction of two below.

To demonstrate that the correction should be no larger than a factor of two, we
carried out another test. The 24 um fluxes represent the total star formation over
the full galaxy (beam of 6", extended emission captured to first order through

SExtractor), and we can compare them with the Ha measurements to see if there
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Figure 4.11 Offset from the Brinchmann et al. (2004) field relation (black line) for
A2029 (red) and Coma (blue) for all star-forming galaxies at 9.5 < log(M../Mg) <
10.5. The vertical dashed line is our completeness limit given the detection limit
atlog(M,) = 9.5. A2029 closely follows the field, while Coma has a population of

galaxies that fall below the field relation.
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Figure 4.12 Testing different Ha aperture corrections for Coma star-forming
galaxies by imposing correction factors of 0, 2, 4, and 8. The black line repre-
sents the distribution of SFRs of field galaxies compared with the median (zero
offset), while the blue line is the distribution of star-forming galaxies in Coma.
Except for the highest correction factor (which would only be needed for a hand-
tul of galaxies), there still exists the population of galaxies with SFRs significantly

below the field average.
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is a tendency for the latter to be systematically too small. For this test, we used the
SINGS sample, for which integrated 24 ;ym and Ho fluxes are available (Kennicutt
et al., 2003). We restricted the test to galaxies with SFRs between 0.1 and 1 M, /yr
to have good statistics and comparable SFRs in the samples. We found that there
was no significant difference between the SFRy,/SFRy,, for the Coma galaxies
(mean 10, median 4) and the SINGS galaxies (mean 8.6, median 6.8), suggesting
that virtually no aperture correction may be needed for most of the Coma Ha
measurements.

In the case of A2029, the projected fiber diameters are already about twice
those for Coma, and our use of continuum photometry to convert equivalent
widths to line fluxes implicitly makes a first-order aperture correction. We there-

fore make no additional adjustments for the size of the spectroscopic aperture.

4.6.3 Anemic Coma Galaxies

The analysis in the preceding section has identified a significant population of
star-forming galaxies in Coma that fall significantly below the field mass—SFR
relation. Figure 4.13 shows the offset of all star-forming Coma galaxies (blue
solid line) from our normalized field relation and the distribution of star-forming
tield galaxies around the Brinchmann et al. (2004) relation (black dashed line)
for three mass bins. As the masses of Coma galaxies increase, the characteristic
SFR decreases with respect to the field. How are these galaxies different from the
other star-forming galaxies?

We extracted the subset of 13 massive (10 < log(M../Mg) < 10.5) galaxies that
lie significantly below the field relation (offset < -0.7) for closer study. These
galaxies are listed in Table 2. First of all, these galaxies are fairly evenly dis-
tributed in terms of projected area in the cluster, which, as we showed earlier

with A2029, means most if not all of the galaxies are in the outskirts. Secondly,
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Figure 4.13 Same as Figure 4.11 for Coma but separated into different mass bins.

The black dashed line is the offset for the Brinchmann et al. (2004) field galaxies as

compared with the mode of the field relation and the blue line is the same but for

Coma’s star-forming galaxies. Coma’s population of low-star-forming galaxies

(as compared with the field) is most prominent at higher masses; in the lowest

mass bin, Coma’s star-forming galaxies are comparable with the field.
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almost all are early-type galaxies, with over half being SOs, specifically. None
show obvious signs of ongoing merger activity, though some have indications of
previous interactions (e.g., rings). We classify this small population of high-mass,
low-star-forming Coma galaxies as “anemic,” a term defined by van den Bergh
(1976) to identify spiral galaxies with abnormally low amounts of gas and star
formation as compared with “normal” spirals. He also identified the brightest
cluster spiral, NGC 4921, as anemic as well, and we include it in our table of
anemic Coma galaxies.

Another interesting aspect of these galaxies is that over half were previously
identified as hosting an AGN (shown in Figure 4.10 as larger blue triangles),
along with NGC 4921. Indeed, it could be that their outputs are dominated by
the AGN and that our conclusion that they are anemic is not entirely correct. This
possibility could be tested using the diagnostic diagrams proposed by Lacy et al.
(2004) or Stern et al. (2005) since both approaches identify AGN that dominate
the mid-IR output of a galaxy by the filling in of the spectral dip near 5um by
warm dust heated by the AGN. However, IRAC measurements are available for
only two of the anemic galaxies.

Donley et al. (2012) show that the color selection methods are basically equiv-
alent to selecting objects with power-law mid-IR spectra, so we will use an analog
of the Lacy/Stern plots using WISE photometry instead. The resulting diagnostic
diagram is shown in Figure 4.14. The dark green line shows the power-law locus,
running from indices of -0.25 to -2.25. The green triangles are Seyfert galaxies,
divided roughly equally between Type 1 and Type 2 (NGC 1275, 3227, 3516, 3783,
4051, and 4151; Mrk 1, 6, 9, 78, 79, 176, 198, 273, and 348). The red stars are a
selection of low-luminosity (8 < log(Lr;r) < 10; Sanders et al. 2003) star-forming

galaxies, and the black square is the color of a template of a low-luminosity star-
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Catalog ID RA Dec Morphology log(M,) Total SFR AGN?
Me) (Mg yr™)
- 194.48608 27.037508 - 10.25 0.106 Y
- 194.14433  27.22756 S0 10.37 0.120 Y*
- 194.29483  27.404902 Sa 10.14 0.055 Y
- 194.65758 27.464002 S0 10.35 0.049 Y*
MCG+05-31-036 194.47652 27.490639 SBb 10.25 0.044 Y
- 194.17664 27.548255 S0 10.32 0.021 N
- 194.26768 27.730046 SO 10.02 0.041 N
MCG+05-31-007 193.85438 27.798033 Sp 10.38 0.072 N
IC 4042 195.17815 27.971266 SBO 10.50 0.070 Y
NGC 4907 195.20335 28.158341 SBb 10.49 0.060 Y
- 196.04228 28.247957 SO 10.08 0.032 N
MCG+05-31-110  195.67002 28.371308 S0/Sp 10.07 0.042 N

*We retrieved 20 cm data from Miller et al. (2009) and found the IR-radio q parameter
(q = log(F24/Fa0em)) to be indicative of an AGN.
PClassic anemic galaxy in Coma, not identified as anemic in our sample due to its high

mass. Morphology from de Vaucouleurs et al. (1991).

Note. — Description of columns: (1) Catalog ID of the galaxy (if available); (2),(3)
SDSS coordinates; (4) Galaxy morphological type as listed by the SIMBAD database; (5)
Stellar mass, in solar units, adapted from Edwards & Fadda (2011); (6) Total SFR using 24
pm and Ha from Edwards & Fadda (2011), calculated using the same method as A2029
(assuming all 24 ;m emission is from star formation); (7) Flag for whether the galaxy
is known to have an AGN or not (most identified via SIMBAD). The complete table is

available in electronic format.
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forming galaxy based on the templates of Rieke et al. (2009). The Coma anemic
galaxies are the blue circles. They fall exactly in the locus of the other star-forming
galaxies, demonstrating that their mid-IR outputs are dominated by stellar power
and that their SFRs are correctly deduced from IR luminosities. We also show the
colors of a number of massive early-type galaixes in Coma, selected not to show
indications of star formation in optical spectra (i.e., no Ha emission) (e.g., Moss
& Whittle 2005; Miller et al. 2009). Two of these galaxies fall in the star-forming
zone, indicating that low levels of star formation may have been overlooked in
the optical spectroscopy; the remaining 11 galaxies define a distinct locus that
shows the behavior of the IR excesses in quiescent early-type galaxies. Thus,
the properties of the anemic galaxies in the mid-IR are inconsistent with those
of AGN-dominated galaxies or quiescent ones, but they do indicate significant
levels of star formation.

It is difficult to determine the prevalence of these high-mass, low-star-forming
galaxies in Coma, both because of the AGN contamination and because of the
detection limit at log(M../Mg) ~ 9 and corresponding field offsets < -0.7 dex. We
need to correct for any galaxies we may be missing below our detection limit.
We do not have enough data to correct for the incompleteness for galaxies below
log(M../Mg) ~ 9.5, so we focus on galaxies from 9.5 < log(M../My) < 10.5. The
results are shown in Figure 4.15. For each of the first three bins below offset ~ -
0.7, we calculate a completeness correction using the ratio of areas and number of
sources above and below the detection limit in each bin. The solid black, dashed
red, and dotted blue lines (the field average, A2029, and Coma, respectively)
are the same as in Figure 4.11 except for the completeness corrections. Our new
completeness limit, with the corrections, is shown as a vertical black dashed line.

Even with completeness corrections, A2029 does not have the low-star-forming
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Figure 4.14 AGN diagnostic for WISE sources: local Seyferts (green triangles), lo-
cal starbursts (red stars), star-forming galaxy template from Rieke et al. (2009;
black square), and anemic Coma galaxies (blue circles). The dark green line
shows the power-law locus, running from indices of -0.25 to -2.25. While over
half of the anemic Coma galaxies are known to harbor AGN, they fall within
the star-forming galaxy region using this mid-IR diagnostic, indicating that star

formation dominates the IR output of the anemic galaxies.
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galaxies that Coma has—its star-forming galaxies are still comparable to the field

star-forming population.

464 24pum-Emitting Early-Type Galaxies

We also discovered that Coma, too, has non-star-forming early-type galaxies with
24;:m emission, like A2029. These galaxies are shown in Figures 4.14 and 4.16. We
collected a sample of 13 normal early-type galaxies in Coma, all of which have
WISE and 24/m coverage but do not have Ha emission. In Figure 4.14, the WISE
colors of these galaxies (purple down triangles) indicate that most are indeed
passive; only a couple have possible residual star formation.

All but two of these Coma galaxies have 24um emission as well, so we added
them to the Temi et al. (2009) plot used earlier to show that the IR emission from
passive, early-type A2029 galaxies is mostly from the old stellar population (Fig-
ure 4.16). All points are the same as in the previous plot (Figure 4.5) except that
the only A2029 galaxies we include are the early-type galaxies not detected in
Ha. The Coma galaxies, shown as yellow stars, occupy the same region of the
plot as the passive A2029 galaxies, indicating that the IR emission from all of

these galaxies is from the same source—old stars—rather than star formation.

4.7 Discussion

A surprising result from previous studies of rich galaxy clusters is that their IR
luminosity functions appear to be very similar to that of field galaxies at the same
redshift (Bai et al. 2009), although the fraction of galaxies emitting at a detectable
level in the IR is much smaller than in the field. Only by carefully combining
measurements of a number of clusters were Atlee & Martini (2012) able to find
evidence for a subtle difference between the field and average cluster IR luminos-

ity functions.
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Figure 4.15 Same as Figure 4.11 but including completeness corrections for both
clusters. The vertical dashed line is the completeness limit for the corrected dis-
tributions. Even corrected for missing galaxies, A2029 looks like the field, while
Coma retains its population of star-forming galaxies that lie far below the field

relation (black line).
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Figure 4.16 Same as Figure 4.5 but with a sample of non-star-forming Coma early-
type galaxies with 24//m emission. These galaxies fall in the same passive region
of the plot as our A2029 non-star-forming early-type galaxies, indicating a similar

population of galaxies exists in Coma as well.



135

However, our more detailed examination of the components of the IR-luminous
cluster population shows some interesting features that can be missed in the lu-
minosity function alone. We find that the large proportion of early-type galaxies
in dense clusters yields a significant number of such objects that are detected in
deep IR surveys but that are not forming stars at the indicated level; their IR out-
puts are probably related to AGN and mass loss from old stars. These objects
must be removed from the luminosity function if it is to be compared correctly
with the field.

After removing these objects and correcting for incompleteness, we have shown
that the distribution of SFRs in A2029 is nearly identical to that of the field. Since
the bulk of this cluster is relaxed and evolved, it appears that its star-forming pop-
ulation has been acquired relatively recently and that there has not been sufficient
time to quench the star-forming activity. It is noteworthy that these galaxies are
not more active than field galaxies either, since some hypotheses would suggest
an increase in activity upon the initial encounter with a dense cluster. Even if
the outermost gas is removed from a galaxy, it is thought that the dense molec-
ular clouds could remain (Boselli & Gavazzi, 2006) and that they might sustain
star formation for about 2 Gyr (Bigiel et al., 2011), putting a rough limit on the
time since the A2029 galaxies might have been accreted. In comparison, in the
Coma cluster there is a population of early-type galaxies (including early spirals)
that falls below the field mass—SFR relation, indicating that we are seeing them in
the process of being quenched. These galaxies lie in the outer zones of the cluster
rather than in the center, requiring either that the quenching mechanism be active
there or that they were quenched on plunging orbits that have returned them to
the outskirts of the cluster. The differences between the star-forming populations

is most easily explained as differences in the history of accretion of field galaxies
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in the two clusters, so long as the quenching process is delayed by a sufficient
interval to account for the absence of quenched galaxies in A2029 but is not so
slow that it cannot account for the anemic galaxies in Coma.

Boselli & Gavazzi (2006), and references therein, review in detail the multi-
tude of processes that could be responsible for the quenching of star formation
in groups and clusters and the types of environments in which each could dom-
inate or be most efficient. The lower-density group environment is a prime lo-
cation for harassment and tidal forces between galaxies themselves due to the
higher incidence of interactions and slower velocities needed to strip significant
amounts of gas from the galaxies (e.g., Merritt 1984; Byrd & Valtonen 1990; Boselli
& Gavazzi 2006). The dominant mechanisms in clusters, however, are more likely
to be starvation/strangulation, ram-pressure stripping, and thermal evaporation
(the ISM of the galaxy is heated by the ICM enough that the galaxy’s gravia-
tional potential is unable to retain the gas; e.g., Cowie & Songaila 1977). We can
rule out thermal evaporation considering that this mechanism is most effective at
low masses, and our anemic Coma galaxies are of much higher mass (Boselli &
Gavazzi, 2006). Ram-pressure stripping can occur throughout most of the clus-
ter, though it is most efficient in the densest regions; starvation/strangulation is
more likely to occur in the outskirts of clusters, explaining why even star-forming
galaxies in the outermost regions of clusters can have suppressed star formation
as compared with the field (Boselli & Gavazzi 2006). The location of Coma’s star
formation suppressed galaxies in the outskirts suggests starvation/strangulation
is dominating, but as we mentioned previously, it is possible that the galaxies
have already made one pass through the cluster, opening the possibility for ram-
pressure stripping as an important quenching mechanism.

Interestingly, Boselli & Gavazzi (2006) also mention that tidal interactions (say,
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between galaxies and the cluster potential), though not a dominant mechanism
for quenching galaxy-wide star formation, can funnel material to the nuclei of
galaxies, possibly triggering a short burst of star formation at the galaxies’ cen-
ters. This material and/or the sudden increase in star formation would help feed
a low-luminosity AGN, which could at least partially explain the high incidence
of AGN in the anemic Coma galaxies (Lake et al., 1998).

It should be noted, though, that we are focusing on the star-forming galax-
ies with 9.0 < log(M../Mg) < 10.5. As mentioned previously, low-mass galaxies
can be more easily affected by a dense environment than higher-mass galaxies
(Boselli & Gavazzi 2006 and references therein). Depending on the field mass—
SER relation at log(M../Mg) > 10.5, both A2029 and Coma could have significant
numbers of galaxies forming stars at rates lower than expected for the field rela-
tion, indicating ongoing quenching in the most massive galaxies as well. Perhaps
studying the lowest- and highest-mass galaxies would help pinpoint the domi-
nant mechanism(s) responsible for quenching star formation in the most dense

regions of the universe.

4.8 Conclusions

We studied the 24 ;m, Ha, and UV star formation indicators for galaxies in clus-
ters Abell 2029 and Coma. A2029 is relaxed, with no obvious substructures, mak-
ing it a good target for observing how dense environments affect star-forming
galaxies over time. Coma is a good comparison cluster due to its proximity and
abundance of multiwavelength observations.

The star-forming galaxies in A2029 follow the field mass—SFR relation. Coma,
while having a population of star-forming galaxies that echoes the field, has an

additional population that lies far below the field relation, indicating these galax-
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ies are in the process of being quenched. A large fraction of these galaxies also
host AGN. We are unable to identify the dominant mechanism responsible for
suppressing star formation, though we suspect ram-pressure stripping and star-
vation/strangulation are the most likely. Given the field-like population of star-
forming galaxies in A2029, it appears that these galaxies have been accreted very
recently (within 2 Gyr) and have not yet had time to be quenched. The incidence
of suppressed star formation in Coma indicates that it accreted a significant num-
ber of galaxies longer ago.

Additionally, we discovered a population of 24 ;m- and/or FUV-emitting
early-type galaxies in A2029 with no evidence of star formation, whose IR emis-

sion may arise from AGNs or old stellar populations.
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CHAPTER 5

STAR FORMATION IN X-RAY UNDERLUMINOUS CLUSTERS

It has long been known that dense environments, like clusters, greatly affect the
properties of galaxies: color, morphology, mass, star formation. What remains
unknown, however, is what mechanism is most responsible for these changes.
The two most widely favored cluster mechanisms for quenching star formation,
ram-pressure stripping and starvation/strangulation, rely on hot X-ray gas (the
intracluster medium, or ICM) to strip material from infalling galaxies, but recent
studies have shown a population of clusters with significantly less core X-ray
emission than expected given their mass. However, recent work has shown that
clusters once identified as being X-ray underluminous may, in fact, simply be nor-
mal clusters with different X-ray temperatures and/or orientations. There are in-
dications that the total mass in intergalactic gas in these clusters is similar to that
in others, but since the configuration of this gas is different, these clusters might
have a different population of star-forming galaxies than normal X-ray bright
clusters. In this paper, we study four X-ray underluminous clusters (XUCs) to
probe the effectiveness of the ICM at quenching star formation. Using Ho emis-
sion and 24 ym photometry to estimate total star formation rates, we find that
the fraction of star-forming galaxies for these clusters is between normal X-ray
clusters and the field. Also, the mass—-SFR distribution varies depending on the
cluster: one has star-forming galaxies reminiscent of the field and another has a
large population of anemic galaxies. This indicates that some preprocessing oc-
curs before galaxies enter the cluster environment, but the cluster (and, therefore,

the hot ICM) is still responsible for some quenching of star formation.
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5.1 Introduction

Galaxy properties are highly dependent on both the point in time when they are
observed and their local environment, for as yet unknown reasons. In focusing on
the latter effect, however, we have confirmed that high density regions are pop-
ulated more by red, early-type galaxies with little or no star formation compared
with the field, which is dominated by blue spiral galaxies readily forming stars
(Dressler 1980; Balogh et al. 1997; Poggianti et al. 1999; Lewis et al. 2002; Gémez
et al. 2003; van der Wel et al. 2007; Bai et al. 2009; Tempel et al. 2011). A variety of
effects have been described to try to explain the changes we see in galaxies in dif-
ferent environments. In low- to mid-density regions, galaxy-galaxy interactions
(harassment and mergers) are favorable and can affect galaxy morphology and, to
a lesser extent, SFR (e.g., Barnes & Hernquist 1996; Mihos 2004; Conselice 2006).
Other effects become dominant in dense clusters, typically involving interactions
between the intra-cluster medium (ICM) and individual galaxies. The ICM can
strip the gas from galaxies, resulting either in the removal of the hot halo around
the galaxy (starvation/strangulation; e.g., Larson et al. 1980; Balogh, Navarro
& Morris 2000; Kawata & Mulchaey 2008; McCarthy et al. 2008) or a complete
removal of the gas (ram-pressure stripping; e.g., Gunn & Gott 1972; Kinney et
al. 2004; van Gorkom 2004; Sivanandam et al. 2010). Starvation/strangulation
causes star formation to slowly taper off as the galaxy uses up its gas reservoir in
the disk and is unable to accrete more. Star formation in a ram-pressure stripped
galaxy quickly subsides due to nearly all the gas—even in the disk—having been
removed.

Given that the ICM has been deemed the most likely instigator in the deple-
tion of star formation in the most dense regions, it makes sense to probe clusters

that vary in terms of their hot X-ray gas. Recent work has discovered a popula-



141

tion of clusters with X-ray luminosities (Lx) well below the mass-Lx relation for
normal, bright X-ray clusters (e.g., Balogh et al. 2002; Basilakos et al. 2004; Lubin
et al. 2004; Popesso et al. 2007; Dietrich et al. 2009; Castellano et al. 2007). Some
suspect that the low Lx of these clusters (referred to as X-ray underluminous
clusters, XUCs, from now on) is due to the clusters still being in the process of
forming, and the X-ray gas has not had time to collapse and heat to the expected
temperature (Balogh et al. 1997; Popesso et al. 2007). Similarly, the clusters could
be experiencing a merger event with another cluster, a rich group, or a series of
groups, affecting the distribution of the X-ray gas so as to lower its overall den-
sity and, therefore, its luminosity (Barrena et al. 2002; Clowe et al. 2004; Popesso
et al. 2007). However, there is evidence that these clusters are not actually un-
derluminous in X-rays and, instead, have different X-ray temperatures and/or
configurations.

No matter the reasons for some clusters having low Lx (or the appearance of
low Ly), a less dense ICM or one with different properties could have a different
impact on member galaxies if ram-pressure stripping or starvation/strangulation
is responsible for quenching star formation. To test this hypothesis, we have se-
lected four clusters previously identified as being X-ray underluminous (Balogh
et al. 2002; Popesso et al. 2007)—Abell 117 (z ~ 0.055), Abell 2255 (z ~ 0.080),
Abell 2026 (z ~ 0.091), and CL1633 (z ~ 0.24)—to target with MIPS 24 ;ym and
optical spectroscopy. These four clusters are shown in Figure 5.1, along with the
Popesso et al. (2007) Abell cluster galaxies (black filled circles), as compared with
the typical Ly—M;, relation from their X-ray selected sample (solid line, with
the 20 scatter as dashed lines). Open colored symbols show our four XUCs with
masses from Popesso et al. (2007); filled colored symbols show the same XUCs

but with masses calculated from our new membership lists. Our IR and optical
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data for these clusters, along with archival SDSS photometry, allow us to accu-
rately identify cluster members and individual star-forming galaxies. The multi-
wavelength observations are especially important for estimating SFRs due to the
possible contamination of non-star-forming sources that occurs when focusing
on only one star-formation indicator.

In Section 2, we discuss the photometric and spectroscopic observations, in-
cluding cluster membership selection criteria. Section 3 includes our analysis and
the results thereof, which we then discuss in Section 4 and conclude in Section 5.

Throughout the paper, we use the following cosmological parameters: Hy =

70km s~ Mpc~, Qp = 0.3, Q5 =0.7.

5.2 Observations & Sample Selection

5.2.1 Observations
5.2.1.1 Optical Photometric Data

The clusters in our sample are chosen to be covered by both the imaging and
spectroscopic surveys of the Sloan Digital Sky Survey (SDSS). (Cluster CL1633 is
the only one without complete SDSS coverage.) The SDSS photometric survey
provides a uniform data set to study the galaxy properties in these clusters, as
well as identifying candidates for further spectroscopic observations. The SDSS
model magnitudes are the linear combinations of best-fit exponential and de Vau-
couleurs profiles and are recommended as the best estimates of magnitude by
SDSS. As such, we use the model magnitudes retrieved from SDSS and correct
them for Galactic extinction (O’Donnell, 1994).

We used these SDSS photometric data to estimate galactic stellar masses with
the SDSS_KCORRECT routine within KCORRECT (v. 4.2; see Blanton et al. 2007

for details). KCORRECT uses different cosmological values and initial mass func-
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Figure 5.1 X-ray luminosity (Lx) vs. mass (My) for the Abell clusters in Popesso
et al. (2007) (black filled circles; includes normal X-ray-emitting and X-ray un-
derluminous clusters). The four X-ray underluminous clusters in our study are
highlighted by different points. The open symbols are for values of Myy, from
Popesso et al. (2007); the filled symbols show the same four XUCs but with Mg
calculated using our membership list. The solid black line is the relation for the
Popesso et al. (2007) X-ray selected sample of normal X-ray-emitting clusters with

20 offsets (dashed lines).
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tion, so we corrected the original stellar mass output to the cosmology and IMF

(Kroupa 2001) adopted in this paper.

5.2.1.2 Spectroscopic Data

We obtained optical spectra of cluster galaxies with Hectospec on the MMT, which
is a multiobject spectrograph with 300 optical fibers (subtending 1.5" each) and
a 1-degree field of view. We use the 270 line mm~! grating, covering the wave-
length range 3650-9200 A with a spectral resolution of ~5 A.

Spectroscopic targets were selected from the photometric SDSS catalog. For
A117 and A2255, we selected all extended sources within the 1-degree field down
to 4 magnitudes fainter than the BCGs. We excluded all optical source candidates
with known redshifts from SDSS or the NASA Extragalactic Database (NED) with
the exception of about 20 galaxies that we used for cross-calibration. A2255 was
observed with MIPS before Hectospec, so we were able to assign a higher priority
to objects with 24;:m detections. We used two fiber configurations for A117 and
one for A2255 with three 10-minute exposures for each configuration. For A2026
and CL1633, we selected sources from SDSS in a similar manner as the previous
two clusters. One fiber configuration was used for A2026, while two were used
for CL1633. We selected extended sources down to r = 20 mag for A117, r = 19.5
for A2255 and A2026, and r = 21 mag for CL1633.

We reduced the Hectospec data using HSRED, an IDL package developed by
Richard Cool'. The redshifts of the spectra are measured using an automated
cross-correlation routine in HSRED converted from the SDSS pipeline. For all
observations, we visually inspect each spectrum to check the results and found
that the automatic routine works very well for galaxies in the redshift range of

interest.

1See http:/ /www.astro.princeton.edu/~rcool /hsred/ or http:/ /code.google.com/p /hsred /.
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After combining the new spectroscopic data with the ones from SDSS and
other literature, we assessed the completeness of the spectroscopic data. We cal-
culate the completeness as the fraction of extended sources in SDSS photometric
catalog with spectroscopy. In both A117 and A2255, the completeness is the same
across the whole 1° field of view. In A117, the completeness is purely » magni-
tude limited and the measurements are about 80% complete down to r = 19.5.
In A2255, we give the sources with 24 um detection higher priority to the ones
without. As a result, although the overall completeness drops to below 80% at r
> 18, the completeness for 24 ym souces is > 80% down to r = 20. A2026 is nearly
complete down to r = 19.5 mag. Given the limited SDSS coverage of CL1633, it is

less than 50% complete down to r = 19 mag.

5.2.1.3 IR Observations

We observed the central r < 0.5Ryy region of our clusters with the Multiband
Imaging Photometer for Spitzer (MIPS; Rieke et al. (2004)). For A2255, A117, and
A2026, we use medium scan mode to map out the central 30" x 30’ region with
an integration time of ~80 s pixel '. For CL1633, we used the photometry mode,
focused on the central 5’ x 5’, reaching an integration time of ~570 s pixel .

Estimated by the SENS-PET tool on the Spitzer website, these observations
achieved a 3o sensitivity of 0.24 m]y at 24 ;m for A2255 with a low level of back-
ground and 0.42 m]Jy for A117 with a medium to high background. The estimated
3o sensitivities of A2026 and CL1633 are 0.45 and 0.54 m]y, respectively.

5.2.2 Sample Selection
5221 Cluster Membership

With nearly complete spectroscopic data in the cluster fields, we can select clus-

ter members by their redshifts. However, even with redshift selection, we still
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cannot eliminate interloper galaxies whose redshifts happen to fall within the
cluster redshift range but are foreground/background sources not bound to the
cluster. To minimize the contamination from interpolers, we follow the strat-
egy proposed by den Hartog & Katgert (1996), combining the redshift and spa-
tial information of the galaxies together to identify cluster members. We include
additional spectroscopically-identified galaxies from SDSS and NED to have as
complete a membership list as possible.

First, we estimate the bi-weighted mean and dispersion of the cluster peak in
the redshift histogram. We only include the galaxies with velocities falling within
the +30 range of the cluster mean. Using these galaxies, we calculate the cluster
mass profile and the maximum allowed line-of-sight velocity as a function of the
projected distance from the cluster center, with assumed dynamic properties of
cluster galaxies. We then exclude the galaxies with line-of-sight velocity larger
than the maximum projected value. We repeat these two processes until the re-
sults converge and the number of cluster members remains constant. We use the
most stringent maximum velocity criterion given by den Hartog & Katgert (1996),
which assumes that all the cluster galaxies are either in circular or radial orbits.

The results of these member-selecting criteria are shown in Fig. 5.2. This plot
shows the individual galaxy velocities (V) relative to the cluster mean (V) at each
galaxy’s projected radius. The maximum line-of-sight velocities at these radii are
shown as dashed lines. A117, A2255, and A2026 have clear loci of cluster galaxies
well enclosed by this maximum line-of-sight velocity profile. CL1633 is less clear
in terms of its members. While we are hesitant to officially label this a definite
cluster, we will include it in our analysis anyway, understanding that its identity

as a cluster is questionable.



V-V, (km/s)

-V, (km/s)

>

4000

2000t

—2000F

—4000¢

4000

2000 -

—2000

147

@ W@ A L B L T
g A117 N *°® *  A2255
L T %%, oo *
LT~ oo S e ]
e T T - ——-______. + ° L

K ORI OO | S8 s
- o O - % ° ¢

BTN g i B
S Se---mTTTT s o DA ]

° ° ./,)"” °
* 1 .
LL1633]
° ]
[ )

°.~'.';.o_~—' ______ :’ *]
o ® - *
® ° o
—4000F e L

2 3

R (Mpc)

Figure 5.2 Galaxy velocity (V) relative to the cluster mean (V) with respect to

projected radius. We used the method of den Hartog & Katgert (1996) to identify

cluster members. They estimate the maximum velocity a galaxy can have at a

given projected distance from the center of the cluster and still be bound to the

cluster (dashed lines). If a galaxy’s maximum infall and circular velocities fall

within these lines, it is considered a cluster member (blue filled circles).
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5222 AGN

Since we are trying to study star forming galaxies in these clusters, we need to
identify and remove galaxies with AGNs dominating the optical and/or IR out-
put. For this purpose, we use our high-resolution spectra to construct BPT dia-
grams (Baldwin et al., 1981), which identify AGN by comparing the emission line
ratios [O I11]5007 A/H to [N 1116583 A /Ha (Figure 5.3). We compare our galaxies
to the star formation/AGN limits found by Kewley et al. (2001; dotted curve)
and Kauffmann et al. (2003; dashed curve; red filled circles), though the latter is
typically considered more robust. (Dotted lines separate the typical AGN types
into Seyferts and LINERs according to Kauffmann et al. (2003).) Few galaxies
in each cluster have detections for all four emission lines, and of those that do,
only one (in A2255) is sufficiently far from the Kauffmann et al. (2003) line to be
identified as an AGN (and subsequently removed from our star-forming galaxy
sample). There are others in the AGN-defined region, but these are so close to
the star-formation region that we suspect they are likely to be dominated by star

formation even though there appears to be an AGN present.

5223 Coverage

For the rest of our analysis, we only include galaxies with both 24 ym coverage
and our own spectroscopy. While the additional SDSS and NED sources were
useful for identifying cluster members, we do not know the selection criteria for
these sources. As such, it is not beneficial to use them further in our analysis.

We discovered previously (Tyler et al., 2013) that galaxies only detected at 24
pm tend to be passive. Whether the IR emission is from an old stellar population,
low-luminosity AGNs, or recently-quenched star formation, the majority of 24
pm-only emitters are not currently forming stars. Only galaxies detected in Ha

alone or Ho and 24 ym are considered star-forming for all of our clusters except
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Figure 5.3 Baldwin et al. (1981) (BPT) diagram for galaxies that have detections
for all four emission lines. The dotted and dashed curves delineate AGN and
star-forming galaxies as per Kewley et al. (2001) and Kauffmann et al. (2003), re-
spectively. We use the more robust latter definition, though only one galaxy (in
A2255) is sufficiently far from the boundary that it can be assumed to be domi-
nated by an AGN and was removed from the star-forming population. The other
galaxies beyond the Kauffmann star formation/AGN line (red filled circles) are

close enough that they likely still have a significant star-forming component.
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for CL1633. The 24 ym detection limit for this cluster is high enough (due to its
distance) that the IR emission for any detected galaxy could not be entirely from
old stars but is likely to be powered by star formation.

With the given criteria above, the total number of galaxies belonging to each
cluster are as follows: 79 members for A117, 284 for A2255, 130 for A2026, and
41 for CL1633. The number of galaxies with both 24 ym and Hectospec/IMACS
coverage is 74, 87, 59, and 13, respectively, while of those, the number currently

forming stars is 34, 31, 28, and 4, respectively.

5.3 Results

We calculated SFRs using the conversions described in Calzetti et al. (2010). For
galaxies without 24 ;ym detections but with Ha emission, we use the same con-
versions but simply excluded the IR contribution. Because we are not correcting
for absorption, the SFRs for these Ha-only galaxies is only a lower limit. All SFRs
have been evolved to the present day as per Le Floc'h et al. (2005).

First, we looked at the overall distribution of the star-forming galaxies in
terms of projected radius from the center of the clusters. This is shown in Fig-
ure 5.4. All galaxies with spectroscopic and IR coverage are shown in black bins
while the star-forming galaxies are shown in blue hashed bins. All clusters show
a reasonably constant number of star-forming galaxies from the core to the out-
skirts (though little can be said of CL1633, as it has few galaxy members). Since
we are looking at projected radii, this means that most of the star-forming galax-
ies preferentially exist outside the dense cores of the clusters (Tyler et al., 2013).
Additionally, the decreasing number of galaxies overall toward the outer regions
of the clusters indicates a sharp increase in the fraction of star-forming galaxies

with increasing radius. This increase, as well as the absence of large numbers
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of star-forming galaxies in the core, has been found in many previous studies of
dense clusters (e.g., Bai et al. 2009; Edwards & Fadda 2011) and is indicative of
the quenching mechanism(s) that dominate in these regions.

Luminosity functions (or, in this case, SFR functions) are important for prob-
ing the distribution of star-forming galaxies in terms of their activity. Figure 5.5
shows the SFR functions for each of our XUCs. Blue open stars indicate galaxies
detected in Ho but not at 24 ;um, green circles are galaxies detected with both, and
black filled circles indicate all star-forming galaxies. (The red triangle in CL1633
is one galaxy with 24;mm emission but no Ha. As mentioned earlier, this cluster is
distant enough that the 24 ym emission is too high to only be from an old stellar
populations.) The brown dashed line is the 24 ym detection limit, which should
be higher than the Ha detection limit in all clusters (except perhaps CL1633). The
grey curve is the composite cluster Schechter function fit for Coma and A3266
from Bai et al. (2009), normalized to each cluster using x? minimization for bins
completely above the detection limit. A2255 and A2026 are fit reasonably well
with the composite function, while A117 is much steeper. It also does not have
any galaxies forming stars above ~1 M, yr~'. This could be indicative of quench-
ing of massive star-forming galaxies, though if this is the case, it is strange that
the faint end is so much steeper than that for massive clusters.

To observe how the cluster environment itself affects star-forming galaxies,
we need to compare them with similar galaxies in the field. In Figure 5.6, we plot
the total SFR against the stellar mass for galaxies in each cluster. Star formation
detected by Ha only is shown as blue stars, while galaxies with both 24 ym and
Ha emission are black filled circles. The vertical dotted lines are our stellar mass
limits, estimated using the r-mag limit and mass functions. The dashed line is

the mass—SFR relation for field galaxies from Brinchmann et al. (2004), linearized
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Figure 5.4 Histograms for all cluster members (black solid lines) and star-forming
cluster members (blue hashed bins) with respect to projected radius. As has been
found in other clusters, the fraction of star-forming galaxies tends to increase with
increasing projected radius. Also, the number of star-forming galaxies remains
fairly constant from the central to outer regions. Tyler et al. (2013) showed that
such a distribution means the star-forming galaxies preferentially exist outside
of the core of the cluster (r < 1 Mpc), providing further evidence of the densest

regions’ ability to efficiently quench star formation.
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Figure 5.5 SFR functions for galaxies of all four clusters. Blue open stars indicate
galaxies detected at Ha but not 24 ym, green open circles are galaxies detected
at both Ha and 24um, and black filled circles indicate the total SFR. The one red
triangle point is for 24 ym-only galaxies that are likely forming stars. The brown
dashed line shows the 24 ym detection limit for each cluster. All SFRs have been

evolved to the present day as per Le Floc'h et al. (2005).
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and normalized as by Tyler et al. (2013; see Chapter 4). A2255 and A2026 have a
significant fraction of star-forming galaxies reminiscent of the field, while A117’s
star-forming galaxies have lower SFRs than what would be expected from the
field. This could explain why the SFR function of A117 is lacking in high-star-
forming galaxies and does not have the same shape as other clusters: the star
formation in A117 galaxies has already been significantly suppressed.

A better visualization of this is shown in Figure 5.7. The solid black curve
is a histogram of the field distribution for galaxies with 9.0 < log(M./Mg) <
10.5. (Above this limit, the field mass-SFR relation deviates drastically from the
linear relation, making a comparison with the field at high masses difficult.) The
blue histograms show the distribution of cluster star-forming galaxies around
the field relation shown in the previous figure but only for galaxies above each
cluster’s specific mass limit and normalized to the number of galaxies included
in the histogram. A2026 most resembles the field distribution except for the Ho-
only galaxies, which have not been corrected for dust extinction and so could
fall closer to the field relation than what is shown. A2255 is similar to the field,
though it has a population of galaxies with SFRs higher than expected. A117,
however, consists of star-forming galaxies far below the field; in fact, it is quite
reminiscent of Coma’s population of anemic galaxies (Tyler et al., 2013).

Given the low numbers of star-forming galaxies in these clusters, combining
them would give us a clearer picture of star-forming galaxies in XUCs. Figure 5.8
shows the same plots as the last two except it includes all star-forming galaxies
in all four clusters (again, only galaxies above each cluster’s mass limit). The top
two plots include the uncorrected Ha-only SFR that we have been using up until
this point. The bottom two plots are the same except the SFRs for the Ha-only

galaxies are calculated using the 24 ym detection limit for each cluster, which
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Figure 5.6 Total SFR vs. stellar mass for galaxies in all four clusters. Blue filled
stars indicate galaxies detected at Ho but not 24um and black filled circles signify
galaxies detected at both Ha and 24um. The vertical dotted line is the estimated
stellar mass limit given the r-band magnitude limit; the dashed line represents
the field M,-SFR relation as per Tyler et al. (2013) and Brinchmann et al. (2004).
Most of the star-forming galaxies in A2255 and A2026 echo the field relation, but

A117’s galaxies lie mostly below what is expected for the field.
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Figure 5.7 Offsets between all cluster star-forming galaxies and the field relation
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cluster.
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gives us upper limits on the SFRs. In both plots, there is a significant population
of galaxies forming stars at levels lower than expected for the field (so-called

“anemic” galaxies).

5.4 Discussion

In our previous paper (Tyler et al. 2013; Chapter 4), we concluded that the mass-
SFR distributions for A2029 and Coma were indicative of the clusters” merger
history. Because the star-forming galaxy population in A2029 has a similar mass—
SFR relation to the field, its star-forming galaxies were most likely accreted re-
cently and the dense cluster environment had not yet begun to quench their
star formation significantly. The field-like distribution of star-forming galaxies
in A2029 is not indicative of a lack of quenching activity over the life of the clus-
ter, though: the fraction of star-forming galaxies is 27+3%—close to the upper
limit for clusters (30%) but lower than field values, which are typically > 50%
(e.g., Balogh et al. 1999; Rasmussen et al. 2012). On the other hand, Coma had
a large number of galaxies with SFRs below what was expected for field galax-
ies of similar mass, indicating that some of the star-forming galaxies had joined
the cluster more than a couple Gyr ago (and had time for their star formation to
be suppressed by the cluster environment) and/or the galaxies had been “pre-
processed” to some extent in groups before entering the cluster.

The main motivation for our study of XUCs, however, was to see if their
differently-configured ICMs resulted in a difference in the properties of their
star-forming members. They may indeed differ from classical X-ray luminous
clusters, with fractions of star-forming galaxies close to that in the field: 46+10%
(A117), 36+7% (A2255), 47+11% (A2026), 31+18% (CL1633). However, our other

results point more toward these "XUCs” as being like normal clusters. The ra-
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Figure 5.8 Same as the previous two plots but for all star-forming galaxies for
all four XUCs (but only including galaxies above the mass limit for each cluster).
The top two plots show the uncorrected Ha emission (for galaxies not detected at
24 um). The bottom two plots are the same except that the Ha-only galaxy SFRs
are calculated using the 24 ym detection limit, which gives us an upper limit. In
both sets of plots, there is a population of low-star-forming galaxies, similar to

what has been found in other clusters like Coma (Tyler et al., 2013).
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dial distribution of star-forming galaxies and SFR functions are comparable to
what has been found for X-ray luminous clusters like Coma and A2029 (Tyler
et al., 2013). Similarly, the distribution of star-forming cluster galaxies around
the mass—SFR relation is reminiscent of these two massive clusters. A117 has a
significant population of anemic galaxies with a distribution similar to that of
Coma, while A2026, on the other hand, is almost identical to the field and A2029
(Tyler et al., 2013). Only A2255 shows a vastly different mass-SFR distribution as
compared to the field and all the other clusters we have studied.

From the comparison of the XUCs with the normal ones, it is possible that the
X-ray plasma does affect star-forming galaxies in normal clusters (as shown by
the lack of suppressed galaxies in XUC A2026), but this correlation may be under-
mined by the absence of anemic galaxies in the X-ray luminous cluster A2029. It
also appears that XUCs like A117 have had their star formation suppressed prior
to entering the cluster environment. A117 is evidence for the group environment
having a significant effect on star-forming galaxies, also known as preprocessing
(e.g., Zabludoff & Mulchaey 1998; Wilman et al. 2009; Just et al. 2010). It is inter-
esting to note that A117 has one of the highest fractions of star-forming galaxies
of all the XUCs, indicating that the star-forming galaxies are still in the process
of being quenched (i.e., few galaxies have completely ceased forming stars). The
XUC results indicate that while some preprocessing does occur in groups, clus-
ters (and the ICM) are still responsible for quenching star formation in at least
some cases. A2029 and A2026 are good examples of clusters whose current star-
forming galaxies have not been significantly preprocessed by groups. As a result,
it is apparent that both group and cluster environments are directly involved in
suppressing star formation.

This remains true even if these clusters are not actually X-ray underluminous.
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A triaxial cluster with the longest axis oriented along the line of sight would result
in an overestimation of the velocity dispersion and, therefore, an overestimate
of the cluster mass, making the cluster seem more X-ray underluminous than
it really is. Additionally, A2255 has ICM masses and temperatures comparable
to A2029, which is a normal X-ray emitting cluster (Molendi & De Grandi 1999;
Lewis et al. 2002; Miyoshi et al. 2005; Sakelliou & Ponman 2006). If the low X-
ray luminosity is not indicative of of a less-dense or a lower-temperature ICM,
then these clusters may not truly be X-ray underluminous. Indeed, some of our
results seem to indicate this is the case. Still, the clusters studied in this paper
show signs of quenching both from the group and cluster environments, and they
have varying fractions of star-forming galaxies, from normal cluster levels to the
tield. What is needed, at this point, is to look at these “underluminous” clusters
in more detail to understand the nature of their X-ray emission and, therefore,

their effects on infalling star-forming galaxies.

5.5 Conclusions

We observed four X-ray underluminous clusters with optical spectroscopy and 24
pum photometry to study how clusters with little or no apparent X-ray luminous
gas affect the star formation in member galaxies. We calculated SFRs using both
Ha and 24 ym and found that the fraction of star-forming galaxies in these clus-
ters is higher than what would be expected from equally-massive, X-ray-bright
clusters but on the low end of the expected range for the field. We also found that
the mass—SFR distribution of these galaxies varies depending on the cluster, from
a field-like distribution to a Coma-like population of anemic galaxies. This indi-
cates that some galaxies have been “preprocessed” in groups prior to entering the

cluster environment, while others clearly have not. Therefore, suppression of star
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formation occurs in both groups and in clusters—one is not necessarily dominant
over the other. These results hold even if, as suggested by recent studies, these

clusters are not truly X-ray underluminous.
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CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS

In this final section, we summarize our results on IR-emitting galaxies in a vari-
ety of environments and look toward further studies of these galaxies with both

current and future facilities and instruments.

6.1 High-Redshift ULIRGs and HyLIRGs

Chapter 2 presented new 70 and 160m measurements of a group of extremely
luminous IR galaxies: ULIRGs and HyLIRGs at 1.5 < z < 3. These galaxies are
very red (R-[24] > 15 mag) and bright at 24;um. Until recently, it was unknown
what powers these sources, whether it be star formation, AGNs, or both, though
at the time, studies suggested that AGNs began to dominate the IR output at
the highest luminosities (e.g., Lutz et al. 1998; Tran et al. 2001; Veilleux et al.
2002; Pearson 2005; Gruppioni et al. 2005; Brand et al. 2006; Donley et al. 2010).
Our measurements helped constrain L,y for this class of object for the first time,
showing they are indeed U/HyLIRGs.

Additionally, we fit templates of canonical starbursts and AGNs to our SEDs,
which consisted of all three MIPS bands and IRS spectra. While the MIPS bands
probed the blue side of the IR peak, the redshifts of the sources allowed the spec-
tra to cover the silicate absorption feature at 9.7m and the surrounding poly-
cyclic aromatic hydrocarbon (PAH) emission lines, indicative of strong star for-
mation. Our data was sufficient to deduce the dominant mechanism for the IR
output of these galaxies: AGN. Only three of our 11 sources were matched to
galaxy templates with significant amounts of star formation, confirming previ-

ous findings (Houck et al. 2005; Yan et al.2005; Brand et al. 2007; Melbourne et al.
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2012).

The role of U/HyLIRGs in galaxy evolution remains a mystery, however. Both
observations and theoretical models of IR-luminous galaxies suggest they are the
result of major mergers, which would explain the high levels of star formation
and obscuring dust (e.g., Mihos & Hernquist 1996; Narayanan et al. 2010; Donley
et al. 2010; Kartaltepe et al. 2010; Nardini et al. 2010). This activity could funnel
material to the nuclei of the galaxies, in effect “turning on” the AGNs and subse-
quently quenching the ongoing star formation (e.g., Sanders et al. 1988; Hopkins
et al. 2006). But observations of high-redshift ULIRGs does not always support
this view (Sturm et al. 2010; Draper et al. 2012; Melbourne et al. 2012). Evidence
is emerging that, at redshifts of ~1 or higher, the dominant form of luminous in-
frared galaxy is extended, with vigorous star formation over a region comparable

with local galaxy disks (Rujopakarn et al., 2011).

6.2 Star-Forming Galaxies in Groups

We then moved on to the more large-scale environments of groups in Chapter
3. It has been known for a long time that clusters affect the properties of their
member galaxies, but only a small fraction of galaxies reside in clusters. The
largest fraction of galaxies live in groups, which are regions of intermediate den-
sity. We set about trying to answer the question of whether galactic star formation
is mostly quenched in the group environment or if clusters are most responsible
for the “red and dead” galaxy members. We used deep 24;:m observations to
identify star-forming galaxies since the SFRs probed at these redshifts in the MIR
(SFR x 2.7 M, yr! at 0.3 < z < 0.55) are high enough that any unobscured star
formation should be negligible.

Previous studies of the same groups had shown that they have higher frac-
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tions of early-type galaxies than the field, as expected (Wilman et al., 2009). De-
spite this, the overall star-formation properties of the group galaxies seemed to
echo that of the field. For a galaxy of a given mass and morphology, the group
and field galaxies were comparable in terms of their SFR. What makes the groups
different, then, is their much higher fraction of early-type galaxies, not necessar-
ily the amount of star formation ocurring in the individual galaxies of a given
mass and morphology. Indeed, we even found evidence of star formation in both
SO and elliptical group galaxies, something not often seen in the field because
these early-types are not as common.

Our findings show that groups are indeed intermediate between the field and
clusters, just not perhaps in the expected manner. It appears that some “pre-
processing” does occur the groups—spirals changing to SOs while the galaxies
grow in mass—but the overall star formation of individual galaxies is not as read-

ily affected by the group environment as are mass and morphology.

6.3 Star-Forming Galaxies in Clusters

If star formation is not greatly affected in groups—at least, at the SFRs probed in
the previous chapter—then the cluster environment must be the main instigator
of star-formation quenching. We focus our attention on clusters for Chapters 4
and 5.

First, we focused on the massive clusters A2029 and Coma, using a variety
of star-formation indicators (MIR, Ha, FUV) to probe both obscured and unob-
scured star formation down to very low levels (SFR ~ 0.03 M, yr!). We found
that the SFR function of A2029 is comparable to the composite massive cluster
luminosity function of Bai et al. (2009), which includes Coma. However, when

we compared the star-forming galaxies to the mass—SFR relation of the field,
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we discovered that while Coma has a significant population of low-star-forming
galaxies given their mass (as expected for an environment that quenches star for-
mation), A2029 looked almost identical to the field. This does not necessarily
mean that A2029 is not suppressing star formation. A2029 may have accreted
tield and/or group galaxies fairly recently since galaxies that previously entered
the cluster have been there long enough to have their star formation quenched
but the newest members have not (and are still behaving like normal field galax-
ies). Coma, on the other hand, accreted a significant fraction of galaxies previ-
ously (and those are in the process of having their star formation suppressed),
the galaxies underwent significant quenching in the group environment prior to
being accreted into the cluster, or a combination of the two effects.

It should be noted that we focused on galaxies with 9 < log(M../Mg) < 10.5.
Given our optical photometry limit, we were unable to study galaxies below this
limit, where quenching mechanisms such as ram-pressure stripping and star-
vation/strangulation are more efficient (Boselli & Gavazzi 2006 and references
therein). The cluster environment could be having a much stronger effect on
these low-mass galaxies than the ones we studied.

We also noted, interestingly, that a subset of the galaxies detected at 24/:m and/or
FUV (not Ha) have colors, morphologies, and spectra like passive early-types.
Via the method of Temi et al. (2009), we found that the IR emission from most
of these galaxies is likely to be from dust around old stars rather than star for-
mation. A handful were detected in X-rays, which may explain some of the IR or
FUV emission through the contributions of AGN, but most seem to be completely
passive. This may seem contradictory to our group result, where we found some
early-type galaxies with IR emission most likely from star formation. However,

the SFRs probed in the group observations are about an order of magnitude
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higher than those in A2029. The IR emission from the group early-types is too
high to be only from old stars.

The dominant mechanisms for quenching star formation in groups and clus-
ters are different. Group galaxies are more affected by mergers and galaxy-galaxy
interactions than ram-pressure stripping or starvation/strangulation. Cluster
galaxies are moving too quickly for mergers to occur on a frequent basis, and
while groups can have enough intra-group medium to strip gas from disk galax-
ies, it is much less efficient. Our study of A2029 and Coma was unable to identify
the dominant mechanism for suppressing star formation in these clusters.

This brings us to Chapter 5, where we observe four clusters previously identi-
tied as being X-ray underluminous in a similar manner as A2029 and Coma to see
how much of an effect the ICM has on star-forming galaxies. Ram-pressure strip-
ping, in particular, needs dense, hot gas to strip material from galaxies; the same
goes for starvation/strangulation, though it does not require as high a density
as ram-pressure stripping (Boselli & Gavazzi 2006). The fraction of star-forming
galaxies in the XUCs is between that for massive, X-ray-bright clusters and the
field, and the mass—-SFR distributions vary from cluster to cluster. This indicates
that groups preprocess some galaxies before they enter the cluster environment,
though the clusters clearly suppress star formation as well. Neither environment
seems to dominate in terms of quenching star formation—both are required to
turn blue, disky field galaxies into the red, SO-type galaxies so prominent in
groups and clusters. It is possible, though, that these clusters have properties
that make them appear underluminous in X-rays when, in reality, are not. More
study is required to understand what makes these clusters appear different from
normal X-ray emitting clusters and, therefore, how they can affect star-forming

member galaxies.



167

In summary, it is clear that dense environments affect many properties of
galaxies: color, morphology, mass, SFR. Groups clearly change the morpholo-
gies of their member galaxies, as found by both our study and others’, but we
found the fraction and types of star-forming galaxies to be intermediate between
the field and cluster environments. A2029, Coma, and the XUCs all indicate that
groups can preprocess galaxies in some cases, but in others, the cluster environ-

ment is most responsible for quenching star formation.

6.4 Future Directions

Some future work has already been accomplished since the research in Chapter
2. Our study of U/HyLIRGs was limited to the Wien side of the FIR peak, result-
ing in our inability to completely constrain L;z. The Spectral and Photometric
Imaging Receiver (SPIRE) on the Herschel Space Telescope covers three wavelength
bands from 250um to 500um—perfectly situated beyond the IR peak for lumi-
nous IR galaxies at 2 < z < 3. Melbourne et al. (2012) took advantage of SPIRE
observations of the Bootes field to constrain the FIR peak for their sample of op-
tically faint ULIRGs. They observed some of the U/HyLIRGs we did and found
that our L,y estimations were within 20% of theirs, and they also found a combi-
nation of AGNs and star-forming sources.

Beyond Herschel, several new observatories will aid in further understanding
both these hugely energetic sources and more normal star-forming galaxies in
groups and clusters. The James Webb Space Telescope (JWST) will provide imag-
ing and spectroscopic coverage in nearly the same wavelength regime as Spitzer
(5-28um), and the Atacama Large Millimeter/Sub-mm Array will soon cover 3
mm to 300pum. For U/HyLIRGs, these telescopes will cover both the Wien side of

the IR bump and the Rayleigh-Jeans tail, allowing us to identify and study more
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U/HyLIRGs in even more detail. Additionally, the Giant Magellan Telescope
(GMT) could provide clearer images of U/HyLIRG morphologies to help us un-
derstand how these objects relate to normal galaxy formation and evolution.
These up-and-coming attractions also have a profound impact on group and
cluster studies. A multi-object spectrograph on the GMT would provide more
complete cluster membership lists, down to even lower masses, as well as higher
signal-to-noise spectra for identifying emission lines. The Large Synoptic Survey
Telescope (LSST), with its deep optical photometry (> 24 mag in SDSS filters for
single images and 27 mag for stacked) will also help reveal the lower-mass group
and cluster members. ALMA, at longer wavelengths, could be used to confirm
the IR-/FUV-detected early-type galaxies in clusters are truly passive. And JWST
will continue the IR legacy left by Spitzer and Herschel—leading the way toward
new discoveries and a more complete understanding of how the galaxies of the

past created the galaxies of today.
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APPENDIX A

EARLY-TYPE GALAXIES WITH 24,M EMISSION IN GROUPS

Our initial coordinate matching of MIPS 24um sources to their optical coun-
terparts resulted in 11 early-type (E or SO) galaxies with possible IR emission:
seven group and four field galaxies (Table 1). Given the density of galaxies in
our fields—and how surprising it was to find E/SO galaxies with possible star
formation—we checked each match individually to confirm whether or not the
24pm emission was coming from the early-type galaxy or if there were a possi-
bility that a close companion was the actual source of the emission. Here, we
provide a short description of both the optical and 24,m sources, as well as HST
ACS postage stamps of each galaxy (Figure A.1) with error circles matched to the
24;m emission at 3 arcsec (matching radius) and 6 arcsec (radius of MIPS PSF
FWHM).

PATCH 1447 ID 40969 (Figure A.la): While classified as an “E pec” galaxy
(elliptical with a possible interaction from a companion), there are no sources
within the 3 arcsec matching radius, and the 24;m emission is clearly right on
top of the elliptical (the emission peaks less than 1 arcsec from the center of the
elliptical). The 24;:m emission is definitely coming from the early-type galaxy
with no other obvious source.

PATCH 1447 ID 020364 (Figure A.1b): This elliptical galaxy has three small
neighbors, though only two are within the 3 arcsec matching radius (the others
are slightly farther out). The 24;m source is closer to the nearest neighbor and
close to the edge of the 3 arcsec radius. It is possible that the IR emission is coming
from the companion galaxy and not the early-type, and so it is not included in our

list of IR-active E/SO galaxies.



Table A.1. Early-Type Group Galaxies Matched with IR Sources

Patch®* ID RA Dec z Lrir SFR Group® Galaxy X-ray
(10°Lg) Mg yr ™) Type Coverage?
1447 040969 222.377813 9.511117 0.35 3.8 3.7 23 E pec N
1447 020364 222.431575 9.232753 0.36 11 12 25 E N
1447 041307 222.427158 9.536456 0.54 4.9 4.8 39 E pec N
1447 111706 222.483754 8.940261 0.39 0.89 0.78 32 E Y
1447 122388 222.355163 9.074511 0.41 0.96 0.85 0 E/SO Y
1447 150408 222.184342 8.842967 0.32 1.7 1.5 0 E N
1447 111547 222.470204 8.926272 0.30 1.0 0.91 0 E Y
1447 120982 222.349458 8.990908 0.37 3.0 2.8 0 S0 pec Y
1447 091003 222.578538 9.010039 0.40 1.1 1.0 32 S0/a N
1447 091304 222578025 9.030156 0.37 24 2.2 28 SO N
2148 141211 327.600550 -5.681283 0.44 4.5 4.3 138 SO0/E Y

2Original CNOC2 patch number (Yee et al., 2000).

PGalaxy group to which the object belongs; a 0 value indicates a field galaxy.

01
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Figure A.1 HST ACS images of the 11 E/S0 galaxies matched with 24,/m sources.
The inner annulus has a radius of 3 arcsec, which is the length we used for match-
ing the optical coordinates with 24um sources. The outer annulus shows the
FWHM of the MIPS PSE. The ID and patch number of the matched galaxies are
as follows: (a) 1447 040969, (b) 1447 020364, (c) 1447 041307, (d) 1447 111706, (e)
1447 122388, (f) 1447 150408, (g) 1447 111547, (h) 1447 120982, (i) 1447 091003, (j)
1447 091304, (k) 2148 141211.
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PATCH 1447 ID 041307 (Figure A.1c): This galaxy is another peculiar elliptical
but with no galaxies within 3 arcsec. The 24;m source, while faint, is almost
directly on top of the elliptical (~1 arcsec away). It is highly unlikely the IR
emission is coming from another source, so we classify this galaxy as an IR-active
early-type.

PATCH 1447 ID 111706 (Figure A.1d): Classified as a normal elliptical galaxy,
this source has faint 24ym emission that lies almost on top of the galaxy (~1
arcsec) with no other obvious galaxies within the match radius. This object has
deep X-ray coverage as well, with no detected X-ray source to account for the IR
emission. We include this elliptical in our list of star-forming early-type galaxies.

PATCH 1447 1D 122388 (Figure A.le): Other than being classified as an “E/S0,”
(somewhere between an elliptical and an SO galaxy, but more closely resembling
an elliptical) this galaxy’s situation is almost identical to the previous one.

PATCH 1447 1D 150408 (Figure A.1f): Here is another regular elliptical galaxy
with only one point-source-like neighbor within 3 arcsec. The 24m source is well
within the match radius, but it is between the nearby object and the elliptical (~2
arcsec from the elliptical). It is uncertain as to which source the 24, m emission is
coming from, so we removed this galaxy from being a star-forming early-type.

PATCH 1447 ID 111547 (Figure A.1g): This is a normal elliptical galaxy with
two close companions, one of which appears to be a faint irregular fully within
the matching radius. The MIPS source appears extended and spans the distance
between this closer neighbor and the elliptical. As with the previous galaxy, the
uncertainty in the source of the 24;:m emission forced us to not include this galaxy
as an IR-active source.

PATCH 1447 ID 120982 (Figure A.1h): A very faint irregular galaxy barely lies

within 3 arcsec of the early-type galaxy, listed as a peculiar SO. The IR source
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is again between the two galaxies, and though it is slightly closer to the faint
companion, the 24um emission is well within the match radius boundary (~2
arcsec from the S0). We conservatively do not include this early-type as IR-active.

PATCH 1447 ID 091003 (Figure A.li): This galaxy is an S0/a, meaning it
closely resembles an SO galaxy but with some Sa qualities. There are no other
galaxies within 3 arcsec, and the IR source peaks ~1 arcsec from the SO/a. We
include this object as a star-forming early-type galaxy.

PATCH 1447 ID 091304 (Figure A.1j): This normal S0 is almost identical to the
previous galaxy.

PATCH 1447 1D 141211 (Figure A.1k): As with the previous two galaxies,
this SO/E (SO galaxy somewhat similar to an elliptical) has no other compan-
ions within 3 arcsec (though there are two faint galaxies between 3.5 and 5 arc-
sec away). The 24;m emission is slightly offset from the galaxy (~1 arcsec) but
within the match radius. A very faint galaxy lies ~1.5 arcsec from the 24;:m posi-
tion. While it seems likely that the IR emission is coming from the SO galaxy, we
took a conservative stance and do not classify this galaxy as IR-active.

In Figure A.2, we plot rest-frame optical and IR SEDS for the six E/SO galax-
ies that have confirmed IR emission. The stellar outputs of these galaxies may be
dominated by a relatively old population. Therefore, we fit Rieke et al. (2009) av-
erage star-forming galaxy templates to the SEDs in two distinct segments. First,
we found the average template with the closest Ly to each galaxy and fit the
24;m data point to the template (red spectrum). For the normal stellar emis-
sion, we used optical and near-IR photometry to find the best-fit (y?) average
star-forming template (orange spectrum). Except for the first two galaxies, we
see a clear stellar bump from normal stars and then increasing luminosity of the

mid-IR dust emission beyond 7;m, indicative of a normal star-forming galaxy
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and not an AGN. In all cases, the SED is consistent with the expectation for star
formation. There are two cases where 1) there is IRAC data; and 2) a detection of
the aromatic emission at 8m is predicted from the combination of IRAC bands
1-3 and the MIPS 24um flux density. The expected 8um excess is seen for both

galaxies.
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Figure A.2 Optical and IR SEDs (rest-frame) for all six star-forming E/S0 galax-
ies, identified by their GEEC ID and fit by different segments of the Rieke et al.
(2009) average star-forming galaxy templates. Each galaxy was matched to the
average template with the closest Ly and fit to the 24,m data point (red spec-
tra). The orange spectra are best-fit (x*) average star-forming templates for the
optical/near-IR photometry; while these fits are not very accurate, they are suf-
ficient for our purposes. Except for 40969 and 41307, all galaxies have enough
photometric points to indicate the presence of a stellar bump and mid-IR dust

emission similar to normal star-forming galaxies.
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